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I. Jefferson Lab
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Jefferson Lab
•Located in Newport News, VA

•Ran for >10 years at 6 GeV with Halls A, B, C

•Upgraded to 12 GeV, new Hall D

•CEBAF accelerator provides e- beam every 2 ns
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CLAS

•CLAS was in Hall B of Jefferson Lab, took data 
for > 10 years

•Experiments on hadron spectroscopy, nuclear 
structure functions, nuclear processes

•3-layer drift chamber with δp/p ~ 0.5%
•Start Counter around target
•Scintillator TOF paddles for PID

Talks by Ken Hicks (Session 2a),
Natalie Walford (Session 2b)
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Strangeness Production 
with CLAS

•K+ Λ photoproduction: differential cross 
sections, recoil polarizations

•Results also available for K+ Σ0, φp
•Has contributed to our knowledge of 

production mechanisms, coupling to N* 
states

DIFFERENTIAL CROSS SECTION AND RECOIL . . . PHYSICAL REVIEW C 81, 025201 (2010)
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FIG. 8. (Color online) dσ/dcos θ c.m.
K (µb) vs.

√
s (GeV) in bins of cos θ c.m.

K . The results of this analysis are shown by closed red circles.
The 2006 CLAS results (Bradford et al. [4]) are shown by open blue triangles, 2004 SAPHIR [3] results are shown by open green diamonds,
and the LEPS results [5,6] are shown by open black crosses.
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where the correlation factor, ρ = 0.28, is due to the 28%
overlap of the two data samples. For kinematic points where

only a two-track measurement exists, we use it as the mean
value and account for the slight offset in the two results by
scaling its uncertainty by 1 + |µ| = 1.136.

Comparison of these mean dσ/dcos θ c.m.
K results with

results of previous experiments are worth comment. Prior
to this analysis, the two highest-statistics studies of K+$
photoproduction (previous CLAS results [4] and SAPHIR
2004 [3]) showed troubling discrepancy. Most notably, the

025201-11

M McCracken (CLAS) PRC81, 025201 (2010)

○CLAS(2010)  △CLAS(2006) ◇SAPHIR ✚LEPS
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N* States

• Recent results have lead to 
updates in PDG

Rep. Prog. Phys. 76 (2013) 076301 V Crede and W Roberts

Table 9. (Colour online) Baryon Summary Table for N∗ and ! resonances including recent changes from PDG 2010 [2] to PDG 2012 [1].

N∗ J P (L2I,2J ) 2010 2012 ! J P (L2I,2J ) 2010 2012

p 1/2+ (P11) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1232) 3/2+ (P33) ∗ ∗ ∗∗ ∗ ∗ ∗∗
n 1/2+ (P11) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1600) 3/2+ (P33) ∗ ∗ ∗ ∗ ∗ ∗
N(1440) 1/2+ (P11) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1620) 1/2− (S31) ∗ ∗ ∗∗ ∗ ∗ ∗∗
N(1520) 3/2− (D13) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1700) 3/2− (D33) ∗ ∗ ∗∗ ∗ ∗ ∗∗
N(1535) 1/2− (S11) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1750) 1/2+ (P31) ∗ ∗
N(1650) 1/2− (S11) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1900) 1/2− (S31) ∗∗ ∗∗
N(1675) 5/2− (D15) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1905) 5/2+ (F35) ∗ ∗ ∗∗ ∗ ∗ ∗∗
N(1680) 5/2+ (F15) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1910) 1/2+ (P31) ∗ ∗ ∗∗ ∗ ∗ ∗∗
N(1685) ∗
N(1700) 3/2− (D13) ∗ ∗ ∗ ∗ ∗ ∗ !(1920) 3/2+ (P33) ∗ ∗ ∗ ∗ ∗ ∗
N(1710) 1/2+ (P11) ∗ ∗ ∗ ∗ ∗ ∗ !(1930) 5/2− (D35) ∗ ∗ ∗ ∗ ∗ ∗
N(1720) 3/2+ (P13) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(1940) 3/2− (D33) ∗ ∗∗
N(1860) 5/2+ ∗∗
N(1875) 3/2− ∗ ∗ ∗
N(1880) 1/2+ ∗∗
N(1895) 1/2− ∗∗
N(1900) 3/2+ (P13) ∗∗ ∗ ∗ ∗ !(1950) 7/2+ (F37) ∗ ∗ ∗∗ ∗ ∗ ∗∗
N(1990) 7/2+ (F17) ∗∗ ∗∗ !(2000) 5/2+ (F35) ∗∗ ∗∗
N(2000) 5/2+ (F15) ∗∗ ∗∗ !(2150) 1/2− (S31) ∗ ∗
————N(2080) D13 ∗∗ !(2200) 7/2− (G37) ∗ ∗
————N(2090) S11 ∗ !(2300) 9/2+ (H39) ∗∗ ∗∗
N(2040) 3/2+ ∗
N(2060) 5/2− ∗∗
N(2100) 1/2+ (P11) ∗ ∗ !(2350) 5/2− (D35) ∗ ∗
N(2120) 3/2− ∗∗
N(2190) 7/2− (G17) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(2390) 7/2+ (F37) ∗ ∗
————N(2200) D15 ∗∗ !(2400) 9/2− (G39) ∗∗ ∗∗
N(2220) 9/2+ (H19) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(2420) 11/2+ (H3,11) ∗ ∗ ∗∗ ∗ ∗ ∗∗
N(2250) 9/2− (G19) ∗ ∗ ∗∗ ∗ ∗ ∗∗ !(2750) 13/2− (I3,13) ∗∗ ∗∗
N(2600) 11/2− (I1,11) ∗ ∗ ∗ ∗ ∗ ∗ !(2950) 15/2+ (K3,15) ∗∗ ∗∗
N(2700) 13/2+ (K1,13) ∗∗ ∗∗

improves the fit to the data available’. For the analysts who
do not see evidence for such a resonance, this really means
that ‘inclusion of such a resonance, at the very best, does not
significantly improve our fit to the data available’.

In the following sections, we discuss many ‘observations’
of resonances by various groups. We emphasize that these
‘observations’ really mean extractions, which means that
inclusion of the resonance improved the fit to the available
data.

4.2. The known baryons

In the 2012 edition of the RPP, the PDG lists 17 N∗ resonances
(including the proton and neutron) and 10 ! resonances in its
Summary table [1] which have at least a 3-star assignment.
This represents a significant change from the previous edition.
Table 9 shows the Baryon summary Table including recent
changes. In the N∗ sector, one new 3-star N∗ resonance,
N(1875) 3

2
−

, has been added and one further resonance,
N(1900) 3

2
+
, has been upgraded to a 3-star state. Moreover,

seven additional resonances have been proposed and three
removed. In the ! sector, one negative-parity resonance,
!(1940) 3

2
−

, has been upgraded to a slightly better established
state, but the 2-star assignment indicates that the evidence
for its existence is still poor. The list of hyperons remains
unchanged from the 2010 edition.

4.3. Experimental methods and major experiments

Light-flavour baryon resonances can be studied using a large
variety of different production mechanisms. Most laboratories
employ fixed-target experiments and different kinds of either
hadronic or electromagnetic beams to induce a reaction.
Prominent examples are pion, electron, and photon beams, but
kaon and proton beams have also been used.

Baryons can be produced directly in formation (as opposed
to production) experiments without a recoil particle, so that
they may be identified in the cross section, e.g. in the reaction
π+p → !++ → pπ+. All peaks in figure 12 can be
assigned to short-lived states, although the broad resonances
strongly overlap. This method allows access only to states
with strangeness S ! 1 owing to the nature of the available
particle beams. A more general method is the production of
baryons in production experiments. A prominent example is
the photoproduction of hyperons, e.g. γp → KY ∗, where the
hyperon is produced with a strange partner, or the production
of $ resonances in the decay of excited % or & states, e.g.
Y ∗ → K $. An alternative approach is the production of
excited nucleons in the decays of heavy mesons like the J/ψ

and the ψ(2S).
In this section, we discuss the different production

mechanisms and associated observables which can be
determined experimentally. A brief survey of major
experiments will be given. As has been pointed out in

16

V Crede, W Roberts, Rep. Prog. Phys. 76, 076301 (2013)
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Complete Experiments
•Unpolarized beam, target       →   cross section and recoil polarization only
•Polarized beam and/or target  →   access to many more observables

R. A. Schumacher, Carnegie Mellon University 21

Seeking New S=0 Baryons via Mesons off the Proton:
published, acquired, FroST(g9b)

ķ Ƶ T P E F G H Tx Tz Lx Lz Ox Oz Cx Cz CLAS run 
Period

pʌ0 ݲ ݱ ݱ ݱ ݱ ݱ ݱ ݱ g1, g8, 
g9

nʌ+ ݲ ݱ ݱ ݱ ݱ ݱ ݱ ݱ g1, g8, 
g9

pȘ ݲ ݱ ݱ ݱ ݱ ݱ ݱ ݱ g1, 
g11, 
g8, g9

pȘ’ ݲ ݱ ݱ ݱ ݱ ݱ ݱ ݱ g1, 
g11, 
g8, g9

pȦ ݲ ݱ ݱ ݱ ݱ ݱ ݱ ݱ g11, 
g8, g9

K+ȁ ݲ ݱ ݱ ݲ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݲ ݲ g1, g8, 
g11

K+Ȉ0 ݲ ݱ ݱ ݲ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݱ ݲ ݲ g1, g8, 
g11

K0*Ȉ+ ݲ ݱ ݱ ݱ ݱ g1, g8, 
g11

Source: V. D. BurkertDNP/JPS Hawaii 2014 21

•Allows a “complete” 
determination of the 
production amplitudes

•More observables leads to 
more constraints on 
production mechanism

source: Volker Burkert

published, acquired, FroST

see talk by Natalie Walford, Session 2b
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Excited Hyperons
•Differential cross sections of Σ(1385), Λ(1405), Λ(1520)
-Claims of N(2120) (3/2-) based on Λ(1520) cross section1

•Line shapes of Λ(1405) were shown to be different for each Σπ channel
-Discussions by Oset, Jido2

K. Moriya, R. Schumacher (CLAS)
PRC 87, 035206 (2013), PRC 88, 045201 (2013)

1. Jun He, NPA 927, 24 (2014), En Wang, Ju-
Jun Xie, Juan Nieves PRC 89, 015203 (2014), 
PRC 90, 065203 (2014)
2. L. Roca, E. Oset, PRC 88, 055206 (2013), 
PRC 87, 055201 (2013)
S. X. Nakamura, D. Jido Prog. Theor. Exp. 
Phys. 2014, 023D01
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Ξ Production
•Ξ photoproduction: γ + p → Κ+ Κ+ X-

•Max Eγ = 4 GeV
•Observation of Ξ (1/2+) and Ξ(1530) (3/2+)

CASCADE PRODUCTION IN THE REACTIONS . . . PHYSICAL REVIEW C 76, 025208 (2007)
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FIG. 1. Possible photoproduction mechanisms of ! ground states
through intermediate hyperon resonances produced in a t-channel
process: (a) !− production; (b) !0 production.

one out of three quarks in common with the proton. However,
such a model is more appropriate for inclusive reactions at
high energies where partonic degrees of freedom are more
relevant, and it is not applicable for exclusive reactions at low
to intermediate energies compared with the threshold (Ethres

γ =
2.37 GeV). Recently, Nakayama et al. [14] developed a
! production model for the exclusive reaction γN → KK!
from an effective Lagrangian that incorporates various t-,
u-, and s-channel processes, taking into account intermediate
hyperon and nucleon resonances. (Details of the model will be
discussed later in this paper.) The validity of the model should
be checked by comparing its predictions with experimental
data.

In this paper, the mass difference of the ! doublet and
the cross sections of the !− and !−(1530) are reported
and compared with the results of Ref. [14]. The possibility
of producing other excited cascade states in photon-proton
reactions is also discussed.

II. EXPERIMENT

A new large-statistics data set, with an integrated luminosity
of 70 pb−1, was collected at CLAS [15] from May to July
2004 by using a tagged photon beam [16] incident on a proton
target. This data set is mostly in the energy range of 1.6–
3.85 GeV with a primary electron beam energy (E0) of
4 GeV. About 5% of the data were collected with E0 = 5 GeV.
The target consists of a 40-cm-long cylindrical cell containing
liquid hydrogen. Momentum information for charged particles
was obtained via tracking through three regions of multiwire
drift chambers [17] inside a toroidal magnetic field (∼0.5 T),
generated by six superconducting coils. Time-of-flight (TOF)
scintillators were used for charged hadron identification [18].
The interaction time between the incoming photon and the
target was measured by the start counter [19], consisting of
24 strips of 2.2-mm-thick plastic scintillators surrounding the
target cell. Coincidences between the photon tagger and two
charged particles in the CLAS detector triggered the events.

Cascade states can be identified via missing mass, through
the reaction γp → K+K+(X), or via the decay !∗− → !0π−

through the reaction γp → K+K+π−(X). In the reaction
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FIG. 2. (Color online) MM(K+K+) distribution for Eγ >

2.6 GeV fitted with two Gaussian functions and an empirical back-
ground shape with adjustable normalization (M: mean of the Gaussian
peak position, σ : width of the Gaussian signal, N: number of events
in the peak) (Inset) MM(K+K+) distribution enlarged for the 1.36–
1.79 GeV/c2 region, the dashed lines show the empirical background
shape from K− events normalized to the region of 1.36–1.5 GeV/c2.

γp → K+K+(X), the double strangeness is tagged by the two
positive kaons detected by CLAS, and the cascade resonances
are observed in the K+K+ missing-mass spectrum (Fig. 2).
Without the more stringent particle identification criteria that
were applied in Fig. 2 (i.e, the kaon vertex time determined by
the TOF is within 1 ns of the photon time given by the RF),
more than 12,000 !−s were observed [20]. After the tighter
detector timing cut was applied, about 7700 !− events are
identified for the photon energy range of 2.6–4.75 GeV. There
is no !− signal for Eγ < 2.6 GeV, most likely because of low
acceptance.

The !−(1530) is clearly present in the spectrum, with
about 700 events (Fig. 2). Events with an additional K−

detected are used as an empirical background, since the
background is dominated by reactions such as γp → K+K−p
or γp → K+K−π+n, with the proton or π+ misidentified as
a K+. (Potential background processes such as γp → φ&K+

were explored and found to be insignificant.) The background
is then smoothed and normalized to the region between the
!− and the !−(1530) resonances (1.36–1.5 GeV/c2) in the
MM(K+K+) distribution (Fig. 2, inset). The !− mass is
determined to be 1322.3 ± 0.1 ± 1.2 MeV/c2, slightly higher
than the PDG [2] value but within errors. The systematic
uncertainty is derived from studying the variation of the fitted
mass centroid as a function of Eγ . The !− width is 6.7 ±
0.1 MeV/c2, which is consistent with the missing-mass
resolution of CLAS as expected from simulation. It is
mostly dependent on the resolution of the photon energy
measurement, which is typically around 0.1% of the incident
photon energy [21].

025208-3

Ξ-

Ξ-(1530)

L. Guo (CLAS), PRC 76, 025208 (2007)

•Ξ σtot ~10 nb at Eγ = 4 GeV
10
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Ξ Production
•Dataset with max Eγ = 5.4 GeV
•Results are still preliminary

•Upper limit of 1.1 nb for Ξ(1820)

J. Goetz (CLAS), presented at HADRON2013
http://pos.sissa.it/archive/conferences/205/097/Hadron%202013_097.pdf

published

preliminary
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II. The GlueX Experiment
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New Hall D
•New Hall, will mainly run GlueX
•Approved for 120 PAC days of 

commissioning, 220 days of high 
statistics running

•Has already taken data for two 
commissioning periods

13



First step is to systematically map out spectra of states

• Can we make a connection between the spectrum that we observe with QCD?
Goals for GlueX

Comparison with models, lattice calculations, identification of groups

• Can we observe/identify specific states that tell us more about how QCD works?

Identify states excluded from qq scheme, i.e., exotic quantum number states
_

• Many holes in our knowledge of spectra for both mesons, baryons

14



Overview of GlueX

•Reconstruct charged and neutral 
particles over large angular range

•Hermetic detector with solenoid 
magnetic field

•Real photon beam centered at 9 GeV
•Liquid hydrogen target

15



Photon Beam
• Coherent bremsstrahlung from diamond radiator → linearly polarized photons

• Recoil electrons detected with tagger using dipole magnet

σ/E: 0.2-0.5%

σ/E: 0.05%

]

coherent peak:
~40% linear polarization

13
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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

8 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

16



Photon Beam Commissioning
• Ran with 5.5 GeV e- beam in Spring 2015

• Photon energy spectrum shows strong coherent edge

• Estimated peak polarization of ~65%

17



Drift Chambers

• Central Drift Chamber (CDC) covers 6∘ - 165∘ around target

• σrφ ~ 150 μm, σz ~ 1.5 mm

• Provide charged track hits, dE/dx

• Forward Drift Chamber (FDC) covers forward region

• σxy ~ 200 μm, σ(δp/p) ~ 1-5%
18
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Drift Chambers
• Commissioning results

• Separation of protons from π/K shown in dE/dx

• Nearing design goal for resolution (200-250 μm)

30cm target

capton window

plastic target

Vertex position from
≥2 charged tracks
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• Barrel Calorimeter provides timing for charged particles 

and photon detection (11∘ - 126∘)

• Pb and scintillating fibers, SiPM readout

• Forward Calorimeter provides photon detection downstream

• 2800 lead glass blocks

Calorimeters

20



• π0, η seen in 2γ decays

• Resolution near design goals, more data needed

Calorimeters

21



PID
• TOF: 2 layers of scintillator paddles

• Combined resolution of 70 ps, 3σ K/π 

separation up to 2.5 GeV/c

• Start Counter surrounds target, 30 segments

• Helps in beam bunch selection, time 

resolution of 300 ps

22
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• Already reached design goal of 90 ps

• dE/dx measurements from Start Counter

p

e/π/K
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• DIRC bars originally for BaBar2

• Bars made of synthetic fused silica

• Read out with PMT plane

• Provide good π/K separation up to 4 GeV/c

• Approved for future high-statistics running

• Developing design, readout, etc.

9
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FIG. 4. (top) Cherenkov angle computed for four di↵erent
charged particles (e, pion, kaon and proton), as a function of
the momentum, for a fixed < n >= 1.473 quartz index of re-
fraction. (bottom) Number of Cherenkov photons produced
in 17.25 mm of quartz material and within the photon wave-
length range 300-600 nm, for di↵erent particles, as a function
of their momentum.

FIG. 5. A single photon bouncing within a bar. If the photon
angle is bigger than the critical angle, the light is internally
reflected and the Cherenkov angle is preserved as the photon
travels through the bar.

QUARTZ bar
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Window New wedge A
New wedge B
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PMTs

Cylindrical mirror

Flat mirror

FIG. 6. Side and rear views of the FDIRC. The bars, old
wedges and windows are part of the original BaBar boxes.
The new focusing camera consists of the new wedges (A and
B) and the FOB containing the cylindrical and flat mirrors.

Beam axis

FIG. 7. Schematic diagrams of the GlueX FDIRC detec-
tor. Four BaBar boxes are required to cover the full accep-
tance. The bars are oriented vertically and placed symmetri-
cally around the beam line. One FOB covers the full length
of the four boxes.

Forward DIRC

Mike Williams 14

Focusing DIRC

SLAC design for Super-B

PAC   |

10

FIG. 8. View of the GlueX FDIRC detector from the rear
(top panel) and side (bottom panel). The propagation of the
Cherenkov light through the di↵erent elements of the detector
is visible. The rear view shows the collection of the light
within a bar, while the side view shows the focusing scheme
of the light on the PMTs surface.

ber of bounces made by the photons requires that the
bars have excellent surface quality in order to preserve
the Cherenkov angle. The position of the bars in the
vertical direction has not yet been optimized. There is
some freedom in their placing along this axis; thus, we
are studying how the placement of the bars along the
vertical axis a↵ects the chromatic correction and other
aspects of the FDIRC performance.

The GlueX application has two key di↵erences from
the focussing block design developed at SLAC for Su-
perB. First the variation in entry angle of charged par-
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FIG. 9. Occupancy on the photodetector plane for a charged
particle hitting a bar perpendicularly (e�ciency not ac-
counted for in this image) for the GlueX (top panel) and
SLAC (bottom panel) designs.

ticles into the FDIRC is relatively small given its down-
stream location. Second, all bar boxes can be arranged
in a common plane, as opposed to the barrel shape of
both BaBar and SuperB. It is these two properties that
motivated us to explore the focussing oil box design in
an attempt to find a simpler, more cost e↵ective solu-
tion, that reduces ambiguities in the reconstruction. We
recognize that our design, as sketched above, presents
some mechanical challenges in construction. For exam-
ple, coupling two A wedges from two di↵erent bar boxes
to a common B wedge will be very challenging. Our goal
at present is to develop the optical properties of the sys-
tem that are optimal for GlueX. We may achieve similar

19/07/2013 M. Borsato - EPS HEP 2013 5

A compact focusing optics
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9

p(GeV/c) 
0 1 2 3 4 5 6

/1
7.

25
m

m
 

ph
N

0

100

200

300

400

500

600

700

800

e
π

k
p

FIG. 4. (top) Cherenkov angle computed for four di↵erent
charged particles (e, pion, kaon and proton), as a function of
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fraction. (bottom) Number of Cherenkov photons produced
in 17.25 mm of quartz material and within the photon wave-
length range 300-600 nm, for di↵erent particles, as a function
of their momentum.

FIG. 5. A single photon bouncing within a bar. If the photon
angle is bigger than the critical angle, the light is internally
reflected and the Cherenkov angle is preserved as the photon
travels through the bar.
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FIG. 6. Side and rear views of the FDIRC. The bars, old
wedges and windows are part of the original BaBar boxes.
The new focusing camera consists of the new wedges (A and
B) and the FOB containing the cylindrical and flat mirrors.

FIG. 7. Schematic diagrams of the GlueX FDIRC detec-
tor. Four BaBar boxes are required to cover the full accep-
tance. The bars are oriented vertically and placed symmetri-
cally around the beam line. One FOB covers the full length
of the four boxes.
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FIG. 8. View of the GlueX FDIRC detector from the rear
(top panel) and side (bottom panel). The propagation of the
Cherenkov light through the di↵erent elements of the detector
is visible. The rear view shows the collection of the light
within a bar, while the side view shows the focusing scheme
of the light on the PMTs surface.

ber of bounces made by the photons requires that the
bars have excellent surface quality in order to preserve
the Cherenkov angle. The position of the bars in the
vertical direction has not yet been optimized. There is
some freedom in their placing along this axis; thus, we
are studying how the placement of the bars along the
vertical axis a↵ects the chromatic correction and other
aspects of the FDIRC performance.

The GlueX application has two key di↵erences from
the focussing block design developed at SLAC for Su-
perB. First the variation in entry angle of charged par-
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FIG. 9. Occupancy on the photodetector plane for a charged
particle hitting a bar perpendicularly (e�ciency not ac-
counted for in this image) for the GlueX (top panel) and
SLAC (bottom panel) designs.

ticles into the FDIRC is relatively small given its down-
stream location. Second, all bar boxes can be arranged
in a common plane, as opposed to the barrel shape of
both BaBar and SuperB. It is these two properties that
motivated us to explore the focussing oil box design in
an attempt to find a simpler, more cost e↵ective solu-
tion, that reduces ambiguities in the reconstruction. We
recognize that our design, as sketched above, presents
some mechanical challenges in construction. For exam-
ple, coupling two A wedges from two di↵erent bar boxes
to a common B wedge will be very challenging. Our goal
at present is to develop the optical properties of the sys-
tem that are optimal for GlueX. We may achieve similar

GlueX design

Vertical “wall” arrangement at GlueX permits removing reflective sides.

fill box with oil 
to save money

install here
24



• γ + p → p ρ0 is ~10% of total cross section

• Reconstruct p, π+, π-

• Clear asymmetry observed in angle of decay plane from 

photon polarization

ρ Production

25
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III. Future Prospects
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Meson Spectroscopy

20

TABLE VI. A table of relevant parameters for the various phases of GlueX running.

Approved Proposed

Phase I Phase II Phase III Phase IV

Duration (PAC days) 30 30 60 200

Minimum electron energy (GeV) 10 11 12 12

Average photon flux (�/s) 106 107 107 5⇥ 107

Average beam current (nA) 50 - 200a 220 220 1100

Maximum beam emittance (mm·µr) 50 20 10 10

Level-one (hardware) trigger rate (kHz) 2 20 20 200

Raw Data Volume (TB) 60 600 1200 2300b

a An amorphous radiator may be used for some commissioning and later replaced with a diamond.
b This volume assumes the implementation of the proposed level-three software trigger.
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FIG. 8. A figure showing the number of expected events per
10 MeV/c2 bin in the KK⇡ invariant mass distribution, inte-
grating over all allowed values of t, and assuming 107 events in
total are detected. No dependence on M(KK⇡) is assumed,
although, in reality, the mass dependence will likely be driven
by resonances. Two di↵erent assumptions for the t depen-
dence are shown. The region above 2.5 GeV/c2 represents
about 8% (2%) of all events for the ↵ = 5(10) (GeV/c)�2

values.

timates is not e�ciency but cross section. These assumed
e�ciencies roughly reproduce signal selection e�ciencies
in detailed simulations of �p ! ⇡

+
⇡

�
⇡

+
n, �p ! ⌘⇡

0
p,

�p ! b

±
1 ⇡

⌥
p, and �p ! f1⇡

0
p performed by the collabo-

ration, as well as the BDT selection e�ciencies presented
earlier. Table VII provides an estimate of the detected
yields for various topologies for our proposed Phase IV
run. If we take the KK⇡ channel as an example, Fig-
ure 8 demonstrates that, under some assumptions about
the production, the proposed run yields enough statistics
to just meet our goal of 104 events per mass bin in the
region where ss̄ exotics are expected to reside.

TABLE VII. A table of hybrid search channels, estimated
cross sections, and approximate numbers of observed events
for the proposed Phase IV running. See text for a discussion
of the underlying assumptions. The subscripts 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 combinations.

Cross Proposed

Final Section Phase IV

State (µb) (⇥106 events)

⇡+⇡�⇡+ 10 3000

⇡+⇡�⇡0 2 600

KK⇡⇡ 0.5 40

KK⇡ 0.1 10

!
3⇡⇡⇡ 0.2 40

!�⇡⇡⇡ 0.2 6

⌘��⇡⇡ 0.2 30

⌘��⇡⇡⇡ 0.2 20

⌘0
��⇡ 0.1 1

⌘0
⌘⇡⇡⇡ 0.1 3

2. Meson yields based on pythia simulation

We have also used pythia to simulate the expected
yields of various hadronic final states. pythia repro-
duces known photoproduction cross sections relatively
well; therefore, it is expected to be an acceptable estima-
tor of the production rates of various topologies where
we would like to search for new mesons. Using the large
5⇥ 109 event inclusive-photoproduction pythia sample,
we can analyze the signal yield when we attempt to re-
construct and select various final state topologies. The
signal selection is performed using a BDT, as discussed
earlier, with a goal of 90% signal purity. We place loose
requirements on the invariant masses of the intermedi-
ate resonances. The measured yield after reconstruction
and selection can then be scaled to estimate the number

• For reactions with large cross sections, very high statistics

• Likely targets for exotic mesons are π1(1600), π1(1900)

Expected reconstructed yields

σtot = 126 μb

14

TABLE III. A compilation of exotic quantum number hybrid approximate masses, widths, and decay predictions. Masses are
estimated from dynamical LQCD calculations with M⇡ = 396 MeV/c2 [1]. The PSS (Page, Swanson and Szczepaniak) and
IKP (Isgur, Kokoski and Paton) model widths are from Ref. [45], with the IKP calculation based on the model in Ref. [46].
The total widths have a mass dependence, and Ref. [45] uses somewhat di↵erent mass values than suggested by the most recent
lattice calculations [1]. Those final states marked with a dagger (†) are ideal for experimental exploration because there are
relatively few stable particles in the final state or moderately narrow intermediate resonances that may reduce combinatoric
background. (We consider ⌘, ⌘0, and ! to be stable final state particles.)

Approximate JPC Total Width (MeV) Relevant Decays Final States

Mass (MeV) PSS IKP

⇡
1

1900 1�+ 80� 170 120 b
1

⇡†, ⇢⇡†, f
1

⇡†, a
1

⌘, ⌘0⇡† !⇡⇡†, 3⇡†, 5⇡, ⌘3⇡†, ⌘0⇡†

⌘
1

2100 1�+ 60� 160 110 a
1

⇡, f
1

⌘†, ⇡(1300)⇡ 4⇡, ⌘4⇡, ⌘⌘⇡⇡†

⌘0
1

2300 1�+ 100� 220 170 K
1

(1400)K†, K
1

(1270)K†, K⇤K† KK⇡⇡†, KK⇡†, KK!†

b
0

2400 0+� 250� 430 670 ⇡(1300)⇡, h
1

⇡ 4⇡

h
0

2400 0+� 60� 260 90 b
1

⇡†, h
1

⌘, K(1460)K !⇡⇡†, ⌘3⇡, KK⇡⇡

h0
0

2500 0+� 260� 490 430 K(1460)K, K
1

(1270)K†, h
1

⌘ KK⇡⇡†, ⌘3⇡

b
2

2500 2+� 10 250 a
2

⇡†, a
1

⇡, h
1

⇡ 4⇡, ⌘⇡⇡†

h
2

2500 2+� 10 170 b
1

⇡†, ⇢⇡† !⇡⇡†, 3⇡†

h0
2

2600 2+� 10� 20 80 K
1

(1400)K†, K
1

(1270)K†, K⇤
2

K† KK⇡⇡†, KK⇡†

the potential hybrid nature of the Y (2175) can be ex-
plored by studying ratios of branching fractions into var-
ious kaonic final states. In addition, should GlueX be
able to conclude that the Y (2175) is in fact a supernu-
merary vector meson, then a search can be made for the
exotic 1�+

ss̄ member of the multiplet (⌘01), evidence
of which would provide a definitive interpretation of the
Y (2175) and likely have implications on how one inter-
prets charmonium data.

C. GlueX sensitivity to ss̄ mesons

Recent studies of the capability of the baseline GlueX
detector indicate that we will have adequate sensitivity
to a number of final states containing kaons. Generically,
these appear to be final states in which the recoil proton
is reconstructed, as this provides the kinematic fit with
the most power to discriminate among particle mass hy-
potheses. We discuss below the GlueX sensitivity to a
variety of final state topologies motivated by the physics
topics in the preceding sections.

Table III provides information from models of hybrid
mesons on the expected decay modes of exotic quantum-
number states. The ⌘

0
1, the h

0
0, and the h

0
2 all couple

to the KK⇡⇡ final state, while both the ⌘

0
1 and the h

0
2

are expected to couple to the KK⇡ final state. To study
the GlueX sensitivity to these two final states, we have
modeled two decay chains. For the KK⇡ state, we as-
sume one of the kaons is aKS , which leads to a secondary
vertex and the K

+
⇡

�
⇡

+
⇡

� final state:

⌘

0
1(2300) ! K

⇤
KS

! (K+
⇡

�)(⇡+
⇡

�)

! K

+
⇡

�
⇡

+
⇡

�
. (1)

For the KK⇡⇡ state we assume no secondary vertex:

h

0
2(2600) ! K

+
1 K

�

! (K⇤(892)⇡+)K�

! K

+
K

�
⇡

�
⇡

+
. (2)

In addition to the exotic hybrid channels, there is an
interest in non-exotic ss̄ mesons. In order to study the
sensitivity to conventional ss̄ states, we consider an exci-
tation of the normal � meson, the known �3(1850), which
decays to KK̄

�3(1850) ! K

+
K

�
. (3)

The detection e�ciency of this state will be typical of
�-like states decaying to the same final state.
Finally, as noted in Section III B, the Y (2175) state is

viewed as a potential candidate for a non-exotic hybrid
and has been reported in the decay mode

Y (2175) ! �f0(980)

! (K+
K

�)(⇡+
⇡

�) . (4)

While this is the same KK⇡⇡ state noted in reaction 2
above, the intermediate resonances make the kinematics
of the final state particles di↵erent from the exotic decay
channel noted above. Therefore, we simulate it explicitly.
The final-state kaons from the reactions 1 - 4 will popu-

late the GlueX detectors di↵erently, with di↵erent over-
lap of the region where the time-of-flight system can pro-
vide goodK/⇡ separation. Figure 5 shows the kinematics
of these kaons and the overlap with the existing time-of-
flight sensitivity.
A BDT analysis (see Section IIC 2) has been used to

study the capabilities of the baseline GlueX detector to
identify the four reactions of interest. This study used
the pythia-simulated �p collisions from the large-scale

http://arxiv.org/abs/1305.1523
PAC proposals:

http://arxiv.org/abs/1408.0215

Theory Predictions of Exotic Meson Decays
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• Extrapolation of CLAS results shows cross sections of ~0.1 μb

• For S = -1 baryons, kinematic reach is MY* ~3.5 GeV/c2

• Decay modes are Λπ, Σπ, NK, Λη, …⋯
_
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• Only 11 Ξ (*) states listed in PDG

• Spectrum of Ξ* largely unexplored since bubble chamber experiments

• Known states have narrow widths Γ < 20 - 60 MeV

• GlueX will make a large contribution to our knowledge of Ξ* states

• Largest uncertainties are cross sections (≲10 nb), production mechanisms
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http://www.jlab.org/exp_prog/proposals/12/PR12-12-008.pdf

http://www.jlab.org/exp_prog/proposals/11/PR12-11-005.pdf

PAC proposals:

CLAS12
• New detectors for a wide 

range of experiments

• Under construction, 
commissioning in 2016

• Hadronic experiments to look 
for exotic mesons and strange 
baryons approved
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IV. Conclusion

• GlueX is a dedicated hadron spectroscopy experiment

- Commissioning has started, data taking to continue for several years

- Mapping out the spectrum of mesons will be the primary goal

- The spectrum of strange baryons will also be very interesting

• Please consider joining the Jefferson Lab 12 GeV program

• The Jefferson Lab 12 GeV upgrade is almost complete
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GlueX References
• Jefferson Lab                     https://www.jlab.org/

• Hall D                                https://www.jlab.org/Hall-D/

• GlueX portal                      http://gluex.org/GlueX/Home.html

• Current Physics Proposal: http://arxiv.org/abs/1305.1523

• PID Upgrade Proposal:     http://arxiv.org/abs/1408.0215
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GlueX Institutions
• Arizona State University

• University of Athens

• Carnegie Mellon University

• Catholic University

• University of Connecticut

• Florida International 
University

• Florida State University

• George Washington 
University

• University of Glasgow

• Indiana University

• ITEP Moscow

• Jefferson Lab

• University of 
Massachusetts, Amherst

• Massachusetts Institute of 
Technology

• MePhi

• Norfolk State University

• North Carolina A&T State

• University of North 
Carolina, Wilmington

• Northwestern University

• Santa Maria University

• University of Regina

• Yerevan Physics Institute

http://gluex.org/GlueX/Collaboration.html
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Other Hall D Experiments
• Charged pion polarizability

- approved for 25 days

- measure polarizability of π from γ + γ → π+ + π-

- determine απ - βπ to ~10%

• η decay width via Primakoff effect
- approved for 79 days
- determine Γγγ to 3%

• Rare η proposal
- conditionally approved
- search for rare η decays
- mass distribution of M(γ,γ) in η → γγπ0

34



Figure 4: Schematic representation of the Coulomb photoproduction of neutral mesons (Pri-
makoff effect).

the nuclear hadronic field, and an interference between the strong and Primakoff production
amplitudes. The full cross section is given by:

dσ

dΩ
=

dσP

dΩ
+

dσC

dΩ
+

dσI

dΩ
+ 2 ·

√

dσP

dΩ
·
dσC

dΩ
cos(φ1 + φ2) (8)

where the Primakoff cross section, dσP

dΩ
, is given by equation (7). In the case of a nuclear

target, the nuclear coherent cross section is given by:

dσC

dΩ
= C · A2|FN(Q)|2sin2θ (9)

and the incoherent cross section is:

dσI

dΩ
= ξA(1 − G(Q))

dσH

dΩ
(10)

where A is the nucleon number, Csin2θ is the square of the isospin and spin independent part
of the neutral meson photoproduction amplitude on a single nucleon, |FN(Q)| is the form
factor for the nuclear matter distribution in the nucleus (corrected for final state interactions
of the outgoing mesons), ξ is the absorption factor of the incoherently produced mesons,
1−G(Q) is a factor which reduces the cross section at small momentum transfer due to the
Pauli exclusion principle, and dσH

dΩ
is the η photoproduction cross section on a single nucleon.

The relative phase between the Primakoff and nuclear coherent amplitudes without final
state interactions is given by φ1 and the phase shift of the outgoing meson due to final state
interactions in the final state is given by φ2.

The classical method of extracting the Primakoff amplitude from the measured differ-
ential cross sections in the forward direction relies on the different characteristic behaviors

13

A Precision Measurement of the η Radiative 
Decay Width via the Primakoff Effect 

• Approved for 79 PAC days at PAC37 (Jan 2011)

• Goal: determination of η width Γγγ to 3%

• Test of chiral perturbation theory

• PAC proposal:                                                    
http://www.jlab.org/exp_prog/proposals/10/PR12-10-011.pdf
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Figure 3: Two-photon decay width for the η meson. Points 1 through 4, are the results of
e+e− collisions (for references, see [17]), point 5 is the result of a Primakoff experiment [22].
Point 6 is the expected error for proposed experiment with 3% total error, arbitrarily plotted
to agree with the average value of previous five measurements. The plotted uncertainties
combine the statistical and systematic errors in quadrature.

The production of mesons in the Coulomb field of a nucleus by real photons is essentially
the inverse of the decay η → γγ, and the cross section for this process thus provides a
measure of the η two-photon decay widths. For unpolarized photons, the Primakoff cross
section on a zero-spin nuclear target is given by[29]:

dσP

dΩ
= Γγγ

8αZ2

m3

β3E4

Q4
|Fe.m.(Q)|2sin2θ (7)

where Γγγ is the decay width of the η, Z is the atomic number, m, β, θ are the mass,
velocity and production angle of the mesons, E is the energy of the incoming photon, Q is
the momentum transferred to the nucleus, and Fe.m.(Q) is the nuclear electromagnetic form
factor, corrected for final state interactions of the outgoing η.

The Primakoff effect is not the only mechanism for meson photoproduction at high
energies. For a nuclear target there is coherent background from strong production of η in

12

experiment #
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Measuring the Charged Pion 
Polarizability in the  γγ→π+π-Reaction
• Approved for 25 PAC days at PAC40 (Jun 2013)

• Goal: measure απ - βπ (electric and magnetic 

polarizabilities) to 10%

• Test of chiral perturbation theory

• PAC proposal:                                                 
http://www.jlab.org/exp_prog/proposals/13/PR12-13-008.pdf

which is in agreement with ChPT.

3 Previous Measurements of the Charged Pion

Polarizability

Previous measurements of ↵
⇡

� �
⇡

are plotted in Fig. 1, grouped by experiment
type. The ChPT and dispersion model predictions are also shown in the figure. Three
di↵erent experimental techniques have been utilized to measure ↵

⇡

and �
⇡

:
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Figure 1: Experimental data for ↵
⇡

� �
⇡

grouped by experiment type, and theoretical pre-
dictions

• Radiative pion photoproduction, �p ! �0⇡+n, at very low momentum transfer
to the recoil nucleon. This reaction can be visualized as Compton scattering o↵
a virtual pion. At forward Compton angles the reaction is sensitive to ↵

⇡

+ �
⇡

,
and at backward angles, ↵

⇡

� �
⇡

. The most recent measurement has been from

4

muon backgrounds.

5 Measurements of the charged pion polariz-

ability at Je↵erson Lab Hall D

We propose to make measurements of �� ! ⇡+⇡� cross sections via the Primako↵
e↵ect using the GlueX detector in Hall D. The di↵erential cross section for Primako↵
two-pion photoproduction with linearly polarized photons is given by [Ha66], [St71],
[Bu75]

d2�

d⌦
⇡⇡

dW
⇡⇡

=
2↵Z2

⇡2

E4
�

�2

W
⇡⇡

sin2 ✓
⇡⇡

Q4
|F (Q2)|2�(�� ! ⇡⇡)(1 + P

�

cos 2�
⇡⇡

) (8)

In these expressions, ⌦
⇡⇡

is the solid angle in the laboratory frame for the emission of
the ⇡⇡ system, W

⇡⇡

is the ⇡⇡ invariant mass, Z is the atomic number of the target, �
is the velocity of the ⇡⇡ system, E

�

is the energy of the incident photon, F (Q) is the
electromagnetic form factor for the target with final-state-interaction (FSI) corrections
applied, ✓

⇡⇡

is the lab angle for the ⇡⇡ system, �
⇡⇡

is the azimuthal angle of the
⇡⇡ system relative to the incident photon polarization, and P

�

is the incident photon
polarization.

5.1 Experimental conditions

This experiment uses the photon beamline and detector in Hall D to perform a mea-
surement of the pion polarizability. Most of the experimental equipment is in place, but
a few changes from the nominal conditions and additions to the experimental equip-
ment will be necessary. The di↵erences between our configuration and the nominal
Hall D configuration are summarized in Table 1.

We propose to take advantage of the linear polarization of the photon beam, but
set the position of the coherent peak between 5.5 and 6 GeV. The experimental target
will be placed upstream of the nominal GlueX target by 64 cm (z=1 cm in the Hall D
coordinate system). This will improve the acceptance of small-angle pairs. Finally, we
will add a detector to identify muons at small angles behind FCAL with two objectives
- to separate the muon background e�ciently, and to collect a clean sample of muon
pairs for the experiment normalization.

8

related to απ - βπ, calculate from
χPT and other theoriesPrimakoff cross section
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Linear Polarization
•Linear polarization: coherent superposition of circular 

polarizations
→ Decay distributions with azimuthal dependence around γ polarization plane

→ Access to more physics observables

example : cross section for pseudoscalar meson production
✓
d�

d⌦

◆

pol

=

✓
d�

d⌦

◆

unpol

[1 + ⌃P� cos 2�]

Pγ: photon polarization Σ: beam asymmetry

can be measured in K+ Λ, K+ Σ0, ...

→ Helps constrain production mechanisms
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Further Results
From Commissioning
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Experimental Results for Exotics
• Some reports on states with JPC = 1−+

• π1(1600) thought to be most established state

See C. Meyer, Y. Van Haarlem,
PRC 82, 025208 (2010)
for review of exotic mesons

C. A. MEYER AND Y. VAN HAARLEM PHYSICAL REVIEW C 82, 025208 (2010)
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FIG. 20. (Color online) COMPASS results showing the intensity
of the exotic 1−+ wave. The solid (red) curve shows a fit to the
corresponding resonances. The dashed (blue) curve is the π1(1600)
while the dotted (magenta) curve is background. (This figure is
reproduced from Ref. [87].)

For the latter, they observed a mass of 1.658 ±
0.002+0.024

−0.008 GeV and a width of 0.271 ± 0.009+0.022
−0.024 GeV.

However, the strength of the exotic wave appears to be about
20% of the π2, thus feed through seems unlikely. Results from
their partial-wave analysis are shown in Figs. 20 and 21. These
show the 1−+ partial wave and the phase difference between
the 1−+ and 2−+ waves. The solid curves are the results of
mass-dependent fits to the π1(1600) and π2(1670).

Table XIII summarizes the masses and widths found for the
π1(1600) in the four decay modes and from the experiments
which have seen a positive result. While the η′π , f1π , and
b1π decay modes appear to be robust in the observation of a
resonant π1(1600), there are concerns about the 3π final states.
While we report these in the table, the results should be taken
with some caution.

Models for hybrid decays predict rates for the decay of the
π1. Equation (9) gives the predictions from Ref. [33]. A second
model from reference [34] predicted the following rates for a
π1(1600).

πb1 ρπ πf1 η(1295)π K∗K

PSS 24 9 5 2 0.8
IKP 59 8 14 1 0.4

These can be compared to the results from VES in Eq. (12),
which are in moderate agreement. The real identification of
the π1(1600) as a hybrid will almost certainly involve the
identification of other members of the nonet: the η1 and/or the
η′

1, both of which are expected to have widths that are similar to
the π1. For the case of the η1, the most promising decay mode
may be the f1η as it involves reasonably narrow daughters.

We believe that the current data support the existence
of a resonant π1(1600) which decays into b1π , f1π , and
η′π ; however, near-term confirmation of these results by
COMPASS would be useful. For the ρπ decay, we are
uncertain. As noted earlier, the phase motion results observed
by both E852 and E852-IU are can be interpreted as either the
π2(1670) absorbing the π1(1600) or leakage from the π2(1670)
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FIG. 21. (Color online) COMPASS results showing the phase
difference between the exotic 1−+ wave and the 2−+ wave. The solid
(red) curve shows a fit to the corresponding resonances. (This figure
is reproduced from Ref. [87].)

generating a spurious signal in the 1−+ channel. While the
new COMPASS result is indeed interesting, we are concerned
about their findings of exactly the same mass and width for the
π2(1670) and the π1(1600). We are also concerned that their
initial analyses may be oversimplified, particularly in their bias
toward an all-resonant description of their data. We hope that
follow-on results from COMPASS will more broadly explore
the model space imposed by their analyses. We would also like
to see results on other final states coupled to those on three
pions.

D. The π1(2015)

The E852 experiment has also reported a third π1 state
seen decaying to both f1π [82] and to b1π [83]. In the
f1π final state, the π1(2015) is produced with Mϵ = 1+

in conjunction with the π1(1600). The description of the
1−+ partial wave requires two poles. They report a mass of
2.001 ± 0.030 ± 0.092 GeV and a width of 0.333 ± 0.052 ±

TABLE XIII. Reported masses and widths of the π1(1600) from
the E852 experiment, the VES experiment, and the COMPASS
experiment. The PDG average from 2008 is also reported.

Mode Mass (GeV) Width (GeV) Experiment Reference

ρπ 1.593 ± 0.08 0.168 ± 0.020 E852 [76]
η′π 1.597 ± 0.010 0.340 ± 0.040 E852 [80]
f1π 1.709 ± 0.024 0.403 ± 0.080 E852 [82]
b1π 1.664 ± 0.008 0.185 ± 0.025 E852 [83]
b1π 1.58 ± 0.03 0.30 ± 0.03 VES [84]
b1π 1.61 ± 0.02 0.290 ± 0.03 VES [78]
b1π ∼1.6 ∼0.33 VES [62]
b1π 1.56 ± 0.06 0.34 ± 0.06 VES [63]
f1π 1.64 ± 0.03 0.24 ± 0.06 VES [63]
η′π 1.58 ± 0.03 0.30 ± 0.03 VES [84]
η′π 1.61 ± 0.02 0.290 ± 0.03 VES [78]
η′π 1.56 ± 0.06 0.34 ± 0.06 VES [63]
b1π ∼1.6 ∼0.23 CBAR [81]
ρπ 1.660 ± 0.010 0.269 ± 0.021 COMPASS [87]
all 1.662+0.015

−0.011 0.234 ± 0.050 PDG [1]

025208-16

• Most recently COMPASS reported π1(1600) in π- + Pb → π+π-π-+ Pb
C. A. MEYER AND Y. VAN HAARLEM PHYSICAL REVIEW C 82, 025208 (2010)
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FIG. 20. (Color online) COMPASS results showing the intensity
of the exotic 1−+ wave. The solid (red) curve shows a fit to the
corresponding resonances. The dashed (blue) curve is the π1(1600)
while the dotted (magenta) curve is background. (This figure is
reproduced from Ref. [87].)

For the latter, they observed a mass of 1.658 ±
0.002+0.024

−0.008 GeV and a width of 0.271 ± 0.009+0.022
−0.024 GeV.

However, the strength of the exotic wave appears to be about
20% of the π2, thus feed through seems unlikely. Results from
their partial-wave analysis are shown in Figs. 20 and 21. These
show the 1−+ partial wave and the phase difference between
the 1−+ and 2−+ waves. The solid curves are the results of
mass-dependent fits to the π1(1600) and π2(1670).

Table XIII summarizes the masses and widths found for the
π1(1600) in the four decay modes and from the experiments
which have seen a positive result. While the η′π , f1π , and
b1π decay modes appear to be robust in the observation of a
resonant π1(1600), there are concerns about the 3π final states.
While we report these in the table, the results should be taken
with some caution.

Models for hybrid decays predict rates for the decay of the
π1. Equation (9) gives the predictions from Ref. [33]. A second
model from reference [34] predicted the following rates for a
π1(1600).

πb1 ρπ πf1 η(1295)π K∗K

PSS 24 9 5 2 0.8
IKP 59 8 14 1 0.4

These can be compared to the results from VES in Eq. (12),
which are in moderate agreement. The real identification of
the π1(1600) as a hybrid will almost certainly involve the
identification of other members of the nonet: the η1 and/or the
η′

1, both of which are expected to have widths that are similar to
the π1. For the case of the η1, the most promising decay mode
may be the f1η as it involves reasonably narrow daughters.

We believe that the current data support the existence
of a resonant π1(1600) which decays into b1π , f1π , and
η′π ; however, near-term confirmation of these results by
COMPASS would be useful. For the ρπ decay, we are
uncertain. As noted earlier, the phase motion results observed
by both E852 and E852-IU are can be interpreted as either the
π2(1670) absorbing the π1(1600) or leakage from the π2(1670)
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FIG. 21. (Color online) COMPASS results showing the phase
difference between the exotic 1−+ wave and the 2−+ wave. The solid
(red) curve shows a fit to the corresponding resonances. (This figure
is reproduced from Ref. [87].)

generating a spurious signal in the 1−+ channel. While the
new COMPASS result is indeed interesting, we are concerned
about their findings of exactly the same mass and width for the
π2(1670) and the π1(1600). We are also concerned that their
initial analyses may be oversimplified, particularly in their bias
toward an all-resonant description of their data. We hope that
follow-on results from COMPASS will more broadly explore
the model space imposed by their analyses. We would also like
to see results on other final states coupled to those on three
pions.

D. The π1(2015)

The E852 experiment has also reported a third π1 state
seen decaying to both f1π [82] and to b1π [83]. In the
f1π final state, the π1(2015) is produced with Mϵ = 1+

in conjunction with the π1(1600). The description of the
1−+ partial wave requires two poles. They report a mass of
2.001 ± 0.030 ± 0.092 GeV and a width of 0.333 ± 0.052 ±

TABLE XIII. Reported masses and widths of the π1(1600) from
the E852 experiment, the VES experiment, and the COMPASS
experiment. The PDG average from 2008 is also reported.

Mode Mass (GeV) Width (GeV) Experiment Reference

ρπ 1.593 ± 0.08 0.168 ± 0.020 E852 [76]
η′π 1.597 ± 0.010 0.340 ± 0.040 E852 [80]
f1π 1.709 ± 0.024 0.403 ± 0.080 E852 [82]
b1π 1.664 ± 0.008 0.185 ± 0.025 E852 [83]
b1π 1.58 ± 0.03 0.30 ± 0.03 VES [84]
b1π 1.61 ± 0.02 0.290 ± 0.03 VES [78]
b1π ∼1.6 ∼0.33 VES [62]
b1π 1.56 ± 0.06 0.34 ± 0.06 VES [63]
f1π 1.64 ± 0.03 0.24 ± 0.06 VES [63]
η′π 1.58 ± 0.03 0.30 ± 0.03 VES [84]
η′π 1.61 ± 0.02 0.290 ± 0.03 VES [78]
η′π 1.56 ± 0.06 0.34 ± 0.06 VES [63]
b1π ∼1.6 ∼0.23 CBAR [81]
ρπ 1.660 ± 0.010 0.269 ± 0.021 COMPASS [87]
all 1.662+0.015

−0.011 0.234 ± 0.050 PDG [1]

025208-16

M. G. Alekseev et al.(COMPASS),
PRL 104, 241803 (2010)

π1(1600)

bg

resonant phase motion
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Lattice QCD Predictions
• Lattice QCD can give predictions on spectrum of mesons

4
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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⇡.

• States that have strong overlap with exotic quantum numbers are predicted

Jozef Dudek, PRD 84, 074023 (2011)
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Lattice QCD Predictions
• Lattice QCD can give predictions on spectrum of mesons
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• States that have strong overlap with exotic quantum numbers are predicted

Jozef Dudek, PRD 84, 074023 (2011)

• Identifying exotic quantum number states will show existence of non-qq states

• To understand the spectrum, we need to systematically map out all states

_
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Lattice QCD Predictions

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.

FLAVOR STRUCTURE OF THE EXCITED BARYON . . . PHYSICAL REVIEW D 87, 054506 (2013)

054506-7

• Lattice QCD can predict spectrum of baryons

R. Edwards et al., 
PRD 87, 054506 (2013)

flavor singlet

flavor octet

flavor decouplet

• Most states not identified by experiment yet
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Lattice QCD Predictions
• Lattice QCD can predict spectrum of baryons

flavor singlet

flavor octet

flavor decouplet

• Most states not identified by experiment yet

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.

FLAVOR STRUCTURE OF THE EXCITED BARYON . . . PHYSICAL REVIEW D 87, 054506 (2013)

054506-7

R. Edwards et al., 
PRD 87, 054506 (2013)
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Baryons with S = -3
• Only 4 known Ω(*) states

• Never detected in photoproduction - need γ + p → K+ K+ K0 Ω-

• First excited state in PDG is Ω(2250) - excitation of >550 MeV/c2

• Rates, acceptance expected to be extremely small at GlueX

• If we can tag vertices of Ξ- → Λπ- and Λ → p π-, we can 
discriminate most backgrounds
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GlueX Collaboration Meeting Feb. 23, 2013

It is a surprising fact that although modern hadron spectroscopy began with the 1974

discovery of J/ψ in low energy experiments, p(80 GeV) + Be → e+e− at BNL and

e+ + e−(
√
s = 3.1 GeV) → e+e−, µ+µ−, the mechanism of the production of J/ψ is

not understood in any but the two obvious annihilation processes, e+e− → γ∗ → J/ψ,

and pp̄ → 3g∗ → J/ψ. Many theoretical models, which go by the names of “color

singlet model”, “color evaporation model”, gluon fusion, “NRQCD model”, . . . exist,

but none have universal applicability or success. Among these is the problem of our

present interest: low energy photoproduction and electroproduction of charmonium

states, in particular the 3S1 state J/ψ.

Being experimentalists we certainly believe that the

true answer to the production question can only be

based on experimental measurements. Unfortuantely,

low energy measurements of photo– and

electro–production of J/ψ are few, and they become

fewer and fewer, and become non-existent as we

approach the threshold energy of ∼ 8.2 GeV for the

real or virtual photon.

Northwestern University 3 K. K. Seth

Charm Production
• Charm production requires much more energy

• Threshold for γ + p → J/ψ + p is Eγ = 8.2 GeV

• Open charm: γ + p → D0 Λc+ at Eγ = 8.7 GeV

• Rates will be very small

• Current estimates are ~400 J/ψ events in 2 months 
of running (study by Kamal Seth, Northwestern 
University)
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Pc+ States
• Discovered by LCHb in Λb → K- + J/ψ + p1

• Final state of J/ψ + p, masses are above open 
charm threshold

• Photoproduction cross section, branching 
fraction to J/ψ + p unknown

• Photon flux, polarization will be small at these 
energies for GlueX

1. R. Aaij et al. (LHCb), arXiv hep-ex:1507.03414
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