
Recent results: experiment, theory and phenomenology and connection 
between them 
Too many results: focus on “-onia” 

Hadrons, QCD and the new states of matter 

Challenges: Amplitude analysis

Hadron Spectroscopy 

Adam Szczepaniak 
Indiana University 
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QED (at the atomic scale)

weakly interacting photons + 
non-relativistic charges 

Conventional bound states (atoms): 
radiation coupled  
|H> = |e+ p>|γ>

Vacuum fields : Coulomb potential 
+ (de-coupled) harmonic oscillators  

B

space
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QED (at the atomic scale)

weakly interacting photons + 
non-relativistic charges 

Conventional bound states (atoms): 
radiation coupled  
|H> = |e+ p>|γ>

Vacuum fields : Coulomb potential 
+ (de-coupled) harmonic oscillators  

B

space

Heavy quarkonia:
Confined Coulomb + excited glue

(quark model template)    

New states of matter (hadrons):
radiation strongly coupled  

|H> = Σi |qi gi >

QCD (at the nuclear scale)

self-interacting gluons with strong coupling + 
relativistic (light) or non-relativistic (c,b) quarks 

Vacuum fields : Confined Coulomb 
potential + (coupled) magnetic charges 
(monopoles,vortices)

 vorticesB

space

without vortices 

with vortices 

Confined Coulomb potential 

J.Greensite,S.Oleinik
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Features of the Hadron Spectrum: Charmonium

quark model template ground state flux tube dominates

hybrid candidate X(4260) sign of excited glue

_
 molecular (DD*) candidate X(3872) residual hadronic forces

possible extra states M=3900 - 4200 ?

charged charmonia  M=4000 - 4500 
(aka tetraquarks)

???

Christopher Hearty (BaBar)
(Hadron Spectroscopy, Friday) 
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M

1D

1P

1S

2S

3S

2D

1F

2F

2P

3P

leading Regge 
trajectory

daughters 

O(α4
mq)
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2-+ 1-- 2-- 3-- 3+- 2++ 3++ 4++0-+     1-- 1+- 0++ 1++ 2++
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2-+ 1-- 2-- 3-- 3+- 2++ 3++ 4++0-+     1-- 1+- 0++ 1++ 2++

M

ηc
J/ψ

χc0
χc1

χc2hc
η�c

ψ(2S) ψ(3770)

χ�
c2

ψ(4040) ψ(4160)

ψ(4415)
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2-+ 1-- 2-- 3-- 3+- 2++ 3++ 4++0-+     1-- 1+- 0++ 1++ 2++

M

ηc
J/ψ

χc0
χc1

χc2hc
η�c

ψ(2S) ψ(3770)

χ�
c2

ψ(4040) ψ(4160)

ψ(4415)

X(3872)

PDG’11

X’ :10 out, 2 in

X(4260)

3.0

3.5

4.0

4.5

D*D
_
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Υ

χb0

χb1

χb2

Υ(2S)

χ�
b0

χ�
b1
χ�
b2

Υ(3S)

Υ(4S)

Υ(5S),Υ(6S)

Υ(1D)

bb
_

M

9.4

9.9

10.3

10.8

2-+ 1-- 2-- 3-- 3+- 2++ 3++ 4++0-+     1-- 1+- 0++ 1++ 2++

1D

1P

1S

2S

3S

2D

1F

2P

4S

hb

h�
b

ηb

Υ(2D)

David Asner (Belle) (Hadron Spectroscopy, Friday) 
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P.del Amo Sanchez et al., PRD82, 132002 (2010)

2-+ (BaBar, 2010) QM ?  

X(3872) discovered by Belle in J/ψ π+π- (2003) confirmed by CDF other modes from Bell,BaBar

mass between D*D and DDπ thresholds O(MeV) width (1MeV)

   if  JPC=1++  then S-wave D*D molecule (several fm)?
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P.del Amo Sanchez et al., PRD82, 132002 (2010)

2-+ (BaBar, 2010) QM ?  

X(3872) discovered by Belle in J/ψ π+π- (2003) confirmed by CDF other modes from Bell,BaBar

mass between D*D and DDπ thresholds O(MeV) width (1MeV)

   if  JPC=1++  then S-wave D*D molecule (several fm)?

B+ → X(3872)(→ J/ψγ)K+ B0 → X(3872)(→ J/ψγ)K0
S

V.Bhardwaj et al., (Belle) arXiv:1105.0177 

B(B+ → K+X(3872)B(X(3872) → Rγ), 10−6

J/ψ

ψ�

1.78+0.48
−0.44 ± 0.12 2.8± 0.8± 0.1

< 3.45 9.5± 2.7± 0.6

need radiative decays of X, 2P and 1D   

small cc component ?
The jury is still out 

   if molecule then maybe closely 
related to the f0(980) in KK

_
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precision strong phases 
from weak D-decays

D+s→K+K-π+ (Babar 2011)

slightly “tilted” P-wave 
distribution due to S-wave 

interference 

model independent determination of 
S-wave phase 
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Babar (2010)

X(3872) X(3915)

B( B± → X(3915) K± )  ×  B( X(3915) → J/ψ ω ) = ( 3.0+ 0.7− 0.6+ 0.5− 0.3 ) × 10 
−
 
5,

B( B0 → X(3915) K0 )  ×  B( X(3915) → J/ψ ω ) = ( 2.1 ± 0.9 ± 0.3 ) × 10 
−
 
5.

X(3915)

B(B+ → Y (4140)K+)/B(B+ → J/ψφK+) = 0.149± 0.039± 0.024

not seen in Belle
 (and possible Y(4275) 

Y(4140)

M = 4143.4+2.9
−3.0 ± 0.6

Γ = 15.3+10.4
−6.1 ± 2.5

M = 4274.4+8.4
−6.7 ± 1.9

Γ = 32.3+21.9
−15.3 ± 7.6

ccss
_ _ CDF 2011

second peak
 @ 3.1 σ

candidate 

Belle (2005)

B( B → X(3915) K ) × B( X(3915) → J/ψ ω )=( 7.1 ± 1.3 ± 3.1 ) × 10 
−
 
5.

PDG X(3915) 

M(J/ψω)
Belle 

decomposed 
into several states 
(Belle 2007)

X(3940)

M=3900 - 4200
range
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not seen in BaBar (also in J/ψ π-)  

X± (4430) Belle (2009) B0 →K-(ψ’π+),B+→K0s (ψ’π+) 
_

K*(890)

X+(4430)
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not seen in BaBar (also in J/ψ π-)  

X± (4430) Belle (2009) B0 →K-(ψ’π+),B+→K0s (ψ’π+) 
_

sum of K*’s 
BW’s

+ background 

K*(890)

X+(4430)
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not seen in BaBar (also in J/ψ π-)  

X± (4430) Belle (2009) B0 →K-(ψ’π+),B+→K0s (ψ’π+) 
_

sum of K*’s 
BW’s

+ background 

K*(890)

X+(4430)

M(π+ψ’)
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not seen in BaBar (also in J/ψ π-)  

X± (4430) Belle (2009) B0 →K-(ψ’π+),B+→K0s (ψ’π+) 
_

sum of K*’s 
BW’s

+ background 

K*(890)

X+(4430)

M(π+ψ’)

with X+

without X+

with X+

without X+
+K*3

6.4 σ
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X+ (4050,4250) Belle (2009) B0 →K-(χc1π+) 
_

K*(890)

X+
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X+ (4050,4250) Belle (2009) B0 →K-(χc1π+) 
_

sum of K*’s 
BW’s

+ background 

K*(890)

X+
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X+ (4050,4250) Belle (2009) B0 →K-(χc1π+) 
_

sum of K*’s 
BW’s

+ background 

K*(890)

X+

with X+1,X+2

M(π+χc1)
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X+ (4050,4250) Belle (2009) B0 →K-(χc1π+) 
_

sum of K*’s 
BW’s

+ background 

K*(890)

X+

with X+1,X+2

M(π+χc1)

no X+1,X+2
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X+ (4050,4250) Belle (2009) B0 →K-(χc1π+) 
_

sum of K*’s 
BW’s

+ background 

K*(890)

X+

with X+1,X+2

M(π+χc1)

no X+1,X+2
no X+1,X+2

but with a K2*
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Zb(10610), Zb(10650)

Charged resonances in Dalitz 
plot analysis of Υ(5S) decays to 

(Υ(1S), Υ(2S), Υ(3S), hb, hb’) π+π-, 

Belle (2011)

ϒ(1S) ϒ(2S) ϒ(3S)

Zb(10610), Zb(10650)

misidentified pion
 from photon conversion 

A(s1, s2) = |BWZ(s1) +BWZ(s2) +ANR +Af0(980) +Af2(1275)|2

ϒ(1S)

ϒ(2S)

ϒ(3S)
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Physical (coherent) backgrounds 
are important 
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Role of  hadronic backgrounds BES (2006)
X(1580)

K*(890)

K*(890) 
reflection 

_BESII proposed a new J=I=1, (ρ-like) 
broad resonance strongly coupled to KK

J/ψ→K+K-π0
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Role of  hadronic backgrounds BES (2006)
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K*(890) 
reflection 

_

all K*‘sno isovector 
KK amplitudes

missing strength 
at “X” location
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_
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Role of  hadronic backgrounds BES (2006)
X(1580)

K*(890)

K*(890) 
reflection 

_

all K*‘sno isovector 
KK amplitudes

missing strength 
at “X” location

ππ isovector 
amplitude is known to 
be inelastic at 1.6GeV

unitarity demands other 
channel most likely 

ππ→ KK
-

J/ψ
K,π

K,π

K

K

π

P.Guo et al. (IU 2011)

with KK -> ππ

the virtual ππ  channel in J/ψ → (ππ)π → KKπ
may explain the “X” 

BESII proposed a new J=I=1, (ρ-like) 
broad resonance strongly coupled to KK

J/ψ→K+K-π0
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force=OPE
e
iδ(E) sin δ(E)

k

background 
+ resonance 

Deck background:  
extended source 

Resonance production: 
Compact source 

Mass 3π

M.G.Bowler et al (1975)

Deck (background) only

Deck + resonance

ACCMOR (40GeV)

π−p → π+π−π−p

Difference in phase motion 
seen in mass dependence  
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force=OPE
e
iδ(E) sin δ(E)

k

background 
+ resonance 

COMPASS (190GeV)

intensity comparable to background 

Exotic Meson Signal  

Deck background:  
extended source 

Resonance production: 
Compact source 

Mass 3π

M.G.Bowler et al (1975)

Deck (background) only

Deck + resonance

ACCMOR (40GeV)

π−p → π+π−π−p

Difference in phase motion 
seen in mass dependence  
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PDG: 2 entires for π2(1670)π2 → f2π
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π- p → π-π+π- p

CERN ca. 1970

 evolution in statistics 

BNL (E852) ca 1995

E852  2003
Full sample

COMPASS 2010

O(102 /10MeV ) 

O(103 /10MeV ) 

O(105 /10MeV ) 

O(106 /10MeV ) 
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π- p → π-π+π- p

CERN ca. 1970

 evolution in statistics 

BNL (E852) ca 1995

E852  2003
Full sample

COMPASS 2010

O(102 /10MeV ) 

O(103 /10MeV ) 

O(105 /10MeV ) 

O(106 /10MeV ) 
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Amplitude Analysis:  Major challenge 

1 Amplitude extraction is 
model dependent 

3. Finally connection between S-matrix poles and 
QCD: lattice, models needs to be made

2. Analytical continuation to complex energy plane 
is needed to extract resonance parameters 

inelasticity ? bump = 
resonance
or else ?

dynamically 
generated σ ? quark model (nn, ss) ?

glueball ?

π−(190GeV)p → π+π−π−p
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2. dispersion relation + 
chiral constraints give 

precise determination of 
the σ resonance 

Amir Fariborz (Hadron Spectroscopy, Friday) 

3.“microscopic” study:
NC dependence 

J.Pelaez

1. precision data 

0 

1 

0.4 0.8 1.2 1.6 
M (!!)  (GeV) 

" 

I = J = 0 

K→ππeν
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Hunting for the hybrid meson 
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Y(4260)

BaBar (2005) CLEO(2006)

(2007) (2005)

M = 4252± 6+2
−3MeV

Γ = 105± 18+4
−6MeV

possible Y(4050) not confirmed in BaBar  Theory favor: Hybrid  

discovered by BaBar in J/ψ π+π- (2005) confirmed by CLEO,Belle other modes from BaBar
JPC=1-- (from e+e-)  width O(100MeV)
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new multiplets from lattice 

J.Dudek et al.  JLab 
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new multiplets from lattice 

J.Dudek et al.  JLab 

quark model states

π

ρ
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new multiplets from lattice 

J.Dudek et al.  JLab 

quark model states

π

ρ

hybrid interpretation of the Y(4260)

same pattern in ss, cc 
_ _

large overlap with
 gluonic operators
includes 1-+ exotic 
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C.Morningstar et al,
G.Ball. 

Pg=1+ 

(one unit of orbital 
angular momentum)  lowest quasi-gluon eigenstate in presence of 

static source has JPC=1+- quantum numbers     

Q

Q̄
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C.Morningstar et al,
G.Ball. 

Pg=1+ 

(one unit of orbital 
angular momentum)  lowest quasi-gluon eigenstate in presence of 

static source has JPC=1+- quantum numbers     

Q

Q̄

J.Dudek, et al.

0-+ 1-+ 2-+

1--
Y(4260)From (variational) 

QCD in the Coulomb gauge
P.Guo, et al.

also from other models
J.Dudek, et al.

hybrid “=”

1+− × 1−−SQQ̄=1 =

JPC glue

JPC QQ
_

1+− × 0−+
SQQ̄

=

  

1−−

1−−

0−+, 1−+, 2−+

Tuesday, August 9, 2011



Y(2175)ss
_

analogue ? 
David Muller (BaBar)
(Hadron Spectroscopy, Friday)

C.Morningstar et al,
G.Ball. 

Pg=1+ 

(one unit of orbital 
angular momentum)  lowest quasi-gluon eigenstate in presence of 

static source has JPC=1+- quantum numbers     

Q

Q̄

J.Dudek, et al.

0-+ 1-+ 2-+

1--
Y(4260)From (variational) 

QCD in the Coulomb gauge
P.Guo, et al.

also from other models
J.Dudek, et al.

hybrid “=”

1+− × 1−−SQQ̄=1 =

JPC glue

JPC QQ
_

1+− × 0−+
SQQ̄

=

  

1−−

1−−

0−+, 1−+, 2−+
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M = 1370 ±16−3 0
+5 0  MeV / c2

Γ = 385± 40−105
+65  MeV / c2

π−p→ ηπ−p

π−p→ ηπ0 n No consistent B-W interpretation
possible but a weak ηπ interaction 
exists and can reproduce the exotic wave

π1(1600)nn
_

hybrid
search for  

Tuesday, August 9, 2011



M = 1370 ±16−3 0
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π−p→ ηπ−p

π−p→ ηπ0 n No consistent B-W interpretation
possible but a weak ηπ interaction 
exists and can reproduce the exotic wave

π1(1600)nn
_

hybrid
search for  

M = 1597 ±10−1 0
+4 5 MeV / c2

Γ = 340 ± 40−50
+50  MeV / c2π−p→ ʹ′ η π−p
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M = 1370 ±16−3 0
+5 0  MeV / c2

Γ = 385± 40−105
+65  MeV / c2

π−p→ ηπ−p

π−p→ ηπ0 n No consistent B-W interpretation
possible but a weak ηπ interaction 
exists and can reproduce the exotic wave

π−p→ρ0π−p
M = 1593 ± 8−47

+29  MeV / c2

Γ = 168 ± 20−1 2
+150  MeV / c2

BNL (E852) yes/no
COMPASS yes

E852 result

π
−

p → π
−

2
(1600)p

π
−

2
→ ρ

0
π
−

ρ
0
→ π

−

π
+
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M = 1370 ±16−3 0
+5 0  MeV / c2

Γ = 385± 40−105
+65  MeV / c2

π−p→ ηπ−p

π−p→ ηπ0 n No consistent B-W interpretation
possible but a weak ηπ interaction 
exists and can reproduce the exotic wave

π−p→ρ0π−p
M = 1593 ± 8−47

+29  MeV / c2

Γ = 168 ± 20−1 2
+150  MeV / c2

BNL (E852) yes/no
COMPASS yes

E852 result

π
−

p → π
−

2
(1600)p

π
−

2
→ ρ

0
π
−

ρ
0
→ π

−

π
+

π1(1600)nn
_

hybrid
search for  

M = 1597 ±10−1 0
+4 5 MeV / c2

Γ = 340 ± 40−50
+50  MeV / c2π−p→ ʹ′ η π−p

Dennis Weygand 
(Jlab)
(Hadron 
Spectroscopy, Friday)
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From Hadrons to QCD constituents 
Major challenges 

1 Amplitude extraction is 
model dependent 

3. Finally connection between S-matrix poles and 
QCD: lattice, models needs to be made

2. Analytical continuation to complex energy plane 
is needed to extract resonance parameters 

inelasticity ? bump = 
resonance
or else ?

dynamically 
generated σ ? quark model (nn, ss) ?

glueball ?
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New initiatives for 
development of  hadron 

spectroscopy efforts 

Les NABIS 

Extracting CP phases from 
Dalitz plot  & CP studies

(US/Germany)

Excited Baryon Analysis Center/JLab 
 (EBAC) 

Julich,Mainz,Giessen 

PWA-days @ JLab 

Workshops/summer schools on 
hadronic physics and  amplitude 

analysis  
INT, ECT*, JLab
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