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What is GlueX trying to accomplish?
understanding QCD through 
hadron spectroscopy

How are we different?
High Intensity
Production mechanism

Photon beam
Polarization

Neutral detection

What have we done so far?
Built the detector
Commissioning and calibration
Extracted some physics
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QCD

Amplitudes

Data

Resonances

Models/pictures/
understanding

Lattice + 
amp. 

analysis

amp. 
analysis

pole 
finding

model 
building

model 
predictions

general structure/
“schematic” calcs

QCD
• six flavors of quarks with 

various masses 
• strongly interacting quarks and 

gluons 
• asymptotic freedom
• confinement 

Hadrons
• spectrum dominated by colorless 

“quark model” states (quark—anti-
quark and 3 quark states)

• gluonic degrees of freedom 
suppressed or difficult to observe 



Mark Dalton SESAPS November 2016Latest from GlueX

Meson Quantum Numbers
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P (qq̄) = (�1)L+1

C(qq̄) = (�1)L+S

0��, 0+�, 1�+, 2+�, 3�+, . . .explicitly exotic quantum numbers

Mesons have well defined quantum numbers:
total spin J, parity P, and C-parity C 
represented as JPC
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Dudek et al. PRD 88 (2013) 094505

Exotic 
quantum 
numbers

lowest-lying hybrid super-multiplet

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

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 Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective 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 volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 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.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11
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Models for gluonic excitations
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Constituent gluon quasiparticle

u d u d
g

Transverse oscillation of flux tube

Bag model
gluonic boundary mode

u d

Phys. Rev. D 84 (2011) 074023 

High symmetry 
leads to too 
many states

Correct 
quantum 
numbers, 
model 

disfavored for 
other reasons

1-- gluon and S-wave qq 
not exoitc

1-- gluon and P-wave qq 
too many states

1+- gluon and P-wave qq 
works, M ~ 1–1.5 GeV
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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.
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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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120470; U. S. Department of Energy under Contracts
No. DE-FG02-04ER41291, No. DE-FG02-05ER41374,
and No. DE-FG02-94ER40823; U.S. National Science
Foundation; University of Groningen (RuG) and the
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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.

PRL 110, 252001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252001-6

BESIII Collaboration, PRL 110, 252001 (2013) BESIII Collaboration, PRL 112, 022001 (2013)

Tetraquark Candidates

e+e� ! ⇡⌥Z±
c

Z±
c ! (D0D⇤)±Z±

c ! ⇡±J/ 
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E852: 18 GeV π on p 

“Understanding” requires a 
spectrum of hybrid states

!2ð1670Þ, with very similar masses and widths, causing the
relative phase difference to be almost constant. In contrast
to this the phase difference to the 1þþ wave, shown in
Fig. 3(a), clearly shows an increase around 1:7 GeV=c2. As
the a1ð1260Þ is no longer resonating at this mass, this
observation can be regarded as an independent verification
of the resonating nature of the 1$þ wave.

The solid lines in Fig. 2 show the total intensity from the
mass-dependent fit for the corresponding waves. For the
1þþ0þ"!S wave shown in Fig. 2(a) it is well known that
there is a significant contribution of nonresonant produc-
tion through the Deck effect [24], indicated by the dotted
line. Its interference with the a1ð1260Þ (dashed line) shifts
the peak in the data to a slightly lower value than the peak

position of the resonance. The 2$þ0þf2!Swave shown in
Fig. 2(b) is well described by a single resonance, the
!2ð1670Þ. The 2þþ1þ"!D wave displayed in Fig. 2(c) is
dominated by the a2ð1320Þ with a small contribution from
the a2ð1700Þ, whose parameters have been fixed to Particle
Data Group (PDG) values [25] because of the limited
statistics. The intensity of the exotic 1$þ1þ"!P wave,
shown in Fig. 2(d), is well described by a Breit-Wigner
resonance with constant width at 1:66 GeV=c2 (dashed
line), which we interpret as the !1ð1600Þ, and a nonreso-
nant background (dotted line) at lower masses. The reso-
nant component of the exotic wave is strongly constrained
by the mass-dependent phase differences to the
1þþ0þ"!S and the 2$þ0þf2!S waves, which are well
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FIG. 3 (color online). Phase differences of the exotic 1$þ1þ"!P wave to the 1þþ0þ"!S (a) and the 2$þ0þf2!S (b) waves. The
data points represent the result of the fit in mass bins; the lines are the result of the mass-dependent fit.
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FIG. 2 (color online). Intensities of major waves 1þþ0þ"!S (a), 2$þ0þf2!S (b), and 2þþ1þ"!D (c), as well as the intensity of the
exotic wave 1$þ1þ"!P (d), as determined in the fit in mass bins (data points with error bars). The lines represent the result of the
mass-dependent fit (see text).

PRL 104, 241803 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
18 JUNE 2010

241803-5

In order to shed new light on these questions, the
COMPASS Collaboration, operating a large-acceptance
and high-resolution spectrometer [17] situated at the
CERN Super Proton Synchrotron (SPS), is gathering
high-statistics event samples of diffractive reactions of
hadronic probes into final states containing both charged
and neutral particles. Diffractive dissociation is a reaction
of the type aþ b ! cþ d with c ! 1þ 2þ " " " þ n,
where a is the incoming beam particle, b the target, c the
diffractively produced object decaying into n particles, and
d the target recoil particle, with 4-momenta pa . . .pd,
respectively. The production kinematics is described by
two variables: s and t0 ¼ jtj$ jtjmin, where s ¼
ðpa þ pbÞ2 is the square of the total center of mass energy,
t ¼ ðpa $ pcÞ2 is the square of the four momentum trans-
ferred from the incoming beam to the outgoing system c,
and jtjmin is the minimum value of jtj which is allowed by
kinematics for a given mass mc.

First studies of diffractive reactions of 190 GeV=c !$

on a 3 mm lead target were carried out by COMPASS in
2004. The !$!$!þ final state was chosen because the
disputed !1ð1600Þ meson with exotic JPC had previously
been reported in this channel. The trigger selected events
with one incoming particle and at least two outgoing
charged particles. In the offline analysis, a primary vertex
inside the target with 3 outgoing charged particles is re-
quired. Since the recoil particle was not detected, the
following procedure is applied in order to select exclusive
events. The beam energy Ea is very well approximated by
the measured total energy Ec of the 3! system with a small
correction arising from the target recoil, which can be
calculated from the measured scattering angle " ¼
ffð ~pa; ~pcÞ, assuming that the target particle remained intact
throughout the scattering process. Then an exclusivity cut
is applied, requiring Ea to be within (4 GeV of the mean
beam energy. Events with a wide range of t0 from zero up to
a few GeV2=c2 were recorded. For the analysis presented
in this letter we restrict ourselves to the range where
candidates for spin-exotic states have been reported in
the past: 0:1 GeV2=c2 < t0 < 1:0 GeV2=c2, far beyond
the region of coherent scattering on the Pb nucleus.
Figure 1 shows the invariant mass of the corresponding
events. In our sample of 420 000 events in the mass range
between 0.5 and 2:5 GeV=c2, the well-known resonances
a1ð1260Þ, a2ð1320Þ, and !2ð1670Þ are clearly visible in the
3! mass spectrum.

A partial wave analysis (PWA) of this data set was
performed using a program which was originally devel-
oped at Illinois [18], and later modified at Protvino and
Munich. An independent cross-check of the results was
performed using a different PWA program developed at
Brookhaven [19] and adapted for COMPASS [20]. At highffiffiffi
s

p
, the reaction can be assumed to proceed via t-channel

Reggeon exchange, thus justifying the factorization of the
total cross section into a resonance and a recoil vertex

without final state interaction. The exchanged Reggeon
may excite the incident pion (JP ¼ 0$) to a state X with
different JP, limited only by conservation laws for strong
interactions. For the ð3!Þ$ final state I ) 1; we assume
I ¼ 1 since no flavor-exotic mesons have been found.
Since in additionG ¼ $1 for a system with an odd number
of pions, C ¼ þ1 follows from Eq. (1). We take the
phenomenological approach of the isobar model, in which
all multiparticle final states can be described by sequential
two-body decays into intermediate resonances (isobars),
which eventually decay into the final state observed in the
experiment. All known isovector and isoscalar !! reso-
nances have been included in our fit: ð!!ÞS [comprising
the broad #ð600Þ and f0ð1370Þ], $ð770Þ, f0ð980Þ,
f2ð1270Þ, and $3ð1690Þ [8]. It is possible that there exists
a direct three-body decay into ð3!Þ$ without an intermedi-
ate di-pion resonance; in the isobar model, such a decay
mode without angular correlations is represented by
#ð600Þ þ !$ with L ¼ 0 and JP ¼ 0$. Possible compli-
cations to the isobar model from unitarity constraints are
not an issue here; such effects enter in the formulation of
the model only when all possible decay modes are simul-
taneously fit, which may include the final states containing
!0, %, %0, !, K !K, or N !N. The spin-parity composition of
the excited state X is studied in the Gottfried-Jackson
frame, which is the center of mass frame of X with the
z axis along the beam direction, and the y axis perpendicu-
lar to the production plane, formed by the momentum
vectors of the target and the recoil particle.
The PWA is done in two steps. In the first step, a fit of the

probability density in 3! phase space is performed in
40 MeV=c2 bins of the 3! invariant mass m (fit in mass
bins). No dependence of the production strength for a given
wave on the mass of the 3! system is introduced at this
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FIG. 1 (color online). Invariant mass of the 3! system for
0:1 GeV2=c2 < t0 < 1:0 GeV2=c2 (histogram), and intensity of
the background wave with a flat distribution in three-body phase
space (triangles), obtained from a partial wave analysis in
40 MeV=c2 bins of the 3! mass and rescaled to the binning of
the histogram. Both the invariant mass spectrum and the back-
ground distribution are not acceptance corrected.
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COMPASS:190 GeV π on Pb
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fitting [15], some 70 000 events consistent with the
php1p2p2 !h ! gg" final state were found. These
events satisfied energy-momentum conservation at the
production and h decay vertices with a confidence level
C.L. . 0.05 as well as the requirement that the difference
between the azimuthal angles of the fitted proton direction
and the measured proton track be less than 10±. As seen
from the hp1p2 effective mass distribution (uncorrected
for acceptance) in Fig. 1(a) the h0 signal lies over an
approximately 10% non-h0 background. The second peak
in the hp1p2 mass spectrum is due to production of the
f1!1285" and h!1295" resonances.

The next level of selection identified 6040 events con-
sistent with the ph0p2 !h0 ! hp1p2, h ! gg" final
state. These events satisfy energy-momentum conser-
vation at the production, h0 and h decay vertices with
C.L. . 0.05 as well as topological and fiducial volume
cuts. The resulting uncorrected h0p2 mass spectrum
[Fig. 1(b)] has a broad peak near 1.6 GeV#c2 and struc-
ture around 1.3 GeV#c2.

The acceptance-corrected distribution of the four-
momentum transfer jtj is shown in Fig. 2(a). The ampli-
tude analysis discussed below was made for the data in the
range 0.09 , jtj , 2.5 GeV2#c2. Because of the very low

FIG. 2. (a) The acceptance-corrected jtj distribution fitted with
the function f!t" ! aebjtj (solid line). (b)–(d) The results of the
mass-independent PWA (horizontal lines with error bars) and a
typical mass-dependent fit (solid curve) using 0.05 GeV#c2 mass
bins. Only P1 and D1 partial waves and their phase difference
are shown. The range of the ambiguous solutions is plotted
with black rectangles. (b) The !P1 2 D1" phase difference.
(c) The intensity distribution of the P1 partial wave. (d) The
intensity distribution of the D1 partial wave. The solid curves
in (b)– (d) show a mass-dependent fit (fit 1) to the P1 and D1

wave intensities and the !P1 2 D1" phase difference.

acceptance in the region jtj , 0.09 GeV2#c2, the 275
events in that region were not used. In the interval 0.25 ,
jtj , 1.0 GeV2#c2 the jtj distribution has an exponential
behavior and can be fitted with the function f!t" ! aebjtj

with b ! 22.93 6 0.11 !GeV#c"22. The magnitude of b
is significantly less than that observed for the hp2 final
state [11,12], where b $ 25 !GeV#c"22 (see the discus-
sion below).

A mass-independent partial-wave analysis (PWA)
[12,16,17] of the data was used to study the spin-parity
structure of the h0p2 system. The partial waves are pa-
rametrized by a set of five numbers: JPCme , where J is the
angular momentum, P the parity, and C the C parity of
the h0p2 system; m is the absolute value of the angular
momentum projection; and e is the reflectivity (coincid-
ing with the naturality of the exchanged particle [18]).
We will use simplified notation in which each partial wave
is denoted by a letter, indicating the h0p2 system’s an-
gular momentum in standard spectroscopic notation, and
a subscript, which can take the values 0, 1, or 2, for
me ! 02, 11, or 12, respectively. We assume that the
contribution from partial waves with m . 1 is small and
can be neglected [12,19].

Mass-independent PWA fits shown in this paper are car-
ried out in 0.05 and 0.10 GeV#c2 mass bins from 1.1 to
2.5 GeV#c2 and all use the S0, P2, P0, P1, D2, D0, D1,
and G1 partial waves. For each partial wave the complex
production amplitudes are determined from an extended
maximum likelihood fit [17]. The spin-flip and spin-non-
flip contributions to the baryon vertex lead to a production
spin-density matrix with maximal rank two. A rank two
mass-independent PWA in a system of two pseudoscalars
cannot be performed because of the presence of a con-
tinuous mathematical ambiguity. Rank two fits were done
when additional assumptions for the amplitudes were intro-
duced (assumptions regarding the t dependence and mass
dependence of the amplitudes) to resolve the continuous
ambiguity problem, and they gave results consistent with
those from the rank one fits. The PWA fits presented in
this paper are with spin-density matrix of rank one.

The experimental acceptance was determined by com-
parison of the data with a Monte Carlo event sample. The
Monte Carlo events were generated with isotropic angular
distributions in the Gottfried-Jackson frame. The detector
simulation was based on the E852 detector simulation
package SAGEN [11,12]. The experimental acceptance was
incorporated into the PWA by means of Monte Carlo nor-
malization integrals [12]. The quality of the fits was deter-
mined by a x2 comparison of the experimental multipole
moments with those predicted by the results of the PWA
fit [19].

Results of the PWA are shown in Fig. 2 for the
0.05 GeV#c2 fits and Fig. 3 for the 0.10 GeV#c2 fits. The
former are intended to show detail in the high statistics
low-mass region and the latter are used to study the high-
mass region. The unnatural-parity-exchange waves (not

3978

PRL 86, 3977 (2001)

PRL 104, 241803 (2010) 

⇡1 ! ⇢⇡

⇡1 ! ⌘0⇡
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QCD systems

10

QCD permits color single states with 
arbitrary numbers of quarks

we see only very few species, why?

Interesting landscape of exotic QCD states
Evidence for new types of mesons in 
heavy quark systems
Reports of hybrids from VES, E852, 
Crystal barrel, COMPASS
But, no clear spectrum of states

Great time for GlueX
Complementary:  light quark systems
Unique: intensity and production

mechanism
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Jefferson Lab

11

CEBAF Accelerator, 12 GeV electron beam
4 experimental end stations
Newport News, Virginia
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1.1 Beam Polarization

The beam polarization was determined using the triplet polarimeter (TPOL) and was described at
the October 2016 collaboration meeting [3]. Figure 1.2 shows the PS yield as well as the polarization
measured by the TPOL as a function of beam energy. The coherent peak is clearly observed at E

�

= 9
GeV, with the polarization peaking in this range, as expected. The polarization is noticeably di↵erent
between PARA and PERP, which is consistent with the observed ⇡

0 beam asymmetries and further
discussed in Sec. 4.11.6.

In the beam energy range 8.4 < E

�

< 9 GeV the TPOL polarization is: P
PARA

= 0.431± 0.010 and
P

PERP

= 0.377 ± 0.008, where the uncertainties are statistical only. The contributions to the TPOL
systematic uncertainty are given in Table 1.1. Combined with the statistical uncertainty we arrive at a
2.5% total uncertainty on the beam polarization from the TPOL.
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Figure 1.2: (top) Photon beam intensity versus energy as measured by the pair spectrometer, and not
corrected for instrumental acceptance. (bottom) Photon beam polarization as a function of beam energy,
as measured by the triplet polarimeter.

Systematic source Uncertainty �(P )
P

TPOL energy resolution 0.5%
TPOL energy cut 1%
Converter thickness 0.5%

Total 1.2%

Table 1.1: Systematic uncertainty estimate for TPOL polarization measurement.
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The Hall D Photon Beamline
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Spring 2016 Run Period

• Goals

• final detector 
commissioning and 
calibration

• commission 
computing/analysis 
infrastructure

• opportunistic physics 
results

• Typical acquisition rate:   
30 kHz with 90% live time  
750 MB/s data acquisition

• Approximate raw data 
volume:  550 TB

19

Generated:  April 25, 2016
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Final commissioning period
• detector calibration
• data acquisition and analysis 

infrastructure
• opportunistic physics 

results
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Showing a subset of spring 2016 data:
achieve ~107 γ/s in coherent peak
7 days at 50%  (~1 pb-1)

Planned initial GlueX running
100 days at 107 γ/s
(10x stats)

High intensity running 
200 days at 5x107 γ/s
(100x stats)

M. R. Shepherd 
APS DNP, Vancouver 

October 14, 2016
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GlueX Intensity

• Today’s presentations use a 
subset of spring 2016 data:

• achieved flux:  ~107 γ/s  
in coherent peak  
(8.4 - 9.0 GeV)

• 82 hours beam time:   
≈7 days at 50% efficiency

• Planned initial GlueX running:  
100 days at 107 γ/s  
(10x stats)

• High intensity running:  
200 days at 5 x 107 γ/s 
(100x stats)
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VOLUME 53, NUMBER 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1984
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2.0 3.0
m~ (GeV!c')

FIG. 1. The vr +m invariant mass distribution
corrected for all losses. The solid curve is the prediction
of the Soding model with only the p(770) resonance.
The dashed curve shows the effect of adding a second
resonance of mass 1.55 GeVe and width 0.28 GeV/e .

cept those in a narrow forward region dominated by
e+e conversions) triggered the recording of

hadronic interactions. A kinematic fit with three
constraints was used to select the yp m+m p
events. Backgrounds were studied and found to be
negligible after rejection of the events (1.4%) which
had a better fit to yp m+m m p, K+K p, or
ppp. The data were corrected for experimental
detection and selection losses as a function of the
production and decay variables of the m+m sys-
tem. An important feature of the experiment is
that it has good acceptance for all decay angles of
m+ m pairs with masses between 0.4 and 2.5
GeV/c2.
The final data sample consists of 20908

yp 7r+m p interactions. This represents a cross
section of 11.1+0.9 p, b. A small, well-isolated sig-
nal of 5(1232) production was observed and re-
moved by rejecting 133 events with m + & 1.4P7T
GeV/c2 The m+m mass distribution of the
remaining events, presented in Fig. 1, shows that
this channel is dominated by p(770) production.
The experimental mass resolution varies from 0.008
to 0.013 GeV/c standard deviation for m+m
masses between that of the p and 2.0 GeV/c . This
is much smaller than the natural widths of the reso-
nances studied in this experiment. We will briefly
discuss the production and decay characteristics of
the p(770) and then show that a second resonance
at a 7r+7r mass of 1.55 GeV/c is required to
describe the data.
The cross section for the reaction yp pp is

known to vary slowly with center-of-mass energy

752

I.O 2.0
rn „(GeV/c')

3.0

FIG. 2. Variation of the four-momentum slope param-
eter, b, with m-+m mass. The curves are Soding model
predictions with one (solid curve) and two (dashed
curve) resonances as described in the text.

and rapidly with the square of the four-momentum
transferred (t' = t —t;„)from the photon to the p.
The variation with m+ m mass of the slope param-
eter, b, from fits of the form Ae ' to the experi-
mental distribution drr/dt', is shown in Fig. 2. We
will return to a discussion of the dependence of b
on the m-+sr mass, but note here that the slope is
7.5 + 0.2 (GeV/c) 2 at the p mass peak. This
value is typical of elastic processes, and suggests
that the p is produced by the diffractive, vector-
meson dominance mechanism shown in Fig. 3(a).

/7T
/

7T

/7T
/

FIG. 3. (a) Diffractive production of the p(770). (b)
Nonresonant ~+m production via a Drell amplitude as
suggested by Soding. (c),(d) Diffractive p' production
amplitudes.

K. Abe et al., PRL 53, 751 (1984)

SLAC Hybrid Facility Photon Collaboration
20 GeV Polarized γ  
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(Measured using exclusive γp→4γp events.)
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Multi-photon final states with GlueX
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Multi-photon final states with GlueX

• Robust neutral performance 
critical for mapping spectrum

• High-multiplicity photon final 
states resolved

• Interesting features
• missing photon
• scalar and tensor mesons
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8Five photons

pp 00 pp 00

hÆ3p0 with 1g missing
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1
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Multi-photon final states with GlueX
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S. Dobbs — Structure w/ Dileptons Production — Oct. 26, 2016 — Dilepton Physics with GlueX

J/ψ Invariant Mass at GlueX

13
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Preliminary

S. Dobbs — Structure w/ Dileptons Production — Oct. 26, 2016 — Dilepton Physics with GlueX

J/ψ Production Near Threshold

• Photoproduction of heavy J/ψ  mesons 
near threshold probes gluon 
configurations of nucleus  
[Kharzeev et al., NPA 661, 568 (1999)] 

• Also sensitive to multiquark correlations 
[Brodsky et al., PLB 498, 23 (2001)]  

• Threshold production is experimentally 
clean, ideal for studying J/ψ N interaction
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fit to the data at 8.3-22 GeV

M (GeV) Eɣ(thr.)
ɣp → p J/ψ 3.1 8.2
ɣp → p χc0 3.4 9.6
ɣp → p χc2 3.6 10.3
ɣp → pψ(2S) 3.7 10.7
ɣp → D0Λc+ 8.7

3

Motivation

1. Study J/ψ photoproduction near 

threshold and extract precise cross 

sections

2. Study polarization-dependent effects

3. Search for production of exotics
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Beam Asymmetry: Method
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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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Invariant mass of γγ

• 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.

Collaboration Meeting 10.6.16 Justin Stevens,

JPAC Regge Model
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Mathieu et al. PRD 92, 074013 (2015)

Data at different 
beam energies

Beam asymmetry Σ provides insight 
into dominant production mechanism

No previous measurements for ɣp→ηp
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Motivation
• Meson photoproduction: almost 50 years at SLAC, DESY, and Cambridge
• Provide constraints on “background” to baryon resonance extraction in the low energy regime
• Beam asymmetry Σ provides insight into dominant production mechanism

3

JPAC Regge Model
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Beam asymmetry Σ provides insight 
into dominant production mechanism

No previous measurements for ɣp→ηp

See Vincent M. talk CC00002 

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

with Eγ > 3 GeV

The high intensity, linearly polarized photon 
beam of GlueX/Hall D will provide

important new constraints on Regge models

SLAC: PRD 4, 1937 (1971)
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Σ asymmetry for exclusive π0 and η
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Chapter 5

Comparison with theory

Figure 5.1 shows the final results for the ⌃ beam asymmetry for ⇡0 and ⌘ production as a function of
�t, including systematic uncertainties and compared with various theory models.
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Figure 5.1: Beam asymmetry ⌃ for (top) ~�p ! ⇡

0
p and (bottom) ~�p ! ⌘p (black filled circles) and

previous SLAC [6] results at E
�

=10 GeV (blue open circles).
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Preliminary

Preliminary

• Consistent with previous measurements
• Consistent with unity, no t dependence
• Don’t observe diffraction dip at -t ~ 0.5 GeV (vector Reggeon dominance)
• First GlueX paper: under collaboration review



Mark Dalton SESAPS November 2016Latest from GlueX

Future Plans

23

Next 6-12 months:
• production run at 107 γ/s in 

coherent peak
• 10x larger data sample than 

presented today

Next 2-4 years:
• enhanced particle identification
• (π/K separation)
• 100x more statistics
• Additional dedicated running:
• Γγγ(η) via Primakoff
• charged pion polarizability

M. R. Shepherd 
APS DNP, Vancouver 

October 14, 2016

Future Plans

• Next 6-12 months:

• production run at 107 γ/s  
in coherent peak

• 10x larger data sample than 
presented today

• Next 2-4 years:

• enhanced particle identification  
(π/K separation) 

• 100x more statistics

• Additional dedicated running:

• Γγγ(η) via Primakoff 

• charged pion polarizability

28

A GlueX DIRC using components
from the BaBar DIRC.Future PID detector constructed 

from BaBar DIRC components 
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GlueX positions to make timely contribution to hadron spectroscopy
highly capable detector

Detector successfully commissioned

Spring 2016 run
significantly exceed previous photoproduction samples at this energy 

coordinated analysis strategy 
increase analysis complexity as understanding of detector improves 
end goal of searching for hybrid mesons.
first preliminary results are becoming available
expect to submit first paper for publication “soon”



Mark Dalton SESAPS November 2016Latest from GlueX

Backups

25



Mark Dalton SESAPS November 2016Latest from GlueX 26

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
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