
Prospects in Hadron Spectroscopy

Mons University 
November 2017

Vincent MATHIEU 

Jefferson Lab 
- 

Joint Physics Analysis Center



2Introduction

description of storms in terms of 
individual molecules or 
collective properties ?

• Understanding Nature’s laws
• Describe phenomena
• need to identify  

relevant d.o.f
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distance between quarks

Aguilar, Ibañez,VM and Papavassiliou 
PRD85 (2012)

gluon mass vs distance

Interaction strength depends  
of the exchanged particle mass

dynamical gluon mass generation

quark interaction via gluon exchange
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5Exotic Matter

Ordinary matter
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“color” charge: resonances are “white”

quarks can appear in 3 colors 
gluons can appear in 8 colors 
Observable states are white
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Q Q
—

Q Q
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Ordinary matter

Theory predicts ‘exotic’ resonances

Exotic matter
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6Exotic Mesons

JPC

JPC allowedqq̄

qq̄ not allowed
Hybrid

Normal

Q Q
—

Q G
Q—

J = L+ S P = (�1)L+1
C = (�1)L+S2 fermions:
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proton

stable matter is made of light quark

neutron

(⌧ >> 10�10s)

⌧ ⇠ 103s

eta
⌧ ⇠ 10�19 s

kaon
⌧ ⇠ 10�8 s

pion
⌧ ⇠ 10�8 s

Stable Matter
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3⌦ 3̄ = 1� 8

Octet and singlet of meson JPC = 0�+
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proton
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U U
C C

D
CD

UC

Exotic matter with heavy quarks

Exotic matter with gluon

Exotic Matter

proton

stable matter is made of light quark

neutron

pion

(⌧ >> 10�10s)

⌧ ⇠ 103s

kaon eta
⌧ ⇠ 10�19 s⌧ ⇠ 10�8 s
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9Hadron Spectroscopy Experiments

Three body decays

e+

e−
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b
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Beam Fragmentation
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π−

K+

ψ

BESIII 

Light Quarks Sector Heavy Quarks Sector

CD

UC
U U
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Experiments: 
JLab, CERN,…

Resonances  
properties

amplitude analysis

Extracting Resonance Properties
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Im E 

Re E 

E 

resonance pole 

analyticity & complex energy plane 

data 
(real E)

VM et al arXiv:1412.6393 

The Scattering-Matrix

• Unitarity  
(cons. of probability)  
 

• Analyticity  
(causality) 
 

• crossing symmetry 
(CPT invariance)

http://arxiv.org/abs/arXiv:1412.6393
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Im E 

Re E 

E 

resonance pole 

analyticity & complex energy plane 

Procedure: 
Amplitudes are  
1. fitted on data 
2. checked constrains (proba. cons, causality, CPT inv.) 
3. continued on sheet II

iterative 
procedure

data 
(real E)

VM et al arXiv:1412.6393 

The Scattering-Matrix

• Unitarity  
(cons. of probability)  
 

• Analyticity  
(causality) 
 

• crossing symmetry 
(CPT invariance)

http://arxiv.org/abs/arXiv:1412.6393
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a2(1320) : I
GJPC = 1�2++

d21,0(✓) / Y 1
2 (✓, 0) / sin ✓ cos ✓
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Eta-Pi @COMPASS

L = 1 L = 2

⇡1(1600)? a2(1320)

black: 
red:                 (scaled)

⇡⌘0

⇡⌘

Resonance in angular mom. L = 1 ?

L = 4

a4(2040)



15Example: Breit-Wigner

K(s) =
m2 � s

m�

t`(s± i✏) =
1

K(s)⌥ i⇢(s)

satisfies causality  
(regular outside the real axis)

example:

Phase space ⇢(s) /
p
1� 4m2/s ✓(s� 4m2)



15Example: Breit-Wigner

K(s) =
m2 � s

m�

t`(s± i✏) =
1

K(s)⌥ i⇢(s)

satisfies causality  
(regular outside the real axis)

define function on sheet II  
on the lower half plane

tII` (s) =
1

K(s)� i⇢(s)

=
m�

m2 � s� i⇢(s)m�

example:

Phase space ⇢(s) /
p
1� 4m2/s ✓(s� 4m2)



π−

p

η, η′

π−

P
p

16Eta-Pi@COMPASS

0

20

40

60

80

100

120

140

0.5 1.0 1.5 2.0 2.5 3.0

In
te

ns
it
y

mηπ [GeV]

×103

0

10

20

1.4 1.6 1.8 2.0

JPC = 2++

A. Jackura et al (JPAC) and COMPASS, 
arXiv:1707.02848



π−

p

η, η′

π−

P
p

16Eta-Pi@COMPASS

0

20

40

60

80

100

120

140

0.5 1.0 1.5 2.0 2.5 3.0

In
te

ns
it
y

mηπ [GeV]

×103

0

10

20

1.4 1.6 1.8 2.0

JPC = 2++

A. Jackura et al (JPAC) and COMPASS, 
arXiv:1707.02848



π−

p

η, η′

π−

P
p

16Eta-Pi@COMPASS

0

20

40

60

80

100

120

140

0.5 1.0 1.5 2.0 2.5 3.0

In
te

ns
it
y

mηπ [GeV]

×103

0

10

20

1.4 1.6 1.8 2.0

JPC = 2++

A. Jackura et al (JPAC) and COMPASS, 
arXiv:1707.02848

JPC = 1�+



17Eta-Pi@COMPASS
A. Jackura et al (JPAC) and COMPASS, 
arXiv:1707.02848

⇢
⇡

⇡

⇡
⇡

pp

0

20

40

60

80

100

120

140

0.5 1.0 1.5 2.0 2.5 3.0

In
te

ns
it
y

mηπ [GeV]

×103

0

10

20

1.4 1.6 1.8 2.0

JPC = 2++

COMPASS, arXiv:1711.09782



18

GlueX stands for Gluonic Excitations
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Golden channels:

First data taken in 2016 
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New results presented 
in October 2017

First publication �p ! ⇡0p, ⌘p
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γ π0

p p

ω, ρ, b, h

⌘, ⌘0

Beam asymmetry Difference probes  
strange exchanges contribution and  
deviation from quark model

VM et al. (JPAC) PLB774 (2017) 362 
arXiv:1704.07684

blue and green models represent   
the estimation of systematic errors

⌃(⌘0)

⌃(⌘) See GlueX Preliminary results  
by T. Beatie

20

Pseudoscalar Meson Beam Asymmetry

⌃(⌘) =
|⇢+ !|2 � |b+ h|2

|⇢+ !|2 + |b+ h|2

= ⌃(⌘0)

b1 ! �⌘(0) not known
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20

Pseudoscalar Meson Beam Asymmetry

⌃(⌘) =
|⇢+ !+�|2 � |b+ h+h0|2

|⇢+ !+�|2 + |b+ h+h0|2
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�

p

!/⇢ P!/⇢

�

p p p

⌘(
0)⌘(

0)

Pseudoscalar Meson Beam Asymmetry

GlueX Preliminary results  
presented at APS meeting Oct 2017 
Courtesy of T. Beatie

Strong deviation from 1 would 
suggest deviation from factorization

VM et al. (JPAC) PLB774 (2017) 362 
arXiv:1704.07684



22JPAC Interactive Website

http://www.indiana.edu/~jpac/index.htmlInteractive webpage:
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2000+ connection in home page since May 2016

JPAC Interactive Website
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JPAC Interactive Website
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D
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Exotic matter with heavy quarks
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B0

π−

K+

ψ

XYZ@LHCb

PRL122 (2014) 222002

LHCb: 25.2k events

Z(4430)�

Tetraquark ? 

U D
C C
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Pilloni et al (JPAC) PLB 772 (2017) 

e�

e+

�⇤ ⇡+

⇡�

J/ 

with tetraquark without tetraquark

More data (coming soon !) 
to draw firm conclusion

Z(3900)@Belle/BESIII
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BESIII 

CD

UC

Several hadronic experiments are currently undergoing 

There are hints of exotic resonances  
but detailed analysis are required

http://www.indiana.edu/~jpac/index.htmlInteractive webpage:
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Special case: Szczepaniak arXiv:1501.01691 
Real case: JPAC, in preparation 

RHC (unitarity cut)
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too big
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Contamination by Target Fragmentation

How do we select beam fragmentation ?

[JPAC PRD91 (2015) 034007]
[Van Hove 1969]
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How do we select beam fragmentation ? Boost in the rest frame
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Eta-Pi @COMPASS
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Reflectivity Basis
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Analytic Structure of Partial Wave

DiscF (s) = 2iImF (s)
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f(s) = p4 f̂(s)
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â(s) =
n(s)

D(s)
Im f̂�1(s) = �⇢(s)

Im D(s) = �⇢(s)

a(a) = p2q â(s)
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Z. Zarling  
APS meeting 
Division of Nuclear Physics  
Oct 27th 2017



51Quark Mass Difference

Q2 =
m2

s � (mu +md)2/4

m2
d �m2

u

WASA@COSY

KLOE@DAPHNE

[1] P. Guo et al (JPAC) PRD 92   (2015) 
[2] P. Guo et al (JPAC) PLB 771 (2017)

fit event by event 
g12 CLAS6 data

fit Dalitz distribution 
WASA@COSY

⌘,!,�
⇡

⇡

⇡

Isospin violating decay 
sensitive to  
quark mass difference

⌘ ! ⇡+⇡�⇡0

⌘,⇡ ⇠

[1]

[2]Q = 21.6± 1.1

Q = 21.4± 1.1
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Morningstar and Peardon 1999

gluon has mass and strong interaction = string
bound states of gluons ?

Bound States of Gluons

b0
h(0)
0

J. Dudek et al.  PRD83 (2011) 
J. Dudek PRD84 (2011) 
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55Nuclear Strong Interactions

Theory predicts ‘exotic’ resonances

Ordinary matter Exotic matter
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