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Ø  Introduction 
Ø  Spectroscopy Techniques 

Ø  Amplitude/Dalitz Analyses 

Ø  Confirmation of the Z(4430)+ 

Ø  Model Independent Analysis 

Ø  Amplitude Analysis of B0 àψ(2S) π+ K- Decay 

Ø Observation of two Pentaquarks Pc
+ 

Ø  Amplitude Analysis of Λb àJ/ψ p K- Decay 

OUTLINE 
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INTRODUCTION: “EXOTIC” 

Tetra- and Penta-quarks conceived at the birth of the quark model 
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HOW TO DO SPECTROSCOPY? 

Ø  Large cross sections  😄  

Ø  Large combinatorial background 😞  
Ø  Resonances appear as bumps 
Ø  Hard to disentangle broad structures 
Ø  Difficult to assess spin due to the 

unknown initial polarization 
Ø  Presence of “reflections”/“feed-downs” 

“Inclusive Analysis” 
 

(e.g. e+e- à D**(àDπ) + X or pp à Bs**(àBK) + X) 

K- 

π+ 

K+ 

D0 

p p 

[LHCb: JHEP 10 (2012) 151] 
m(D0K+) 
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HOW TO DO SPECTROSCOPY? 

Ø  Large cross sections  😄  

Ø  Large combinatorial background 😞  
Ø  Resonances appear as bumps 
Ø  Hard to disentangle broad structures 
Ø  Difficult to assess spin due to the 

unknown initial polarization 
Ø  Presence of “reflections”/“feed-downs” 

“Inclusive Analysis” 
 

(e.g. e+e- à D**(àDπ) + X or pp à Bs**(àBK) + X) 

K- 

π+ 

K+ 

D0 

p p 

[LHCb: JHEP 10 (2012) 151] 

D*sJ(2860)+ 

D*s1(2700)+ 

D*s2(2573)+ 

D*sJ(2400)+ ??? 

m(D0K+) 
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HOW TO DO SPECTROSCOPY? 

Ø  Large cross sections  😄  

Ø  Large combinatorial background 😞  
Ø  Resonances appear as bumps 
Ø  Hard to disentangle broad structures 
Ø  Difficult to assess spin due to the 

unknown initial polarization 
Ø  Presence of “reflections”/“feed-downs” 

“Inclusive Analysis” 
 

(e.g. e+e- à D**(àDπ) + X or pp à Bs**(àBK) + X) 

K- 

π+ 

K+ 

D0 

p p 

[LHCb: JHEP 10 (2012) 151] 

Ds1(2536)+   
         └► D*0 K+ 

                  └►D0 γ/π0 

m(D0K+) 
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HOW TO DO SPECTROSCOPY?(II) 

K- 

π+ 

K+ 
B0 

p p 

“Exclusive Analyses” 
 

(e.g. B àD**(àDπ)π or BcàBs**(àBK)π) 

Ø  Limited statistics 😞  
Ø  Small background 😄  
Ø  Resonance characterized by 

amplitude (i.e. bump) AND phase 

(i.e. interference) 😄  
Ø  Suitable to study broad resonances 
Ø  Spin-parity assignment by 

amplitude analysis 
m(D̄0K�⇡+) m(D̄0K�)

D*sJ(2860)+ 

D*s2(2573)+ 

[LHCb: PRL 113 (2014) 162001,  PRD 90 (2014) 072003 ] 

D0 

π- 
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3-BODY DECAY WITH SPINLESS DAUGHTERS 
8 Constraints 

Degree of 
freedom 

3 four-vectors 12 

4-momentum 
conservation -4 

3 masses -3 

3 Euler angles -3 

TOT 2 
d� =

1

(2⇡)3
1

32M3
|M|2dm2

12dm
2
23



9 M. Pappagallo 19/02/16, J-PARC, Japan 

DALITZ PLOT 

The scatter plot m12
2 vs m23

2 is 
usually called Dalitz plot 

“I visualize geometry better than numbers.”  
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KINEMATICAL REFLECTIONS/SHADOWS 
10 

 K*(892) ϕ(1020) 

??? 

??? 

(e.g.) Ds
+à K+K-π+  

Ds
+ → Rπ +

K +K −

??? 

Ds
+ → RK +

K −π +or 

[BaBar, Phys.Rev. D83 (2011) 052001] 
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KINEMATICAL REFLECTIONS/SHADOWS 
11 

Real 
K*(892) 

Real 
ϕ(1020) 

K*(892) 
reflections 

 ϕ(1020) 
reflections 

 ϕ(1020) 
reflections 

K*(892) 
reflections 

(e.g.) Ds
+à K+K-π+  

[BaBar, Phys.Rev. D83 (2011) 052001] 
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Confirmation of the Z(4430)+ à ψ(2S)π+ state 
(Amplitude analysis of B0 à ψ(2S) K- π+) 
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THE BàΨ(2S) K Π DECAY 

3-body decay with a vector 
state as a daughter 

Constraints 
Degree of 
freedom 

3 four-vectors 12 

4-momentum 
conservation -4 

3 masses -3 

3 Euler angles -3 

Vector helicity 2 

TOT 4 

The “Dalitz” plot is itself a 
projection of a 4-D space 

m
2
( 

(2
S
)⇡

�
)

m2(K+⇡�)
Any Reflection? 
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 A BIT OF HISTORY: Z(4430)+ 

[Belle, PRL100, 142001 (2008)] 
~ Observed in the  (2S)⇡+ in B0(+) !  (2S)⇡+K�(0) decays by Belle

~ Clear signature of exotic:
Decay to charmonium ! cc̄ pair content
Electric charged ! at least 2 more light quarks Nquarks >= 4!
Tetraquark, D⇤D1 molecule?

VETOED 

1-D fit of ψ(2S) π 
mass spectrum! 
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 A BIT OF HISTORY: Z(4430)+ 

[Belle, PRL100, 142001 (2008)] 

[BaBar, PRD 79, 112001 (2009)] 

~ Observed in the  (2S)⇡+ in B0(+) !  (2S)⇡+K�(0) decays by Belle

~ Clear signature of exotic:
Decay to charmonium ! cc̄ pair content
Electric charged ! at least 2 more light quarks Nquarks >= 4!
Tetraquark, D⇤D1 molecule?

~ Z(4430)+ not confirmed (nor excluded) by BaBar
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 A BIT OF HISTORY: Z(4430)+ 

[Belle, PRL100, 142001 (2008)] 

[Belle, PRD 80, 031104 (R) (2009)] 

[BaBar, PRD 79, 112001 (2009)] 

[Belle, PRD 88 (2013) 074026]  

~ Observed in the  (2S)⇡+ in B0(+) !  (2S)⇡+K�(0) decays by Belle

~ Clear signature of exotic:
Decay to charmonium ! cc̄ pair content
Electric charged ! at least 2 more light quarks Nquarks >= 4!
Tetraquark, D⇤D1 molecule?

~ Z(4430)+ not confirmed (nor excluded) by BaBar

~ Later 2D ”Dalitz” technique: M2( (2S)⇡+) vs M2(K�⇡+)

~ Belle: full 4D amplitude analysis. JP = 1+ favoured but JP = 0� not excluded
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SEARCH FOR Z(4430)+ AT LHCb 

[LHCb: PRL 112, 222002 (2014)] 

m
2
( 

(2
S
)⇡

�
)

m( (2S)K+⇡�) m2(K+⇡�)

 

Ø  25k B0àψ(2S)K+π- candidates in 3.0 fb-1 (x10 Belle/BaBar) 
Ø  Small combinatorial background 
Ø  Sidebands used to build 4D model of the combinatorial background 
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INDEPENDENT VARIABLES 

~
� = (m2

K⇡,m
2
 ⇡, cos ✓ ,�) )

d�

d~�
/ |M(

~
�)|2

~
� = (m2

K⇡, cos ✓K⇤, cos ✓ ,�) )
d�

d~�
/ |M(

~
�)|2p(~�)q(~�)

Amplitude Analysis 

Model Independent Analysis 

LHCb: PRD92, 112009 (2015) 
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MODEL INDEPENDENT APPROACH 
(i.e. A LA BABAR)  

Can the reflections of the structures in m(Kπ) and cos ϑK* 
reproduce the m(ψ’π) distribution?  

If no exotics in ψK and ψπ à Partial wave expansion in a given bin of m2(Kπ) 

M(✓K⇤) = Swave| {z }
J(K⇤)=0

P0 + Pwave| {z }
J(K⇤)=1

P1 + Dwave| {z }
J(K⇤)=2

P2 + Fwave| {z }
J(K⇤)=3

P3 + Gwave| {z }
J(K⇤)=4

P4 + ...

|M(✓K⇤)|2 = hP0iP0 + hP1iP1 + hP2iP2 + hP3iP3 + hP4iP4 + hP5iP5 + hP6iP6 + ...

hPN i =
NdataX

i=1

1

✏i
PN (cos ✓iK⇤)where the moments <PN> determined from data: 

Legendre Polynomials  

LHCb: PRD92, 112009 (2015) 
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MODEL INDEPENDENT APPROACH 
(i.e. A LA BABAR)  

 (e.g.) If only K* resonances up to J = 2 

M(✓K⇤) = Swave| {z }
J(K⇤)=0

P0 + Pwave| {z }
J(K⇤)=1

P1 + Dwave| {z }
J(K⇤)=2

P2 + Fwave| {z }
J(K⇤)=3

P3 + Gwave| {z }
J(K⇤)=4

P4 + ...

|M(✓K⇤)|2 = hP0iP0 + hP1iP1 + hP2iP2 + hP3iP3 + hP4iP4 + hP5iP5 + hP6iP6 + ...

Sum of the terms up to PNmax, where Nmax = 2*J(K*), 
has to describe the data projections  

Should it not happen 

There are K* resonances with J > 2 
or 

There are exotic(s) which make the 
high order terms non-zero! 

LHCb: PRD92, 112009 (2015) 
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THE K* FAMILY 

Resonance Mass (MeV/c2) � (MeV/c2) JP

K⇤
(892)

0
895.81± 0.19 47.4± 0.6 1

�

K⇤
(1410)

0
1414± 15 232± 21 1

�

K⇤
0 (1430)

0
1425± 50 270± 80 0

+

K⇤
2 (1430)

0
1432.4± 1.3 109± 5 2

+

B0 !  (2S)K+⇡�
phase space limit (1593 MeV)

K⇤
(1680)

0
1717± 27 322± 110 1

�

K⇤
3 (1780)

0
1776± 7 159± 21 3

�

... ... ... ...

K⇤
4 (2045)

0
2045± 9 198± 30 4

+

Unlikely a contribution from K* resonances with J > 3 

LHCb: PRD92, 112009 (2015) 
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RESULTS OF THE MODEL 
INDEPENDENT ANALYSIS  

Allows for a tail of 
K*3(1780) 

Allows implausible 
K* contributions 

Allows for K* states up 
to K*2(1430) 

K* Jmax=3 
    Nmax=6 

data 

K* Jmax=15 
   Nmax=30 

data 

K* Jmax=2 
  Nmax=4 

data 

The yellow bands related to the uncertainty on normalized 
moments (due to the statistical uncertainty from the data) 

Clear discrepancy at 
~4430 MeV 

No discrepancy as 
expected 

It may look OK but… 

LHCb: PRD92, 112009 (2015) 
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QUANTITATIVE RESULTS FROM 
MODEL INDEPENDENT APPROACH 

Test significance of implausible Nmax< N  < 30 moments using the log-likelihood ratio:  

Statistical simulations of pseudo-experiments generated from the  N < Nmax hypotheses 

K* Jmax=3 
    Nmax=6 

K* Jmax=2 
  Nmax=4 

Explanation of the data 
with plausible K* 

contributions is ruled at 
high significance without 
assuming anything about 
K* resonance shapes or 

their interference patterns! 

�(�2NLL) = �2log

LN
max

L30
= �2log

Q
i FN

max

(m

i
 0⇡)Q

i F30(m
i
 0⇡)

LHCb: PRD92, 112009 (2015) 
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THE ISOBAR MODEL 

Three-body amplitude for B0àψ(2S) K π 

Isobar model: total decay amplitude as a coherent sum of 
processes where one daughter is spectator 

2 

1 1 

1 
2 

2 

3 3 3 

{12} {23} 
1 

2 

3 

NR {13} 

+ + +

|M(�)|2 =
X

��µ=1,�1

������

X

� =�1,0,1

X

K⇤

AK⇤

� ��µ
(mK⇡,⌦) +

X

�Z
 =�1,0,1

AZ
�Z
 ��µ

(m ⇡,⌦
Z)ei��µ↵

������

2

Sum over all K* resonances Z(4430) component 

Rotation by α due to 
different helicity frame 

Defined unless a 
phase and a constant 
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HOW TO MODEL A SINGLE TERM 

Relativistic Breit-Wigner 

AK⇤

� ,��µ
(mK⇡,⌦) = HK⇤

� AK⇤
(mK⇡)d

J(K⇤)
� ,0

(✓K⇤)⇥ ei� �d1� ,��µ
(✓ )

m0 

δ=π 

AK

⇤
(m

K⇡

) =
1

m2
0 �m2

K⇡

� im
o

�0

m0 

Free parameters 
+ 

m0, Γ0 (in case of a new state) 

Argard Diagram 

Γ0 
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RESULTS OF A FIT WITHOUT Z(4430)+ 

The data cannot be adequately described only using J ≤ 3 K* contributions.  

[LHCb: PRL 112, 222002 (2014)] 

m2( (2S)⇡�)

Can the reflections of K* resonances describe the m(ψ’π) distribution?  
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4D AMPLITUDE FIT AND 
CONFIRMATION OF Z(4430)+ 

Ø Large interference between Z(4430) and K* resonances 
Ø Very good agreement between LHCb/Belle results 

[LHCb: PRL 112, 222002 (2014)] 

JP = 1+  

Z component 

m2( (2S)⇡�)

Rejection level relative to 1+ 

Disfavored JP LHCb Belle 

0-   9.7σ	
 3.4σ	


1- 15.8σ	
 3.7σ	


2+ 16.1σ	
 5.1σ	


2- 14.6σ	
 4.7σ	


LHCb Belle 

Mass (MeV) 4475 ±7+15
-25 4485±22+28

-11 

Width (MeV)  172±13+37
-34 200 +41

-46
+26

-35 
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PROBING THE RESONANT 
CHARACTER OF Z(4430)+ 

Alternative fit 
Replace BW amplitude with 6 independent complex numbers in 6 

bins of m(ψ(2S)π) in region m0±Γ0, where m0 is the mass of Z(4430)  

4 free parameters:  
m0, Γ0 + complex constant 

Nominal fit 

12 free parameters 

[LHCb: PRL 112, 222002 (2014)] 
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RESONANT BEHAVIOR OF Z(4430)+ 

Observation of a rapid change of phase near 
maximum of magnitude ⇒ resonance! 

Phase 

Data 

Argand diagram 

4277 MeV 

4605 MeV 

BW amplitude with 
Z(4430) parameters 

from nominal fit 

Tilted by an arbitrary phase δ 
characteristic of Dalitz analysis 

δ 

[LHCb: PRL 112, 222002 (2014)] 
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Observation of two pentaquarks Pc
+ à J/ψ p  

(Amplitude analysis of Λb à J/ψ p K-) 



31 M. Pappagallo 19/02/16, J-PARC, Japan 

PENTAQUARK: 
THE RETURN OF THE LIVING DEAD 

After 50 years no undisputed experimental 
evidence have been found for pentaquarks 

Ø Most famous candidates: 
ü Θ+→K0p, K+n, m=1.54 GeV, Γ~10 MeV 
ü Resonance in D*-p at 3.1 GeV, Γ=12 MeV 
ü Ξ--→Ξ-π-, m=1.862 GeV, Γ<18 MeV 

Ø In general they were observed in “bump” 
searches 

K.H. Hicks, “On the conundrum of the pentaquark”, Eur.Phys.J. H37 (2012) 1    



32 M. Pappagallo 19/02/16, J-PARC, Japan 

FIRST OBSERVATION OF Λb àJ/Ψ K- p  
[LHCb: PRL 111 (2013) 102003] 

Why did LHCb arrive first? The decay was not observed before! 

J/ψ 

μ+ 

K- 
 

Λb 

p p 

p 
 

μ- 

ü J/ψ à Large trigger efficiency 
ü 4 Tracks àLarge detection efficiency 
ü Large Λb production  

 
 

LHCb: JHEP 08(2014)143 

LHCb: Chin. Phys. C40, (2016) 011001 
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FIRST OBSERVATION OF Λb àJ/Ψ K- p  
[LHCb: PRL 111 (2013) 102003] 

Small contaminations of BsàJ/ψK-K+ & B0àJ/ψK-π + 

where p ßàK or p ßà π 

Ø Why did LHCb arrive first? The decay was not observed before! 
Ø Measurement of the Λb lifetime with L=1 fb-1 

τ = 1.482 ± 0.018 ± 0.012 ps 
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OBSERVATION OF A NARROW BAND IN 
THE Λb DALITZ PLANE  [LHCb: PRL 115, 07201 (2015)] 

Λ*(1520) 

Selection updated with the full Run I dataset (3fb-1) 
26k Λb

0 candidates. Background ~ 5.4%  
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OBSERVATION OF A NARROW BAND IN 
THE Λb DALITZ PLANE  [LHCb: PRL 115, 07201 (2015)] 

Selection updated with the full Run I dataset (3fb-1) 
26k Λb

0 candidates. Background ~ 5.4%  

Ø  Efficiency flat over the “Dalitz” plot 
Ø  Cross checks: 

ü  Veto BsàJ/ψKK & B0àJ/ψKπ after swapping the mass hypothesis 
of the Λb daughters: p ßàK or p ßà π 

ü  Clone and ghost tracks carefully removed 
ü  Not a partially reconstructed Ξb decay 

Λ*(1520) 



36 M. Pappagallo 19/02/16, J-PARC, Japan 

UNEXPECTED NARROW PEAK IN m(J/Ψ p) 

[LHCb: PRL 115, 07201 (2015)] 

Ø A lot of structures in m(pK-)! 
Ø Could it be a reflection of the interfering Λ*’sà pK-? 

Λ*(1520) 

Amplitude analysis 
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THE ΛbàJ/Ψ K p DECAY 

6D unbinned maximum likelihood fit (mKp, θΛb, θΛ*, ϕK, θψ, ϕμ) 
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2 FITTERS AT WORK 

[LHCb: PRL 115, 07201 (2015)] 

Ø Implementation of 2 fitters. 
Ø Background treated differently 

cFit (default) sFit 
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Λ* DECAY MODELS 

[LHCb: PRL 115, 07201 (2015)] 

No high-JP high-
mass states, 

limited L 
All states,  

all L 

All known 
Λ* states 

# of fit parameters:      64                146 

Two models: Reduced and Extended 
L = angular momentum between J/ψ and Λ* 
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FIT WITH ∧*àpK STATES ONLY 

[LHCb: PRL 115, 07201 (2015)] 

Use of extended model, so all possible known Λ* 
amplitudes: mKp projection looks fine, but… 
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FIT WITH ∧*àpK STATES ONLY 

Extended Λ* model: 
Ø …the fit projection can’t reproduce the peaking structure in J/ψ p  
Ø Adding non-resonant term, Σ*’s or extra unknown Λ*’s doesn’t help 

[LHCb: PRL 115, 07201 (2015)] 
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ADDING PCàJ/Ψp AMPLITUDES 

Extended Λ* model + 1 Pentaquark decaying to J/ψ p 
Ø Try all JP of Pc

+ up to 7/2± 

Ø Best fit has JP =5/2±. Still not a good fit 

[LHCb: PRL 115, 07201 (2015)] 
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ADDING PCàJ/Ψp AMPLITUDES 

Reduced Λ* model + 2 Pentaquarks decaying to J/ψ p 

Ø Obtain good fits even with the reduced Λ* model  
Ø Best fit has JP=(3/2-, 5/2+), also (3/2+, 5/2-) & (5/2+, 3/2-) are preferred 
Ø Adding more amplitudes doesn’t improve the fit quality  

Pc(4450)+ 

Pc(4380)+ 

[LHCb: PRL 115, 07201 (2015)] 
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mKp<1.55 GeV 1.55<mKp 
<1.70 GeV 

1.70<mKp 
<2.00 GeV 

2.00 GeV<mKp 

Positive interference 

Negative interference 
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DO WE REALLY NEED 2 PC
+’S? YES 

[LHCb: PRL 115, 07201 (2015)] 

m(Kp) >2 GeV 
Clear need for the 2nd broad Pc

+ 
where the Λ*àpK- contribution 

is the smallest 

Evidence of an interference 
pattern in the angular 

distribution 
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SIGNIFICANCES AND RESULTS 

[LHCb: PRL 115, 07201 (2015)] 

State 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 

Λ(1405) 15±1±6 

Λ(1520) 19±1±4 

Ø  Simulations of pseudo-experiments are used to 
quote the significances: 
ü  Significance of Pc(4450)+ state is 12σ 
ü  Significance of Pc(4380)+ state is 9σ 

Ø Main systematic uncertainty: difference between 
extended and reduced fit models. Taken in account 
while computing the significances 
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[LHCb: PRL 115, 07201 (2015)] 

Breit- 
Wigner 

Breit- 
Wigner 

Ø Good evidence for the resonant character of Pc(4450)+  
Ø The errors for Pc(4380)+ are too large to be conclusive 

Pc
+ amplitudes for 6 m(J/ψ p) bins between +Γ & -Γ 

around the resonance mass 



48 M. Pappagallo 19/02/16, J-PARC, Japan 

CERN Accelerating science

Sign in
Directory

Updates Press releases

CERN’s LHCb experiment reports

observation of exotic pentaquark particles

14 Jul 2015

Geneva,  14  July  2015.  Today,  the  LHCb  experiment  at  CERN’s  Large  Hadron  Collider  has  reported  the

discovery  of  a  class  of  particles  known  as  pentaquarks.  The  collaboration  has  submitted  a  paper

reporting  these  findings  to  the  journal  Physical  Review  Letters.

“The  pentaquark  is  not  just  any  new  particle,”  said  LHCb  spokesperson  Guy  Wilkinson.

“It  represents  a  way  to  aggregate  quarks,  namely  the  fundamental  constituents  of  ordinary  protons

and  neutrons,  in  a  pattern  that  has  never  been  observed  before  in  over  fifty  years  of  experimental

searches.  Studying  its  properties  may  allow  us  to  understand  better  how  ordinary  matter,  the

protons  and  neutrons  from  which  we’re  all  made,  is  constituted.”

Our  understanding  of  the  structure  of  matter  was  revolutionized  in  1964  when  American  physicist,

Murray  Gell-Mann,  proposed  that  a  category  of  particles  known  as  baryons,  which  includes  protons

and  neutrons,  are  comprised  of  three  fractionally  charged  objects  called  quarks,  and  that  another

category,  mesons,  are  formed  of  quark-antiquark  pairs.  Gell-Mann  was  awarded  the  Nobel  Prize  in

physics  for  this  work  in  1969.  This  quark  model  also  allows  the  existence  of  other  quark  composite

states,  such  as  pentaquarks  composed  of  four  quarks  and  an  antiquark.  Until  now,  however,  no

conclusive  evidence  for  pentaquarks  had  been  seen.

LHCb  researchers  looked  for  pentaquark  states  by  examining  the  decay  of  a  baryon  known  as  Λ

(Lambda  b)  into  three  other  particles,  a  J/ψ   (J-psi),  a  proton  and  a  charged  kaon.  Studying  the

spectrum  of  masses  of  the  J/ψ  and  the  proton  revealed  that  intermediate  states  were  sometimes

involved  in  their  production.  These  have  been  named  P (4450)   and  P (4380) ,  the  former  being

clearly  visible  as  a  peak  in  the  data,  with  the  latter  being  required  to  describe  the  data  fully.

“Benefitting  from  the  large  data  set  provided  by  the  LHC,  and  the  excellent  precision  of  our  detector,

we  have  examined  all  possibilities  for  these  signals,  and  conclude  that  they  can  only  be  explained  by

pentaquark  states”,  says  LHCb  physicist  Tomasz  Skwarnicki  of  Syracuse  University.

"More  precisely  the  states  must  be  formed  of  two  up  quarks,  one  down  quark,  one  charm  quark  and

one  anti-charm  quark.”
Earlier  experiments  that  have  searched  for  pentaquarks  have  proved  inconclusive.  Where  the  LHCb

experiment  differs  is  that  it  has  been  able  to  look  for  pentaquarks  from  many  perspectives,  with  all

pointing  to  the  same  conclusion.  It’s  as  if  the  previous  searches  were  looking  for  silhouettes  in  the

dark,  whereas  LHCb  conducted  the  search  with  the  lights  on,  and  from  all  angles.  The  next  step  in  the

analysis  will  be  to  study  how  the  quarks  are  bound  together  within  the  pentaquarks.

  “The  quarks  could  be  tightly  bound,”  said  LHCb  physicist  Liming  Zhang  of  Tsinghua  University,  “or

they  could  be  loosely  bound  in  a  sort  of  meson-baryon  molecule,  in  which  the  meson  and  baryon  feel

a  residual  strong  force  similar  to  the  one  binding  protons  and  neutrons  to  form  nuclei.”

More  studies  will  be  needed  to  distinguish  between  these  possibilities,  and  to  see  what  else
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Large Hadron Collider discovers new pentaquark

particle

By Paul Rincon

Science editor, BBC News website

An illustration of one possible layout of quarks in a pentaquark particle such as those seen at LHCb

(showing five tightly-bonded quarks)

Scientists at the Large Hadron Collider have announced the discovery of a new

particle called the pentaquark.

It was first predicted to exist in the 1960s but, much like the Higgs boson particle before it,
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…AND FRIENDS 
Eur.Phys.J. C74 (2014) 10, 2981  
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meson meson 

baryon 

MODELS FOR TETRA- AND PENTA-QUARKS 

“plain” 

diquark 
model 

hydro-charmonium 
model 

molecular 
model 

triquark 
model 

meson 
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Z(4430)+ 

Ø  Positive parity rules out interpretation in terms of D*(2010)D1(2420) 
molecule or threshold effect (cusp) [Rosner, PRD76(2007)114002][Bugg, J.Phys.G35(2008)075005] 

Molecular model 

Ø  DD*(2S) molecule? [T. Barnes, F. E. Close, E. S. Swanson, Phys. Rev. D 91, 014004 (2015)] 

Rescattering Effect 
B0 .	


D*+ 

D0 
Ds

-(2S) 
K- 

π+	


ψ(2S)	


P. Pakhlov, T. Uglov   Phys. Lett. B748 (2015) 183 

Phase of  
Breit-Wigner  

amplitude 

Phase in the 
rescattering 

model 

|AZ|2 
Pakhlov-Uglov 

Phase runs 
in opposite 
direction 
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PENTAQUARK PC
+ 

Ø Tightly bound 
ü  Jaffe, PRD15(1977) 267 
ü  Strottman, PRD20(1979) 748 
ü  Maiani et al. PRD71(2005)014028 

Ø Molecular model with meson exchange for 
binding 
ü  Törnqvist, Z.Phys.C61(1994) 525 

Ø Others (postdictions): 
ü  Rescattering, "Cusps" 

A narrow pentaquark state challenges many models 

PRD 92 (2015) 7, 071502 
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Ø Confirmation of Z(4430)+ 

Ø  JP =1+ 

Ø  Resonance character shown  
Ø  Molecule or tetraquark? 

Ø Observation of two Pentaquarks Pc
+ 

Ø  More data required to determine JP 

Ø  Resonance character shown  

SUMMARY & PROSPECT 

[Maiani et al, PRD 89, 114010 (2015)] 

What’s next? 
Ø  Search for new decay modes or in different system: (e.g.) Λb àJ/ψ p π 
Ø  Search for the isospin partners 
Ø  Search for other (distinctive) states: (e.g.) ccdu or triple charged 

pentaquarks 
Ø  Confirmation of many charmonium-like states 
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Back-up slides 
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“Phase space” plot 

mD*-mD    

FEED-DOWNS OF D1/D2*àD*π DECAYS 
INTO Dπ MASS SPECTRUM 

Inclusive analysis 
pp à D(*)+ π-  + X 

[LHCb: JHEP 09 (2013) 145] 

jq=3/2 doublet 
Ø  3 peaks in Dπ 

ü  D2*àDπ 
ü  D1   àD*π feed-down 
ü  D2*àD*π feed-down 

Ø  2 peaks in D*π 

jq JP
Allowed decay mode

D⇡ D⇤⇡
D⇤

0 1/2 0

+
yes no

D0
1 1/2 1

+
no yes

D1 3/2 1

+
no yes

D⇤
2 3/2 2

+
yes yes

D2
*(2460)0 

M(Dπ) 

D1(2420)0 /D2
*(2460)0 feed-down 

         └► D*+ π-
 

                  └►D+ γ/π0 

overlapped if 
Γ > m(D*)-m(D) 

M(D*π) 
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SECOND EXOTIC Z+? 

Fit confidence level increases with a second exotic ( JP=0- ) 
component, but…  
Ø  No evidence for Z0 in model independent approach.  
Ø  Argand diagram for Z0 is inconclusive.  
Ø  Need larger samples to characterize this state. 

[PRL 112, 222002 (2014)] 

JP =1+ 

Z(4430) 
JP =0- 

Z(4240) 

MZ0 = 4239± 18+45
�10MeV

�Z0 = 220± 47+108
�74 MeV

fZ0 = (1.6± 0.5+1.9
�0.4)%

Mass and width consistent with other Z’s 
observed by Belle: 
 

Ø  Z- à χc1π-  (JP≠0-)[PRD 78 (2008) 072004] 

Ø  Z- à J/ψπ- [arXiv: 1408.6457] m2( (2S)⇡�)


