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• In 1964, Gell-Mann’s original paper alludes to the 

possibility of exotic hadrons 

• 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 

• A number of exotic states candidates are found in recent years
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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 m

Kp

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 J

P 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 m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.

 [GeV]pKm
1.4 1.6 1.8 2 2.2 2.4 2.6

Ev
en

ts
/(1

5 
M

eV
)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

LHCb(a)

data
total fit
background

(4450)cP
(4380)cP
(1405)Λ
(1520)Λ
(1600)Λ
(1670)Λ
(1690)Λ
(1800)Λ
(1810)Λ
(1820)Λ
(1830)Λ
(1890)Λ
(2100)Λ
(2110)Λ

 [GeV]pψ/Jm
4 4.2 4.4 4.6 4.8 5

Ev
en

ts
/(1

5 
M

eV
)

0

100

200

300

400

500

600

700

800

LHCb(b)

Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ 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 P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(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 P

c

(4450)+ state and b) the P

c

(4380)+ state, each divided into six m

J/ p

bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (m

J/ 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
P

c

(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state P

c

(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 P

c

(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
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3
(France); BMBF, DFG, HGF and MPG (Germany); INFN (Italy); FOM and NWO (The
Netherlands); MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FANO
(Russia); MinECo (Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC (United
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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 eþe% ! "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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the computing center for their hard efforts. This work is
supported in part by the Ministry of Science and
Technology of China under Contract No. 2009CB825200;
National Natural Science Foundation of China (NSFC)
under Contracts No. 10625524, No. 10821063,
No. 10825524, No. 10835001, No. 10935007,
No. 11125525, and No. 11235011; Joint Funds of the
National Natural Science Foundation of China under
Contracts No. 11079008, and No. 11179007; the Chinese
Academy of Sciences (CAS)Large-Scale Scientific Facility
Program; CAS under Contracts No. KJCX2-YW-N29, and
No. KJCX2-YW-N45; 100 Talents Program of CAS;
German Research Foundation DFG under Contract
No. Collaborative Research Center CRC-1044; Istituto
Nazionale di Fisica Nucleare, Italy; Ministry of
Development of Turkey under Contract No. DPT2006K-
120470; U. S. Department of Energy under Contracts
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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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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 m

Kp

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 J

P 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 m

Kp

and the peaking structure in m

J/ 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) m
Kp

and (b) m
J/ 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 P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(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 P

c

(4450)+ state and b) the P

c

(4380)+ state, each divided into six m

J/ p

bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (m

J/ 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
P

c

(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state P

c

(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 P

c

(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
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3
(France); BMBF, DFG, HGF and MPG (Germany); INFN (Italy); FOM and NWO (The
Netherlands); MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FANO
(Russia); MinECo (Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC (United
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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 eþe% ! "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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No. DE-FG02-04ER41291, No. DE-FG02-05ER41374,
and No. DE-FG02-94ER40823; U.S. National Science
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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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The exotic states can be strong 
proof for the existence of gluon 
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Classifying Mesons 
——Mass, Electric Charge, Quark Flavor…

~J = ~L+ ~S

P = (�1)L+1

C = (�1)L+S

0�+, 1��, 1+�, 0++, 2++

JPC

q

q

qq̄

…
Allowed JPC for       mesons:

Quantum numbers:

JPC not allowed for       mesons:qq̄

0+�, 1�+, 2+�...



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 
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 243 ⇥ 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction – their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems in the next subsections.

E. The low-lying pseudoscalars: ⇡, ⌘, ⌘0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ⇡ and ⌘ mesons are exactly stable and ⌘0

is rendered stable since its isospin conserving ⌘⇡⇡ decay
mode is kinematically closed. Because of this, many of
the caveats presented in Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e↵ective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the ⌘ and ⌘0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |⌘i = cos ✓|8i � sin ✓|1i,
|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in
Eqn 5.
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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.
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⇡� 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
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Access to hybrid masses up 
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Large acceptance for multi-
particle final states 
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Ability to study many final 
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JLab: A Laboratory for Nuclear Science
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• The 12-GeV upgrade is completed in 
Feb. 2016 

• Accelerator: 2.2 GeV/pass 

• Halls A, B, C: 1-5 turns <11 GeV 

• Hall D: 5.5 turns →12 GeV 

• Halls A&D started data taking in 2016 
spring 

• Halls B&C started data taking in 2017 
spring

Outline:

● Radiators of Interest
● X-ray Measurements at the Canadian Light Source
● Comparison of 50 micron vs. 20 micron diamond
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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
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http://portal.gluex.org/GlueX/Home.html
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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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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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FIG. 1. (a) Photon beam intensity versus energy as measured by
the pair spectrometer (not corrected for instrumental acceptance). (b)
Photon beam polarization as a function of beam energy, as measured
by the triplet polarimeter, with data points offset horizontally by
±0.015 GeV for clarity.
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GlueX detector

Photons: �E/E ⇠ 6%/
p
E � 2%

Tracks: �p/p ⇠ 1� 3%

Detector resolutions:

Receptance: 1∘-120∘

22



Liquid hydrogen target and start counter
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Spring 2016:  

Detector commissioning and engineering runs 

Elton S. Smith             GHP Meeting          February 3, 2017 

Collected triggers in spring 2016 

17 

Generated:  April 25, 2016
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!  Status: Detector commissioning and engineering runs completed 

!  Useful data obtained during these preliminary periods 

Initial physics data (≈ 80 h) 
First results presented here
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Spring 2017:  

The first physics runs 

GlueX-I [low-intensity]: 2017-18 

Introduction Results Outlook

GlueX Runs

Fall 2014 - Spring 2015

Detector and beamline commissioning

Spring 2016: GlueX Engineering Run

Initial physics data (⇡ 80 h)
First results presented here

GlueX-I: 2017 - 2018

Started in February
⇡ 10⇥ more data than 2016 planned

GlueX-II: 2019+

Upgraded detector (DIRC, ..)
High luminosity

A. Austregesilo (aaustreg@jlab.org) — Latest Results from GlueX 7/19
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• Early Physics:
• Beam asymmetry and polarization transfer measurements 

in the meson/bayon photoproduction
• Long-term Physics:

• Search for exotic hybrids (PWA analysis)
• Spin-density matrix elements to understand production 

mechanisms. 
• Cross section measurements
• Generalized Parton Distributions measurement from time-

like Compton scattering

Physics at GlueX



• 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
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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

27



Collaboration Meeting 10.6.16 Justin Stevens,

JPAC Regge Model
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No previous measurements for ɣp→ηp
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SLAC: PRD 4, 1937 (1971)
28

The high intensity, linearly polarized photon 
beam of GlueX/Hall D will 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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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.
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Final -t distributions
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Beam Asymmetry

PARA yield ~ (1 - PΣ cos(2ϕ))PERP yield ~ (1 + PΣ cos(2ϕ)) ASYM ≈ PΣ cos(2ϕ)

➢ Σ beam asymmetry: polarization observable
➢ Provides insight into helicity amplitudes

     of the interaction
➢ Use coherent peak data (8.4 < E (GeV) < 9.0)
➢ Polarized yield as a function of ϕ is

     proportional to PΣ
➢ Fit to ASYM eliminates possible 

     ϕ-dependent acceptance effects

➢ F
R
 = PERP/PARA yield normalization factor

B
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Beam Asymmetry: Method
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Repeat in bins of -t for both π0 and η



Introduction Results Outlook

⇡0 and ⌘ Beam Asymmetries
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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 as seen in the cross 
section

• Our data are somewhat 
consistent with the JPAC and 
Laget calculations

Beam Asymmetry: Results

PHYS REV C 95, 042201(R) (2017)
33
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Omega production and decay 

22 

Use different decays to probe 
the same production mechanism 

p p'

+π

0π

γ ω
_π

p p'
0π

γ ω γ

Titov PRC 78 (2008) 038201   
Zhao PRC 71 (2005) 054004   
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Vector meson ω Photoproduction



Vector meson ω Photoproduction
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ω asymmetry 

23 

 
!  Preliminary data consistent 
with VMD 

!  Goal is to determine the 
Spin Density Matrix Elements 
(SDMEs) to probe the 
production mechanisms in 
more detail.  

A3⇡
= P cos 2(�� �)

A3⇡

A⇡�
= �1.88± 0.13

Assuming Vector Meson Dominance (VMD), angles in helicity frame  

�� � [deg]

A⇡�
= �1

2

P cos 2(�� �)
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ω asymmetry 
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S. Dobbs — JLab — Feb. 16, 2017 — From Light Hadrons to Charm: Early Results from GlueX

Beam Asymmetries: ɣ p → p + ω

• Eventual goal: determine Spin Density Matrix Elements (SDMEs).
37

Expected: 
Σ(π+ π− π0) / Σ(π0 ɣ)  
       = −2

Measured:
Σ(π+ π− π0) / Σ(π0 ɣ)  
       = −1.88 ± 0.13

Consistent with VMD 
expectations.
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S. Dobbs — JLab — Feb. 16, 2017 — From Light Hadrons to Charm: Early Results from GlueX

Beam Asymmetries: ɣ p → p + π+ π− 

• Full analysis of angular distributions under way.
35
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ρ Photoproduction

Full analysis of angular 
distributions is under way. 
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4γ mass peaks 

19 

expanded scale 

Four photon final states  

scalar and tensor mesons Photoproduction

37



J/Ψ Photoproduction near 
threshold 

S. Dobbs — JLab — Feb. 16, 2017 — From Light Hadrons to Charm: Early Results from GlueX

• Threshold production is experimentally 
clean, ideal for studying J/ψ+N 
interaction  
• Probes gluon distributions in proton  

[Kharzeev et al., NPA 661, 568 (1999)] 
• Also multiquark correlations  

[Brodsky et al., PLB 498, 23 (2001)] 

J/ψ Photoproduction Near Threshold

39
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GlueX energy range
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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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R.M.S. = 9.1 ±1 MeV 

Charm production near threshold 

24 
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GlueX Energy  
Range 

[GHP: Photon-Hadron Physics - L. Pentchev] GlueX Energy Range
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J/Ψ Photoproduction near 
threshold 
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Upcoming measurements will set a 
limit on pentaquark photoproduction

JPAC: PRD 94 (2016) 034002
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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 

40

130(*)



• Probe for QCD and BSM 
physics by rare η 
decays
• Search for sub-GeV 

gauge bosons 
(leptophobic B) 

• Directly constrain 
CVPC new physics 

• Tests of the ChPT 
predictions and 
understanding its 
links to QCD  

• Improve the quark 
mass ratio via η→3π 

41

JEF Physics

4 

     Overview of JEF Physics 

Main physics goals:

i.  Search for sub-GeV   
gauge bosons:  
leptophobic vector B’ 
and electrophobic 
scalar Φ’

ii.  Directly constrain CVPC 
new physics

iii.  Probe interplay of VMD 
& scalar resonances in 
ChPT to calculate  
LEC’s in the chiral 
Lagrangian

iv.  Improve the quark mass 
ratio via η→3π

 FCAL-II is required  

momentum conservation [3]. This enhances the relative importance of higher order contributions,
making η decays a sensitive hadronic probe for searching for rare processes or testing discrete
symmetries.

We propose to test low-energy QCD and search for new physics Beyond Standard Model (BSM)
in η decays using newly developed high energy photon tagging facility and the GlueX detector in
Hall D. Table 1 summarizes various η decays in the scope of this proposal. The data for the SM
allowed decay channels have already been collecting in parallel to the GlueX runs since 2015. The
proposed upgraded Forward Calorimeter (FCAL-II) will permit improved limits by 1–2 orders of
magnitude for other rare or SM forbidden channels leading to all-neutral final states.

Mode Branching Ratio Physics Highlight Photons

priority:
γ + B′ beyond SM leptophobic vector boson 4
π0 + φ′ beyond SM electrophobic scalar boson 4
π02γ (2.7 ± 0.5) × 10−4 χPTh at O(p6) 4
3π0 (32.6 ± 0.2)% mu − md 6

π+π−π0 (22.7 ± 0.3)% mu − md, CV 2
3γ < 1.6 × 10−5 CV, CPV 3

ancillary:
4γ < 2.8 × 10−4 < 10−11[4] 4
2π0 < 3.5 × 10−4 CPV, PV 4
2π0γ < 5 × 10−4 CV, CPV 5
3π0γ < 6 × 10−5 CV, CPV 6
4π0 < 6.9 × 10−7 CPV, PV 8
π0γ < 9 × 10−5 CV, 3

Ang. Mom. viol.
normalization:

2γ (39.3 ± 0.2)% anomaly, η-η′ mixing
E12-10-011 2

Table 1: The η decays highlighted in this proposal, plus related ancillary channels [5]. The η →

2γ will be measured in an approved Primakoff experiment (E12-10-011) that is currently under
preparation in Hall D.

In 2014, we submitted an earlier version of this present proposal in title of “Eta Decays with
Emphasis on Rare Neutral Modes: The JLab Eta Factory (JEF) Experiment” (PR12-14-004)[1]
with following main physics goals: (i) a search for a leptophobic dark gauge boson coupling to
baryon number with a mass between π0 and η to improve the existing bounds on the baryonic fine
structure constant αB by two orders of magnitude; (ii) a search for the C violating and P conserving
η decays with an order of magnitude improvement over current branching ratio upper limits; (iii)
a determination of two low energy constants entering chiral perturbation theory at order of O(p6)
from η → π0γγ decay, and with sufficient precision in the Dalitz distribution to explore the role
of scalar meson dynamics in this channel for the first time,; and (iv) a clean determination of the
light quark mass ratio Q ≡ (m2

s − m̂2)/(m2
d − m2

u) with m̂ ≡ (mu + md)/2 from η → 3π decays.
The original proposal was conditionally approved by PAC42 with following recommendations:

“The PAC understands the very strong scientific interest of performing new measurements of
rare η decays with improved sensitivity to test the SM. In particular, the PAC sees the determination

2



42

Proposed JEF experiment 

2 

Proposed JEF experiment 

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

2 

barrel
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tagger to detector distance
is not to scale

diamond
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GlueX

central drift
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forward drift
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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
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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

HyCal

FCAL

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
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New Equipment: FCAL-II

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



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

• The engineering and the first physics runs have been taken successfully. 

• 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. 

• DIRC detector for enhanced π/K separation will be installed starting this 
summer. 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
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Thanks!
q

q

Outline:

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

the Decay Modes of Exotic Hybrids

Photoproduction Mechanisms 
June 4, 2016 Meson 2016 - C.A. Meyer 8 

ρ,ω,φγ

p N

X

π,η,ρ,ω,P,...

Simple quantum number counting for 
production: (IG)JPC up to L=2 

ρπ,ρω               π1
ωω,ρρ              η1

ωω,ρρ,φω        η�1 
ρP                   b0 
ωP                   h0 
ωP, φP              h’0  
ωπ,ρη,ρP         b2 
ρπ,ωη,ωP         h2 
ρπ,ωη,φP         h’2  

ρπ is charge-exchange only 

Can couple to all the lightest exotic 
hybrid nonets through photo- 
production and VMD.  
 
Linear polarization is a filter on the 
naturality of the exchanged particle. 

P = Pomeron exchange 
June 4, 2016 Meson 2016 - C.A. Meyer 9 

Hybrid kaons do not have exotic QN’s 

Decay Modes of Exotic Hybrids  
π1   → πρ, πb1 , πf1,πη�, ηa1 
η1   → ηf2,a2π,ηf1, ηη�,π(1300)π, a1π, 
η1�→ K*Κ, Κ1(1270)Κ, Κ1(1410)Κ , ηη�

b2 → ωπ, a2π, ρη, f1ρ, a1π, h1π, b1η 
h2 → ρπ,b1π,ωη, f1ω  
h’2 → Κ1(1270)Κ, Κ1(1410)Κ, K2

*Κ, φη, f1φ 

b0 → π(1300)π , h1π, f1ρ, b1η
h0 → b1π , h1η  
h’0 → K1(1270)Κ, Κ(1460)Κ, h1η             

Early Reach    With Statistics  Hard 
Models suggest narrower states 
are in the spin-1 and spin-2 nonets, 
while the spin-0 nonets are broad. 

The meson photoproduction is a promising experimental 

technique to search for exotic hybrid mesons.
46



CDC and FDC
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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
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Tracking Performance
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BCAL and FCAL

49

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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Particle Identification Performance 

51

Gordon Conference Justin Stevens, 13

Particle identification performance

 Particle identification performanceGlueX Particle Identification 
June 4, 2016 Meson 2016 - C.A. Meyer 16 
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2.4 Summary

Figure 2.12 shows the two photon invariant mass distribution on a log scale after each of the cuts
described in Sec. 2.3. The signal to background ratio improves dramatically after applying the “missing
mass o↵ the proton” cut. The remaining background from ! events will be discussed in Sec. 3.2.
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Figure 2.12: Invariant mass of two photons after each successive cut is applied in the combo selection.

The width of the ⇡

0 and ⌘ invariant mass peaks are 7 MeV and 21 MeV, respectively. We therefore
set the mass windows ±3� (|M

��

�M

⇡

0 | < 0.021 GeV and |M
��

�M

⌘

| < 0.064 GeV) to select the final
samples of ⇡0 and ⌘ events for further analysis. Figure 2.13 shows the �t distribution utilizing these
mass windows, where the ⇡0 distribution shows the characteristic dip around �t = 0.5 GeV2, as seen in
previous measurements at SLAC [4]. The ⌘ distribution however does not show any dip in the �t range
covered by our data, which is consistent with previous data as well [5].
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Figure 2.13: �t distribution for ⇡0 (left) and ⌘ (right) events passing the selection criteria discussed in
Ch. 2, plotted with the acceptance function, determined from ⇡

0 and ⌘ signal MC samples.
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Event Selection

• Loose timing cuts

• Proton requirements: 

• pproton > 250 MeV

• Originates from target region 

• CDC dE/dx contour 

• γp→pγγ cuts 

•  Δɸ, Missing Mass squared, Missing energy, beam energy 
(Eγ>4.0GeV), only two photons reconstructed, Missing mass off 
proton, coherent beam energy(8.4<Eγ<9.0GeV)

Cuts
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DVCS vs TCS

3

Complementary sensitivity to different aspects of the GPDs through many 
observables and different processes

Both processes expected to be sensitive to the same GPDs: tests 
universality and theoretical assumptions

Significantly larger cross section for DVCS which has thus far been the 
focus of GPD studies at JLab and elsewhere
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focus of GPD studies at JLab and elsewhere
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Together obtain stronger constraints on the generalized parton distributions

l+

l−

p p

γ

Figure 6: The Feynman diagrams for the Bethe-Heitler amplitude.

form factors F1(t) and F2(t), normalizing F2(0) to be the anomalous magnetic moment of
the target. We find for the BH contribution to the unpolarized γp cross section

dσBH

dQ′2 dt d(cos θ) dϕ
=

α3
em

4π(s − M2)2

β

−tL

!

"

F 2
1 −

t

4M2
F 2

2

# A

−t
+ (F1 + F2)

2 B

2

$

, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − t a(a + b) − M2b2 − t (4M2 − t)Q′2

+
m2

ℓ

L

!

%

(Q′2 − t)(a + b) − (s − M2) b
&2

+ t (4M2 − t)(Q′2 − t)2
$

B = (Q′2 + t)2 + b2 + 8m2
ℓQ

′2 −
4m2

ℓ(t + 2m2
ℓ)

L
(Q′2 − t)2. (18)

The cross section depends on the angles θ and ϕ through the scalar products

a = 2(k − k′) · p′, b = 2(k − k′) · (p − p′) (19)

given in Eq. (15) above, and through the product of the lepton propagators in the two
BH diagrams,

L =
'

(q − k)2 − m2
ℓ

( '

(q − k′)2 − m2
ℓ

(

=
(Q′2 − t)2 − b2

4
. (20)

These expressions are rather lengthy, but simplify considerably in kinematics where t,
M2 and m2

ℓ can be neglected compared to terms going with s or Q′2. We then have

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2 dt d(cos θ) dϕ
≈

α3
em

2πs2

1

−t

1 + cos2 θ

sin2 θ

)

"

F 2
1 −

t

4M2
F 2

2

# 2

τ 2

∆2
T

−t
+ (F1 + F2)

2

*

. (22)

We see that the product L of lepton propagators goes to zero at sin θ = 0 in this approx-
imation. Closer inspection reveals that when sin θ becomes of order ∆T /Q′ or mℓ/Q′ the
approximations (21) and (22) break down and one must use the full expressions.

10

Bethe-Heitler (BH) ❖BH contributes at the amplitude 
level in both case 

❖Always dominates over TCS 
❖The interference can be 

accessed through the angular 
distribution of the lepton pair


