
Baryon Spectroscopy with  Photoproduction  of Mesons at MAMI - Mainz

Mainz MAMI accelerator:  E<1.6 GeV
Crystal Ball (NaI), TAPS (BaF2) forward wall, 
inner detectors

lin early and circularly polarized photons
Polarized protons, deuterons, 3He
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Model independent  multipole  analysis requires 
measurement  of:
4 single polarization  
observables (σ,Σ,T,P)

Chiang & Tabakin PRC 55 (1997)

4 carefully chosen double  
polarization  observables

All combinations of beam 
and target polarization 
possible!



γn → nη - excitations functions for different angular bins———————————————————————————–———————————————————————————–(D. Werthmüller and L. Witthauer et al.)
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analysis of polarization observables E, T, F under way

Exploraration of polarization  
observables (beam, target, recoil) to 
establish a data base allowing  almost 
model independent  analyses .

Investigation of different final states  
including  multi-meson production  so 
that coupled -channel analyses  can 
identify excited states  decoupled  from 
dominant  decays  like π0 emission to the 
nucleon  ground-state.

Investigation of reactions off quasi-free 
neutrons to establish also the 
photocouplings  for neutron resonances .



Why We Need Meson Beams 
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Bill Briscoe, Michael Döring, Helmut Haberzettl,  

Mark Manley, Megumi Naruki, Igor Strakovsky, Eric Swanson 

 Reliable theoretical and phenomenological analyses need hadron-induced  
   measurements such as  
 pN→pN, hN, KL, KS, and  
 KN→KN, pL, pS, hL, hS, and also multi-meson final states.  
   
 Measurements with pion and Kaon beams make possible studies of baryon  
   and meson spectroscopy that are complementary to programs underway  
   worldwide at major EM facilities such as JLab, Mainz, SPring-8, Bonn, and  
   elsewhere. 
 
 The key instrument is a coupled-channel analysis that requires precise data  
   for several channels at many energies and angles. 

White Paper in progress 



 Available data for p-p reactions with KY, h’N, wN, and fN final states are generally as bad or worse. 
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 gp→hp is one of the key reactions for which colleagues in the EM community hope  
    to do a ``complete measurement”.   
    Any coupled-channel analysis of those measurements will need precise data for p–p→hn . 

 Most of the available data for that reaction come from measurements published in the  
    1970s, which have been evaluated by several groups as being unreliable above 1620 MeV. 
 Precise new data were measured by the Crystal Ball Collaboration (Prakhov 2005), but  
    these extend only up to the peak of the first S11-resonance. 

 Very few polarization data for these reactions exist. 

p -p→hn 

. 

p -p→e+e-n  IPE is the only process that allows the determination of EM nucleon and pion  
    form-factors in the intervals: 0 < k2 < 4 M2 = 3.53 GeV2  0 < k2 < 4 mp

2 = 0.08 GeV2  

     which are kinematically unattainable from e+e- initial state.  
 IPE measurements will significantly complement electroproduction g*N→pN studies.    

pN→ppN  For most established N and D resonances, their dominant inelastic decays are to ppN final    
    states.  A large experimental database (including pol measurements) is needed to   
    determine precisely the PW amplitudes because so many amplitudes are needed to  
    describe  three-body final states. 
 241,214 Bubble Chamber events for pN→ppN  have been analyzed in Isobar-model  PWA  
    at W = 1320 to 1930 MeV [Manley, Arndt et al Phys Rev D 30, 904 (1984)] . 

 This 30-yr old result remains the main  source of our knowledge about pN→ppN. 

  The Hadronic Complex can longer keep the JLab MEIC  pre-Booster and Linac busy [to use more   
     than ``several  minutes” a day], which would be much  more effective use of the MEIC  facility. 



Hadron Spectroscopy at FIU: 
Some New Opportunities      

Lei Guo  
Florida International University, 

Miami, FL 
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CLAS12: Ξ(1820) 

Ξ* Spin/Parity 

•  GlueX/CLAS12 expect 
     unprecedented statistics 
     for Ξ* and Y* 
•  Exclusive reactions 
•  PWA/DMA feasible: JP 
•  Comparison with QM/Lattice 

•  Many predicted states; Most “missing” 
•  Typically narrower 

•  High mass mesons >2GeV 
     decaying to  
•  Puzzle: Abundance 
•  PWA/Xsection ongoing, 
     W. Phelps, Thesis (2016) 

NN

Searching for Missing States 
Exotic Meson/Baryon-Antibaryon/Cascades 

  π1(1600) remain the strongest evidence 
  Recent COMPASS results 
  GlueX: E. Pooser, Thesis (2015) 
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and 
 

•  Beam helicity asymmetry two Kaon 
photoproduction, R. Badui, Thesis(2016) 
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Induced/transferred polarization of Ξ- in 
photoproduction, J. Bono, Thesis (2014) 

Polarization observables are essential in understanding the production mechanisms 

pK
+
K

!

p! +! !

sin(!)
Dominant  
term 



V.I.Mokeev,  Joint Town Meeting on QCD, Temple University, September 13-15, 2014    

Meson-baryon  
cloud   

The Need to Extend the Studies of N* Structure   
Studies of N*-electrocouplings over a broad range of photon virtuality Q2 offer unique information on the 

non-perturbative strong interaction that determines the structure of different excited nucleons. 
Insight on N* structure from the CLAS@JLAB data on exclusive meson electroproduction (Review papers:  I.G. Aznauryan &  

V.D. Burkert, Progr. Part. Nucl. Phys. 67 (2012) 1; I.G.Aznauryan et al., Int. J. Mod. Phys. E22 (2013) 1330015) . 

CLAS results: 

NS �
S �S�p 
S �S�p 
prel. 

Meson-baryon  
cloud  and  
quark core  

Quark core  

N(1440)1/2+ N(1520)3/2-   

Quark core 
dominance 

Consistent results on N*-electrocouplings  from independent analyses of  different  meson 
electroproduction channels suggest reliable extraction of these fundamental quantities. 
 
Complex interplay between internal core of three dressed quarks and external meson-baryon 
cloud in the structure of N* states  is strongly dependent  on the resonance quantum numbers.  

N(1675)5/2-   

MB cloud  
dominance 

• Growth of relative quark core contribution with Q2 in gradual transition to almost unexplored domain  
      of quark core dominance at Q2>5.0 GeV2. 
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Consistent results on quark mass function from electrocouplings of different 
resonances at Q2 > 5 GeV2: 
•  will prove relevance and reliable access to this fundamental ingredient; 
• address two of the most challenging problems in the Standard Model: the 

emergence of the dominant part of hadron masses and quark-gluon confinement .    

 N* Structure at High Photon Virtualities in Exploration of Strong Interaction  
CLAS12 is the only facility foreseen in the world capable of determining electrocouplings of all prominent N* at   
5<Q2<12 GeV2. For the first time, almost direct access to the quark core at the distances where the transition from  
quark-gluon confinement to perturbative QCD regime is expected. 

C.D. Roberts, Prog. Part. Nucl. Phys. (2008) 50. 

Dressed quark mass function 
'(1232)3/2+ 

 Jones-Scadron convention 
 

JLAB :  NS�

DSEQCD : 
(quark core 
only)   

constant  quark  mass.  
running quark  mass. 

J. Segovia et al., arXiv:1408,2919 [nucl-th]. 

CLAS12 
area 

N(1440)1/2 +  

CLAS12 projected  

D.J. Wilson et al.,  Phys. Rev C85 (2012) 045205 
DSEQCD. 
I.G. Aznauryan & V.D. Burkert, Phys. Rev. C85 
(2012) 055202   LF QM. 

Studies of Nucleon Resonance Structure from the exclusive meson electroproduction 
experiments with CLAS12@JLAB offer an important contribution to the Long Range Plan.  

Light Front 
Quark  Model 
(quark core & M B cloud) 

running quark  mass 
from DSEQCD. 

 G
M

*  
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1.  XYZ “States” in Charmonium and Bottomonium

1

A.  Charmonium and bottomonium are simple 
quark-antiquark bound states in which both 
potential models and QCD calculations work 
remarkably well below open-flavor threshold.	

!
!
B.  Experiment indicates a variety of phenomena 
above open-flavor threshold (the “XYZ”) in which 
this simple quark-antiquark picture breaks down.	

!
!
C.  This is a prime opportunity to study meson 
spectroscopy, meson-meson interactions, and QCD 
in general in a region that is still simple, but beyond 
quark-antiquark dynamics.

predictions based on 
potential model:   

PRD72, 054026 (2005)

Charmonium

charged “states” (Z) cannot  
be charm-anticharm!
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2.  The Status of Experiment (by example)

2

B ! K!c1"
! [5]. Motivated by the striking observations

of charged charmoniumlike [4,5] and bottomoniumlike
states [6], we investigate the existence of similar states as
intermediate resonances in Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ decay
modes with charmonium or light hadrons in the final state
[7]. An ISR analysis by the Belle experiment with
548 fb%1 of data collected at or near

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% collider [10] and is described
in detail elsewhere [11]. We use the PHOKHARA [12] pro-
gram to generate signal Monte Carlo (MC) events and
determine experimental efficiencies. The results reported
here supersede those of Ref. [8], wherein a subset of the
Belle data sample was used.

The event selection is described in Ref. [8]. We require
four well reconstructed charged tracks with zero net

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 0:95; in cases where
the other track has no muon identification, in order to
suppress misidentified muon tracks, the polar angles of
the two muon tracks in the "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% mode because the MC simulation of the
trigger efficiency for these Bhabha-like events does not
accurately reproduce the data. There is only one combina-
tion of "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.

0

20

40

60

80

100

120

3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4
M(π+π -J/ψ) (GeV/c2)

E
nt

rie
s/

20
 M

eV
/c

2
Solution I

Solution II

10

102

103

104

3.5 4 4.5 5 5.5

 (GeV)cmE
3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4

) 
(p

b)
ψ

J/- π+ π(
σ

0
10
20
30
40
50
60
70
80(a) (b)

FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c mass sidebands. The solid curves show the total best fit with two coherent resonances and contribution from
background. The dashed curves are for solution I, while the dotted-dashed curves are for solution II. The inset shows the distributions
on a logarithmic vertical scale. The large peak around 3:686 GeV=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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A.  e+e−(γISR) → π+π−J/ψ at Belle
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FIG. 3: One dimensional projections of the M(π+J/ψ), M(π−J/ψ), and M(π+π−) invariant mass distributions in e+e− → π+π−J/ψ
for data in the J/ψ signal region (dots with error bars), data in the J/ψ sideband region (shaded histograms), and phase space MC simulation
(red dot-dashed histograms). The pink blank histograms show a MC simulation of the Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to the Mmax(π±J/ψ) distribution as described in the
text. Dots with error bars are data; the red solid curve shows the total
fit, and the blue dotted curve the background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalized J/ψ sideband
events.

Zc(3900) CM frame. The background shape is parameterized
as a/(x − 3.6)b + c + dx, where a, b, c, and d are free pa-
rameters and x = Mmax(π±J/ψ). The efficiency curve is
considered in the fit and the possible interference between the
signal and background is neglected. Figure 4 shows the fit re-
sults; the fit yields a mass of (3899.0 ± 3.6) MeV/c2, and a
width of (46 ± 10) MeV. The goodness-of-the-fit is found to
be χ2/ndf = 32.6/37 = 0.9.
The number of Zc(3900) events is determined to be

N(Zc(3900)±) = 307±48. The production ratio is calculated
to beR = σ(e+e−→π±Zc(3900)

∓→π+π−J/ψ)
σ(e+e−→π+π−J/ψ) = (21.5±3.3)%,

where the efficiency correction has been applied. The statisti-
cal significance is calculated by comparing the fit likelihoods
with and without the signal. Besides the nominal fit, the fit is
also performed by changing the fit range, the signal shape, or
the background shape. In all cases, the significance is found
to be greater than 8σ.

Fitting theM(π+J/ψ) andM(π−J/ψ) distributions sep-
arately, one obtains masses, widths, and production rates of
the Zc(3900)+ and Zc(3900)− that agree with each other
within statistical errors. Dividing the sample into two dif-
ferent M(π+π−) regions (below and above M2(π+π−) =
0.7 GeV2/c4) allows us to check the robustness of the
Zc(3900) signal in the presence of two different sets of inter-
fering π+π−J/ψ amplitudes. In both samples, the Zc(3900)
is significant and the observed mass can shift by as much
as 14 ± 5 MeV/c2 from the nominal fit, and the width can
shift by 20 ± 11 MeV. We attribute the systematic shifts
in mass and width to interference between the Zc(3900)π
and (π+π−)J/ψ amplitudes. In fitting the π±J/ψ projec-
tion of the Dalitz plot, our analysis averages over the en-
tire π+π− spectrum, and our measurement of the Zc(3900)
mass, width, and production fraction neglects interference
with other π+π−J/ψ amplitudes.
The systematic errors for the resonance parameters of the

Zc(3900) come from the mass calibration, parametrization
of the signal and background shapes, and the mass resolu-
tion. The uncertainty from the mass calibration can be esti-
mated using the difference between the measured and known
J/ψ masses (reconstructed from e+e− and µ+µ−) and D0

masses (reconstructed from K−π+). The differences are
(1.4 ± 0.2) MeV/c2 and −(0.7 ± 0.2) MeV/c2, respectively.
Since our signal topology has one low momentum pion, as
in D0 decay, and a pair of high momentum tracks from the
J/ψ decay, we assume these differences added in quadrature
is the systematic error of the Zc(3900) mass measurement
due to tracking. Doing a fit by assuming a P-wave between
the Zc(3900) and the π, and between the J/ψ and π in the
Zc(3900) system, yields a mass difference of 2.1 MeV/c2,
a width difference of 3.7 MeV, and production ratio differ-
ence of 2.6% absolute. Assuming the Zc(3900) couples
strongly with DD̄∗ results in an energy dependence of the
total width [25], and the fit yields a difference of 2.1 MeV/c2
for mass, 15.4 MeV for width, and no change for the pro-
duction ratio. We estimate the uncertainty due to the back-
ground shape by changing to a third-order polynomial or a
phase space shape, varying the fit range, and varying the re-
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C.  Striking parallels in bottomonium:  	

Y(4260) → Yb(10890),  Z(3900) → Zb(10600),  Z(4020) → Zb(10650)

D.  P
att

ern
s  

are
 em

erg
ing!

Charmonium

charged “states” (Z) cannot  
be charm-anticharm!
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Charmonium
A.  To progress, Belle, BaBar, BESIII, LHCb, etc.  
will keep adding pieces to the puzzle.	


B.  Two experiments are especially unique and timely:  

B1.  Belle-II
broad QCD topics	

bottomonium	

ISR to charmonium	

charmonium in bottomonium  
    and B decays

B2.  BESIII !
broad QCD topics	

charmonium	

ISR to light quarks	

light quarks in charmonium  
    and D decays

C.  The puzzle of the XYZ’s seems imminently solvable, 
which would push QCD studies of mesons beyond quark-
antiquark dynamics.	


D.  These efforts will provide critical input to similar 
programs in the light quark sector (e.g. GlueX at JLab).

facts	

KEK, Tsukuba, Japan	

e+e− in bottomonium	

50× data of Belle	

start date in 2018

facts	

IHEP, Beijing, China	

e+e− in charmonium	

running since 2009	

10 more years?



Global effort 	

JLab/IU/GWU Physics Analysis Center

Support Amplitude Analysis !  

Events, X-sections,MC  QCD Predictions

Physics of interest: form factors, GPD’s, 
resonance parameters, etc. resides 
outside experimentally accessible range 
of kinematic variables. 

Amplitude analysis: !
based on S-matrix principles:!

• analyticity !
• unitarity!
• crossing

t

us
A(s, t) =

1X

l=0

fl(s)Pl(zs) =
1X

l=0

gl(t)Pl(zt)
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Z(4430)- in LHCb: 2D model independent analysis (a la BaBar)

correlated statistical errors
In the filtered distribution

Jmax=2

4D Belle

K*(892)
J=1 Dalitz plot

K*2(1430)
J=2

Excess of events over 
the K* J ≤ 2 filtered distribution

in the Z(4430)- region
is apparent !

Z(4430)- ?

K* J ≤ 2 
filter

actual distribution

No assumptions about about K*
contributions except for the maximal J

K*(890)

X+(4430)
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BESIII

Babar vs LHCb
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