
Spectroscopy



Matter	Particles
• Make	up	visible	matter
• Pointlike (<10-18 m),	

Fundamental	*)

• Have	mass	(from	<	½	eV to	
178,000,000,000	eV =	178	GeV)

• Distinct	from	their	antiparticles	*)
• Fermions	(Spin	½)	Þ

they	“defend” their	space	(Pauli	
Principle)	and	can	only	be	
created	in	particle-antiparticle	
pairs	

• Can	be	“virtual”,	but	make	up	
matter	being	(nearly)	“real”

• “stable” (against	strong	decays;	
lifetimes	from	∞	to	10-24 s)

*) Until	further	notice

x2	for	R,	x2	for	antiparticles

3	“colors”	=	3	
different	charges:	
red,	green,	blue



Hadronic Particle	Zoo
- what	can	one	build	from	quarks?



Hadron	Structure
• Simple-most	(constituent

quark)	model	of	nucleons
(protons	and	neutrons)

• …	becomes	much	more	
complicated	once	we	
consider	the	full	
relativistic	quantum	field	
theory	called	QCD

valence quarks
sea quarks, gluons 

orbital angular momentumcorrelations

meson cloud

quark spin and motion



How	Do	We	Study	Hadron/Nuclear	
Structure?

• Energy	levels:	Nuclear	and	particle	(baryon,	
meson)	masses,	excitation	spectra,	excited	state	
decays		->			 Spectroscopy	
(What	states	exist?)

• Elastic	and	inelastic	scattering,	particle	
production, Reactions	
(How	do	they	interact?)

• Probing	the	internal	structure	directly	
Imaging,	“Tomography”	and	“Holography”
(Shape	and	Content?)
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Open	Questions:

• What	excited	states	of	the	nucleon	have	we	
missed	so	far?

• Excited	strange	baryons?
• ”Exotic”	States:

– qqqq
– qqqqq
– qqG
– qqqG
– GG
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increasingly important role as we move forward into the 12-GeV era with data of unprecedented 
precision and statistics. 

 

Figure 15 – Three- and four-star nucleon 
resonance masses as listed by the Particle Data 
Group128 and as extracted in three separate 
analyses: Argonne-Osaka,190 Jülich191 and Bonn-
Gatchina.189  For each resonance, Re(MR) 
together with the Re(MR) ± Im(MR) band is 
plotted.  The four values only agree well in the 
low-mass region.  At higher masses, the 
differences are large, an outcome that can 
mainly be attributed to the fact that the 
available πN and γN data for W ≥ 1.7-GeV 
reactions are insufficient to determine the 
partial-wave-amplitudes model independently. 
Naturally, differences in the analysis methods 
and the data included in each analysis could 
also lead to disagreements. 

Baryon Spectroscopy – Over the last ten years, an intense program of meson photo- and electro-
production measurements has resulted in an extensive set of observables.  These include not only cross- 
sections, but also polarization and double-polarization observables.  The analysis of these new data have 
begun to contribute toward a resolution of a long-standing issue in baryon spectroscopy; namely, the 
missing resonance problem.188, 189, 190, 191 Signals for some of the so-called “missing” states have now 
been identified in a variety of exclusive channels.192, 193 Figure 15  However, as illustrated in , more data 
and improved analyses are required before complete understanding may be claimed.  Notably, lattice-
QCD calculations of the baryon spectrum support the existence of the same number of states as 
expected from constituent-quark models with SU(6) spin-flavor symmetry, so that simple spectroscopic 
models in which a pair of the quarks are compressed into a pointlike diquark correlation are 
excluded.188, 194

Modern data has resolved a longstanding puzzle relating to the isospin-zero Λ(1405) baryon, which is an 
apparently peculiar member of the baryon spectrum.  There is still no universal agreement on its 
character: does it possess a significant dressed-quark core, or is it a resonance, generated purely 
through meson-baryon coupled channels effects, or a molecular nucleon-kaon bound-state embedded 
in a Σπ continuum?  Whatever its nature, all theoretical attempts to explain its appearance have 
assumed JP=½-  for the Λ(1405).  Until recently, however, empirical confirmation of this assignment was 
lacking.  This has changed with a determination of the spin and parity of the Λ(1405) using 
photoproduction data from JLab. 

  This is consistent with analyses of baryons in continuum-QCD, which predicts instead, 
as described above, a measurable role for strong, dynamical and non-pointlike quark-quark correlations. 

195

The study of baryons containing two and three strange quarks (the Ξ and Ω states, respectively) has 
begun.

  The reaction γ + p → K+ + Λ(1405) was analyzed in the decay 
channel Λ(1405) → Σ+ + π−, where the decay distribution to Σ+π− and the variation of the Σ+ polarization 
direction with respect to that of the Λ(1405) determines the parity.  The analysis established that the 
decays are in S wave, with the Σ+ polarized such that the Λ(1405) has spin-parity JP=½-. 

196  To date, rather little is known about these states; but with the advent of higher-energy 12-



⇒ Our 1D View of the Nucleon
(depends on energy n and wave length of the virtual photon ∼ 1/Q2)

.	.
	.

W =	final	state	invariant	mass	= M 2 + 2Mν −Q2

• Elastic scattering
(Whole system recoils, x = 1, W = M)

• Resonances 
(x < 1, W < 2 GeV)

• Valence quarks
(x ≥ 0.3, W > 2 GeV)

• Sea quarks, gluons
(x < 0.3)

• “Wee Partons”
(x® 0, Diffraction,
Pomerons)
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x =	energy	fraction	of	hit	object	=	Q2/2Mn



From	“The	Science	and	Experimental	Equipment	
for The	12	GeV	Upgrade	of	CEBAF”	(2005)
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Figure 1: (a) The flux of chromo-electric field lines between a quark (q) and anti-quark (q̄) is
confined to a flux-tube; (b) LQCD prediction (from G. Bali) of the action density in the color
field in the space surrounding a q and q̄ showing the energy density peaking at the position of the
quarks and confined to a flux tube between the quarks; (c) The corresponding potential (also from
Bali) between the q and q̄ as a function of separation r. For large r the potential is linear while
for small r it is Coulombic. The LQCD calculation by Bali is for heavy quarks in the quenched
approximation. Recent unquenched calculations reach the same conclusions.

but only if the energy per unit length carried in the string is constant, which is equivalent to the
assumption of a linearly rising potential.

Conventional qq̄ mesons. In the conventional quark model of hadrons, there is no need to
invoke gluonic degrees of freedom to explain the observed spectrum of low-lying mesons composed
of up (u), down (d) and strange (s) quarks – the flux tube is in its ground state. For a given
total spin (S⃗ = S⃗q + S⃗q̄) and relative orbital angular momentum (L⃗ = L⃗qq̄) we expect a nonet of
mesons, all with the same JPC quantum numbers specified by the rules for a fermion-antifermion
system. These rules give J⃗ = L⃗ + S⃗, P = (−1)L+1 and C = (−1)L+S . JPC combinations such as
0−−, 0+−, 1−+, 2+−, . . . are not allowed and are called exotic. Within a nonet one expects to find
flavor states characterized by combining the flavors of u, d and s quarks into qq̄ combinations to
yield an iso-triplet with zero strangeness, two iso-doublets with strangeness +1 and −1, and two
strangeness zero iso-singlets. Consistent with this model, none of the known mesons carry flavor
exotic quantum numbers (e.g. doubly charged or strangeness +1 with negative charge). Many
positions in the low-lying nonets are assigned to known mesons. For the scalar mesons, there is
some evidence that there are more mesons than can be accommodated within the quark model. In
addition, there is some weak evidence that exotic JPC mesons might have been discovered. That
mesons beyond simple qq̄ bound states might exist is not inconsistent with QCD – indeed a richer
spectrum of mesons is expected.

Glueballs and hybrid mesons. One such family of QCD mesons consisting solely of self-
interacting gluons with no quark content are called glueballs, and there may be some experimental
evidence of such states. Since the quantum numbers of low-lying glueballs are not expected to be
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qq mesons:

JPC =	0-+,1--,0++,1++
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flavor states characterized by combining the flavors of u, d and s quarks into qq̄ combinations to
yield an iso-triplet with zero strangeness, two iso-doublets with strangeness +1 and −1, and two
strangeness zero iso-singlets. Consistent with this model, none of the known mesons carry flavor
exotic quantum numbers (e.g. doubly charged or strangeness +1 with negative charge). Many
positions in the low-lying nonets are assigned to known mesons. For the scalar mesons, there is
some evidence that there are more mesons than can be accommodated within the quark model. In
addition, there is some weak evidence that exotic JPC mesons might have been discovered. That
mesons beyond simple qq̄ bound states might exist is not inconsistent with QCD – indeed a richer
spectrum of mesons is expected.

Glueballs and hybrid mesons. One such family of QCD mesons consisting solely of self-
interacting gluons with no quark content are called glueballs, and there may be some experimental
evidence of such states. Since the quantum numbers of low-lying glueballs are not expected to be
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but only if the energy per unit length carried in the string is constant, which is equivalent to the
assumption of a linearly rising potential.

Conventional qq̄ mesons. In the conventional quark model of hadrons, there is no need to
invoke gluonic degrees of freedom to explain the observed spectrum of low-lying mesons composed
of up (u), down (d) and strange (s) quarks – the flux tube is in its ground state. For a given
total spin (S⃗ = S⃗q + S⃗q̄) and relative orbital angular momentum (L⃗ = L⃗qq̄) we expect a nonet of
mesons, all with the same JPC quantum numbers specified by the rules for a fermion-antifermion
system. These rules give J⃗ = L⃗ + S⃗, P = (−1)L+1 and C = (−1)L+S . JPC combinations such as
0−−, 0+−, 1−+, 2+−, . . . are not allowed and are called exotic. Within a nonet one expects to find
flavor states characterized by combining the flavors of u, d and s quarks into qq̄ combinations to
yield an iso-triplet with zero strangeness, two iso-doublets with strangeness +1 and −1, and two
strangeness zero iso-singlets. Consistent with this model, none of the known mesons carry flavor
exotic quantum numbers (e.g. doubly charged or strangeness +1 with negative charge). Many
positions in the low-lying nonets are assigned to known mesons. For the scalar mesons, there is
some evidence that there are more mesons than can be accommodated within the quark model. In
addition, there is some weak evidence that exotic JPC mesons might have been discovered. That
mesons beyond simple qq̄ bound states might exist is not inconsistent with QCD – indeed a richer
spectrum of mesons is expected.

Glueballs and hybrid mesons. One such family of QCD mesons consisting solely of self-
interacting gluons with no quark content are called glueballs, and there may be some experimental
evidence of such states. Since the quantum numbers of low-lying glueballs are not expected to be
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Exotic	Mesons:



The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon
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Sidebar 2.1: Solving the Structure of Hadrons and Light Nuclei with Lattice QCD
The building blocks of nuclei, protons and neutrons, 

are comprised of quarks and gluons. Quantum 

chromodynamics (QCD), the theory describing the 

interactions of quarks and gluons, is well known, and its 

equations can be written down in an elegant manner. 

QCD has had tremendous successes, for example, 

it allows direct comparisons of its predictions with 

experiments at high energies, where “deep inelastic 

scattering experiments” have beautifully revealed the 

quark and gluon substructure of protons, neutrons, 

and nuclei. However, precise descriptions of many 

low-energy properties of even the simplest systems, 

such as protons and neutrons, have remained elusive. 

A top priority of nuclear physics has been to develop 

first-principles predictive capabilities for low-energy 

processes described by QCD.
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Figure 1: Shown are the mass differences between “isospin pairs” of 
baryons, such as a proton and a neutron (ΔN), and other unstable isospin 
pairs. Experimental values (gray bands) are compared with LQCD, 
including electromagnetic effects (red points). It is remarkable that 
differences in these baryon masses at the level of one part in a thousand can 
now be precisely calculated from first principles.

To achieve predictive capability, a numerical technique 

to perform QCD calculations has been developed: lattice 

QCD (LQCD). LQCD combines breathtaking advances in 

high-performance computing, innovative algorithm and 

software development, and conceptual breakthroughs in 

nuclear theory. In LQCD, space and time are described 

as points on a grid. Quarks and gluons are also defined 

on this grid, and their interactions with one another can 

be calculated numerically. Next, a widely used set of 

approaches to computer simulations, known as Monte 

Carlo methods, is employed. Basically, a large number 

of computer-generated configurations of the quantum 

fields are created and analyzed, and out of this process 

the true behavior of the quarks and gluons emerges. In 

principle, any level of accuracy can be obtained, limited 

only by computational resources and available work 

force.

The progress in LQCD calculations since the 2007 

Long Range Plan has been dramatic. For the first time, 

calculations are being performed using the physical 

quark masses rather than the artificially increased 

masses that were needed previously. The effects of 

electromagnetism are being included as well. In Figure 1, 

the impressive agreement of calculated and measured 

mass differences between isospin partners amongst 

the hadrons confirms that QCD provides an accurate 

description of strongly interacting matter.

Underscoring this huge progress, LQCD plays an 

essential role in guiding experimental work. GlueX at 

JLab, one of the flagship experiments of the 12-GeV 

Upgrade, is designed to search for exotic particles 

where the “glue” is in an energetically excited state. 

Initial LQCD calculations motivated the experiment and 

guided its design. Recent LQCD results confirm the mass 

range of the predicted particles. And in the future, LQCD 

calculations of hadron dynamics will play a critical role in 

the analysis of the data.

Tremendous progress has been made in the calculation 

of hadron-hadron scattering probabilities. Phase shifts 

and mixings describing the low-energy scattering 

behavior have been successfully calculated for elastic 

pion-pion scattering, including mapping out the shape 

of the rho resonance, and, recently, for multi-channel 

scattering. The mixing is highlighted in the extraction 

of resonance information in pion-kaon scattering when 

the inelastic eta-kaon channel also contributes. These 

studies illustrate the practicality of extracting physical 

scattering (S-matrix) elements from LQCD and have 

opened a whole new era of lattice computations of 

hadron dynamics.
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The finding has important implications for understanding how nucleon resonances arise in QCD.  In 
particular, it signals the possibility that the bare N* states, not the fully-dressed resonance poles 
obtained after inclusion of the meson cloud, are best understood as arising from the excitation of quark-
gluon degrees-of-freedom within the nucleon; and that these undressed objects should be the target of 
hadron structure calculations that omit, for one reason or another, degrees-of-freedom which realize 
the coupling between this “core”-state and the meson-baryon continuum.  The omission can be remedied 

by using a sophisticated coupled-channels model to add the meson-cloud, as illustrated in Figure 1. 

Exotic mesons found on the lattice – It has long been suspected that QCD might support hybrid mesons; 
that is, integer spin states with valence gluon content.  Such states can possess quantum numbers which 
are impossible in two-body quantum mechanical systems comprised of a constituent-quark and -
antiquark alone; and a primary focus of the GlueX experiment in Hall-D at the 12 GeV JLab facility is the 
search for these states.   Confidence in their existence has recently been boosted by numerical 
simulations of lattice-regularized QCD,6

Figure 2

 which have produced towers of states with exotic quantum 
numbers in a mass range accessible to the 12 GeV upgrade of JLab, as illustrated in .  The 
calculations find that these exotic-quantum number states have a larger gluonic component than 
normal mesons.  Empirical confirmation of the existence of exotic mesons will represent a major 
advance in our understanding of hadronic matter.  

 

 
 

Figure 2 – Isoscalar (green and black) and isovector (blue) meson spectrum obtained with mπ ∼ 400 MeV in a 
numerical simulation of lattice-regularized QCD.  The vertical height of each box indicates the statistical 
uncertainty on the mass determination.  Orange boxes are used to highlight the lowest-lying hybrid states, based 
on their gluonic field content; and the three rightmost towers of states carry exotic quantum numbers. 
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Photoproduction of a particular multi-meson final state will populate many partial waves 
simultaneously, and a spectrum of meson resonances only follows when the data is analyzed in 
terms of partial wave amplitudes.  To be able to fully exploit these new data, and connect them to 
the theoretical predictions, extensive phenomenological work needs to be carried out to improve 
the current state of amplitude analysis.  A key mission of the new Jefferson Lab Physics Analysis 
Center is to establish a state-of-the-art framework for such analyses, building on, and networking 
with, global theoretical and phenomenological expertise.  The application of such techniques to 
forthcoming results from CLAS12 and GlueX on both meson and baryon photo and 
electroproduction is essential for laying the foundation for robust partial wave analyses, and so 
ensuring the capability of these experiments to establish the existence of states in which gluonic 
degrees of freedom are excited. 

 
Figure 2.4: An amplitude analysis carried out using the full GlueX software suite showing a small 
exotic signal being cleanly extracted from the much stronger conventional signals in the data. The top 
plot shows the total cross section (solid curve) and the extracted intensities of several partial waves. Of 
note is the reproduction of a very small signal for an exotic   (1600). The strength of this wave, which 
may be large in actual photoproduction, is chosen to be small in the simulation to test the sensitivity of 
the analysis methodology.  The bottom plot shows the weak exotic signal on a large scale as well as the 
observed phase motion between the signal and one of the stronger waves. Such an extracted phase 
motion would be clear evidence for resonant behavior of the signal. 
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The ability of GlueX to extract even a small exotic signal from data which is dominated by 
conventional meson production and backgrounds has been explored in simulations of the 
response of the detector to a realistic distribution of final-state particles.  Amplitude analysis of 
Monte Carlo simulated data which has passed through a detailed model of the GlueX detector is 
able to reproduce the input model of resonance production.  As seen in Figure 2.4 even an 
artificially small signal for exotic   (1600) in             is clearly extracted alongside 
the much larger production of conventional mesons.  While the amplitude analysis model used to 
generate and analyze the simulated data does not yet incorporate all of the constraints required 
by QCD, this study demonstrates that the acceptance provided by the detector design does 
facilitate exotic searches even when the signals are significantly suppressed compared to 
dominant channels. 

A thorough understanding of the spectrum of mesons in QCD demands complementary efforts in 
experiment, theory and phenomenology.  GlueX is unique both in the size of its expected data set 
and in its optimization for production of exotic light-quark systems.  Through the collection of 
high statistics in modern experiments, the previously simple view of charmonium has had to be 
overhauled to allow for the many new states observed.  The 12 GeV physics program at 
Jefferson Lab offers the possibility to do the same for the light-quark sector, providing a window 
on the mechanisms by which the gluonic field of QCD confines light quarks in hadron 
resonances. 

2c Tests of Chiral Symmetry and Anomalies via the Primakoff Effect 

The GlueX detector allows not only the detailed study of spectroscopy but, using the Primakoff 
effect, the measurement of the two photon decays of the        ʹ mesons as well, with far 
greater precision than previously.  Such measurements test our understanding of two basic 
phenomena of QCD, namely the spontaneous breaking of chiral symmetry and the role of chiral 
anomalies.  Such anomalies are manifested in their most unambiguous form in the sector of light 
pseudoscalar mesons.  The chiral anomaly induced by the electromagnetic interactions drive the 
two-photon decays of the           ʹ  while the axial anomaly induced by QCD itself breaks the 
axial U(1) symmetry and generates a large fraction of the  ʹ mass.  

The 12 GeV upgrade will make it possible to extend the current development of the recently 
completed high precision measurement of the       decay width via the Primakoff effect to 
include the   and  ʹ mesons, and make possible a low Q2 measurement of their transition form 
factors.  Of particular importance is a more accurate determination of the quark-mass ratio that 
will result from a precise knowledge of the          decay rate, which in turn is determined 
from its well known branching fraction with respect to the rate for     .  Figure 2.5 
illustrates the current situation where the ratio      

         
    

    with    the mean 
up and down quark mass, is determined from kaon masses and the          rate, and the 
projected determination of   from the proposed precision Primakoff measurement of         
[2-17].  This measurement will test our understanding of the essentials of chiral dynamics in the 
  and  ʹ sector as never before. 
  

Resonance	Hunting:
Separate	different	final	
state	JP quantum	numbers	
through	spin	and	angular	
distributions;	follow	phase	
shift	as	function	of	mass	->	
resonance
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