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Meson Spectroscopy

• Quantum Chromodynamics (QCD) provides the theory of the
strong force that acts on hadrons

• At low energies the nature of the strong force leads to
confinement, and an abundance of states

• We can classify the meson states by spin (J), parity (P ), and
charge parity (C)

• “Conventional” qq states can have only specific JPC combinations

Question

Can we find states with “exotic” quantum numbers, i.e., states that do
not fit into the conventional qq model?
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The Case For Exotic States

S = 0 S = 1
L L: even L: odd L: even L: odd
PC −+ +− −− ++
J L (even) L (odd) L⊕ 1 L⊕ 1

examples 0−+ 0++

of 1+− 1−− 1++

JPC 2−+ 2−− 2++

3+− 3−− 3++

4−+ 4−− 4++

5+− 5−− 5++

6−+ 6−− 6++

Goal

Observation of states with exotic quantum numbers would be a sure
sign of physics not accounted for in the naive qq model, and would
show the gluonic degrees of freedom in QCD.
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Lattice QCD Calculations

• Lattice QCD calculations give support for exotic states with
gluonic degrees of freedom

• Calculated spectrum, normalized to mΩ = 1672MeV
• unquenched calculation, mu = md = ms ∼ 700MeV

that neglecting the disconnected contributions to these
diagrams leads to a nonunitary description of this particu-
lar element of our calculation. Of course it is also true that
strangeonium states are not necessarily QCD eigenstates
since being isoscalars they can mix with light-light iso-
scalars and pure-glue states through disconnected dia-
grams.5 The classic extreme examples are the !, !0

system which is mixed almost as SU!3"F octet-singlet
and the !, " system which is mixed almost as ‘ !‘, s!s.

In the figures, we show extracted state masses as a

function of ‘" # 9
4

!atm#"2
!atm""2 which we use as a proxy for

the quark mass [29]. The state masses are presented via
atmH

atm"
mphys

" . The ratio of the state mass (mH) to the

"-baryon mass computed on the same lattice removes
the explicit scale dependence and multiplying by the physi-
cal "-baryon mass conveniently expresses the result in
MeV units. This is clearly not a unique scale-setting pre-
scription, but it serves to display the data in a relatively
straightforward way. We remind the reader that the data
between different volumes and quark masses are uncorre-
lated since they follow from computations on indepen-
dently generated dynamical gauge-fields.

1. Isovector mesons

Figures. 13–17 show the extracted spin-assigned spectra
for mesons of isospin-1 having a range of JPC quantum

numbers (the neutral members of the I $ 1 triplet are
eigenstates of C, the charged members are eigenstates of
G-parity with G $ %C). We use the Particle Data Group
(PDG) [42] nomenclature for meson states throughout. In
those cases where two states are almost degenerate, we
shift one in the horizontal direction by an amount $‘" $
0:005 for clarity. In some cases, for comparison, we plot
the mass of the lightest meson-meson pair which in S-wave
would have the appropriate quantum numbers—the mass
follows from the simple sum of the extracted masses on
these lattices. This may involve a so far undetermined
isoscalar mass and in these cases we use the approxima-
tions m! & m%, mf2 & ma2 and the crudely estimated !
mass from [29]. Occasionally, we extract a low-lying state
that is reasonably robust against the changes in analysis
detailed in Section VII, but whose principal correlator is
quite noisy leading to a relatively poorly determined
mass—we show these states with dashed symbols.
Not shown are results for 0%% isovectors, the %0, which

are exotic. The lightest such state we extract is at least
2 GeV heavier than the % at all our quark masses. The
exotic 3%', the #3, is found to be similarly heavy.

2. Kaons

In the kaon sector, we no longer have charge-
conjugation as a good quantum number, with only JP

remaining in the continuum which is then subduced into
#P on a cubic lattice. We compute a correlator matrix for a
given #P using the concatenated list of all #P' and #P%

operators.
Using a combination of experiment and models [43,44],

there are suggestions that resonant kaon states are mixtures

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.4

0.6

0.8

1.0

1.2

1.4

1.6

FIG. 12 (color online). Spin-identified spectrum of isovector (octet) mesons from the 743 lattices. 163 (solid) and 203 (dashed)
spectra agree well. Ellipses indicate that there are heavier states with a given JPC but that they are not well determined in this
calculation.

5Work is ongoing within the Hadron Spectrum Collaboration
[20] to utilize distillation methods to efficiently compute dis-
connected two-point functions, allowing extraction of the true
QCD eigenstates.

DUDEK et al. PHYSICAL REVIEW D 82, 034508 (2010)

034508-14

J. Dudek et al. (Hadron Spectrum Collaboration), Phys. Rev. D82, 034508 (2010)
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5Work is ongoing within the Hadron Spectrum Collaboration
[20] to utilize distillation methods to efficiently compute dis-
connected two-point functions, allowing extraction of the true
QCD eigenstates.

DUDEK et al. PHYSICAL REVIEW D 82, 034508 (2010)

034508-14

exotic statesparity:odd parity:even

J. Dudek et al. (Hadron Spectrum Collaboration), Phys. Rev. D82, 034508 (2010)
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Lattice QCD Calculations

• Lattice QCD calculations give support for exotic states with
gluonic degrees of freedom

• Exotic 1−+ state mass as a function of mπ

compare with previous lattice QCD results from Refs. [21–
26].

The extracted spectra show features of the n2S!1LJ state
assignment of bound-state quark models, along with states
(both exotic and nonexotic) which do not seem to lie within
that classification. A detailed model-dependent interpreta-
tion of these spectra is called for, comparing overlaps with
quark-model expectations and determining the degree of
mixing of nonexotic hybrids and quark-model states. This
work is ongoing.

We have presented kaon spectra and observe little or no
mixing between the two charge-conjugation eigenstates
(C " ! and C " #); the resulting spectrum largely cor-
responds to the superposition of the C " # and C " !
isovector spectra modulo the mass shift due to the light-
quark—strange-quark mass difference. In the SU$3%F
limit, there can be no such mixing and on the mass sets
considered we are still rather close to this limit (1 &
mK=m! & 1:39), so it is therefore not surprising that the
mixing is small. Of particular interest at lighter quark
masses, closer to the physical mK=m! " 3:5, will be the
mixing between the axial kaons, K1$1270% and K1$1400%,
which, using a combination of experiment and models
[43,44], is expected to be large.

We have argued that we see little evidence for two-
particle states in our spectra and that to study such states
we need to construct operators with a larger number of
fermion fields. Such constructions are in progress and we
believe that the addition of these operators will lead to a
denser spectrum of states which can be interpreted in terms
of resonances via techniques like Lüscher’s and its inelas-
tic extensions.

With the excited state spectra extracted herein, we argue
that it does not make sense to attempt chiral extrapolation
given that we cannot form a clear field-theoretic interpre-
tation of the extracted energy levels. Once we have a
handle on the two-meson levels, we can apply the tech-
niques mentioned above to extract something like a phase
shift, or more generally elements of the S-matrix, at dis-

crete energy values. The phase shift may show resonant
behavior, which can be fitted with, in the simplest case, a
Breit-Wigner form. The mass and width parameters of this
Breit-Wigner are quantities which should be more amena-
ble to chiral extrapolation.
A further avenue of study is the computation of discon-

nected two-point correlators giving access to isoscalar
mesons; here we are interested in determining how QCD
decides to mix light and strange. In addition, methods
similar to those detailed in this paper are being applied in
the baryon sector where the lattice irrep spectrum suffers
from an even greater degree of degeneracy. An important
aim of the Hadron Spectrum Collaboration is the calcula-
tion of light meson photocouplings which are relevant for,
amongst other things, the GlueX experiment at the JLab
12 GeV upgrade where light mesons will be studied in
photoproduction, with particular interest in exotics.
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APPENDIX A: SUBDUCTION COEFFICIENTS

Here we give a derivation of the subduction coefficients
before listing their explicit values for all integer spins up to
J " 4. An alternative derivation using the group-theoretic
projection formula is also described.
The continuum spin J is reducible under the group of

lattice rotations (the octahedral group or equivalently the
cubic group). We use ‘‘subduction’’ coefficients to project
the continuum based operators onto their suitable octahe-
dral group based versions via

O 'J(
";" "

X

M

SJ;M
";"O

J;M; (A1)

whereOJ;M are the continuum operators with some definite
total spin J and spin componentM. For each J ! ", there
is a matrix in the values of M and the rows of the irrep, ",
that performs this mapping, i.e., the subduction coeffi-
cients, SJ;M

";" .
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FIG. 27 (color online). Summary of extracted isovector exotic
states. For comparison 1#! results from Refs. [21–26] are also
plotted.

DUDEK et al. PHYSICAL REVIEW D 82, 034508 (2010)

034508-22

J. Dudek et al. (Hadron Spectrum Collaboration), Phys. Rev. D82, 034508 (2010)

For more details, see Jo Dudek’s talk: April 29 (tomorrow) 15:10
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Experimental Results on Exotic States

• π1(1600)
• Strongest candidate for exotic quantum number state (JPC = 1−+)
• Seen by several experiments in several production/decay modes
• not seen by CLAS (JLab) in ρπ P -wave
• 5.7 GeV photoproduction on hydrogen target

density matrix of rank 4, future higher statistics experi-
ments are needed [31].

It is important to note that we see no clear evidence for
the a1!1260" in the possible decay mode of the !!""S wave
[Fig. 5(c)]. This observation agrees with Condo et al. [21].
The event enhancement observed around 1.3 GeV in the
noninterfering, flat background waves [Fig. 4(b)] is likely
leakage coming from the a2 and may demonstrate that the
rank of the spin-density matrix is larger than 2.

We do not observe resonant structure in the exotic
1#$!!""P partial wave [Fig. 5(d)]. To determine if the
1#$ wave was necessary to better fit our data, we com-
pared PWA fits with and without the 1#$ wave using the
likelihood ratio (LR) test [32,33]. Using LR statistics, we
find that the PWA set of waves including the 1#$ wave fits
the data significantly better than a model without the 1#$

wave. While no clear resonant structure was observed in
the 1#$ intensity distribution [Fig. 5(d)], this distribution
was used to estimate an upper limit to the "1!1600" cross
section using the method of Helene [34]. Using the mass of
1597 MeV and the width of 340 MeV as measured by
Ref. [12], we estimated an upper limit for the "1!1600"
of 13.5 nb at a 95% confidence level, less than 2% of the
a2!1320". Therefore, our results do not agree with the
predicted strengths for photoproduction of a 1#$

gluonic-hybrid meson [6,8,15–17]. Based on Ref. [8], the
"1!1600" is expected to be produced with a strength near
10% of the a2!1320". Reference [17] predicts a factor of 5–

10 larger ratio of exotic meson to a2 in photoproduction
than hadroproduction. This would imply the "1!1600"
cross section to be on the order of 50% of a2, more than
25 times higher than what we observed. It is possible that
the "1!1600" reported by Ref. [10] is not a gluonic-hybrid
meson, but rather of other nature. Alternatively, the calcu-
lated photoproduction cross section of gluonic exotic me-
sons might be overestimated.
This work was supported in part by the U.S. Department

of Energy, the U.S. National Science Foundation, the
Italian Istituto Nazionale di Fisica Nucleare, the French
Centre National de la Recherche Scientifique, the French
Commissariat à l’Energie Atomique, and the Korean
Science and Engineering Foundation. Jefferson Science
Associates (JSA) operates the Thomas Jefferson National
Accelerator Facility for the United States Department of
Energy under Contract No. DE-AC05-060R23177.

*Present address: Los Alamos National Laboratory, Los
Alamos, NM 87545, USA.
†Present address: Ohio University, Athens, OH 45701,
USA.
‡Present address: University of New Hampshire, Durham,
NH 03824-3568, USA.
xPresent address: Christopher Newport University,
Newport News, VA 23606, USA.
kPresent address: University of South Carolina, Columbia,
SC 29208, USA.

E
ve

nt
s/

40
 M

eV

10

20

30

40

50

60

70

310!

a.
P,F

)"#(
-+

2

) (GeV)-"+"+"M(
1 1.2 1.4 1.6 1.8 2

E
ve

nt
s/

40
 M

eV

0
5

10
15
20
25
30
35
40
45
50

310!

c.

S
)"#(

++
1

b.
S

)"
2

(f
-+

2

) (GeV)-"+"+"M(
1 1.2 1.4 1.6 1.8 2

d.

P
)"#(

-+
1

(1600)?1"

FIG. 5. Partial wave decompositions: (a) 2#$!!""P;F (the
dashed vertical line indicates the border of the two fitting
regions), (b) 2#$!f2""S, (c) 1$$!!""S, and (d) 1#$!!""P
(the vertical and horizontal arrows indicate the mass and width
of the "1!1600" as reported by Ref. [10]).

E
ve

nt
s/

40
 M

eV

50

100

150

200

250

300

310!

a. Total

) (GeV)-"+"+"M(
1 1.2 1.4 1.6 1.8 2

E
ve

nt
s/

40
 M

eV

0

20

40

60

80

100

120

140

160
310!

c.
D

)"#(
++

2

b. Background

) (GeV)-"+"+"M(
1 1.2 1.4 1.6 1.8 2

d. -+
2

FIG. 4. PWA results: Combined intensities of waves included
in the fit. The intensities shown are the sum of the intensities
from both ranks of the spin-density matrix: (a) Total intensity,
(b) Background intensity, (c) 2$$!!""D intensity, and (d) 2#$

total intensity. The dashed vertical line in (c) and (d) indicates
the border of the two fitting regions. The drop in the isotropic,
noninterfering wave (‘‘background’’) at the boundary, is a con-
sequence of the reduced wave set used at low mass.

PRL 102, 102002 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

13 MARCH 2009

102002-5

M. Nozar et al.(CLAS),
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K. Moriya (IU) GlueX@JLab April 2011 6 / 19



Experimental Results on Exotic States

• π1(1600)
• Strongest candidate for exotic quantum number state (JPC = 1−+)
• Seen by several experiments in several production/decay modes
• Seen by COMPASS (CERN) in ρπ P -wave
• 190 GeV/c pion beam on a Pb target

!2!1670", with very similar masses and widths, causing the
relative phase difference to be almost constant. In contrast
to this the phase difference to the 1## wave, shown in
Fig. 3(a), clearly shows an increase around 1:7 GeV=c2. As
the a1!1260" is no longer resonating at this mass, this
observation can be regarded as an independent verification
of the resonating nature of the 1$# wave.

The solid lines in Fig. 2 show the total intensity from the
mass-dependent fit for the corresponding waves. For the
1##0#"!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 a1!1260" (dashed line) shifts
the peak in the data to a slightly lower value than the peak

position of the resonance. The 2$#0#f2!Swave shown in
Fig. 2(b) is well described by a single resonance, the
!2!1670". The 2##1#"!D wave displayed in Fig. 2(c) is
dominated by the a2!1320" with a small contribution from
the a2!1700", whose parameters have been fixed to Particle
Data Group (PDG) values [25] because of the limited
statistics. The intensity of the exotic 1$#1#"!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 !1!1600", 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
1##0#"!S and the 2$#0#f2!S waves, which are well
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Experimental Results on Exotic States

• π1(1400)
I Reported by several experiments
I Mass is lower than that expected from theoretical models

• π1(2000)
I Reported by E852 only, for f1(1285)π and b1(1235)π
I No listing in PDG

reported in this Letter are strongly correlated with the
intensity of this background wave. Lastly, a rank-1 fit
with the same wave set was compared with the rank-2
result. The wave intensities were similar for the two fits,
indicating that a rank-1 approximation was adequate to
describe the data. The rank-1 results are discussed below.
Mass distributions and angular distributions predicted from
the fitted amplitudes are in good agreement with the mea-
sured data. In this Letter, we report the results for masses
above the !!! threshold. Further details can be found in
Ref. [22].

Monte Carlo tests were performed to ensure the signifi-
cance of the PWA signals described below. Data were
simulated using the fitted PWA amplitudes, but with a
signal-wave intensity set to zero. Fits using the full set of
waves then showed the levels of false signals (‘‘leakage’’).
These were negligible in all cases.

In the final phase of the analysis the PWA results for
some of the largest waves were fitted to linear combina-
tions of relativistic Breit-Wigner poles. Mass-dependent
resonance widths and Blatt-Weisskopf barrier factors were

used [8]. Two separate fits were performed. In the first fit,
shown in Figs. 2 and 3, the intensities and phases of the
largest 1!", 2"", and 4"" waves were fitted, with com-
mon resonance parameters in both natural- and unnatural-
parity 1!" waves. Two 1!" poles were included in the fit.
The exotic "1#1600$ was observed in the b1" channel, and
!! decay was measured for the previously identified
a2#1700$, a2#2000$, and a4#2040$ states [21]. The resulting
resonance parameters are given in Table II, with statistical
and systematic errors. The quoted resonance widths are the
fitted values uncorrected for resolution. The systematic
errors were determined by repeating the resonance fits
for PWA results with different wave sets and different
mass binning, and using an alternative prescription for
the mass-dependent width [23]. Note that a4#2040$ was
observed with a smaller width than expected, and at a
lower mass than previously indicated [21]. The width of
"1#1600$ was measured with higher accuracy than previ-
ously and the value, 185% 25% 28 MeV=c2, is smaller
than that observed in f1" [8] and #0" [7] decay.

This fit also confirms the exotic "1#2000$, a state pre-
viously discovered in f1" decay [8]. In a fit without the
"1#2000$ pole, $2 increased from 30.7 (for 25 degrees of
freedom) to 965 (for 31 degrees of freedom). That result is
depicted as the dashed curve in Figs. 2 and 3. The mass of
"1#2000$, M & 2014% 20% 16 MeV=c2, is in good
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(c) 2""#!!$S21" ! 4""#!!$D2 1". The solid line is the Breit-Wigner result for two 1!" poles and the dashed line is for one.
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FIG. 2. Wave intensity for (a) 1!"#b1"$S11",
(b) 1!"#b1"$S10!, (c) 2""#!!$S21", and (d) 4""#!!$D2 1".
The solid line is the Breit-Wigner result for two 1!" poles
and the dashed line is for one.

TABLE II. Resonance parameters. Here the subscript on the
measured decay is the coupled intrinsic spin of the isobars.

Resonance Decay Mass (MeV=c2) Width (MeV=c2)

a4#2040$ #!!$D2 1985% 10% 13 231% 30% 46
a2#1700$ #!!$S2 1721% 13% 44 279% 49% 66
a2#2000$ #!!$S2 2003% 10% 19 249% 23% 32
"1#1600$ #b1"$S1 1664% 8% 10 185% 25% 28
"1#2000$ #b1"$S1 2014% 20% 16 230% 32% 73
"2#1670$ #!!$P1;2 1749% 10% 100 408% 60% 250
"2#1880$ #!!$P1;2 1876% 11% 67 146% 17% 62
"2#1970$ #!!$P1;2 1974% 14% 83 341% 61% 139

PRL 94, 032002 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
28 JANUARY 2005

032002-3

1-+(b1π) 1+

1-+(b1π) 0-

π1(1600) π1(2000)

π1(1600)

2++(ωρ) 1+

4++(ωρ) 1+

M. Lu et al.(E852),

PRL 94, 032002 (2005)
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Summary of Experimental Results

Some experimental evidence for exotic states, with varying degrees of
confidence

If there are exotic states, we would expect many more of them
• Partners within the same 1−+ nonet
• Other exotic JPC states

More experimental data needed to clarify the situation

GlueX will have extremely high statistics with good acceptance over
the predicted range of exotic masses

K. Moriya (IU) GlueX@JLab April 2011 7 / 19



Summary of Experimental Results

Some experimental evidence for exotic states, with varying degrees of
confidence

If there are exotic states, we would expect many more of them
• Partners within the same 1−+ nonet
• Other exotic JPC states

More experimental data needed to clarify the situation

GlueX will have extremely high statistics with good acceptance over
the predicted range of exotic masses

K. Moriya (IU) GlueX@JLab April 2011 7 / 19



Summary of Experimental Results

Some experimental evidence for exotic states, with varying degrees of
confidence

If there are exotic states, we would expect many more of them
• Partners within the same 1−+ nonet
• Other exotic JPC states

More experimental data needed to clarify the situation

GlueX will have extremely high statistics with good acceptance over
the predicted range of exotic masses

K. Moriya (IU) GlueX@JLab April 2011 7 / 19



Summary of Experimental Results

Some experimental evidence for exotic states, with varying degrees of
confidence

If there are exotic states, we would expect many more of them
• Partners within the same 1−+ nonet
• Other exotic JPC states

More experimental data needed to clarify the situation

GlueX will have extremely high statistics with good acceptance over
the predicted range of exotic masses

K. Moriya (IU) GlueX@JLab April 2011 7 / 19



GlueX at JLab

• The GlueX Experiment will be carried out in Hall D of Jefferson
Lab, located in Newport News, VA

• Maximum 12 GeV electron beam, polarized
• 107−8 photons/s, extremely high statistics
• High, uniform acceptance for multi-particle final states

AA
BB

CC

5 new
cryomodules

5 new
cryomodules

Add arc

upgrade magnets
and power supplies

double cryo
capacity

add new hall

Figure 26: The configuration of the proposed 12 GeV CEBAF Upgrade.

Table 1: Selected key parameters of the CEBAF 12 GeV Upgrade

Parameter Specification
Number of passes for Hall D 5.5 (add a tenth arc)
Max. energy to Hall D 12.0 GeV (for 9 GeV photons)
Number of passes for Halls A, B, C 5
Max. energy to Halls A, B, C 10.9 GeV
Max. energy gain per pass 2.2 GeV
Range of energy gain per pass 3:1
Duty factor cw
Max. summed current to Halls A, C* 85 µA

(at full, 5-pass energy)
Max. summed current to Halls B, D 5 µA
*Max. total beam power is 1 MW.

37
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Why Photoproduction?

• Phenomenological models predict that photon interactions will
have much higher cross sections for hybrids than pion production

• Flux tube model

•  produce hybrid mesons with exotic JPC:

•  use “amplitude analyses” to distinguish JPC

add an arc

add Hall D
and GlueX

add 5+5
accelerating

modules

Use 9 GeV polarized photons on a proton target 

to produce hybrid mesons with exotic JPC:

•  part of the JLab 12 GeV upgrade

     (in Newport News, Virginia)

•  data expected in 2014

•  use 12 GeV electrons and a 

   diamond radiator to produce 

   9 GeV polarized photons

•  107 ! 108 "/s on 

   proton target

Overview of the GlueX Experiment

8

hybrid meson production

simplest S = 0 hybrids have JPC = 1++ or 1!!

(i.e. they mix with quark model states)

but simplest S = 1 hybrids can have JPC = 1!+

(i.e. they can be exotic)

PION BEAM

PHOTON BEAM

! photoproduction should be more favorable 

for exotic meson production?

pion production – requires spin-flip
of quark and excitation of flux tube
⇒ suppression σexotic � σnon-exotic

•  produce hybrid mesons with exotic JPC:

•  use “amplitude analyses” to distinguish JPC

add an arc

add Hall D
and GlueX

add 5+5
accelerating

modules

Use 9 GeV polarized photons on a proton target 

to produce hybrid mesons with exotic JPC:

•  part of the JLab 12 GeV upgrade

     (in Newport News, Virginia)

•  data expected in 2014

•  use 12 GeV electrons and a 

   diamond radiator to produce 

   9 GeV polarized photons

•  107 ! 108 "/s on 

   proton target

Overview of the GlueX Experiment

8

hybrid meson production

simplest S = 0 hybrids have JPC = 1++ or 1!!

(i.e. they mix with quark model states)

but simplest S = 1 hybrids can have JPC = 1!+

(i.e. they can be exotic)

PION BEAM

PHOTON BEAM

! photoproduction should be more favorable 

for exotic meson production?

photoproduction – photon can be
regarded as virtual qq pair with
spins aligned, so no need for
spin-flip
⇒ σexotic ∼ σnon-exotic?

• More detailed Regge model calculations show that
σexotic ∼ 0.50–1.00 σnon-exotic is possible

A. Szczepaniak Phys. Lett. B516, 72
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The Photon Beam

• GlueX will have a highly collimated, linearly polarized photon
beam to allow an amplitude analysis

• Produced by coherent bremsstrahlung off of thin diamond wafer
radiator

• Maximize kinematic coverage in region of interest

I Expected photon energy
spectrum

I Centered at 9 GeV

I Linear polarization ∼ 40%
collimated

ta
g

g
in

g
 r

an
g

e

uncollimated

Figure 1: Flux of incoherent and coherent bremsstrahlung radiation o! of a diamond radiator with
incident 12 GeV electrons where the diamond is oriented to yield a coherent photon energy peak
at 9 GeV. The spectrum before and after collimation is shown. Also shown is the region of tagged
photons.

section. Alternatively, the electron energy could be decreased or increased for a fixed photon peak.
The strategy of where to set the photon peak relative to the electron energy depends on the desired
reach of meson masses along with the degree of linear polarization needed for the analysis. In this
section we will assume three possible photon peak positions: 8, 9 and 10 GeV each with a width
and shape roughly given by the spectrum of Figure 1.

3.2 Resonance line shape and yield

Consider the production of meson X in the reaction !p! Xp. The four-momenta of the particles
in the reaction are p! , ppt

, pX and ppr
(where pt and pr are the target and recoil protons). The

kinematics of this reaction are characterized by the center of mass energy squared, s, and the
momentum transfer squared, t, from the incident photon to the produced meson X. In terms of
the four-momenta s = (p! + ppt

)2 = mp(mp + 2E!) and t = (pX " p!)2 = (ppt
" ppr

)2.

For beam photon energies greater than a few GeV the production of mesons is predominantly
peripheral as indicated by the diagram in the inset of Figure 2. The distribution in |t| falls o!
rapidly with a typical dependence characterized by e!"|t| where for this study we assume a typical
value of " # 8 (GeV/c)!2. As the central mass mX of the resonance approaches the kinematic
limit (

$
s " mp) for the production of the resonance the minimum |t|, |t|min needed to produce

the resonance rises rapidly with mX and has a significant variation across the width (") of the

6
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Detector Components

• 2.2 T solenoid magnet
• Tracking with Central Drift Chamber (CDC), Forward Drift

Chamber (FDC)
• Timing with Barrel Calorimeter (BCAL), Time of Flight (TOF)
• Calorimetry with BCAL and Forward Calorimeter (FCAL)

barrel
calorimeter

time-of
-flight

lead-glass 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
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Current Hall Status

• Experimental Hall currently under construction
• Data taking to begin in 2014

within the Hall, February 2011

K. Moriya (IU) GlueX@JLab April 2011 12 / 19



Progress in CDC Construction

• CDC (Central Drift Chamber)
I 1.5 m long, 1.2 m diameter
I Coverage of 6◦-165◦
I 3, 500 Al-layer mylar straw tubes, 20µm Au-plated tungsten wires
I Provide hit information with σrφ ∼ 150µm, σz ∼ 1.5mm
I Provide dE/dx measurements
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I Provide dE/dx measurements

• CDC developed at
Carnegie Mellon

• tested with
prototype NIM A622, 142

(2010)
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Progress in CDC Construction

• CDC (Central Drift Chamber)
I 1.5 m long, 1.2 m diameter
I Coverage of 6◦-165◦
I 3, 500 Al-layer mylar straw tubes, 20µm Au-plated tungsten wires
I Provide hit information with σrφ ∼ 150µm, σz ∼ 1.5mm
I Provide dE/dx measurements

• Half of straw tubes
are in place

• Stringing to start
this year
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Progress in BCAL Construction

• BCAL (Barrel Calorimeter)
I 3.9 m long, 65/90 cm inner/outer diameter
I Coverage of 11◦-126◦
I Pb and scintillating fibers
I Provide timing information and photon detection

11.77 cm

8.51 cm

22.46 cm

BCAL end view

BCAL  top half cutaway

(a) (b)

(c) (d)

single module

end

Readout:

4 X 6 + 2 X 2

= 28 segments

per end

65
 c
m

25 cm

48
 m

odules

390 cm

18
0 

cm 30-cm target
beamline

BCAL

11 o

126o

390 cm

65 cm
BCAL

Fig. 1. The GlueX BCAL calorimeter. (a) overall schematic; (b) top-half cutaway
showing the placement of BCAL with respect to the beam line and liquid hydrogen
target; (c) end view showing 48 modules; and (d) end view of a module showing the
planned readout segmentation.

corresponds to the barrel configuration of the experiment, with the bottom11

of the schematic reflecting the inner part of the calorimeter, closest to the12

beamline. The azimuthal (horizontal or lateral) direction is orthogonal to the13

beamline direction. This design will result in !15,350 fibres per module, for a14

total number near 736,800 fibres.15

This report details the half way progress in the construction of the BCAL.16

The breakdown of this report is as follows. The lead quality is described in17

Section 2, the fibre response to testing is presented in Section 3, the epoxy18

in Section 4, the construction progress is outlined in Section 5, the shipping19

process is mentioned in Section 6, the road to project completion is presented20

in Section 7, the project accounting is plotted in Section 8, and the conclusions21

are summarized in Section 9.22

2

scintillating fibres of 1mm diameter. These were bonded in the
lead channels with Bicron-6002 optical epoxy. The thickness of the
module is 23 cm, its length is 400 cm and the width is 12 cm with
the internal matrix geometry as indicated in Fig. 4. The matrix was
built upon an aluminum base plate of 2.54 cm thickness that was
further supported by a steel I-beam for added stiffness and ease of
handling. Module 1 was not machined along its long sides at the
7:5! indicated in Fig. 2 and retained its rectangular profile from
production. In contrast, the two ends of the module, where the
read-out system was attached, were machined and polished.
Visual inspection revealed that only eight of the approximately
17000 fibres had been damaged in handling and construction. No
optical defects affecting light transmission were observed in the
other fibres.

3. Beam test

The goals of the beam test were to measure the energy, timing
and position resolutions of the prototype BCAL module as well as
the response of the module at different positions along its length
and at various angles of the incident beam. Results of this beam
test will anchor further Monte Carlo simulations of the GlueX
detector and will aid in the development of the 48 modules for the
full BCAL detector. The detailed analysis and results reported in
this paper are for Module 1 perpendicular to the beam (y " 90!)
with the beam incident at its centre (z " 0 cm).

3.1. Experimental facility

The beam test took place in the downstream alcove of Hall B at
the Thomas Jefferson National Accelerator Facility (Jefferson Lab).
In order to accommodate the module with its support frame, read-
out system and cables, an additional platform was installed in
front of the alcove. This expanded space allowed for the
measurements with the photon beam perpendicular to the
module, as well as providing a greater range of lateral and
rotational degrees of freedom for the module when positioned
inside the alcove. However, as illustrated in Fig. 5, the relative
dimensions of the alcove and platform, with respect to the length
of the module, still allowed for only a limited range of positions
and incident angles that could be illuminated by the beam.
Measurements, when the module was on the platform and
oriented perpendicularly to the beam, were possible for relative
positions of the beam spot between #100 to $25 cm with respect
to the centre of the module. Within the alcove, the angular range
was limited to angles 40! and less, and a length scan was carried
out between #190 to #15 cm. The module was mounted on a cart
that could be remotely rotated with good precision to the required
angle. Lateral movements of the module with respect to the beam
required a hall access for manual positioning.

The primary electron beam energy from the CEBAF accelerator
at Jefferson Lab was E0 " 675MeV and the current was 1nA for
most of the measurements. The electron beam was incident on a

ARTICLE IN PRESS

Table 1
BCAL properties

Property Value Ref.

Number of modulesa 48
Module lengtha 390 cm
Module inner corda 8.51 cm
Module outer corda 11.77 cm
Module thicknessa 22.5 cm
Module azimuthal bitea 7:5!

Radial fibre pitchb 1.22mm
Azimuthal fibre pitchb 1.35mm

Lead sheet thicknessc 0.5mm
Fibre diameterc 1.0mm [7]
First cladding thicknessc 0.03mm [7]
Second cladding thicknessc 0.01mm [7]
Core fibre refractive indexc 1.60 [7]
First cladding refractive indexc 1.49 [7]
Second cladding refractive indexc 1.42 [7]
Trapping efficiencyc,d,e 5.3% (min) 10.6% (max) [7–9]
Attenuation lengthb %307& 12' cm [10]
Effective speed of lightb, ceff %16:2& 0:4' cm=ns [10]

Volume ratiosb 37:49:14 (Pb:SF:Glue) [11]
Effective mass numbere 179.9 [11]
Effective atomic numbere 71.4 [11]
Effective densitye 4:88g=cm3 [11]

Sampling fractionf 0.125 [12]
Radiation lengthe

7.06 g/cm2 or 1.45 cm [11]

Number of radiation lengthse 15:5X0 (total thickness) [11]

Critical energye 11.02MeV (8.36MeV) [13,14]
Location of shower maximume 5.0X0 (5.3X0) at 1GeV [13,14]
Thickness for 95% containmente 20.3X0 (20.6X0) at 1GeV [13,14]
Molière radiuse 17:7g=cm2 or 3.63 cm [14]

Energy resolutionb, sE=E 5:4%=
!!!
E

p
( 2:3%

Time difference res.b, sDT=2 70ps=
!!!
E

p

z-position resolutionb, sz 1.1 cm/
!!!
E

p
(weighted)

Azimuthal angle resolutionf )8:5mrad
Polar angle resolutionf )8mrad

The number of radiation lengths as well as the resolutions in the table are all at
y " 90! incidence.

a Design parameters of the BCAL specified for the final detector.
b Quantities that have been measured.
c Specifications from the manufacturer.
d From literature.
e Parameter calculated from known quantities.
f Parameter estimated from simulations.

0.5mm

1.35 mm

ratio of areas in rectangle
Pb:SciFi:Glue = 37:49:14

azimuthal
direction

ra
di

al
 d

ire
ct
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n

1.
22

 m
m

0.
23

3 
m

m

0.053 mm
(glue ring)

SciFi

Pb

Glue

Fig. 4. The BCAL fibre matrix showing the placement of 1mm diameter fibres in
the azimuthal and radial directions. The dimensions of the azimuthal and radial
pitch, the glue box between the lead sheets and the glue ring around the fibres
were determined from the prototype module using a measuring microscope.
Particle tracks would appear to enter the matrix from the bottom. More details are
given in Ref. [11].

2 Saint-Gobain Crystals & Detectors, USA (www.bicron.com).

B.D. Leverington et al. / Nuclear Instruments and Methods in Physics Research A 596 (2008) 327–337330
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Progress in BCAL Construction

• BCAL (Barrel Calorimeter)
I 3.9 m long, 65/90 cm inner/outer diameter
I Coverage of 11◦-126◦
I Pb and scintillating fibers
I Provide timing information and photon detection

• Being built at University
of Regina

• σE/E = 5.5%√
E[GeV]

⊕ 2.4%

• σ∆T/2 = 70√
E[GeV]

ps
NIM A596, 327 (2008)

• More than half of 48
modules completed

• Magnetic field-insensitive
SiPM readouts
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Progress in FCAL Construction

• FCAL (Forward Calorimeter)
I 2.4 m diameter
I Coverage of ∼ 0.6◦-12◦
I Array of 2, 800 (4× 4× 45) cm lead glass blocks
I Provide photon detection and timing information
I flash ADC for fast readout

M. R. Shepherd

GlueX Collaboration Meeting

May 10, 2010
3

Double Layer
Magentic Shield

Lead Glass Block
(Al-Mylar Wrapping)

Jack Plate and Straps
(presses shield against
the back face of block)

FEU 84-3 PMT

Cylindrical Acryllic
Light Guide

(Al-Mylar Wrapping)

Cockroft-Walton
Base Housing

Eljen Silcon
Optical “Cookie”

Screws
(compresses the

optical joint)

Fully Assembled 
FCAL Module

Exploded View of FCAL Module

2800 modules + spare PMTs and bases

Scope of IU Construction Contract

M. R. Shepherd

GlueX Collaboration Meeting

May 10, 2010
4

• Structure to hold lead glass modules

• Cockroft-Walton base control 
chassis (need low voltage PS)

• Cables

• signal (suitability of E852 cable is 
under study)

• base control cable

• Not included but necessary:

• LV power supplies for bases

• Darkroom

• Monitoring system

• Radiation hard insert

The Forward Calorimeter Assembly

(shown partially stacked -- the full
detector utilizes 2800 modules)

Scope of IU Construction Contract
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Progress in FCAL Construction

• FCAL (Forward Calorimeter)
I 2.4 m diameter
I Coverage of ∼ 0.6◦-12◦
I Array of 2, 800 (4× 4× 45) cm lead glass blocks
I Provide photon detection and timing information
I flash ADC for fast readout

• Being developed at
Indiana University

• σE/E = 6%√
E[GeV]

⊕ 2%

• Preparing for beamtest

)γ,γM(
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Progress in FCAL Construction

• FCAL (Forward Calorimeter)
I 2.4 m diameter
I Coverage of ∼ 0.6◦-12◦
I Array of 2, 800 (4× 4× 45) cm lead glass blocks
I Provide photon detection and timing information
I flash ADC for fast readout

• Timing resolution
studied
NIM A622, 225 (2010)

• Radiation damage
studies done
to be submitted to NIM

• Testing and
monitoring 500 HV
Cockcroft-Walton
bases
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Analysis Tools

• GlueX will accumulate large statistics on various physics channels
• Need many (new) computational tools to handle requirements
• Full GEANT Simulation

I Hit level full GEANT-based simulation
I Currently working on improving PID, tracking errors
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Amplitude Tools

• GlueX will accumulate large statistics on various physics channels
• Need many (new) computational tools to handle requirements
• Amplitude Tools

I To extract exotic amplitudes, a full Partial Wave Analysis is required
I Analyses will be done at the amplitude level
I Development of tools to allow writing of amplitudes

M. R. Shepherd

GlueX Software Tutorial

January 7, 2011

!p"#+#-#+n

2

!+

p

!!

X

!

n

Assumptions:

• helicity transfer to X:  $!=$X 

• exchange, lower vertex is distributed like e-5t

• call X “the resonance”

• call I “the isobar”

I

!+

Factorize amplitude:

Put isospin CJ coefs in here

subscript denotes 
polarization of initial photon

(permute the two 
identical pions)

k and q are breakup momenta of 
resonance and isobar, respectively

A !
!

perms.

BWX(MX , k)BWI(MI , q)Fx,y(!X ,"X , !I ,"I ,#, k, q)

! is the angle
between the beam polarization 
plane and the production plane

Key point:  2 general amplitudes are 
needed, BW and F
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Computational Tools

• GlueX will accumulate large statistics on various physics channels
• Need many (new) computational tools to handle requirements
• GPUs

I Graphics Processing Unit — process events in parallel
I Preliminary tests show improvements in process time of several

orders of magnitude
I Enormous increase in speed of calculating log likelihoods for

amplitude analyses

Nvidia TESLA C2070 (448
CUDA cores)
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• GPUs

I Graphics Processing Unit — process events in parallel
I Preliminary tests show improvements in process time of several

orders of magnitude
I Enormous increase in speed of calculating log likelihoods for

amplitude analyses

M. R. Shepherd

Amplitude Analysis, ECT* Trento

January 27, 2011

Compute Intensive Amplitudes

• Same fit with one change: instead 
of hard-coding the value of ! for 
the Breit-Wigner function, 
compute it using the first 
n = [1,25600] terms of the arctan 
Taylor expansion

• Now the fit time is dominated by 
the computational complexity of 
the amplitude

• More compute intensive amplitudes, 
i.e., more sophisticated 
phenomenological models, are an 
excellent match to GPU accelerated 
fitting
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Real two orders of magnitude speed gain for single 
Tesla C2070 with compute intensive amplitudes!

Result of amplitude-level fit using
extremely computation-intensive
amplitudes
⇒ Real two orders of magnitude
speed gain!!
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Computational Tools

• GlueX will accumulate large statistics on various physics channels
• Need many (new) computational tools to handle requirements
• Grid Computing

I Collaborators involved in Open Science Grid (OSG)
I Now testing with GlueX software
I Will use to calculate and store background events
I Necessary to handle large data/background
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Conclusion

GlueX will be the first dedicated experiment to search for exotic
mesons using photoproduction

It will have extremely high statistics and well-controlled systematics to
search for exotic states, using state of the art technology and tools

GlueX will provide a rich physics program, with the potential of
mapping out not only the spectrum of exotic states, but also other
states:
• strange meson/baryon, strangeonium production
• charm meson/baryon production

Various hardware and analysis tools are being implemented, so that
datataking can start in 2014
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References and Links for GlueX

• Websites:
I Jefferson Lab: http://www.jlab.org/
I GlueX main webpage: http://www.jlab.org/Hall-D/

• Project Overviews:
I 2010 PAC update
I 2006 PAC proposal

• Meson Review Articles:
I “The Status of Exotic-quantum-number Mesons” C. A. Meyer and Y. Van Haarlem, Phys. Rev. C 82, 025208

(2010) http://link.aps.org/doi/10.1103/PhysRevC.82.025208

I “The Experimental Status of Glueballs” V. Crede and C. A. Meyer, Prog. Part. Nucl. Phys. 63, 74, (2009)

http://dx.doi.org/10.1016/j.ppnp.2009.03.001
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Further Lattice QCD Results on Exotics

• Lattice Calculations show that
Γ(ηc1 → γJ/ψ) = 115keV� Γ(J/ψ → γηc) = 2.51keV

• Suggests stronger coupling of exotic states to photons
• Extensions to light quarks in progress

The Context of the GlueX Experiment

Experimental Context

(advances in spectroscopy)

Technological Context

(advances in amplitude analysis)

Y(4260)

Theoretical Context

(advances in lattice QCD)

YES

how does GlueX become a test of QCD?

1.  QCD predicts mesons with exotic JPC?

(i.e. they should exist?)

2.  QCD predicts they should be produced 

in photoproduction?  

(i.e. they should be produced?)

3.  QCD predicts they have reasonable 

widths and decays?

(i.e. they should be detected?)

traditionally the domain of models, but 

lattice QCD is now being applied...

LIKELY

45

[The Hadron Spectrum Collaboration]

1.  calculate radiative transitions in charmonium 
(PRD 73, 074507 (2006))

2.  extend to radiative transitions with exotic 

mesons (related to photoproduction) 
(PRD 79, 094504 (2009))

   !("c1 ! #J/$) = 

    (115 ± 16) keV

    is much larger than

    !(J/$ ! #"c) = 

    (2.51 ± 0.08) keV

3.  extend to light quarks (in progress)

looks promising!

J. Dudek et al., PRD79, 094504 (2009)
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Effect of Linear Polarization

• Linear polarization of photon beam appears in azimuthal
distributions

•  produce hybrid mesons with exotic JPC:

•  use “amplitude analyses” to distinguish JPC

Use 9 GeV polarized photons on a proton target 

to produce hybrid mesons with exotic JPC:

•  part of the JLab 12 GeV upgrade

     (in Newport News, Virginia)

•  data expected in 2014

•  use 12 GeV electrons and a 

   diamond radiator to produce 

   9 GeV polarized photons

•  107 ! 108 "/s on 

   proton target

add an arc

add Hall D
and GlueX

add 5+5
accelerating

modules

Overview of the GlueX Experiment

18
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Expected Statistics of GlueX (1/2)

• Target is 30 cm long⇒ 1.26[b−1] scattering centers/area
• Assume cross section for wanted reaction is σ[µb]
• Assume 26 weeks of datataking in 1st year
• Assume 1/3 efficiency for accelerator/beam/tagger
• Assume rate of 107 photons/s
• Raw counts:

N = σ[µb]× 1.26[b−1]× (5× 106[sec])× 107[s−1]

= σ[µb]× 6× 107[raw events/year]

• In later phases of the experiment, photon flux should increase to
108 photons/sec
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Expected Statistics of GlueX (2/2)

• Assume trigger is set to reaction of interest
• Assume ∼ 75% acceptance for events (depends strongly on event

topology)
• Assume BR of 1 (again depends strongly on channel)
• Reconstructed events:

n = N × εacceptance ×BR
= σ[µb]× 6× 107 × 0.75× 1

= σ[µb]× 4.5× 107events/year

• σ = 2[µb] measured at SLAC for γp→ ωp
⇒ ∼ 90M events expected in 1st year of GlueX

• γp→ (3π)+n has σ ∼ 10[µb] ⇐ primary channel for exotics

⇒ ∼ O(100M) events expected in 1st year of GlueX
acceptance will be lower than ωp
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