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PART I.
Why Study QCD?
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The Standard Model

• The strong force is one of the three forces within the 
Standard Model of particle physics

• These theories are the building blocks of the universe 
that we understand so far

Standard Model forcesStandard Model forcesStandard Model forces

name mediator describes

strong gluons nucleons

weak W/Z bosons nuclear decay

electromagnetic photons chemistry
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What Is QCD?
• The strong force is described by the theory of 

Quantum Chromodynamics (QCD)

• This is universally accepted as the correct theory that 
describes all aspects of the strong force:

• The fundamental constituents are quarks that are 
coupled together by gluons
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• In QCD, the strength of the force weakens as we go to higher 
energies (shorter distances)

• This is responsible for the different behaviors we see at the 
keV, MeV, GeV, TeV scales

Asymptotic Freedom

9. Quantum chromodynamics 33
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Figure 9.4: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).

9.4. Acknowledgments

We are grateful to J.-F. Arguin, G. Altarelli, J. Butterworth, M. Cacciari, L. del
Debbio, D. d’Enterria, P. Gambino, C. Glasman Kuguel, N. Glover, M. Grazzini, A.
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QCD - An Overview
• QCD is an SU(3) gauge theory and fits together as 

one component of the Standard Model

• But unlike the electromagnetic force, gluons will 
couple to each other → complicated

• At high energies, perturbative calculations are 
possible, but not at low energies

• Whether or not we can say we “understand” QCD 
depends on your definition

• Is there anything intelligent that we can say about the 
behavior/dynamics of QCD that is not obvious?
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QCD at the GeV Scale
• Energies allow the creation of new particles, which 

allows us to study the interaction

• Particles of the strong force = hadrons account for 
most of our mass

• Typical interaction energy of GeV - uncertainty 
principle tells us that

• Typical time scale of 10-23 s, length scale of 10-15 m

�E�t ' ~
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QCD Particles
• “Particles” are bound states of quarks and gluons

• The quarks and gluons are confined within the bound 
states

• There are thought to be “constituent” quarks that 
give the basic properties of states

• There is also the “sea” of quarks, and many many 
gluons coupling to all of this!

naive picture reality

q
q ~fm_
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Two Kinds of Hadrons
• Mesons are bosons, typically thought to 

consist of a quark and antiquark (qq )

• pions (π), kaons (K), etc.

• Baryons are fermions, typically 
thought to consist of three 
(anti)quarks (qqq or qqq )

• Protons and neutrons are the 
simplest (and lowest energy 
examples)

___

_
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An Experimentalist’s View
• We don’t know the internal specifics, but from far away, it looks 

like this:

• Put simply, from the initial and final state, let’s try to see what we 
can say about these bound states of quarks and gluons and 
understand their interactions
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PART II.
Hadronic Spectroscopy
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Bringing Order to the Chaos
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Bringing Order to the Chaos

• Hadron spectroscopy aims to organize the 
spectrum of hadronic bound states

• Classify hadron states by

- quantum numbers (J,P,C,S,L,I,...)

- masses and widths

- dynamical features

• All of this gives us information on how these 
states are formed, and how they interact with 
each other

14



Atomic Spectroscopy
• Analysis of hydrogen spectrum led to the discovery of 

quantum mechanics

• Studying the spectrum of atoms allows an 
understanding of the constituents (electrons/atoms) 
and forces (electromagnetic)

e-

2p

1s

energy levels of hydrogen

En
er

gy
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• The Bohr model explains the main 
structures:

Greater Precision, 
Greater Knowledge?

En = �1

2
↵2mec2

n2

quantum
mechanics
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• The Bohr model explains the main 
structures:

Greater Precision, 
Greater Knowledge?
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2
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n2

quantum
mechanics

• Further experimental, and theoretical 
investigation leads to the fine, hyperfine 
structures (spin-orbit, spin-spin)

theory of spin

• Even further experimental, and 
theoretical investigation leads to the 
Lamb shift (vacuum polarization)

renormalization
of QED/QFT

Precision studies lead to a better understanding,
new discoveries!! 
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Spectrum of Hadrons
• All known particles are listed in the PDG

• Need to know how to read and sort this, sort of like 
the table of elements

• Start with ground states, then excited spectra

• Work with analogies between different families

from http://education.jlab.org/itselemental/
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The Simplest Case
• Ground state octet baryons

• Made of up, down, strange quarks

• Flavor SU(3) → lowest baryon states will form an octet

n p

Σ+Λ/Σ0Σ-

Ξ- Ξ0

Q=+1Q=0Q=-1

S=0

S=-1

S=-2

complete symmetry
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The Simplest Case
• Ground state octet baryons

• Flavor SU(3) → lowest baryon states will form an octet

• Hierarchy of splittings, similar for ground state mesons
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Difficulties at Higher Masses
• At higher energies (masses), the states have much larger 

widths, resulting in overlaps

• Also, dynamical considerations (multiple decay channels, 
cascading decays) complicate the picture

• Leads to difficulty in unambiguous interpretation

figure of overlapping resonances
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Theory and Models
• Experiment has the final say, but that’s not all

• We rely on theory for

- guidance, predictions

- organization of known results

• Theories are usually based on QCD, but need 
empirical modeling

• How do we tie all of the experimental data with the 
underlying theory of QCD?

21



The Constituent Quark 
Model

• Successful theory describing many of low-energy states

• The “Standard Model” of low energy QCD - any theory 
will be compared against it

• However, it is an empirical theory - how far can we go 
beyond it?

22



The Constituent Quark 
Model

• Successful theory describing many of low-energy states

• The “Standard Model” of low energy QCD - any theory 
will be compared against it

• However, it is an empirical theory - how far can we go 
beyond it?

Modern experiments with large statistics could make 
significant contributions to our understanding

22



Lattice QCD
• Discretize space-time, full QCD calculations on this 

lattice

• No empirical assumptions, but takes tremendous 
computing power

• Now at the stage where it can make predictions
4

0.5

1.0

1.5

2.0

2.5

exotics

isoscalar

isovector

YM glueball

negative parity positive parity

?

FIG. 1. A compilation of recent lattice QCD computations for both the isoscalar and isovector light mesons from Ref. [1],
including `¯̀

�
|`¯̀i ⌘ (|uūi+ |dd̄i)/

p
2
�
and ss̄ mixing angles (indicated in degrees). The dynamical computation is carried out

with two flavors of quarks, light (`) and strange (s). The s quark mass parameter is tuned to match physical ss̄ masses, while
the light quark mass parameters are heavier, giving a pion mass of 396 MeV. The black brackets with upward ellipses represent
regions of the spectrum where present techniques make it di�cult to extract additional states. The dotted boxes indicate states
that are interpreted as the lightest hybrid multiplet – the extraction of clear 0�+ states in this region is di�cult in practice.

FIG. 2. Spectrum of gluonic excitations in hybrid mesons (gray) and hybrid baryons (red, green, and orange) for three light
quark masses. The mass scale is m�m⇢ for mesons and m�mN for baryons to approximately subtract the e↵ect of di↵ering
numbers of quarks. The left calculation is performed with perfect SU(3)-flavor symmetry, and hybrid members of the flavor
octets (8F ), decuplet (10F ), and singlet (1F ) are shown. The middle and right calculations are performed with a physical ss̄
mass and two di↵erent values of m⇡.

mesons}predicts low mass
states well

non-qq 
exotics

_

from PRD83, 111502(R) (2011)
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PART III.
The GlueX Experiment
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Jefferson Lab

• Located in Newport News, 
VA

• Currently upgrading 
electron accelerator from 6 
GeV to 12 GeV

• CEBAF accelerator 
provides e- bunch every 2ns

• Upgrades to the three 
existing experimental Halls 
A, B, C

https://www.jlab.org
25
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The GlueX Experiment
• Main experiment in Hall D

• Flagship experiment of the 
JLab 12 GeV era

http://www.gluex.org

• Will use a photon beam 
on a proton target

• Main goal is hadronic 
spectroscopy - both 
mesons and baryons Other experiments such as pion polarizability

are also planned. See JLAB PAC report: 
http://www.jlab.org/exp_prog/PACpage/PAC40/PAC40_Final_Report.pdf
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Photoproduction
• The photon is something we completely understand 
→ Use a well-known object to probe something less 
well-known

• Not studied at these energies in as much detail as a 
hadron probe (π or p), may lead to new discoveries

✸

17

TABLE III. A table of hybrid search channels, estimated cross
sections, and approximate numbers of observed events. See
text for a discussion of the underlying assumptions. The sub-
scripts on !, ⌘, and ⌘0 indicate the decay modes used in the
e�ciency calculations. If explicit charges are not indicated,
the yields represent an average over various charge combina-
tions.

Cross Approved Proposed

Final Section Phase II and III Phase IV

State (µb) (⇥106 events) (⇥106 events)

⇡+⇡�⇡+ 10 300 3000

⇡+⇡�⇡0 2 50 600

KK⇡⇡ 0.5 – 100

!3⇡⇡⇡ 0.2 4 40

!�⇡⇡⇡ 0.2 0.6 6

⌘��⇡⇡ 0.2 3 30

⌘��⇡⇡⇡ 0.2 2 20

⌘0
��⇡ 0.1 0.1 1

⌘0
⌘⇡⇡⇡ 0.1 0.3 3

KK⇡ 0.1 – 30

These assumed e�ciencies reproduce signal selection ef-
ficiencies in detailed simulations of �p ! ⇡

+
⇡

�
⇡

+
n,

�p ! ⌘⇡

0
p, �p ! b

±
1 ⇡

⌥
p, and �p ! f1⇡

0
p performed

by the collaboration.

Photoproduction of mesons at 9 GeV proceeds via pe-
ripheral production (sketched in the inset of Fig. 8). The
production can typically be characterized as a function of
t ⌘ (pX�p�)2, with the production cross section propor-
tional to e

�↵|t|. The value of ↵ for measured reactions
ranges from 3 to 10 GeV�2. This t-dependence, which is
unknown for many keyGlueX reactions, results in a sup-
pression of the rate at large values of |t|, which, in turn,
suppresses the production of high mass mesons. Figure 8
shows the minimum value of |t| as a function of the pro-
duced meson mass MX for a variety of di↵erent photon
energies. The impact of this kinematic suppression on a
search for heavy states is illustrated in Figure 9, where
events are generated according to the t distributions with
both ↵ = 5 GeV�2 and 10 GeV�2 and uniform in MX .
Those that are kinematically allowed (|t| > |t|min) are
retained. The y-axis indicates the number of events in
10 MeV/c2 mass bins, integrated over the allowed region
in t, and assuming a total of 3⇥ 107 events are collected.
The region above MX = 2.5 GeV/c2, where one would
want to search for states such as the h2 and h

0
2, contains

only about 5% of all events due to the suppression of large
|t| that is characteristic of peripheral photoproduction.

There are several considerations in determining how
much data one needs in any particular final state. In
order to perform an amplitude analysis of the final state
particles, one typically separates the data into bins of mo-
mentum transfer t and resonance mass MX . The number
of bins in t could range from one to greater than ten, de-
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FIG. 8. Dependence of |t|min on the mass of the outgoing me-
son system MX . The lines indicate incident photon energies
of 8.0, 9.0, and 10.0 GeV.

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

310

410

510

Ev
en

ts
 p

er
 1

0 
M

eV
/c

2  

M(KKπ) [GeV/c2]

Eγ = 9 GeV

e-5|t|

e-10|t|

FIG. 9. A figure showing the number of expected events per
10 MeV/c2 bin in KK⇡ invariant mass, integrating over all
allowed values of t, and assuming 3 ⇥ 107 events in total are
produced. No dependence on M(KK⇡) is assumed, although,
in reality, the mass dependence will likely be driven by reso-
nances. Two di↵erent assumptions for the t dependence are
shown. The region above 2.5 GeV/c2 represents about 8%
(2%) of all events for the ↵ = 5(10) GeV�2 values.

pending on the statistical precision of the data; a study
of the t-dependence, if statistically permitted, provides
valuable information on the production dynamics of par-
ticular resonances. One would like to make the mass
bins as small as possible in order to maximize sensitivity
to states that have a small total decay width; however,
it is not practical to use a bin size that is smaller than
the resolution on MX , which is of order 10 MeV/c2. In
each bin of t and MX , one then needs enough events to
perform an amplitude analysis, which is about 104. Fig-
ure 9 demonstrates that, under some assumptions about
the production, this level of statistics is achievable for
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Why 12 GeV Beam?
• For QCD, this is the energy scale where the interesting 

things happen, and you want to observe the behavior as 
a function of energy

• Bremsstrahlung beam - radiate photons from electron 
beam

13
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e
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FIG. 8: Flux of incoherent and coherent bremsstrahlung radi-
ation off of a diamond radiator with incident 12 GeV electrons
where the diamond is oriented to yield a coherent photon en-
ergy peak at 9 GeV. The spectrum before and after collima-
tion is shown. Also shown is the region of tagged photons.
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FIG. 9: Dependence of the minimum value of |t| as a function
of MX for the reaction γp → Xp. The inset diagram shows
the peripheral production of X with arrows indicating the
variables s = (pγ + ppt

)2 and t = (pX − pγ)2 in terms of the
relevant four-momenta and where pt and pr refer to the target
and recoil protons respectively. The curves correspond to
beam photon energies, Eγ , of 8.0 GeV, 9.0 GeV and 10.0 GeV.
The curve at 7.4 GeV is shown because that is the lower edge
of the photon energy range defined by the 8.0 GeV peak.

the incident photon to the produced meson X . In terms
of the four-momenta s = (pγ + ppt

)2 = mp(mp + 2Eγ)
and t = (pX − pγ)2 = (ppt

− ppr
)2.

For beam photon energies greater than a few GeV the
production of mesons is predominantly peripheral as in-
dicated by the diagram in the inset of Figure 9. The

mX  [GeV/c2]

mo  = 2.5 GeV/c2 mo=2.8 GeV/c2

mX  [GeV/c2]

E
γ

 = 10 GeV

E
γ

 = 10 GeV

9 GeV

9 GeV
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FIG. 10: Breit-Wigner line shape for resonances of masses of
2.5 and 2.8 GeV/c2 weighted by an amplitude that falls ex-
ponentially in |t| with a slope parameter of α = 8 (GeV/c)−2.
The resonance width is assumed to be 0.15 GeV/c2. For each
resonance the yield is shown for photon peak energies of 10,
9 and 8 GeV. The inset shows the yield for the 2.8 GeV/c2

energy in more detail.

distribution in |t| falls off rapidly with a typical depen-
dence characterized by e−α|t| where for this study we as-
sume a typical value of α ≈ 8 (GeV/c)−2. As the central
mass mX of the resonance approaches the kinematic limit
(
√

s − mp) for the production of the resonance the min-
imum |t|, |t|min, needed to produce the resonance rises
rapidly with mX and has a significant variation across
the width (Γ) of the resonance. This distorts the line
shape and decreases the integrated yield. In Figure 9
we show the dependence of |t|min as a function of mX .
The curves correspond to beam photon energies, Eγ , of
8.0 GeV, 9.0 GeV and 10.0 GeV. The curve at 7.4 GeV is
shown because that is the lower edge of the photon energy
range defined by the 8.0 GeV peak. So the variation of
|t|min with MX is indeed very rapid above ≈ 2.6 GeV/c2

for the 8.0 GeV peak.

In Figure 10 we show the Breit-Wigner line shape and
overall production rate for resonances of masses 2.5 and
2.8 GeV/c2 are affected by the value and variation of
|t|min across the width of the resonance for various as-
sumptions about the position of the coherent photon
peak. We assume the same cross-section for the two res-
onances and describe the line shape by a Breit-Wigner
form weighted by an amplitude that falls exponentially
in |t| with a slope parameter of α = 8 (GeV/c)−2. The
resonance width is assumed to be 0.15 GeV/c2. For each

e- beam in

diamond
radiator

e- out

photon out

photon out

hodoscope
for e- detection

]

coherent peak:
~40% linear polarization
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GlueX Detectors
• We need to cover the most area reasonably possible 

• Solenoid magnetic field of 1.3T 
bends trajectory of charged particles

• Central Drift Chamber (CDC) and 
Forward Drift Chamber (FDC)  
provide tracking information

CDC
FDC

Tracking

29



GlueX Detectors
• We need to cover the most area reasonably possible 

• Barrel Calorimeter (BCAL) and 
Forward Calorimeter (FCAL) 
provide photon reconstruction

BCAL
FCAL

Calorimetry
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GlueX Detectors
• We need to cover the most area reasonably possible 

TOF
ST

Particle Identification
• Time of flight wall (TOF) and Start 

Counter (ST) around target provide 
timing information to distinguish 
charged particles by their flight time

• Further upgrades involving a DIRC 
are in progress
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GlueX Under Construction

• Installation of detectors has begun

• Will continue until the end of this summer

• Beam commissioning to start in late 2014

• Actual data taking in 2016
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GlueX Data Volumes 
• Data volume - the more the merrier

• At full running, GlueX will take 5x107 γ/s within the 
coherent peak

• Need to write 1GB/s, 3.2PB of raw data to tape/year!!

• Even more needed for simulated backgrounds, 
analyses, etc. Truly benefiting from

advances in technology

20 counts 100 counts 5000 counts

all with 20% backgrounds
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PART IV.
The Strangeness Frontier
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u

du

• Quarks come in different “flavors”, i.e., different types

• Replace the usual “up” “down” quark by “strange” quark

• The strong force conserves quark flavor, so that strange 
quarks need to be produced in pairs

What is Strangeness?

u

ds

•Once the s and s quark separate into different hadrons, they can 
only decay via the weak force

•“Strange” because they live “forever” - time scale of ns, or 1015 
times longer than strong scale! → detectable signal!

_
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• s quarks are heavier than u and d quarks, so it takes more 
energy to create strange particles - but still easily accessible in 
our strongly coupled energy regime

• Strange particles have given us:

- parity violation (θτ puzzle)

- CP violation (neutral kaons)

- concept of flavor, SU(3)

- distinction of strong/weak interactions

- insights into weak decays

- searches for beyond SM physics

• Astrophysical interest too, can there be “strange matter”?

The Gift of Strangeness

s d

u
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• When a ground state strange baryon decays via the weak 
force, there is interference between the S-wave and P-wave 
decay amplitudes

• Leads to asymmetry in decay distribution, “self-analyzes” 
polarization of particles → Polarizations are measurable!          
(a lot more difficult to measure for non-strange baryons)

• More measurable observables → More strength to resolve 
ambiguities, explore dynamics

Polarization of Strange Baryons

spin direction

Y

baryon

meson

decay polar angle θ
θcos

-1 -0.5 0 0.5 1

co
un
ts

0

500

1000

1500

distribution of decay particles
is ∝1+αPcosθ

α: constant P: polarization
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Studying Strange Baryons
• Non-strange baryon spectrum (N and Δ) have been studied in 

past with π beam

• Large overlap of states make it difficult to identify states

• In general strange states have (much) smaller widths

• Strange baryons must be produced in association with kaon(s) 
to conserve strangeness → complicates analysis somewhat

K+γ

p
Y*

Y

π
38



s
d

u

• The strong interaction conserves strangeness so we must 
produce them in association with a state of S = +1

• Easiest way is to create a meson (kaon)

• We have two light quarks (u or d), they can be in isospin 
configurations of 0 (Λ) or 1 (Σ)

Strangeness -1 Baryons

}
}

5

II. S = �1 HYPERONS

A. Overview of S = �1 Hyperons

This section outlines what is possible for hyperons with strangeness S = �1. For the excited ⇤ and ⌃ states,
the main hadronic final states are ⇤⇡, ⌃⇡, NK, ⇤⇡⇡, and ⌃⇡⇡. Previous experiments, especially ones with K�

beams applied coupled-channel analyses to these final states to disentangle the overlapping resonances. The S = �1
resonances typically have widths of 50 MeV and higher, so that while the widths are smaller than those of the N⇤

and � states, there is still considerable overlap between states, especially at masses higher than 1.7 GeV/c2.
Of the final states mentioned above, the two-body states ⇤⇡, ⌃⇡, and NK are worth mentioning since the decay

distributions and recosntruction are simpler than for three-body decays. The ⇤⇡ final state must originate from a
state of isospin I = 1 and hence acts as an isospin filter. The same can be said for the ⌃0⇡0 final state coupling to
isospin 1 states only, due to the Clebsch-Gordan coe�cients. Hence, these two channels are of special importance
since they allow a reconstruction of only one isospin amplitude. Compared to previous experiments such as CLAS,
GlueX will be able to fully reconstruct these channels due to the tracking chambers and calorimeters that are used.

The goal for GlueX in the S = �1 sector would be to do a full coupled-channel analysis of the various final states
listed above. Below, we examine which states are of interest, what the interest would be, and how one could extract
the interesting physics from them.

B. I = 0 ⇤ Hyperons

Table II gives a summary of the ⇤ states listed in the PDG. A similar table is provided by the PDG as a Mini
Review at http://pdg.lbl.gov/2013/reviews/rpp2012-rev-lambda-sigma-resonances.pdf. For the strangeness
S = �1, isospin I = 0 ⇤ hyperons, the states have been reported up to a mass of 2585 MeV/c2. However, a close
inspection of Table II shows that states beyond the ⇤(1800) have not been reported since 1980. Most of the high-mass
states that were reported were due to K�-beam bubble chamber experiments, and most of the results were reported
by Gopal [3] and Koiso [4]. n+ read Gopal, Koiso For states lower than 1890 MeV/c2, all states reported
have at least a ***-ranking by the PDG, so that their existence is thought to be rather certain, although some features
may not be well-known. Below we will review the physics cases of some of these ⇤ states and

State J

P Mass (MeV/c

2) Width (MeV) Status Primary decay modes Last reported

⇤ 1/2+ 1115.683 0 **** p⇡

�, n⇡0 —

⇤(1405) 1/2� 1405 50 **** ⌃⇡ CLAS (2013)

⇤(1520) 3/2� 1519.5 15.6 **** NK̄,⌃⇡,⇤⇡⇡ CLAS (2013)

⇤(1600) 1/2+ 1560–1700 50–250 *** NK̄,⌃⇡ Gopal (1980)

⇤(1670) 1/2� 1660–1680 25–50 **** NK̄,⌃⇡,⇤⌘ Manley (2002)

⇤(1690) 3/2� 1685–1695 50–70 **** NK̄,⌃⇡,⇤⇡⇡,⌃⇡⇡ Koiso (1985)

⇤(1800) 1/2� 1720–1850 200–400 *** NK̄,⌃⇡ Manley (2002)

⇤(1810) 1/2+ 1750–1850 50–250 *** NK̄,⌃⇡, NK̄(892) Gopal (1980)

⇤(1820) 5/2+ 1815–1825 70–90 **** NK̄,⌃⇡,⌃(1385)⇡ Gopal (1980)

⇤(1830) 5/2� 1810–1830 60–110 **** NK̄,⌃⇡,⌃(1385)⇡ Gopal (1980)

⇤(1890) 3/2+ 1850–1910 60–200 **** NK̄,⌃⇡ Gopal (1980)

⇤(2000) ?? ⇠ 2000 ⇠ 150 * NK̄,⌃⇡ Cameron (1978)

⇤(2020) 7/2+ ⇠ 2020 ⇠ 150 * NK̄,⌃⇡,⇤! Gopal (1980)

⇤(2100) 7/2� 2090–2110 100–250 **** NK̄,NK̄(892) Gopal (1980)

⇤(2110) 5/2+ 2090–2140 150–200 *** NK̄,⌃⇡ Gopal (1980)

⇤(2325) 3/2� ⇠ 2325 ⇠ 177 * NK̄,⇤! Debellefon (1978)

⇤(2350) 9/2+ 2340–2370 100–250 *** NK̄,⌃⇡ Debellefon (1978)

⇤(2585) ?? ⇠ 2585 ⇠ 300 ** NK̄ Abrams (1970)

TABLE II. List of ⇤ baryons listed in the online PDG [2] listings at http://pdg.lbl.gov. The masses and widths are mostly
PDG estimates. The status is the * ranking that the PDG assigns. The decay modes listed are the prominent ones within the
PDG listings.

confident about existence

not so much

based on PDG summary
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s
d

u
• The strong interaction conserves strangeness so we must 

produce them in association with a state of S = +1

• Easiest way is to create a meson (kaon)

• We have two light quarks (u or d), they can be in isospin 
configurations of 0 (Λ) or 1 (Σ)

Strangeness -1 Baryons

only a few scattered states that
we are confident about

8

State J

P Mass (MeV/c

2) Width (MeV) Status Primary decay modes Last reported

⌃ 1/2+ 1190 0 **** weak or E&M decay —

⌃(1385) 3/2+ 1385 36–39 **** ⇤⇡,⌃⇡ CLAS (2013)

⌃(1480) bumps ?? ⇠ 1480 ⇠ 80 * NK̄,⇤⇡⌃⇡ Zychor (2006)

⌃(1560) bumps ?? ⇠ 1560 ⇠ 80 ** ⇤⇡,⌃⇡ Meadows (1980)

⌃(1580) 3/2� ⇠ 1580 ⇠ 15 * NK̄,⇤⇡,⌃⇡ Carroll (1976)

⌃(1620) 1/2� ⇠ 1620 ⇠ 90 * NK̄,⇤⇡,⌃⇡ Morris (1978)

⌃(1660) 1/2+ 1630–1690 40–200 *** NK̄,⇤⇡,⌃⇡ Gao (2011)

⌃(1670) 3/2� 1665–1685 40–80 **** NK̄,⇤⇡,⌃⇡ Gao (2011)

⌃(1670) bumps ?? ⇠ 1670 70–130 not listed NK̄,⇤⇡,⌃⇡ Ferrersoria (1981)

⌃(1690) bumps ?? ⇠ 1690 100–250 ** NK̄,⇤⇡,⌃⇡ Goddard (1979)

⌃(1750) 1/2� 1730–1800 60–160 *** NK̄,⌃⌘ Gopal (1980)

⌃(1770) 1/2+ ⇠ 1770 ⇠ 70 * NK̄,⇤⇡,⌃⇡ Gopal (1980)

⌃(1775) 5/2� 1770–1780 105–135 **** NK̄,⇤⇡,⌃⇡,⌃(1385)⇡,⇤(1520)⇡ Gopal (1980)

⌃(1840) 3/2+ ⇠ 1840 90–120 * NK̄,⇤⇡,⌃⇡ Gopal (1980)

⌃(1880) 1/2+ ⇠ 1880 80–200 * NK̄,⇤⇡,⌃⇡ Gopal (1980)

⌃(1915) 5/2+ 1900–1935 80–160 **** NK̄,⇤⇡,⌃⇡ Gopal (1980)

⌃(1940) 3/2� 1900–1950 150–300 *** NK̄ Gopal (1980)

⌃(2000) 1/2� ⇠ 2000 20–400 * NK̄,⇤⇡,⌃⇡ Gopal (1980)

⌃(2030) 7/2+ 2025–2040 150–200 **** NK̄,⇤⇡,⌃⇡,⌃(1385)⇡,⇤(1520)⇡,�(1232)K̄ Gopal (1980)

⌃(2070) 5/2+ ⇠ 2070 ⇠ 300 * NK̄,⌃⇡ Gopal (1980)

⌃(2080) 3/2+ ⇠ 2080 180–250 ** NK̄,⇤⇡ Corden (1976)

⌃(2100) 7/2� ⇠ 2100 70–130 * NK̄,⇤⇡,⌃⇡ Barbaro-Galtieri (1970)

⌃(2250) ?? 2210–2280 60–150 *** NK̄,⇤⇡ Debellefon (1978)

⌃(2455) bumps ?? ⇠ 2455 ⇠ 140 ** NK̄ Abrams (1970)

⌃(2620) bumps ?? ⇠ 2620 ⇠ 220 ** NK̄ Dibianca (1975)

⌃(3000) bumps ?? ⇠ 3000 ⇠ 220 * NK̄,⇤⇡ Ehrlich (1966)

⌃(3170) bumps ?? ⇠ 3000 ⇠ 220 * ⇤KK̄⇡,⌃KK̄⇡,⌅K⇡ Aston (1985)

TABLE III. List of ⌃ baryons listed in the online PDG [2] listings at http://pdg.lbl.gov. The masses and widths are mostly
PDG estimates. The status is the * ranking that the PDG assigns. The decay modes listed are the prominent ones within the
PDG listings.

9 GeV photons. For reference, �
tot

for the ⇤(1405), ⇤(1520), and ⌃0(1385) are also shown. Based on the CLAS data
at lower energies, �

tot

for these states are expected to be roughly a third to a half compared to the ground state
values.

mysterious “bumps” appear even at 
low masses

based on PDG summary
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Even Stranger - The Ξ States
• We can replace TWO quarks in a 3-quark system to make Ξ 

(Cascade) states

• To produce these states now we need  TWO S=+1 particles 
(kaons) created in association

• Has been studied using K- beam, but the excited spectrum is 
not known well

u

s s
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The Known Ξ Spectrum

• Ξ and Ξ(1530) are well-known octet and decuplet states
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The Known Ξ Spectrum

• Ξ and Ξ(1530) are well-known octet and decuplet states

• Beyond these, almost everything is a mystery, including 
existences
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The Known Ξ Spectrum

• Ξ and Ξ(1530) are well-known octet and decuplet states

• Beyond these, almost everything is a mystery, including 
existences

• Most states do not even have spin or parity information
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The Known Ξ Spectrum

• Ξ and Ξ(1530) are well-known octet and decuplet states

• Beyond these, almost everything is a mystery, including 
existences

• Widths are small, detection may not be difficult

• Most states do not even have spin or parity information
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γ

K+
K+

Ξ-
π-
π-

Λ p

S=+2

S=-2
cτ=8.69 cm

cτ=7.89 cm
S=-1

S=0

GlueX and Ξ States
• GlueX could make a very large contribution to our 

knowledge of Ξ states, enable a comparison to spectrum of 
other baryons

• Note that when Ξ states decay, they will first live for “a very 
long time” to weakly decay to Λπ (total strangeness -1), then 
the Λ again lives for “a very long time”

• The vertex information can be exploited to detect the Ξ 
states and also discriminate against background

• Studies using simulated data are under way

43



Maximum Strangeness - 
The Ω States

• Strangeness S=-3, Ω- states

• Very little known about excited spectrum

• Prediction and discovery in 1964 lead to 
acceptance of quark model, establishment 
of flavor SU(3)

• GlueX could make contributions to our 
understanding of these states

s

s
s
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Conclusions
• QCD at the GeV scale is strongly coupled... and messy 

at first glance

• We need to use all of the information possible - 
experiment, theory, lattice - to construct a coherent 
picture of how this theory behaves

• The challenge is: can we bring structure to the chaos?

• GlueX will take enormous amounts of data to explore 
the hadron spectrum for both mesons and baryons

• The “strangeness frontier” will also be exciting!
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Backup 
Slides
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How is spectroscopy 
done?
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Determination of Spin 
and Parity
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Lattice QCD Predictions
for Ξ, Ω

FIG. 4 (color online). Results for baryon excited states using the ensemblewithm! ¼ 391 MeV are shownversus JP. Colors are used to
display the flavor symmetry of dominant operators as follows: blue for 8F inN,!,", and#; beige for 1F in!; yellow for 10F in$,",#,
and%. The lowest bands of positive- and negative-parity states are highlighted within slanted boxes. The eight excited states of ", with
JP ¼ 3

2
þ , that are shown within a slanted box, are Hg states 1, 2, 4, 5, 7, 8, 13 and 15. Fits for the same states are shown in Fig. 1 and

identifications of their spins and flavors are noted in Fig. 3.
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FIG. 4 (color online). Results for baryon excited states using the ensemblewithm! ¼ 391 MeV are shownversus JP. Colors are used to
display the flavor symmetry of dominant operators as follows: blue for 8F inN,!,", and#; beige for 1F in!; yellow for 10F in$,",#,
and%. The lowest bands of positive- and negative-parity states are highlighted within slanted boxes. The eight excited states of ", with
JP ¼ 3

2
þ , that are shown within a slanted box, are Hg states 1, 2, 4, 5, 7, 8, 13 and 15. Fits for the same states are shown in Fig. 1 and

identifications of their spins and flavors are noted in Fig. 3.
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Ξ Studies

• Ξ production, reconstruction in GlueX
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IV. S = �3 HYPERONS

Table IX summarizes the strangeness S = �3 ⌦ states reported in the PDG. There is almost no information on
excited ⌦ states, beyond the ground state⌦ and the first excited state, the ⌦(2250). Beyond these, there are two
claims of ⇤⇤-star states.

In photoproduction, to conserve strangeness three kaons must be produced in association with an ⌦ state, which
will make analyses extremely challenging. The dominant decay modes of the ground state ⌦ are ⇤K� (67.8%), ⌅0⇡�

(23.6%), and ⌅�⇡0 (8.6%). Each of these will have characteristic secondary or tertiary vertices that are reconstructable
with the GlueX detector.

There have been estimates of the ⌦ production cross section at E
�

= 9 GeV, with ranges of 0.2–1 nb.

n+ estimates of ⌦ yields based on cross section, acceptance
The ⌦ has a lifetime of 0.821 ⇥ 10�10 s, which translates to c⌧ = 2.46 cm, although the momentum of ⌦ states

produced in GlueX may be rather low, leading to much shorter decay lengths.
n+ studies of ⌦ decay length
One way to expose this may be to use the ionization deposition left in the Start Counter. When a low-momentum

charged particle of 1672.45 MeV/c2 passes through the Start Counter, there should be a large amount of ionization
energy loss, and this may help in the identification of ⌦ states.

An interesting feature of the known ⌦ spectrum is that the ⌦(2250) is already 600 MeV/c2 higher than the ground
state ⌦, in contrast to first excitation energies of 290, 196, 215 for the ⇤, ⌃, and ⌅ spectra, respectively. This may
be a hint that the first excited ⌦ state has yet to have been observed, and could be a discovery that GlueX could
provide1.

There have been no observations of ⌦ states in photoproduction at CLAS
n+ what about SLAC?

State J

P Mass (MeV/c

2) Width (MeV) Status Primary decay modes Last reported

⌦� 3/2+ 1672.45 0a **** ⇤K�
,⌅0

⇡

�
,⌅�

⇡

0

,⌅�
⇡

+

⇡

�
,⌅0

e

�
⌫e Kamaev (2010)

⌦(2250) ?? 2252± 9 55± 18 *** ⌅�
⇡

+

K

�
,⌅(1530)0K� Aston (1987)

⌦(2380) ?? ⇠ 2380 26± 23 ** ⌦⇡ Hassall (1981)

⌦(2470) ?? 2474± 12 72± 33 ** ⌦�
⇡

+

⇡

� Aston (1988)

a ⌧ = 8.21 ns

TABLE IX. List of ⌦ baryons listed in the online PDG [2] listings at http://pdg.lbl.gov. The masses and widths are mostly
PDG estimates. The status is the * ranking that the PDG assigns. The decay modes listed are the prominent ones within the
PDG listings.

1

The first excitation energy of the �, which also has a 3/2+ state as the ground state, is 368 MeV/c2. It may be that for the � and ⌦,

excited states need more energy than the ⇤,⌃,⌅

• Ground state and three excited states

• Ground state decays to ΛK- (67.8%), Ξ0π- (23.6%), Ξ-π- (8.6%)

• No spin-parity information for excited states

• Decay modes will be Ωπ, Ωππ, ΞΚ, ΞKπ
_ _
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