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Multi-quark states

QCD Exotic States

Hadron molecular states
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• In 1964, Gell-Mann’s original paper alludes to the 
possibility of exotic hadrons. 

• Exotic hadrons have structures that are more complex.

In 1984, Prof. Jueping Liu constructed baryon current 
operators composed of five-quark field to investigate the 
resonance Lambda(1405) in the framework of QCD sum rules.

Z. Phys. C 22 (1984) 171

Phys. Letts. 8 (1964) 214
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
5/2+) fit for a) the Pc(4450)+ state and b) the Pc(4380)+ state, each divided into six mJ/ p bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (mJ/ p increases counterclockwise). The solid (red) curves are the predictions from
the Breit-Wigner formula for the same mass ranges with M0 (�0) of 4450 (39) MeV and 4380
(205) MeV, respectively, with the phases and magnitudes at the resonance masses set to the
average values between the two points around M0. The phase convention sets B0, 12

= (1, 0) for

⇤(1520). Systematic uncertainties are not included.

These structures cannot be accounted for by reflections from J/ ⇤⇤ resonances or other
known sources. Interpreted as resonant states they must have minimal quark content of
ccuud, and would therefore be called charmonium-pentaquark states. The lighter state
Pc(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state Pc(4450)+ has a mass of 4449.8± 1.7± 2.5 MeV and a width of 39± 5± 19
MeV. A model-independent representation of the Pc(4450)+ contribution in the fit shows
a phase change in amplitude consistent with that of a resonance. The parities of the two
states are opposite with the preferred spins being 3/2 for one state and 5/2 for the other.
The higher mass state has a fit fraction of (4.1± 0.5± 1.1)%, and the lower mass state of
(8.4± 0.7± 4.2)%, of the total ⇤0

b ! J/ K�p sample.
We express our gratitude to our colleagues in the CERN accelerator departments for

the excellent performance of the LHC. We thank the technical and administrative sta↵
at the LHCb institutes. We acknowledge support from CERN and from the national
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþ e% ! "þ "% J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9 & 1:9 & 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0 & 3:6 & 4:9Þ MeV=c2 and a width of ð46 & 10 &
20Þ MeV is observed in the "& J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "& c ð3686Þ and "& !c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"& J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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Tetraquark Candidates

e+e� ! ⇡⌥Z±
c

Z±
c ! (D0D⇤)±Z±

c ! ⇡±J/ 

Zc(3900)

PRL 115, 072001 (2015) 

A number of exotic states candidates are found in recent years.

PRL 110, 252001 (2013) 
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1-+ intensityη’
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Evidence for 1-+ exotics: π1(1600)

Despite extensive experimental searches, no unambiguous candidates 
for any of these exotic configurations have yet to be identified.

PLB 740, 303 (2015) 

The exotic states can 
be strong proof for the 
existence of hadrons 
with gluonic degrees 
of freedom, predicted 
by QCD as the strong 
interaction mediator.



Gordon Conference Justin Stevens,

Ideally look for a pattern of hybrid states in multiple decay modes

Primary goal of the GlueX experiment is to search for and 
ultimately map out the spectrum of light quark hybrid mesons 

Lightest hybrid
multiplet

exoticspositive paritynegative parity

JPC

Lattice QCD predictions
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Dudek et al. PRD 88 (2013) 094505

Lattice QCD predictions

Dudek Phys.Rev. D84 (2011) 074023 
JPC	=	(0,	1,	2)−+,	1−−		
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Unique production 
mechanism with access to 
exotic JPC 

Access to hybrid masses up 
to ~2.8 GeV 

Large acceptance for multi-
particle final states 

Identification of exotic JPC 
through amplitude analyses 

Ability to study many final 
states simultaneously 
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Hybrid Meson Search Strategy 

Hybrids: expected features and ways to detect
LQCD: Masses

1�+ ⇡1, ⌘1... ⇠2.0 – 2.4 GeV/c2

0+� b�, h�... ⇠2.3 – 2.5 GeV/c2

2+� b2, h2... ⇠2.4 – 2.6 GeV/c2

Models: Decays

�tot ⇠ 0.1� 0.5 GeV/c2

Final states: multiple ⇡± and �

No calculations for the decay widths, couplings or cross sections so far.

Photoproduction by linearly polarized photons

GlueX PAC30 Presentation - Alex Dzierba - 8/21/2006 19

Linear Polarization

Only linearly polarized photons

provide azimuthal angle dependence.

γ

pt pr

X
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N:   JP =  0+,  1–, 2+, ...

U:   JP =  0–,  1+, 2–, ...

⇢�, !,�

P, ⇡, ⌘, ⇢,!,...

Exchange Final
particle states
P 0++ 2+�, 0+� b�, h, h0
⇡� 0�+ 2+� b�2 , h2, h02
⇡± 0�+ 1�+ ⇡±1
! 1�� 1�+ ⇡1, ⌘1, ⌘01

Can couple to all 3 exotic nonets

How to detect the hybrids?

Detect the final states (exclusive reactions)
Identify the QN using the Partial Wave Analysis (PWA)
Photon linear polarization - a filter on naturality - helps

E.Chudakov Trento, April 2017 Early results from GlueX 7 / 24
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The High-Energy Photoproduction

Outline:

● Radiators of Interest
● X-ray Measurements at the Canadian Light Source
● Comparison of 50 micron vs. 20 micron diamond

2



• The 12-GeV upgrade is completed in 
Feb. 2016. 

• The GlueX has been data taking at 12 
GeV successfully since 2016 spring. 

• The “Low intensity” program, GlueX I, 
expected to be completed in 2018. 

• The “high intensity” program, GlueX II,  
will begin in 2019 fall with the new DIRC 
detector.  

• Ten times more data and higher K-π 
separation are expected. 

 8

Outline:

● Radiators of Interest
● X-ray Measurements at the Canadian Light Source
● Comparison of 50 micron vs. 20 micron diamond

2

Hall D: The new experiment hall at JLab
GlueX: The spectrometer in the Hall D
The long-term aim: 

Understand quark-gluon interactions
search for exotic hybrid mesons 

The 12-GeV upgrade at Jefferson Lab



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

North America(17)
Arizona State Univ.

Carnegie Mellon Univ.
Catholic Univ.

Univ. of Connecticut
Florida International Univ.

Florida State Univ.
George Washington Univ.

Indiana Univ.
Jefferson Lab

Univ. of Massachusetts, Amherst
MIT

Norfolk State Univ.
North Carolina A&T State

Univ. of North Carolina, Wilmington
Northwestern Univ.

Univ. of Regina
College of William and Mary

Europe(8)
University of Athens

Univ. of Glasgow
GSI

ITEP Moscow
MEPhI

Tomsk State Univ.
Tomsk Poly. Univ.

Yerevan Physics Institute

South America(1)
Santa Maria University

~120 members from 28 institutions of 9 counties

Asia(2)
IHEP

Wuhan University

GlueX Collaboration

Wuhan University and IHEP became the GlueX members from Asia； 

August, 2017: GlueX/BESIII: A Workshop on Common Topics
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Linearly polarised photon beam

� =
h

p

Linearly polarized photons via coherent bremsstrahlung from 

diamond radiator off liquid hydrogen peaking at 9 GeV
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RAPID COMMUNICATIONS

H. AL GHOUL et al. PHYSICAL REVIEW C 95, 042201(R) (2017)

greater precision than previous π 0 measurements and are the first η measurements in this energy regime. The
results are compared with theoretical predictions based on t-channel, quasiparticle exchange and constrain the
axial-vector component of the neutral meson production mechanism in these models.

DOI: 10.1103/PhysRevC.95.042201

In high-energy photoproduction, the dominant meson pro-
duction mechanism at small momentum transfer is expected
to be the exchange of massive quasiparticles known as
Reggeons [1]. Interest in this theoretical description of high-
energy photoproduction has increased recently, because it
provides constraints on the quantum mechanical amplitudes
utilized in low-energy meson photoproduction to extract the
spectrum of excited baryons [2], which depend strongly on the
internal dynamics of the underlying constituents [3]. In addi-
tion, understanding the meson photoproduction mechanism at
high energies is a vital component of a broader program to
search for gluonic excitations in the meson spectrum through
photoproduction reactions, which is the primary goal of the
GLUEX experiment at Jefferson Lab.

The first model developed for high-energy γ⃗p → pπ0 by
Goldstein and Owens was based on the exchange of Reggeons
with the allowed t-channel quantum numbers JPC = 1−− and
1+−, corresponding to the leading trajectories of the vector
ρ0/ω and axial-vector b0

1/h1 Reggeons, respectively, along
with Regge cuts [4]. Similar approaches addressing both π0

and η photoproduction have been developed and extended
recently by several groups, including Laget [5,6], the JPAC
Collaboration [7,8], and Donnachie and Kalashnikova [9].
Predictions for the linearly polarized beam asymmetry are sen-
sitive to the relative contribution from vector and axial-vector
exchanges, and new data can provide important constraints to
better understand this production mechanism.

In this paper, we report on the linearly polarized photon
beam asymmetry & in high-energy π0 and η photoproduction
from the GLUEX experiment. The data were collected in
the spring of 2016 utilizing the newly upgraded Continuous
Electron Beam Accelerator Facility (CEBAF) at Jefferson
Lab. The data represent the first measurement with a 12 GeV
electron beam at Jefferson Lab and the first measurement from
the GLUEX experiment. During most of this period, CEBAF
provided GLUEX with a beam current of about 150 nA at a
repetition rate of 250 MHz.

The GLUEX experiment [10] uses a new high-energy photon
beam facility, where the electrons provided by CEBAF are
incident on a thin aluminum (30 µm) or diamond (50 µm)
radiator, producing a tagged bremsstrahlung photon beam.
The aluminum radiator produces a conventional incoherent
bremsstrahlung spectrum with the characteristic intensity
proportional to 1/Eγ . The lattice structure of the diamond
radiator was aligned with the beam to produce coherent
bremsstrahlung, with the coherent photon intensity peaking in
specific energy ranges where the photons are linearly polarized
relative to the crystal axes in the diamond. Two different
diamond orientations were used for this data set (alternating
every few hours), with the electric field vector parallel or
perpendicular to the floor of the experimental hall, denoted
as PARA and PERP, respectively.

After passing through the thin diamond radiator, the
scattered beam electrons propagate through a dipole magnet

and are detected in a scintillator-hodoscope array, thus tagging
the energy of the radiated beam photons. In the photon
beam energy range 3.0–11.8 GeV, there are two independent
detectors: a fine-grained Tagger Microscope instrumenting
the region 8.2 < Eγ < 9.2 GeV in increments of about
10 MeV and the Tagger Hodoscope sampling the remaining
energy range with individual counter widths between 10
and 25 MeV.

The beam photons are predominantly produced along the
direction of the incident electron beam, with a narrower angu-
lar distribution for coherent than incoherent bremsstrahlung.
Therefore, after the photons travel through a 75-m-long
vacuum beamline, they pass through a 3.4-mm-diameter
collimator, where the off-axis photons are removed, increasing
the fraction of coherently produced photons. The energy of
the photon beam is monitored using e+e− pair conversion
from a thin (75-µm) beryllium foil downstream of the
collimator, where the e+ and e− energies are measured in a
pair spectrometer system consisting of a dipole magnet and a
pair of scintillator counter arrays [11]. The normalized photon
beam energy spectra, as measured by the pair spectrometer
(not corrected for instrumental acceptance) are shown in
Fig. 1(a) for the diamond and aluminum radiators. Here,
the characteristic peak of coherent photons is clearly visible
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• Early Physics:
• Beam asymmetry and polarization transfer measurements 

in the meson/bayon photoproduction

• Long-term Physics:
• Spin-density matrix elements to understand production 

mechanisms. 
• Cross section measurements
• Search for exotic hybrids (PWA analysis)

Physics at GlueX
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SLAC: PRD 4, 1937 (1971)
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The high intensity, linearly polarized photon 
beam of GlueX/Hall D can provide

important new constraints on Regge models

There are no previous measurements 
of the Σ asymmetry for ɣp→ηp 

with Eγ > 3 GeV

Psuedoscalar mesons π0/η 
Photoproduction
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Introduction Results Outlook

⇡0 and ⌘ Beam Asymmetries

2)c (GeV/-t 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Σ  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

<9.0 GeVγGlueX 8.4<E
=10 GeVγESLAC 
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JPAC [7,8]
Donnachie [9]
Goldstein [4]

ηp → pγ(b)

First GlueX Publication!

No observed dip at �t = 0.5 (GeV/c)2

) Vector exchange dominates
Comparison with several theory models
Constrains background to baryon
resonance production
First measurement for ⌘ at this energy
Submitted to PRL [arXiv:1701.08123]

Measurement for ⌘0 with 2017 data

A. Austregesilo (aaustreg@jlab.org) — Latest Results from GlueX 11/19

Greater Precision

First Measurement

Measured asymmetries 
consistent with previous 
SLAC data

Our measured Σ 
asymmetries are close to 1, 
with little evidence of -t 
dependence

Don’t observe prominent dip 
in beam asymmetry at -t = 
0.5 (GeV/c)2 in multiple 
theory predictions 

Beam Asymmetry: Results

PHYS REV C 95, 042201(R) (2017)
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Psuedoscalar mesons η/η′ 
Photoproduction

Light Cone 2018 Justin Stevens,

Pseudoscalar beam asymmetries
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Sensitive to 
hidden 

strangeness 
components

Statistical uncertainties only 

Additional decay modes are 
studied using 2017 data 
Consistent with vector 
exchange dominance 
The ratio of the asymmetries 
in η′ and η production is 
estimated to be close to unity  
as predicted by JPAC
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Charged Psuedoscalar Meson 
Photoproduction

More complicated t-dependance
Light Cone 2018 Justin Stevens,

Pseudoscalar beam asymmetries

�23

Charged pseudoscalars: more complicated -t dependence

t
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⇡, ⇢, a2, ...

Light Cone 2018 Justin Stevens,

Pseudoscalar beam asymmetries

�23

Charged pseudoscalars: more complicated -t dependence
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⇡, ⇢, a2, ...

S. Dobbs — JLab UG 2018 — June 20, 2018 — Experimental spectroscopy: Precision and Exotics

Beam Asymmetries: ɣ p → π− Δ++

 25

• Charged pseudoscalar beam asymmetry 
has more complicated t-dependance

• Preliminary results use order of magnitude 
more data than previous measurements 

X = π, ρ, a2

(16 GeV)

J. Nys (JPAC), arxiv: 1710.09394v1 (8.5 GeV)

Phys. Rev. D 20, 1553 (1979)

Unnatural exchange favored (e.g. !) 

Natural exchange 
favored (e.g. ",	%&) 

±	7%	*+,-.
/*01,2%3*24

5	6	 → !8Δ::
(~8.5 GeV)

π−

Δ++ B.G Yu (Korea Aerospace U.), arxiv:1611.09629v5 (16 GeV)
J. Nys (JPAC), arxiv: 1710.09394v1 (8.5 GeV)
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Early spectroscopy opportunities 
         for      

The enhancement around 1.5 GeV is consistent 
with previous SLAC data 
K+K− spectroscopy is also under way

Light Cone 2018 Justin Stevens,

Early spectroscopy opportunities

�24

ρ’?

SLAC:                          

PRL 53, 751 (1984)

E� = 20 GeV

�p ! ⇡+⇡�p

Enhancement consistent with earlier SLAC measurement, 
but ~1000x more statistics with early GlueX data


Polarization observables will provide further insight into 
the nature of this enhancement

Light Cone 2018 Justin Stevens,

Early spectroscopy opportunities

�24

ρ’?

SLAC:                          

PRL 53, 751 (1984)

E� = 20 GeV

�p ! ⇡+⇡�p

Enhancement consistent with earlier SLAC measurement, 
but ~1000x more statistics with early GlueX data


Polarization observables will provide further insight into 
the nature of this enhancement

�p ! ⇡+⇡�p
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Elton S. Smith             GHP Meeting          February 3, 2017 

4γ mass peaks 

19 

expanded scale 

Four photon final states  

scalar and tensor mesons Photoproduction

Justin Stevens,Light Cone 2018

Previous photoproduction 
data very sparse for channels 
with multiple neutrals particles


Early opportunity for exotic 
search since P-wave is exotic

�25

Early spectroscopy opportunities

�p ! 4�p

 

�p ! ⌘⇡0p ⇡�p ! ⌘⇡0n

PLB 657 (2007) 27

a0 a2

a0

a2 E852

Justin Stevens,Light Cone 2018
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�25
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J/Ψ Photoproduction near 
threshold 

Elton S. Smith             GHP Meeting          February 3, 2017 

83 ± 14 J/ψ events 
M = 3093 ±1  MeV 
R.M.S. = 9.1 ±1 MeV 

Charm production near threshold 

24 

Brodsky PLB 498 (2001) 23   

GlueX Energy  
Range 

[GHP: Photon-Hadron Physics - L. Pentchev] 
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Justin Stevens,Light Cone 2018

⇤b ! J/ pK�

Charm Quarks at JLab

�28

5-quark 
bound state

Hadronic 
molecule

LHCb 2015

PRL 115, 072001 (2015) 
• BH simulations from R.Paremuzyan, based on: 
• Berger, E., Diehl, M. & Pire, B. Eur. Phys. J. C 

(2002) 23: 675.  

M(e+e-) spectrum 

BH continuum 1.5-2.5 GeV used 
for normalization 

Shown actual yields and MC - 
NO normalization applied 

• BH simulations from R.Paremuzyan, based on: 
• Berger, E., Diehl, M. & Pire, B. Eur. Phys. J. C 

(2002) 23: 675.  

M(e+e-) spectrum 

BH continuum 1.5-2.5 GeV used 
for normalization 

Shown actual yields and MC - 
NO normalization applied 

• J/y photo-production near threshold  poorly 
covered by previous  old measurements 

• Look for threshold enhancement: sensitive to 
proton gluonic content (high x); other interesting 
effects expected near threshold 

• Hall D is the only hall with Eg>11 GeV – needed 
to allow continuity from the high energy data; only 
in 2016 we had >11.5 GeV  

• GlueX coherent peak right above the threshold – 
improved statistics at the very important point 

GlueX 

Why study J/y near threshold photo-production 

two-gluon exchange three-gluon exchange 

Brodsky et al. PLB 498, 23 (2001)  
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J/Ψ Photoproduction near 
threshold 

Elton S. Smith             GHP Meeting          February 3, 2017 

83 ± 14 J/ψ events 
M = 3093 ±1  MeV 
R.M.S. = 9.1 ±1 MeV 

Charm production near threshold 

24 
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J/y cross-section – preliminary results  

SLAC results calculated 
from ds/dt(t=tmin) using  
t-slope of 2.9 GeV-2 

(measured at 19 GeV) 
 
 

Cornell data: 
• t-slope 1.25 GeV-2 

• horizontal errors 
represent acceptance 

 

LHCb 
Pentaquark

• BH simulations from R.Paremuzyan, based on: 
• Berger, E., Diehl, M. & Pire, B. Eur. Phys. J. C 

(2002) 23: 675.  

M(e+e-) spectrum 

BH continuum 1.5-2.5 GeV used 
for normalization 

Shown actual yields and MC - 
NO normalization applied 

• BH simulations from R.Paremuzyan, based on: 
• Berger, E., Diehl, M. & Pire, B. Eur. Phys. J. C 

(2002) 23: 675.  

M(e+e-) spectrum 

BH continuum 1.5-2.5 GeV used 
for normalization 

Shown actual yields and MC - 
NO normalization applied 

189 ± 16 J/y’s 
s = 7.5 MeV 

M(e+e-) spectrum – J/y 
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Program and upgrades 

25 

Experiment Description Beam Time 
(days) 

GlueX I Study spectrum of light mesons and 
gluonic excitations (low intensity) 

80 

GlueX II Study of hadron decays to strange final 
states (high intensity) 

200+220(*) 

Primakoff eta Eta radiative decay width 79 

CPP Charged pion polarizability 
measurement 

25 

Jlab Eta 
Factory 

Rare eta decays 42 
(conditional) 

 
!  DIRC detector for enhanced π/kaon identification will be installed 
starting this summer 

!  Online computer farm will be added for high intensity running 

!  High resolution calorimeter is needed for parts of the JEF program  

(*) May run concurrently 

Program and upgrades 

130(*)Probe for QCD and BSM physics by rare 
η decays

120
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JEF experiment 

2 

Proposed JEF experiment 

Simultaneously measure η decays:  η→π0γγ, η→3γ, and … 

2 

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

u  η produced on LH2 target with 8.4-11.7 GeV tagged photon beam: 
      γ+p → η+p 
u  Reduce non-coplanar backgrounds by detecting recoil protons 

with GlueX detector
u  Upgraded Forward Calorimeter with High resolution, high granularity 
     PWO insertion (FCAL-II)  to detect multi-photons from the η decays

FCAL-II 30 cm

Y

X

FCAL view from downstream looking upstream

30 cm

Y

X

FCAL view from downstream looking upstream

FIG. 4: Hybrid calorimeter in the simulation showing a sample ⌘ ! ⇡0�� event.

a shower threshold of at least 100 MeV). The reconstructed energy balance and co-planarity

between the proton and the four photons from the decay of the ⌘ are shown in Fig. 7.

Events for which |�E| < 0.44 GeV and for which �� is within ±5� of 180� are accepted for

further analysis. Events with showers within the inner “ring” of blocks around the beam

hole were excluded. Most of the photons end up in the FCAL, as shown in Fig. 8. The

showers in the BCAL tend to correspond to lower-energy photons that have poor energy

resolution; some photons head toward the gap between the FCAL and the BCAL where

28

1x1 m2 PWO insert

Upgraded Forward Calorimeter with High resolution, high granularity 
PWO insertion (FCAL-II) to detect multi-photons from the η decays

2464 PWO crystal modules

New Equipment: FCAL-II

24 

Ø  1x1 m2 PWO insert (2464 PWO crystal modules) 
with 12x12 cm2 beam hole

Ø  Similar as the inner part PrimEx HyCal with a
     minor modification for magnetic shielding

Ø  Using the same techniques as the current 
    FCAL for magnetic shielding: 
     Annealed iron, 0.2 mm μ-metal,  and 
     ~2 cm long light guide.

             test shows that the PMT  pulse amplitude 
           dropped <5% when the external B  field 
           up to 76 G 

 Ø  Estimated total cost is ~$4.5 M for detector 
and  ~$1 M for infrastructure

Ø  ~4-5 years for all crystal modules to be 
constructed,  ~1 year for installation

 PWO vs. lead glass
Property Improvement 

factor
Energy σ 2

Position σ 2

Granularity 4

Radiation-
resistance 10
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FIG. 4: Hybrid calorimeter in the simulation showing a sample ⌘ ! ⇡0�� event.

a shower threshold of at least 100 MeV). The reconstructed energy balance and co-planarity

between the proton and the four photons from the decay of the ⌘ are shown in Fig. 7.

Events for which |�E| < 0.44 GeV and for which �� is within ±5� of 180� are accepted for

further analysis. Events with showers within the inner “ring” of blocks around the beam

hole were excluded. Most of the photons end up in the FCAL, as shown in Fig. 8. The

showers in the BCAL tend to correspond to lower-energy photons that have poor energy

resolution; some photons head toward the gap between the FCAL and the BCAL where

28

New Equipment: FCAL-II

PWO crystals may be bought from Shanghai Institute of Ceramics
QC of the PWO crystals can be performed in China 

Leptophobic B, CVPC, ChPT and the quark mass ratio



• GlueX is installed, commissioned and all detector systems are exceed or near 
design specifications.  

• The “Low intensity” program, GlueX I, is expected to be completed in 2018, 
then the Primakoff η and the high intensity GlueX (GlueX II with DIRC), will 
begin subsequently. 

• The linearly polarized photon beam asymmetry Σ for π0/η photoproduction have 
measured. A broad meson photoproduction project is under way, including 
beam asymmetries, cross sections and spin density matrix elements analysis. 
A upper limit can be set for LHCb Pentaquark. 

• DIRC upgrade for enhanced π/K separation is ongoing. High resolution 
calorimeter is needed for parts of the JEF program. 

• The broader program of exotic mesons is in sight. New ideas and new 
collaborators are welcome.

Summary and Outlook

 24
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Thanks!

Outline:

● Radiators of Interest
● X-ray Measurements at the Canadian Light Source
● Comparison of 50 micron vs. 20 micron diamond

2



GlueX Detector

Photons: �E/E ⇠ 6%/
p
E � 2%

Tracks: �p/p ⇠ 1� 3%

Detector resolutions:

Receptance: 1∘-120∘

 26



Liquid hydrogen target and start counter

 27



CDC and FDC

 28

Straw tube drift chamber Interleaved planes of field/sense 
wires and planes of cathode strips



Detector Performance

Drift chambers exceed design position resolution 

Mark Dalton SESAPS November 2016Latest from GlueX

Detector Performance

19

M. R. Shepherd 
APS DNP, Vancouver 

October 14, 2016
21
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BCAL and FCAL

 30

Scintillating fibers in the interstitial layers of lead

Fast silicon photomultipliers (SiPMs)

F8-00 lead glass, 4 × 4 × 45 cm



Detector Performance 

Calorimeters approaching design energy resolution 

Mark Dalton SESAPS November 2016Latest from GlueX

Detector Performance

16

M. R. Shepherd 
APS DNP, Vancouver 

October 14, 2016
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(Measured using exclusive γp→4γp events.)
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• Meson photoproduction: almost 50 years at SLAC, DESY, and 
Cambridge

• Growing vigorously recently：JLab, ELSA, and MAMI 
• Understanding the properties of strong interaction in the 

nonperturbative regime 
• Search for exotic hybrid mesons 
• Provide constraints on “background” to baryon resonance 

extraction in the low energy regime
• Beam asymmetry Σ provides insight into dominant production 

mechanism

Meson Photoproduction

Elton S. Smith             GHP Meeting          February 3, 2017 

Photoproduction 

9 

N N 

γ
e 

X 

γ ⇔ ρ,ω,φ 

π1  ⇔ ρπ

η1 ⇔ ρb1 , ωφ
η’

1 ⇔  φω
 

Couple to vector meson 
 + exchanged particle 

!  Very little photoproduction data in this energy range 

!  Approximately the 70% of total cross section in the energy 
region Eγ ~ 7-12 GeV has multiple neutrals and is completely 
unexplored 

!  Polarized photons may help disentangle different production 
mechanisms  

High-Energy Meson Photoproduction:
VMD & Regge-cut phenomenology

GlueX & JPAC: Experiment & Theory
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ω Backgrounds

• Continuum background between π0 and η is negligible.
• The largest background is ɣp→ωp, ω→π0ɣ with a missing photon. To 

get the background shape, we simulated this reaction then 
normalized to the ω leakage peak.

• Our exclusive measurements and cuts ensure very low backgrounds: 
for the eta the dilution is only 0.38%, while for the π0 it is negligible.



Threshold J/Ψ production 
at GlueX

J/y cross-section – preliminary results  

— Fit to the data 
 Brodsky et al.  
PLB 498, 23 (2001):  
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• Theory gives only shapes 
of the curves 
 

• Fit to the data with two 
parameters - the 
amplitudes of 2- and 3-
gluon exchange 
 

• Data near threshold 
consistent with 3-gluon 
exchange 

t vs Eg unbinned distribution for J/y events  

dots – GlueX data 
 
color – prediction from JPAC 
for Pc(4450) 5/2+ 

• Density of data points 
proportional to flux and 
efficiency 

• No significant variations of 
flux (Eg>9 GeV) and 
efficiency 

A.
U.

 

A.Blin, C.Fernandez-Ramirez, 
A.Jackura, V.Mathieu,  V.Mokeev, 
A.Pilloni, and A.Szczepaniak, 
PRD 94,034002 (2016). 

t vs Eg unbinned distribution for J/y events  

dots – GlueX data 
 
color – prediction from JPAC 
for Pc(4450) 5/2+ 

• Density of data points 
proportional to flux and 
efficiency 

• No significant variations of 
flux (Eg>9 GeV) and 
efficiency 

A.
U.

 

A.Blin, C.Fernandez-Ramirez, 
A.Jackura, V.Mathieu,  V.Mokeev, 
A.Pilloni, and A.Szczepaniak, 
PRD 94,034002 (2016). 
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                DIRC upgrade
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The GlueX DIRC (Detection of Internally Reflected Cherenkov light) 
provides new K/π separation and will use components of the BaBar DIRC 


Partial installation and commissioning in 2018

Cherenkov Photon “Ring” 

DIRC upgrade 

DIRC (Detection of Internally Reflected Cherenkov light)

Improve K/π 
separation

The BaBar bar boxes have been Delivered safely from SLAC to JLab. 
First two (of four) the bar boxes have been installed in Hall D. 

Light Cone 2018 Justin Stevens, �54

                DIRC upgrade
Loading of 1st BaBar bar box at SLAC

@GlueX_DIRC

Follow our next trip in June with the final 3 boxes:

Delivered safely to JLab in November 2017

PANDA Collaboration Meeting Justin Stevens, 34
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