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1.  Brief review of the physics: search for exotic hybrid mesons

2.  Importance of neutral particle detection

3.  Role of calorimetry and performance metrics
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The goal of the GlueX experiment is to map out the spectrum of 

exotic hybrid mesons in the light quark sector.  Lattice QCD 

suggests that the gluonic field between quarks in a meson is 

confined to a flux-tube and the excitations of the flux-tube are 

manifested as hybrid mesons, some of which can carry exotic 

quantum numbers.  Their spectroscopy provides important 

information for the theory of quarks and gluons.

Thanks to Derek Leinweber
The Physics of GlueX
Mapping the Spectrum of Exotic Hybrids
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Photoproduction of Exotic Mesons
An Effective Method for Producing Exotics?

 •  use linearly polarized 9 GeV photons produced via coherent bremsstrahlung from 12 GeV electrons;

 •  use a detector optimized to collect high-quality data from multi-particle exclusive reactions; and

 •  apply an amplitude analysis to identify the quantum numbers, masses and decay modes of mesons.

GlueX will:
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Meson Decay Mode Branching Fraction (%)
π0 → 2γ 99
η → 2γ 39
η → 3π0 33
η → π+π−π0 23
ω → π+π−π0 89
ω → π0γ 9
η′ → π+π−η 45
η′ → π0π0η 21
η′ → 2γ 2
b1(1235)→ ωπ dominant
f1(1285)→ π0π0π+π− 22
f1(1285)→ ηππ 52
a2(1320)→ 3π 70
a2(1320)→ ηπ 15

Table 4: Neutral or charged + neutral decay modes of several well established mesons. Source: 2006 Review
of Particle Physics [13].

1.5 π0 and η Kinematics

1.5.1 Overview

Here we review how the decay photons from photoproduced meson and baryon resonances populate LAB
energy-angle space at GlueX energies. Please refer to Figure 1 that shows a schematic of the GlueX detector.
Note the dotted lines showing angles at 10.8◦ and 126.4◦. Photons whose angles lie within this range will be
detected and measured by BCAL. Photons with angles between 1◦ and 10.8◦ will be detected and measured
by FCAL. Photons whose angles are greater than 126.4◦ or less than 1◦ will be undetected.

1.5.2 Studies using Pythia

As noted above, much is unknown about photoproduction at GlueX energies leading to multi-neutral final
states. To estimate photon yields we used the Monte Carlo program Pythia [14] that was written to generate
high energy physics events produced in a wide variety of initial states, including fixed target photoproduction.
The program is based on a combination of analytical results and QCD-based models of particle interactions.
Pythia was designed to allow for tuning parameters to suit the particular situation – for example, photo-
production at 9 GeV. The output of the simulations were compared [15] to published data, in particular,
reference [7]. Comparison of cross section estimates for charged particle topologies and several reactions in
the 3-prong and 5-prong, which accounts for 80% of the total cross section, are shown in Tables 5 and 6.
The vector mesons ρ, ω and φ appear in the 3-prong sample in the π+π−p, π+π−π0p and K+K−p final
states respectively. The distribution in |t| for Pythia events agrees with published data for specific reactions.
Pythia accounts for ∆ resonance production. In the π+π−K+K−p state, the K∗(890) is present.

Photon distributions in energy and angle: We now use this version of Pythia, tuned to provide
reasonable agreement with published data, to provide estimates of the multiplicity of photons in the GlueX

Exotic Meson Decays:  Favored and/or Observed Decay Modes
Many include final state mesons that decay into photons

Favored decay modes:

Reported exotics:

Relevant intermediate mesons:

!S = 1 (quark spins aligned) three of the six possible JPC have exotic combinations: 0+−, 1−+ and 2+−. A
photon probe is a virtual qq̄ with quark spins aligned. In contrast when the qq̄ have !L = 0 and !S = 0 (spins
anti-aligned), the resulting quantum numbers of the hybrid meson are not exotic. Pion probes are qq̄ with
quark spins anti-aligned. If we view one outcome of the scattering process as exciting the flux tube binding
the quarks in the probe, the suppression of exotic hybrids in π-induced reactions is not surprising – a spin
flip of one of the quarks is required followed by the excitation of the flux tube. In contrast the spins of the
virtual quarks in the photon probe are properly aligned to lead to exotic hybrids. Phenomenological studies
quantitatively support this picture predicting that the photoproduction cross-sections for exotic mesons are
comparable to those for conventional mesons [13].

Determining the quantum numbers of mesons produced in the GlueX experiment will require an amplitude
analysis based on measuring the energy and momentum of their decay products. Linear polarization of the
incident photon is required for a precision amplitude analysis to identify exotic quantum numbers, to under-
stand details of the production mechanism of exotic and conventional mesons and to remove backgrounds due
to conventional processes. Linear polarization will be achieved using the coherent bremsstrahlung technique.

For the GlueX solenoid-based detector system, given the required mass reach required for mapping the
spectrum of exotic hybrid mesons, a photon energy of ≈ 9 GeV is ideal. To achieve the requisite degree of
linear polarization for 9 GeV photons using coherent bremsstrahlung requires a minimum electron energy of
12 GeV.

1.1.3 Expected decay modes of exotic hybrid mesons

Table 1 lists predicted JPC exotic mesons and their decay modes. According to the flux tube model and
verified by lattice QCD [14], the preferred decay modes for exotic hybrids are into (qq̄)P +(qq̄)S mesons such
as b1 +π or f1 +π. Table 2 lists candidate exotic JPC = 1−+ state for which evidence has been claimed. The
purported exotic states include decay modes into b1π or f1π as well as decay modes into ηπ and η′π. The
dominant branching fractions for meson states listed among the decay products are summarized in Table 3.
Clearly, exotic meson spectroscopy requires the ability to detect and measure charged particles as well as π0

and η mesons.

Some of the preferred or observed exotic hybrid decay modes listed in Tables 1 and 2 do not necessarily
involve π0 mesons, e.g. the ρπ or a2π modes – these can have final states that only involve π± such as
(ρπ)+ → π+π+π−. But if a state decays into such an all charged π system, having the isospin partners
available, such as (ρπ)+ → π+π0π0 provides important isospin consistency checks of the amplitude analysis
and understanding of the detector acceptance.

Exotic Meson JPC I G Possible Modes
b0 0+− 1 +
h0 0+− 0 − b1π
π1 1−+ 1 − ρπ, b1π
η1 1−+ 0 + a2π
b2 2+− 1 + a2π
h2 2+− 0 − ρπ, b1π

Table 1: Predicted JPC exotic hybrid mesons and their expected decay modes. See Table 3 for decay modes
of the b1 and a2 mesons.

3Exotic Meson Candidate Decay Mode
π1(1400) π−η

π0η
π1(1600) ρ0π−

η′π−

π1(1600/2000) b1π
f1π

Table 2: Reported JPC = 1−+ exotic hybrid mesons and their decay modes. See Table 3 for decay modes
of the η′, b1 and f1 mesons. Source: 2006 Review of Particle Physics [15].

Meson Decay Mode Branching Fraction (%)
π0 → 2γ 99
η → 2γ 39
η → 3π0 33
η → π+π−π0 23
ω → π+π−π0 89
ω → π0γ 9
η′ → π+π−η 45
η′ → π0π0η 21
η′ → 2γ 2
b1(1235)→ ωπ dominant
f1(1285)→ π0π0π+π− 22
f1(1285)→ ηππ 52
a2(1320)→ 3π 70
a2(1320)→ ηπ 15

Table 3: Neutral or charged + neutral decay modes of several well established mesons. Source: 2006 Review
of Particle Physics [15].
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1 Calorimeter Performance Metrics

1.1 Overview

To achieve the primary physics goal of GlueX, i.e. mapping out the spectrum of gluonic excitations, it is
essential to detect photons with good acceptance and to measure their energies and positions with sufficient
resolution. The photons of particular interest are those resulting from π0 → γγ and η → γγ decays. These
measurements will be made using two electromagnetic calorimeters, as shown in Figure 1, which shows a
schematic of the GlueX detector. A solenoidal detector is ideally suited for a fixed target photoproduction
experiment. The solenoidal magnetic field traps low energy electromagnetic backgrounds (e+e− pairs),
generated in the target, inside a small diameter beam hole that runs through the detector. This drives the
geometry of the charged particle and neutral detectors. The superconducting solenoid magnet produces a
2 T field. The photon beam is incident on a 30-cm LH2 target that is surrounded by a cylindrical tracking
chamber and a cylindrical electromagnetic calorimeter. Downstream of the target are circular planar tracking
chambers and a circular planar electromagnetic calorimeter.

560 cm

342 cm

48 cm

185 cm

BCAL 

CDC

Central Drift Chamber
FDC

Forward Drift Chambers

GlueX Detector

Forward

 Calorimeter

Solenoid

390 cm long
 inner radius: 65 cm   outer radius: 90 cm

240 cm diameter 
45 cm thick

30-cm target
CL

Future
Particle ID

photon
beam

10.8 
o

14.7 
o

118.1 
o

126.4 
o

FCAL
 Barrel Calorimeter

Figure 1: Schematic of the GlueX Detector. The superconducting solenoid magnet produces a 2 T field. The
photon beam is incident on a 30-cm LH2 target that is surrounded by a cylindrical tracking chamber (CDC)
and a cylindrical electromagnetic calorimeter (BCAL). Downstream of the target are circular planar tracking
chambers (FDC) and a circular planar electromagnetic calorimeter (FCAL). The dimensions of BCAL and
FCAL are shown. The detector has cylindrical symmetry about the beam direction. The dashed lines at
angles (with respect to the beam direction) 10.8◦ through 126.4◦ will be referenced in the text.

The GlueX/Hall D Detector
A Fixed-Target Experiment with a 9 GeV Photon Beam

BCAL design builds on 

the experience with the 

KLOE calorimeter

FCAL design builds on 

the experience with the 

lead glass calorimeters 

used in BNL E852 and 

RADPHI at JLab
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A The KLOE calorimeter

A.1 KLOE calorimeter construction

The KLOE calorimeter [34, 35, 36] consists of 24 lead-scintillating fiber (Pb/SciFi) modules that are 4.3 m
long and 23 cm thick with a trapezoidal cross-section of bases 52.5 and 59.0 cm. The inner radius of the
KLOE calorimeter is 2.0 m. The fibers run along the length of the module and are glued into grooved 0.5 mm
thick lead foils. The fibers used are Kuraray SCSF-21 and PoliHiTech 0046. These fibers emit “blue” light.
The glue is Bicron epoxy BC-600ML [35]. The attenuation lengths of the SCSF-81 and PoliHiTech fibers are
321± 5 cm and 284± 5 cm respectively [17]. The light propagation velocity in the fibers is vp = 16.9 cm/ns
independent of fiber type [17]. The fiber:lead:glue ratio is 48:42:10 and the matrix has an average density ρ
of approximately 5 gm/cm3 and a radiation length X0 of approximately 1.5 cm. The sampling fraction is
12%.

A.2 KLOE calorimeter readout

There are 60 readout segments at each end of the 24 modules requiring a total of 2888 PMT’s (Hamamatsu
R5946/01 fine mesh 1.5-in diameter). Each segment is 4.4 cm wide and the first four layers (starting closest
to the beam) are 4.4 cm thick and with the fifth layer being 5.2 cm thick. The five segments are aligned
along the azimuthal angle φ. The segmentation for one end of a module is shown in Figure 16.

KLOE calorimeter - readout segmentation (one end)

R=2 m

24 modules 60 segments

52.5 cm

59 cm

4.4 cm

4.4 cm

5.2 cm

23 cm

Figure 16: Taken from Figure 5 of reference [37].

A.3 KLOE performance characteristics

The KLOE calorimeter performance characteristics [35] are summarized in Figure 17. The energy resolution
is given by σ(E)/E = 5.4%/

√
E(GeV ) where the resolution is dominated by sampling fluctuations, the

contribution from photoelectron statistics being about 2.7% at 1 GeV. This latter number was determined
by looking at the fluctuation in the ratio of the response from one end relative to the other leading to
an estimate of about 700 photoelectrons per side for a 1 GeV photon at the center of the module [38].
From cosmic ray tests, the photoelectron yield for 1 mm of crossed scintillator for a minimum ionizing
particle at 2 m from a “standard” bialkali photocathode PMT is Np.e. = 2.4± 0.2 for the SCSF-81 fiber and
Np.e. = 1.8± 0.2 for the PoliHiTech fiber [17]. The resolution in the time difference between the two ends of
a module is given by σt = 56/

√
E(GeV )⊕133 ps [38]. This resolution determines the position (z) resolution

17

Abstract

The KLOE calorimeter is a fine lead-scintillating fiber sampling calorimeter. We describe in the following the
calibration procedures and the calorimeter performances obtained after 3 years of data taking. We get an energy
resolution for electromagnetic showers of 5:4%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p

and a time resolution of 56 ps/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p

: We also present a
measurement of efficiency for low-energy photons.
r 2002 Elsevier Science B.V. All rights reserved.

PACS: 29.40 V

Keywords: Electromagnetic calorimeter; Scintillating fibres; Time resolution

1. Introduction

The main goal of the KLOE detector [1,2] at
DAFNE; the Frascati f-factory [3], is to study the
CP violation in the decays of neutral kaons [1]
with an accuracy of Oð10#4Þ on the parameter
Rðe0=eÞ: The detector (see Fig. 1) consists of a
tracker and an electromagnetic calorimeter
(EMC), both embedded inside a superconducting
coil which produces a field of 0:6 T: The detector
dimensions are driven by the mean decay length of
KL mesons ðlLB3:4 mÞ:

The calorimeter’s main tasks are to identify the
KL;S-p0p0 decays in the photon energy range
20 MeVoEgo280 MeV; to reconstruct the decay
path of KL-p0p0 with a precision of few
millimeters in a cylindrical fiducial volume of a
radius rB200 cm and a height #150 cm

ozo150 cm; and to reject the KL-p0p0p0 back-
ground at 10#3 level. The decay path is obtained
from a measurement of the time-of-flight of
photons from p0 decays. Since neutral kaons from
f-mesons decaying at rest travel with a velocity
bB0:2; time measurements with a resolution of
100 ps allow to determine the KL flight path
decaying in np0 to B0:6 cm; for a single detected
photon. With such a resolution an accuracy of few
ps on the time scale must be maintained over the
entire time of data collection which is of the order
of 2–4 years. Requirements on the energy scale are
less stringent, of the order of few %. The two
scales are continuously calibrated utilizing a host
of other processes, from Bhabha scattering events
to many f and kaon decay channels. We present
briefly the calibration procedures developed and
the performances obtained. A detailed description
can be found in Ref. [4].

2. Structure and geometry

The KLOE calorimeter consists of a central
part, the barrel, and two endcaps. The almost
cylindrical barrel is organized in 24 modules of
trapezoidal cross-section 4:3 m long, 23 cm thick
with bases of 52 and 59 cm and covers the polar
region 491oyo1311: In the barrel the fibers run
parallel to the beams. Each endcap consists of 32
vertical modules 0.7–3:9 m long and 23 cm thick
with a rectangular cross-section of variable width.
The endcaps modules are bent at the upper and
lower ends to allow insertion into the barrel
calorimeter providing hermetic coverage of the
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Fig. 1. Vertical cross-section of the KLOE detector.
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with associated recoil strangeness, i.e., !→"0n #recoil !
→"!p are eliminated in the trigger$. By correlating the ob-
served yields of KS

0 and f 2(1270) mesons, for samples with

and without the CsI detector energy cuts, with cross sections

for f 2(1270) production and associated KS
0 production

%"!p→KS
0!(&0)' measured in other experiments, we esti-

mate an overall CsI detector inefficiency of 5%. These stud-

ies also indicate that the background level of non-neutron

events under the f 2(1270) is approximately 1%. Another fea-

ture of the spectrum is the dip at 1.0 GeV/c2, which will be

seen to be due to the interference of a narrow resonance, the

f 0(980), with a broad "0"0 enhancement.

The distribution in !t!, shown in Fig. 3, is not character-
ized by a single exponential, suggesting more than one pro-

duction mechanism. The curve is a fit of this distribution to a

sum of two exponentials: dN/dt"ae!b•!t!#ce!d•!t! where

b"15.5 (GeV/c)!2 and d"3.7 (GeV/c)!2. Based on this

structure, we initially examine the "0"0 effective mass spec-

tra in four bins in !t! as shown in Fig. 4. The t dependence of
the S, D0, and D# partial waves is later investigated in a set

of partial wave fits more finely binned in !t!.
An inspection of Fig. 4 reveals striking differences in the

"0"0 mass spectra associated with the four bins in !t!. For
example, the low-mass structure that dominates in Fig. 4#a$
is much less prominent in Fig. 4#d$. The dip associated with
the f 0(980) resonance in Fig. 4#a$ becomes a bump in Fig.
4#d$. These and other features are explored in more detail
below in the discussion of the PWA results.

IV. PARTIAL WAVE ANALYSIS

Partial wave analysis is used to extract production ampli-

tudes #partial waves$ from the observed decay angular distri-
butions of the di-pion system. A process such as "!p

→"0"0n , dominated by a t-channel meson exchange, is

simplest to analyze in the Gottfried-Jackson reference frame.

The Gottfried-Jackson frame is defined as a right-handed co-

ordinate system in the center-of-mass of the produced di-

pion system with the z axis defined by the beam particle

momentum and the y axis perpendicular to the plane defined

by the beam and recoil neutron momenta. The decay angles

(( ,)) are determined for one of the produced "0 momenta.

At fixed beam momentum, an event is fully specified by

(m"" ,t ,( ,)). The data are binned in m"" , and t and the

production amplitudes, and their relative phases, are ex-

tracted from the accumulated angular distributions using an

extended maximum likelihood fit to the distributions in

(( ,)) %26'. The naming convention for the partial waves is
summarized in Table I.

The explicit form of the angular distribution I(( ,)) fitted
to the data in a given mass and momentum transfer range in

this analysis, is given by

I#( ,)$"!S#!5D0P2
0#cos ($!! 5

3 D!P2
1#cos ($cos)

#!9G0P4
0#cos ($!2#!! 5

3D#P2
1#cos ($sin)!2,

#1$

where Pl
m(() are the associated Legendre polynomials %26'.

As summarized in Table I, the D# wave is produced by

the exchange of a particle with natural parity %P"(!1)J' .
For production of a "" system, the dominant natural parity

exchange particle is the a2 %27'. The S, D0 , D! , and G0

waves are produced by the exchange of a particle with un-

natural parity %P"(!1)J#1' . Again, for "" production, the

dominant unnatural parity exchange particles are the " and

the a1 %27'.

FIG. 3. #a$ The "0"0 effective mass distribution. This spectrum is dominated by the presence of the f 2(1270) resonance. Additionally,

there is a broad enhancement peaking near 0.8 GeV/c2 and dips in the spectrum at 1.0 and 1.5 GeV/c2. #b$ The momentum-transfer-squared
distribution with a fit to the sum of two exponential functions. The structure of this distribution is suggestive of changing production

mechanisms.

J. GUNTER et al. PHYSICAL REVIEW D 64 072003

072003-4

cal drift chamber were used in the trigger requirement

whereas in the 1995 run, only the outer layer was used. A

common off-line analysis criterion required no hits in the

cylindrical drift chamber. The final trigger requirement was a

minimum deposition of electromagnetic energy in the LGD

!22" corresponding to 12 GeV.
The LGD is central to this analysis. The LGD was ini-

tially calibrated by moving each module into a monoener-

getic electron beam. Further calibration was performed by

adjusting the calibration constant for each module until the

width of the #0 and $ peaks in the %% effective mass distri-
bution was minimized. The calibration constants were also

used for a trigger processor that did a digital calculation of

energy deposited in the LGD and the effective mass of pho-

tons striking the LGD !22". A laser-based monitoring system
allowed for tracking the gains of individual modules.

Studies were made of various algorithms for finding clus-

ters of energies deposited by photons, including issues of

photon-to-photon separation and position finding resolution.

These are also described in Ref. !22".

III. EVENT RECONSTRUCTION AND DATA SELECTION

Experiment E852 took data in 1994 and 1995 with an

approximate sevenfold increase in statistics collected in 1995

compared to 1994. The combined data sets taken in 1994 and

1995 contain approximately 70 million all-neutral triggered

events. Of these events, approximately 13 million were

found to have four photons in the LGD. Figure 1 shows a

scatterplot of one di-photon effective mass against the other

di-photon combination in the event. There are clear indica-

tions of the presence of #0#0 and $#0 events in the sample.

The single clustering at m%%!m%%!0.135 GeV/c2 is domi-
nated by #0#0 events and the two clusterings at m%%

!0.135 GeV/c2, m%%!0.540 GeV/c2 are dominated by

$#0 events.

Studies were carried out comparing the 1994 and 1995

data sets for both #0#0 and $#0 events. In each case distri-

butions in the decay angles of the #0#0 &or $#0) system

were studied in mass bins of 40 MeV/c2 and in four bins of

t, where t is the square of the momentum transferred from the

beam #" to the outgoing 4% system. A Kolmogorov test

measured the probability that the two distributions &1994 and
1995 data' in each case were consistent with having been
drawn from the same parent distribution. The conclusion of

this study is that the 1994 and 1995 data sets are statistically

indistinguishable.

Events consistent with the production of two #0’s domi-

nate the sample. The partial wave analysis of the #0#0

events is presented in an unpublished thesis of Gunter !23"
and in a previous paper !18". The identification of events
from the reaction #"p→$#0n is described in the unpub-

lished thesis of Lindenbusch !24".
The sample of 45 000 #"p→$#0n events was selected

from the 13 million four photon events by imposing various

analysis criteria. It was required that no charged particles

were registered in the MPS drift chambers or the cylindrical

drift chamber surrounding the liquid hydrogen target. This

cut was performed at the pre-reconstruction level and was

based on total hit multiplicity. Any event with a photon

within 8 cm of the center of the beam hole or the outer edge

of the LGD was removed.

Monte Carlo studies were carried out to determine the (2

criteria needed to select $#0 events and eliminate back-

grounds from other processes, especially from #0#0 events.

Events corresponding to #0#0, $#0, $$ , and $!#0 were

generated and passed through detector simulation, recon-

struction, kinematic fitting, and other event selection soft-

ware. The (2 returned from kinematic fitting to the #p
→$#0n reaction hypothesis was required to be less than 7.8

&95% C.L. for a three-constraint fit'. The two-constraint (2

for the #0#0 hypothesis &no requirement that the missing
mass be consistent with the neutron mass' was required to be
greater than 100. It was found that this latter cut eliminated

true #0#0 events that have a poor fit to the #p→#0#0n

hypothesis. A further demand was that none of the other final

state hypotheses considered ($$n , $!#0n) had a better (2

than that used to select the $#0n hypothesis.

The final criterion was that the CsI detector registered less

than 20 MeV, a cut which eliminated events with low-energy

#0’s. Background studies !24" estimated the non-$ back-

ground in the #p→$#0n . The signal-to-noise ratio varies

from about 5.1:1 in the $#0 mass region 1.2 to 1.5 GeV/c2

to 2.5:1 in the $#0 mass regions below this range and above

this range up to 1.8 GeV/c2.

The $#0 effective mass distribution is shown in Fig. 2&a'.
The a0(980) and a2(1320) states, one a scalar and the other

a tensor, are clearly observed. The presence of both states is

important for this analysis since it provides a basis, as will be

discussed below, for selecting the physical solutions from

among mathematically ambiguous solutions in doing the par-

tial wave analysis. This distribution in $#0 effective mass is

FIG. 1. The plot of pairs of di-photon effective masses (mij vs

mkl) for all pairs of photons (i , j ,k ,l) is dominated by the #0#0

signal. Clear evidence is also seen for the production of $#0.

STUDY OF THE $#0 SPECTRUM AND SEARCH FOR . . . PHYSICAL REVIEW D 67, 094015 &2003'

094015-3

not corrected for the acceptance of the apparatus but the

PWA procedure does take into account the effects of experi-

mental acceptance.

The distribution in t!!→"! is shown in Fig. 2#b$. Figure 3
shows the four-photon effective mass distribution for events

with a diphoton mass combination consistent with a !0 and

the other di-photon mass either below or above the " mass

region for a portion of the total four-photon sample. The

resulting %%!0 spectra do not show the enhancements at the

a0(980) and a2(1320) observed in the "!0 spectrum.

A possible source of background in the "!0 in the

a0(980) mass region are events corresponding to production

of the final state "!0!0n and in particular that subset cor-

responding to f 1(1285)n where the f 1 decays to a0!
0. There

events can enter the sample under study if one of the !0’s

escapes detection. From a Monte Carlo study of this sample

&24' based on a measurement of f 1(1285) production in this
experiment &19' it is estimated that at most 10% of the events

in the a0(980) region are due to this background process.

The acceptance in "!0 effective mass and t!!→"! was

estimated by generating Monte Carlo events corresponding

to the reaction !!p→"!0n . The acceptance functions as a

function of "!0 effective mass are shown in Fig. 4. The

acceptance in t!!→"! increases for !t near zero. This

comes about because of the all-neutral requirement in the

trigger. The recoil neutron produced in the reaction can in-

teract and cause a signal in the CsI detector thereby vetoing

true !0!0n events but for small values of !t! the neutron
cannot escape the LH2 target and the event will not be ve-

toed.

IV. PARTIAL WAVE ANALYSIS

Partial wave analysis is used to extract production ampli-

tudes #partial waves$ from the observed decay angular distri-
butions of the "!0 system. A process such as !!p

→"!0n , dominated by t-channel meson exchange, is con-

veniently analyzed in the Gottfried-Jackson reference frame.

The Gottfried-Jackson frame is defined as a right-handed co-

ordinate system in the center of mass of the produced "!0

system with the z axis defined by the beam particle momen-

tum and the y axis perpendicular to the plane defined by the

beam and recoil neutron momenta. The decay angles (( ,))
are determined by the " four-momentum vector. At a fixed

beam momentum, an event is fully specified by

(m"! ,t ,( ,)). The acceptances of the E852 apparatus for the
Gottfried-Jackson angles were studied using Monte Carlo

simulations. Results for the "!0 effective mass region from

1.3 GeV/c2 to 1.4 GeV/c2 are shown in Fig. 5.

The production amplitudes and their relative phases are

extracted from the accumulated angular distributions, for

FIG. 2. Distribution in the #a$ "!0 effective mass, #b$ momentum-transfer-squared (!t!!→"!) from the incoming !! to the outgoing

"!0 system. These distributions are not corrected for losses due to acceptance.

FIG. 3. Distribution in the four photon effective mass for events

with a reconstructed !0 and the other %% effective mass combina-
tion falling below #solid$ and above #dashed$ the " mass region.

Neither distribution shows the structure observed for "!0 events.
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Figure 2: 2π effective mass distributions for (a) and (b) reaction 1a and (c) and (d) reaction 1b.
The a2 and π2 regions are defined by requiring the 3π mass to lie in bands centered at 1320 MeV/c2

and 1670 MeV/c2 respectively. There are two entries per event in plots (a) through (c) and one
entry per event in plot (d).

1.2 Simple Quantum Number Considerations

The 3π system recoiling against the proton has net negative charge which precludes isospin zero.
Assuming that I = 2 mesons do not exist, we therefore assume I = 1 and since the G-parity for a
3π system is negative (the π has negative G-parity), the charge conjugation quantum number C is
positive since G = C(−1)I . For neutral 3π systems I = 0 (C = −) and I = 1 (C = +) are both
possible.

Let us assume that a resonance (X) decays into 3π as follows: X → Rπππ → 3π where Rππ is a
two-pion resonance – the assumption made in the so-called isobar model. As part of the naming
convention, the other π in the 3π system is referred to as the bachleor. The assumption that two-
pion resonances are important in understanding the 3π system is supported by the data as shown
by mass distributions presented in references [1, 2] and [3]. See Figures 1 and 2 from reference [3].

Consider the JPC possibilities for a two-pion resonance: G = − and JP follows the sequence
0+, 1−, 2+, 3−, 4+ · · · and imposing Bose statistics results in I = 0 mesons with even spin both P
and C positive while I = 1 mesons have odd spin both P and C negative. The isoscalar two-pion
mesons are labeled fJ (J is the spin of the meson) and the isovector two-pion mesons are labeled
as ρJ .

The JP quantum numbers of the 3π system follow then from a straight-forward application of the
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1 3π Physics Overview

1.1 E852 Interest in 3π Systems

In E852, the simplest reactions resulting in a 3π system and a recoil proton are:

π−p→ π−π−π+p (1a)

π−p→ π−π0π0p (1b)

Reaction 1a was the focus of two E852 publications [1, 2] discussing possible evidence for a JPC =
1−+ exotic meson decaying in ρπ. In that study a partial wave analysis (PWA) of the 3π system
was carried out on a 250K event sample. A recent publication [3] reported on results of a PWA of
a higher statistics E852 data set: 2.6M event sample of reaction 1a and a 3.0M event sample of 1b,
resulting in no evidence for an exotic meson. Ryan Mitchell has written a detailed note describing
the low-level analysis cuts made on the samples of these two reactions, starting from the trigger
requirement through reconstruction and kinematic fitting†.
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Figure 1: 3π effective mass distributions for (a) reaction 1a and (b) reaction 1b.

The simplest reactions resulting in a 3π system and a recoil neutron are:

π−p→ π−π+π0n (2a)

π−p→ π0π0π0n (2b)

Reaction 2a does not satisfy the E852 trigger which required that if forward-going charged particles
were in the event, the effective mass of photons hitting the LGD had to exceed mπ0 . The E852
data set does include events corresponding to reaction 2a but this sample has a strong and poorly
understood trigger bias. The event sample corresponding to reaction 2b was collected as part of
the all-neutral trigger and is dominated by the reaction π−p → ηn where η → 3π0. The reaction
π−p→ K0

Sπ0n where K0
S → 2π0 also contributes to that sample. Possible physics associated with

reaction 2b will be discussed below.
†See Note 001 by R. Mitchell here: dustbunny.physics.indiana.edu/3pi paper/

3
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the φφ system, a study of associated charm production and a search for exotic baryonium states
[2]. Much of the information in this section is extracted from unpublished MPS BNL notes [2, 3]
and E852 Ph.D. theses [4, 5, 6, 7, 8, 9, 10, 11].

Note: The full theses by P. Eugenio and M. Swat and portions of the theses by J. Gunter and
R. Lindbusch are available at:
http://dustbunny.physics.indiana.edu/intro e852/references
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TPX1-TPX3 are PWC’s and TDX4 is a drift chamber
These chambers are used in the trigger

Figure 1: Schematic plan view of the E852 apparatus – details about the individual detector
components are given in the text. The distance between the center of the 30-cm liquid hydrogen
target and the front face of the LGD is approximately 5 meters.

2.2 Beam

The MPS magnet could by pivoted so that it could be serviced by two beam lines, the medium
energy separated beam (MESB) and the high energy unseparated beam (HEUB), the latter being
used for E852. Protons in the AGS were accelerated to 24.7 GeV/c and extracted onto a copper
(or platinum - the theses do not agree) target. The length of the beam was 1.2 s and the repetition
rate was once per 3 s. Negative secondary particles were transported down the HEUB beamline to
the MPS. The beamline schematic is shown in Figure 2. The beam position and momentum was
measured by scintillation counter hodoscopes (S0 through S4) and PWC hodoscopes (A1 through
A6). Beam species were identified by Cerenkov counters (C1 through C3). The scintillation counters
were used in the trigger to define the beam. The beam momentum was 18.3 GeV/c with ∆p/p ≈ 3%.
The beam flux was limited to 2× 106 particles/spill.

π−p→ 4γn
π−p→ π0ηnπ−p→ π0π0n

M [2γ]

M [2γ]

Use of Lead Glass Calorimetry in E852 
Pion-proton interactions at 18 GeV/c
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lead glass
calorimeter

ηπ0

ηπ0
π0π0
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Amplitude Analysis of the 3! System - A Primer

I(m3π, t, τ) = η(τ)
∑

ε

∣∣∣∣∣
∑

b

aε
b(m3π, t)Aε

b(τ)

∣∣∣∣∣

2

observed intensity

τ = {θGJ ,φGJ , θH ,φH ,mππ}kinematic variables

acceptance production

spin variables: J, M, S

decay

The analysis is based on the isobar model that assumes an intermediate 2! resonance
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 4++ 2++

M(3 )  GeVM(3 )  GeV

a
2
(1320) a

4
(2040)

The PWA of the 3! 
system shows that 
E852 can identify well 
established states - in 
this case:

a4(2040)
a2(1320)

≈ 3%

π−π0π0

π−π−π+

Amplitude Analyses
Can extract signals with small cross sections

Amplitude Analyses are critical
for GlueX and depend on good
acceptance and resolution

E852 Analysis 
of:

The GlueX detector coverage, charged particle resolution and photon resolution will be better than in 
E852 so the PWA will be at least as sensitive using the GlueX detector
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was 40m. The photon beam dump was downstream of the
RADPHI apparatus.

3. Experiment hardware

3.1. Detector overview

The RADPHI detector is shown schematically in Fig. 1 and
its major components are listed in Table 2.

The beam was incident on a 2.87-cm diameter, 2.53-cm
long cylindrical beryllium target. These dimensions were

chosen on the basis of GEANT Monte Carlo studies which
took into consideration beam size, recoil energy loss, and
detector rates. The target was suspended, centered on the
beam axis, with three 28 AWG steel wires from a 50 cm
diameter Plexiglas ring. A computer-controlled stepper
motor could rotate the ring about an axis on its
circumference allowing the target to be moved relative to
the fixed beam. This capability allowed beam-target scans
to be performed without access to the apparatus.
Surrounding the target and extending forward to 30!

from the beam axis was a cylindrical barrel scintillator
detector (BSD) which provided nearly full angular cover-
age for recoil protons. Surrounding the BSD was a
cylindrical barrel gamma detector (BGD) composed of a
lead-scintillating fiber matrix, which was used off-line to
reject events with large-angle photons.
The primary detector component was a 620-channel

lead-glass wall (LGD) assembled to approximate a circle
around the beam line with a 8" 8 cm2 central hole for the
passage of the beam. The gain of individual calorimeter
cells was monitored by a system based on a pulsed nitrogen
laser.
A 30-channel scintillator array (charged particle veto,

CPV), used to veto charged particles in the final state, was
located upstream of the lead-glass array. The CPV was
applied during the off-line analysis because rates in the
CPV were too high to permit its inclusion in the on-line
trigger.
Upstream of the target and all detectors was a 10-cm

thick shield wall made of lead poured into a steel jacket. A
hole through the wall permitted the photon beam to pass to
the target. Mounted upstream of the wall was the lead and
steel collimator shown in the second panel of Fig. 1, with
inner diameter 6.5 cm, larger than the beam but smaller
than the beam hole through the LGD. A scintillator
hodoscope (upstream pair veto, UPV) was placed just
downstream of this wall in order to veto beam halo
interactions on the inner surface of the collimator. The
hodoscope consisted of six horizontal and two vertical
paddles, arranged around a square opening the size of the
helium bag.
In the following sections each detector element is

described in more detail. In these descriptions, a right-
handed coordinate system is used with the origin at the
center of the upstream face of the target with the z-axis
along the beam direction and the y-axis up.

ARTICLE IN PRESS

Fig. 1. Cut-away views of the RADPHI detector. In the 3D (lower) view the
CPV detector has been omitted to reveal the lead-glass array and the BSD
has been omitted to reveal the BGD. All detector subsystems are shown in
the 2D (upper) view.

Table 2
Glossary of detector subsystems

Symbol Full name Description

LGD Lead-Glass Detector A circular array of 620 4" 4" 45 cm3 lead-glass blocks
BSD Barrel Scintillator Detector A three-layer cylindrical scintillator array surrounding of the target
BGD Barrel Gamma Detector A cylindrical lead-scintillating fiber array surrounding the BSD
CPV Charged Particle Veto A plane scintillator hodoscope covering the face of the LGD
UPV Upstream Pair Veto A scintillator array surrounding the beamline upstream of the target

R.T. Jones et al. / Nuclear Instruments and Methods in Physics Research A 570 (2007) 384–398386

This background is due to o ! p0g ! 3g where either two
of the three photons were less than 6 cm apart and were
merged into a single cluster, or a low energy photon
somehow escaped detection.

Fig. 9 shows the invariant mass distribution from events
with three reconstructed showers. The solid histogram
shown in the left plot was obtained from this sample after
the application of the cuts discussed above. The o ! 3g
signal is visible as the peak near 0.8GeV. The two lower
mass peaks are associated with 2g decays of p0 and Z mis-

reconstructed as 3g by the addition of an accidental low-
energy shower that survives the cuts. Selecting events with
p0g kinematics by requiring that one of the pairs from the
3g sample is consistent with the p0 mass suppresses
contamination from this type of background while preser-
ving the o signal. The result of applying this requirement is
shown as the dashed histogram.
The plot on the right of Fig. 9 shows the signal

associated with f ! Zg. The solid histogram shows the
spectrum obtained by requiring one pair of photons to
have an effective mass consistent with Z ! 2g. The
background, in this case approximately as large as the
signal, was suppressed by the additional requirement that
the total energy in the LGD be within 300MeV of the
tagged photon energy (dashed histogram). The solid curve
superimposed on the dashed histogram is a fit to a sum of
two Gaussians plus a second order polynomial. The shaded
area, formed from the sum of the wider Gaussian and the
polynomial, represents the background. The peak position
and width of the remaining Gaussian are consistent with
the nominal f mass and expected mass resolution in the
LGD, respectively.
Fig. 10 shows evidence for gp ! b1ð1235Þp followed by

the decay b1ð1235Þ ! op0 and o ! p0g. Events for this
figure were required to have one and only one arrangement
of photons consistent with the hypothesis p0p0g, exactly
one pixel in the BSD, exactly one hit in the tagger
consistent in time with the pixel and a total energy
deposition in the LGD greater than 4.3GeV. The first
panel shows the p0g effective mass from events satisfying
the selection criteria (two combinations per event). The
prominent structure is centered at the mass of the o. The
second panel is the p0p0g effective mass vs. the p0g effective
mass (two combinations per event). The enhancement seen
between the vertical lines has a p0p0g mass peaking near
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Fig. 8. The effective mass spectrum derived from events with exactly two
reconstructed showers in the forward calorimeter. The criteria discussed in
the text and Table 4 have been applied. Clearly visible are peaks associated
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the total reconstructed shower energy is required to be within 0.3GeV of the beam energy derived from the tagger. Evidence for the decay f ! Zg is seen.
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This background is due to o ! p0g ! 3g where either two
of the three photons were less than 6 cm apart and were
merged into a single cluster, or a low energy photon
somehow escaped detection.

Fig. 9 shows the invariant mass distribution from events
with three reconstructed showers. The solid histogram
shown in the left plot was obtained from this sample after
the application of the cuts discussed above. The o ! 3g
signal is visible as the peak near 0.8GeV. The two lower
mass peaks are associated with 2g decays of p0 and Z mis-

reconstructed as 3g by the addition of an accidental low-
energy shower that survives the cuts. Selecting events with
p0g kinematics by requiring that one of the pairs from the
3g sample is consistent with the p0 mass suppresses
contamination from this type of background while preser-
ving the o signal. The result of applying this requirement is
shown as the dashed histogram.
The plot on the right of Fig. 9 shows the signal

associated with f ! Zg. The solid histogram shows the
spectrum obtained by requiring one pair of photons to
have an effective mass consistent with Z ! 2g. The
background, in this case approximately as large as the
signal, was suppressed by the additional requirement that
the total energy in the LGD be within 300MeV of the
tagged photon energy (dashed histogram). The solid curve
superimposed on the dashed histogram is a fit to a sum of
two Gaussians plus a second order polynomial. The shaded
area, formed from the sum of the wider Gaussian and the
polynomial, represents the background. The peak position
and width of the remaining Gaussian are consistent with
the nominal f mass and expected mass resolution in the
LGD, respectively.
Fig. 10 shows evidence for gp ! b1ð1235Þp followed by

the decay b1ð1235Þ ! op0 and o ! p0g. Events for this
figure were required to have one and only one arrangement
of photons consistent with the hypothesis p0p0g, exactly
one pixel in the BSD, exactly one hit in the tagger
consistent in time with the pixel and a total energy
deposition in the LGD greater than 4.3GeV. The first
panel shows the p0g effective mass from events satisfying
the selection criteria (two combinations per event). The
prominent structure is centered at the mass of the o. The
second panel is the p0p0g effective mass vs. the p0g effective
mass (two combinations per event). The enhancement seen
between the vertical lines has a p0p0g mass peaking near
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pair of photons has an effective mass consistent with p0 ! 2g. Evidence for the decay o ! p0g is clearly seen. The right panel shows the spectrum after
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the total reconstructed shower energy is required to be within 0.3GeV of the beam energy derived from the tagger. Evidence for the decay f ! Zg is seen.
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3.2. The barrel detectors (BGD and BSD)

Two concentric barrel-shaped detectors surrounded the
target, both originally built for the Jetset experiment [5,6].
They detected particles emerging from the target between
30! and 90! from the beam axis. The BSD was a hodoscope
made up of three concentric cylinders. The innermost layer,
of inner radius 35 cm, consisted of 12 paddles twisted to
spiral around the barrel in a clockwise direction (looking
downstream). The middle layer, of inner radius 36 cm,
consisted of 12 paddles twisted to spiral counterclockwise.
The outermost layer, of inner radius 37 cm, was composed
of 24 paddles all parallel to the beam axis. The scintillators
were 0.5 cm thick. The active area of the BSD extended
from z ¼ #2 to 68 cm and had full azimuthal coverage.
A coincidence between counters in all three layers was used
to define a triangular region, called a pixel, which enabled
the recoil particle direction to be reconstructed in the off-
line analysis. All 48 paddles were instrumented with Thorn-
EMI 9954 phototubes.

Surrounding the scintillator array was the lead-scintillat-
ing fiber calorimeter. The BGD was installed in RADPHI to
detect photons that emerge at large angles beyond the solid
angle of the forward calorimeter. The fibers ran parallel to
the z-axis and extended from z ¼ #11 to 75 cm. The
detector was segmented azimuthally into 24 counters, each
of which was read out on both ends. Upstream light
readout was accomplished with 90!-bend light guides, the
light being measured with Philips XP2020 phototubes.
Constrained to fit into a small space just upstream of the
forward detectors, the downstream light collection system
consisted of a pad of Bicron (BCF-92), 1.5-mm square,
multi-clad wave-shifting fibers positioned at the end of the
scintillating fibers. Light from the wave-shifting fibers was
detected by Thorn-EMI 9954 phototubes. The thickness of
the BGD was 9.3 cm which amounts to about 5.8 radiation
lengths at normal incidence. The inner radius of the
counter was 39 cm.

3.3. The charged particle veto

The CPV scintillator hodoscope was installed upstream
of the lead-glass wall to tag charged particles. The
hodoscope shadowed the upstream face of the lead-glass
stack and so provided the capability of vetoing (off-line)
events that contained charged particles in the final state. It
was made up of 30 horizontal paddles, 15 to the left and 15
to the right of center. The paddles were arranged so that
neighbors overlapped both vertically and at the center as
shown in Fig. 1 (except, of course, around the beam hole).
The CPV scintillators were 0.4 cm thick and were staggered
in z around a plane at z ¼ 90 cm.

The paddles closest to the beam were narrower to
approximately equalize rates in the counters. Rates were
high enough to require that zener diode bases be installed
on the outer 16 paddles and transistorized bases be
installed on the inner 14. To further reduce the rate-

dependence of the gain in these counters, the phototube
voltages were set at the low end of the efficiency plateau
and signals were amplified by a 5$ amplifier before being
split and analyzed. The phototubes were Thorn-EMI
9214B’s.

3.4. The lead-glass detector

The LGD allowed reconstruction of photon energy and
momentum from decays of particles of interest to RADPHI.
The techniques used to calibrate this detector and to
determine its resolution are described elsewhere [7]. After
calibration, the LGD achieved an energy resolution of

sE
E

¼
7:3%ffiffiffiffi

E
p þ 3:5% (1)

and a position resolution of

sx ¼
0:64 cmffiffiffiffi

E
p (2)

with E in GeV.
The active elements of the array were lead-glass bars

recycled from the Brook-haven National Lab (BNL) E852
detector [8]. The dimensions of the bars were
4 cm$ 4 cm$ 45 cm. The long axis was oriented parallel
to the beam. The bars were wrapped in 0.0005 in. thick
aluminized mylar and stacked in a 28$ 28 matrix with the
corners removed so as to approximate a circular config-
uration (see Fig. 1). The four central blocks were removed
to permit the unscattered photon beam to pass to the beam
dump. A one-piece support structure held the phototubes
in place relative to the lead-glass array, one tube per block,
with an air gap for coupling. The entire assembly was
enclosed in a light-tight box of Herculite.
The gain of the calorimeter cells was monitored by a

monitoring system based on a pulsed nitrogen laser. This
laser illuminated a 1 cm3 piece of plastic scintillator. Light
from this scintillator was propagated along fibers to the
edges of a 1$ 1 m2 sheet of Plexiglas covering the
upstream face of the LGD. Most of this light was trapped
by total internal reflection but a sufficient amount scattered
out of the sheet to provide an illumination of the detector
sufficient for monitoring purposes. The illumination was
found to be uniform to within a factor of two by measuring
the intensity of scattered light with a single phototube
scanned over the surface of the sheet.

3.5. Radiation damage

Online monitoring of the LGD during the experiment
indicated that the gain in the eight blocks immediately
adjacent to the beam hole decreased as the run progressed.
This observation was based upon the laser monitor system,
the raw pulse-height distributions, and the channel gains
which were periodically determined during the run.
A similar effect was seen, but to a lesser degree, for the
next ring of blocks once removed from the beam hole.
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GlueX CDR Calorimeter Introduction 3

We start this chapter on GlueX calorimetry by discussing the physics that determines the performance metrics
of BCAL and FCAL including granularity, energy, position and timing resolution, and energy thresholds.
Information from BCAL will also be used for separating protons from pions and also to provide some
information on recoil neutrons. This preliminary discussion will then be followed by a presentation of how
the performance metrics will be met in the BCAL and FCAL designs that borrow from the experience of
similar calorimeters. The BCAL design uses a lead/scintillating fiber matrix similar to that used in the
KLOE calorimeter [1, 2] while FCAL uses a lead glass stack similar to that used in Brookhaven experiment
E852 [3, 4] and the Radphi experiment[5, 6] at Jefferson Lab.

The requirements on acceptance and on energy, position and timing resolution are driven by the need to
identify exclusive reactions in order to perform the amplitude analyses that will extract meson JPC quantum
numbers and on the need to be sensitive to a variety of meson decay modes. The detector discussion will
be followed by a presentation of GEANT-based simulations, photon reconstruction and kinematic fitting for
various of GlueX’s signature reactions to assess how BCAL and FCAL, operating in the overall detector
environment, will meet the GlueX physics goals.

1.2 Information from existing photoproduction data

There is little data on meson photoproduction in the GlueX energy regime (Eγ ≈ 7− 9 GeV). Almost all of
what is known comes from bubble chamber measurements at SLAC [7, 8, 9, 10, 11, 12]. These experiments
were among the first exploratory studies of the photoproduction of meson and baryon resonances at these
energies, and although they suffer from low-statistics, they have good acceptance, except for events with
multiple neutrals. Exclusive reactions leading to final states with charged particles and a single neutron or
π0 can be identified by kinematic fitting. Table 1 summarizes the photoproduction cross sections for various
charged particle topologies, with and without neutrals, at Eγ = 9.3 GeV [7]. Final states with single or
multi-neutral particles (π0, η or n) account for about 82% of the total cross section. About 13% of the total
cross section is due to final states with charged particles and a single π0. So for about 70% of the total
photoproduction cross section, from Eγ ≈ 7 to ≈ 12 GeV, we have essentially no information. Extrapolating
from what is known from the final states that have been identified and studied, the bulk of the unknown
processes are expected to involve final states with combinations of π0 and η mesons. The discovery potential
of GlueX rests on being able to detect π0 and η mesons.

Topology σ (µb) % of σ with neutrals
1-prong 8.5± 1.1 100
3-prong 64.1± 1.5 76± 3
5-prong 34.2± 0.9 86± 4
7-prong 6.8± 0.3 86± 6
9-prong 0.61± 0.08 87± 21
With visible strange decay 9.8± 0.4 -
Total 124.0± 2.5 82± 4

Table 1: Topological photoproduction cross sections for γp interactions at 9.3 GeV from Reference [7]. Also
shown are the percent of the cross section with neutral particles for each topology.

Guidance from Existing Data 
Information on photoproduction in the GlueX regime is sparse

GlueX CDR Calorimeter Introduction 6

Topology Pythia Estimates (µb) Data (µb)
1-prong 8.8± 0.02 8.5± 1.1
3-prong 63.5± 0.09 64.1± 1.5
5-prong 42.7± 0.2 34.2± 0.9
7-prong 7.3± 0.1 6.8± 0.3
9-prong 0.3± 0.1 0.61± 0.08

Table 5: Topological Photoproduction Cross Sections at 9 GeV from Pythia and from bubble chamber data
[7]. The Pythia cross section estimates have been tuned to a total photoproduction cross section of 124 µb.
The errors on the Pythia estimates are statistical.

Reaction Pythia Estimates (µb) Data (µb)
γp→ 3 prongs

γp→ pπ+π− 13.6± 0.13 14.7± 0.6
γp→ pK+K− 0.41± 0.02 0.58± 0.05

γp→ pp̄p 0.04± 0.01 0.09± 0.02
γp→ pπ+π−π0 5.8± 0.1 7.5± 0.8
γp→ n2π+π− 1.4± 0.04 3.2± 0.7

With multi-neutrals 42.3± 0.3 38.0± 1.9
γp→ 5 prongs

γp→ p2π+2π− 2.9± 0.06 4.1± 0.2
γp→ pK+K−π+π− 0.51± 0.03 0.46± 0.08
γp→ p2π+2π−π0 8.12± 0.1 6.7± 1.0
γp→ n3π+2π− 0.8± .3 1.8± 1.9

With multi-neutrals 30.4± 0.2 21.1± 1.7

Table 6: Photoproduction reaction cross sections at 9 GeV from Pythia and from bubble chamber data [7].
The Pythia cross section estimates have been tuned to a total photoproduction cross section of 124 µb. The
errors on the Pythia estimates are statistical.
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information on final states with photons

Bubble chamber data - photoproduction at 9 GeV:

Discovery potential high in final states

with multi-neutrals
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Performance Metrics
Start with E852/RADPHI  for FCAL

FCAL CDR
Version 1

Updated: January 30, 2008

1 FCAL - GlueX Forward Calorimeter

1.1 Overview

The cylindrical BCAL calorimeter and the planar FCAL calorimeter complement each other. FCAL is a
circular stack of 2800 lead glass blocks (see Figure 1) whose front face is located 560 cm downstream of the
GlueX target center. The diameter of the circular stack is 240 cm. The lead glass blocks have transverse
dimensions of 4 × 4 cm2 and are 45 cm long. The center 3 × 3 blocks are removed leaving a 12 × 12 cm2

beam hole.

The lead glass was manufactured in Russia and is designated as type F8-00 glass. The chemical composition
of this glass is 45% PbO, 42.8% SiO2, 14% K2O and 1.8% Na2O. The glass has a density of 3.6 gm/cm3,
a radiation length of 3.1 cm, a nuclear collision length of 22.5 cm and an index of refraction of 1.62. The
Molière radius of the glass is 4.3 cm. The transverse dimensions of the glass blocks were machined to a
tolerance of 50 microns.

Figure 1: The FCAL calorimeter consisting of 2800 lead glass blocks arranged in a circular stack. The front
of the array is located 560 cm downstream of the target center. The diameter of the circular stack is 240 cm.
More details are given in the text.

Each block will be read out using FEU-84-3 PMT’s, also manufactured in Russia. These are 12-stage PMT’s
with a maximum gain of 2.4×105. The 2.5 cm diameter borosilicate photocathode is sensitive to wavelengths
between 300 and 820 nm. The quantum efficiency peaks at a wavelength of 400 nm with a value of about
24%. The PMT has a physical length of about 11 cm and a diameter of 3 cm. The PMT’s will be powered
by custom-designed Cockcroft-Walton bases [1]. An important feature of the Cockcroft-Walton bases is their
relatively low power dissipation – about 0.1 W per base.

The design of FCAL makes use of the experience gained using these lead glass blocks and PMT’s and bases
in experiment E852 at Brookhaven and the RADPHI experiment in Hall B at JLab. The challenges for
FCAL in GlueX lie in (1) shielding the PMT’s from the substantial fringe field of the GlueX solenoid in the

1

• 2800 blocks
• 4 cm x 4 cm x 45 cm
• diameter: 240 cm
• 5.6 m from target

A program of improvements underway

3.2. The barrel detectors (BGD and BSD)

Two concentric barrel-shaped detectors surrounded the
target, both originally built for the Jetset experiment [5,6].
They detected particles emerging from the target between
30! and 90! from the beam axis. The BSD was a hodoscope
made up of three concentric cylinders. The innermost layer,
of inner radius 35 cm, consisted of 12 paddles twisted to
spiral around the barrel in a clockwise direction (looking
downstream). The middle layer, of inner radius 36 cm,
consisted of 12 paddles twisted to spiral counterclockwise.
The outermost layer, of inner radius 37 cm, was composed
of 24 paddles all parallel to the beam axis. The scintillators
were 0.5 cm thick. The active area of the BSD extended
from z ¼ #2 to 68 cm and had full azimuthal coverage.
A coincidence between counters in all three layers was used
to define a triangular region, called a pixel, which enabled
the recoil particle direction to be reconstructed in the off-
line analysis. All 48 paddles were instrumented with Thorn-
EMI 9954 phototubes.

Surrounding the scintillator array was the lead-scintillat-
ing fiber calorimeter. The BGD was installed in RADPHI to
detect photons that emerge at large angles beyond the solid
angle of the forward calorimeter. The fibers ran parallel to
the z-axis and extended from z ¼ #11 to 75 cm. The
detector was segmented azimuthally into 24 counters, each
of which was read out on both ends. Upstream light
readout was accomplished with 90!-bend light guides, the
light being measured with Philips XP2020 phototubes.
Constrained to fit into a small space just upstream of the
forward detectors, the downstream light collection system
consisted of a pad of Bicron (BCF-92), 1.5-mm square,
multi-clad wave-shifting fibers positioned at the end of the
scintillating fibers. Light from the wave-shifting fibers was
detected by Thorn-EMI 9954 phototubes. The thickness of
the BGD was 9.3 cm which amounts to about 5.8 radiation
lengths at normal incidence. The inner radius of the
counter was 39 cm.

3.3. The charged particle veto

The CPV scintillator hodoscope was installed upstream
of the lead-glass wall to tag charged particles. The
hodoscope shadowed the upstream face of the lead-glass
stack and so provided the capability of vetoing (off-line)
events that contained charged particles in the final state. It
was made up of 30 horizontal paddles, 15 to the left and 15
to the right of center. The paddles were arranged so that
neighbors overlapped both vertically and at the center as
shown in Fig. 1 (except, of course, around the beam hole).
The CPV scintillators were 0.4 cm thick and were staggered
in z around a plane at z ¼ 90 cm.

The paddles closest to the beam were narrower to
approximately equalize rates in the counters. Rates were
high enough to require that zener diode bases be installed
on the outer 16 paddles and transistorized bases be
installed on the inner 14. To further reduce the rate-

dependence of the gain in these counters, the phototube
voltages were set at the low end of the efficiency plateau
and signals were amplified by a 5$ amplifier before being
split and analyzed. The phototubes were Thorn-EMI
9214B’s.

3.4. The lead-glass detector

The LGD allowed reconstruction of photon energy and
momentum from decays of particles of interest to RADPHI.
The techniques used to calibrate this detector and to
determine its resolution are described elsewhere [7]. After
calibration, the LGD achieved an energy resolution of

sE
E

¼
7:3%ffiffiffiffi

E
p þ 3:5% (1)

and a position resolution of

sx ¼
0:64 cmffiffiffiffi

E
p (2)

with E in GeV.
The active elements of the array were lead-glass bars

recycled from the Brook-haven National Lab (BNL) E852
detector [8]. The dimensions of the bars were
4 cm$ 4 cm$ 45 cm. The long axis was oriented parallel
to the beam. The bars were wrapped in 0.0005 in. thick
aluminized mylar and stacked in a 28$ 28 matrix with the
corners removed so as to approximate a circular config-
uration (see Fig. 1). The four central blocks were removed
to permit the unscattered photon beam to pass to the beam
dump. A one-piece support structure held the phototubes
in place relative to the lead-glass array, one tube per block,
with an air gap for coupling. The entire assembly was
enclosed in a light-tight box of Herculite.
The gain of the calorimeter cells was monitored by a

monitoring system based on a pulsed nitrogen laser. This
laser illuminated a 1 cm3 piece of plastic scintillator. Light
from this scintillator was propagated along fibers to the
edges of a 1$ 1 m2 sheet of Plexiglas covering the
upstream face of the LGD. Most of this light was trapped
by total internal reflection but a sufficient amount scattered
out of the sheet to provide an illumination of the detector
sufficient for monitoring purposes. The illumination was
found to be uniform to within a factor of two by measuring
the intensity of scattered light with a single phototube
scanned over the surface of the sheet.

3.5. Radiation damage

Online monitoring of the LGD during the experiment
indicated that the gain in the eight blocks immediately
adjacent to the beam hole decreased as the run progressed.
This observation was based upon the laser monitor system,
the raw pulse-height distributions, and the channel gains
which were periodically determined during the run.
A similar effect was seen, but to a lesser degree, for the
next ring of blocks once removed from the beam hole.
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Energy and space resolution:

E in GeV

spatial segmentation is 
4 cm x 4 cm in FCAL face

Threshold Energy = 120 MeV

More to follow from Beni Zihlmann
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KLOE calorimeter - readout segmentation (one end)

R=2 m
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δ(Rφ) =
5 mm√
E(GeV)

(2)

The above assumption is consistent with results of BCAL simulations [25] and with the proposed inner
2 × 2 cm2 readout scheme for the ends of the BCAL modules. The polar angle, θ, resolution is assumed
to be driven by the resolution in z along the BCAL fiber which in turn is driven by the resolution in time
difference between the two ends of a BCAL module. We assume the timing resolution is given by:

σt(ps) =
54√

E(GeV)
⊕ 50 (3)

and the resolution in z is given by dz = σt · veff/2 where veff is the effective velocity of light in the fibers
that takes into account the index of refraction and bounces (veff = 0.53c). With this:

σθ =
R

R2 + z2
dz (4)

Figure 9 shows the dependence of σθ as a function of θ for various photon energies.
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Figure 9: BCAL polar angular resolution as a function of angle for photon energies of 0.04, 0.1, 0.5 and
1.0 GeV.

For FCAL we assume a position resolution in the plane of FCAL to be [5].

σr =
6.4 mm√
E(GeV)

(5)

Mass resolutions: Given these assumptions as defining our nominal resolutions, we smear the photon
energies and positions and compute the di-photon masses for the photons originating from the η decay and
from the π0. The resulting distributions, assuming nominal resolutions, are fit to a Gaussian and the widths

16

dz =
σ∆t · 0.53c

2
σ∆t =

56 ps√
E(GEV )

⊕ 50 ps

σφ =
8 mr√
E(GeV )

∆φ = 1.9◦

σE

E
=

5.4%√
E(GeV )

Performance Metrics
Start with KLOE for BCAL

Energy and timing resolutions for BCAL 
verified in beam test and simulations.  
And we are making improvements.

Threshold Energy = 
20 MeV (KLOE) and 
40 MeV (BCAL)
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More to follow from George Lolos

Performance Metrics
Start with KLOE for BCAL

Alcove

Beam Dump

Platform

Photon Beam

Possible positions
for Module and
readout

BCAL Module 1 in the Hall B Alcove

E
beam

  (GeV)

s
E

E
beam

BCAL prototypes in beam tests at:
(1) TRIUMF and (2) Hall B - JLab



Overview - Alex Dzierba
Hall D 

Calorimeter Review
16

Performance Metrics
And impact on physics

Starting with BCAL/FCAL performance parameters based on

KLOE/E852/RADPHI experience we will look at physics 

impact looking at:

•  occupancy (segmentation)

•  acceptance and spin analysis

•  resolution (mass resolutions) and signal/noise

•  energy threshold

•  time-of-flight

This based on a parametric Monte Carlo
More to follow from Matt Shepherd
using full GEANT simulation - reconstruction - amplitude analysis
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How Photons Populate BCAL and FCAL 
Using information from Pythia

GlueX CDR Calorimeter Introduction 11

Element Percent of all photons Percent of all photons Percent of all photons
Pythia Events ηπ0 Events X∆ Events

Angles > 126◦ 1.7 0.20 7.8
BCAL 70.5 45.68 89.8
FCAL 27.3 53.15 2.4
Hole in FCAL 0.5 0.97 0

Table 8: Fraction of all photons populating the GlueX calorimeters, the angular region > 126◦ and the beam
hole in FCAL for Pythia events and ηπ0 events.

Element η π0

Both photons in FCAL 27% 46%
Both photons in BCAL 20% 35%
Photons in FCAL and BCAL 53% 19%

Table 9: Fraction of accepted ηπ0 events that have photons from either the η or π0 both in BCAL or FCAL
or shared.
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Figure 5: Histogram: Distribution of photons from the γp → ηπ0p reaction along the inner wall of BCAL.
The upstream end of BCAL is at z = 17 cm and the downstream end at z = 407 cm. Use the left vertical
scale for the histogram. The three curves (all as a function of z) use the right vertical scale. The black
dashed curve is the integral fraction of photons in BCAL in percent. The blue curve is the photon angle in
degrees measured with respect to the beam (or with respect to the inner surface of BCAL). The green curve
is the number of radiation lengths traversed by a photon.

polar angle, θGJ , is the angle between the momentum vector of one of the decay products (the η in our
case) and the momentum vector of the beam, all in the X rest frame. A uniform decay angular distribution
corresponds to a distribution flat in cos θGJ . The amplitude analysis fits the observed distribution in cos θGJ

to a sum of various waves corresponding to the angular momentum L between the η and π0 and its projection
M along the z−axis.
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Figure 3: Photons in BCAL: distributions in (a) photon multiplicity in BCAL for events with one or more
photons in BCAL; (b) separation of photons in azimuthal angle for photons in BCAL (multiple entries per
event); (c) minimum azimuthal angle separation in an event; (d) correlation of azimuthal separation (all
di-photon combinations in an event) with photon multiplicity.

well as for the recoil baryon resonance production γp→ X∆→ Xπ0N . The latter reaction will be discussed
in more detail below.

Table 9 shows the fraction of accepted (no photons in beam hole or with angles > 126◦) events that have
both photons from the η or π0 in FCAL or BCAL or shared between FCAL and BCAL.

Figure 5 has information about the photons hitting BCAL. The variable z is the distance along the inner
surface of BCAL starting from the upstream end at z = 17 cm and ending at the downstream end at
z = 407 cm. The 30-cm target center is at z = 65 cm. The histogram is the distribution of the photons along
z (use the left vertical scale) while the dashed curve (use the right vertical scale) is the integral fraction of
photons in percent. For example, 30% of the BCAL photons hit between z = 17 cm and z = 212 cm, the
upstream half of BCAL. The other curves also use the right vertical scale. The green curve is the number
of BCAL radiation lengths intercepted by the photon trajectory assuming a 1.45 cm radiation length for
the Pb/SciFi matrix. The cusp at z = 312 cm corresponds to a photon angle of 14.7◦ where the number
of radiation lengths is 68. As the photon angle changes from 10.8◦ to 14.7◦ (see Figure 1), the number
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Figure 4: Photons in FCAL: distributions in (a) photon multiplicity in FCAL for events with one or more
photons in FCAL; (b) photon distance from center of FCAL in the plane of FCAL; (c) photon separation in
the plane of FCAL (multiple entries per event); and (d) (x,y) pattern of photon hits on the plane of FCAL.

of radiation lengths intercepted by the photon trajectory increases from 0 to 68. In this angular region
the photon trajectory exits out the downstream end of BCAL. How well these photons can be constructed,
using GEANT-based simulations and photon reconstruction software, will be discussed later. The cusp at
z = 30 cm corresponds to a photon angle of 118.1◦. The minimum of the green curve is at z = 65 cm or at
90◦ corresponding to 17 radiation lengths (the module is 22.5 cm thick). The blue curve shows the photon
angle as a function of z.

1.5.4 Amplitude analysis and understanding of acceptance

As seen in Figure 5, the angular region between 10.8◦ and 14.7◦ (see Figure 1) has a significant population of
photons for events of the reaction γp→ Xp→ ηπ0p. In this region there is a fair amount of material due to
cabling associated with the FDC drift chambers. The impact of FDC material on photon reconstruction and
ways to reduce this material are under study. How well one understands the reconstruction efficiency in this
region is critical for the amplitude analysis. To illustrate this, we generate events with a uniform population
of decay angles in the X rest frame. A frame that is often chosen is the Gottfried-Jackson frame where the

How Photons Populate BCAL and FCAL 
Using information from Pythia

BCAL
FCAL

6% of events with two or more photons in BCAL have a minimum 
separation of less than 2 degrees

0.7% of events with two or more photons
 in FCAL have two photons separated by  < 8 cm
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Energy Threshold BCAL: % with FCAL: % with
Ethr (MeV) Emin < Ethr Emin < Ethr

20 2 0
40 5 0.1
50 8 0.2
100 17 1.9
150 25 4.8

Table 7: Fraction (in percent) of events with more than one photon in a calorimeter for which the minimum
energy in an event is less than the threshold energy.

BCAL granularity: The plots of Figure 3 address the issue of the granularity needed for BCAL. Distri-
butions for (a) photon multiplicity in BCAL for events with one or more photons in BCAL; (b) separation of
photons in azimuthal angle for photons in BCAL (multiple entries per event); and (c) minimum azimuthal
angle separation in an event are shown. Also shown is the correlation of azimuthal separation (all di-photon
combinations in an event) with photon multiplicity. As will be described below (in the BCAL section) the
BCAL readout cell size is approximately 2 × 2 cm2. The in depth (along the radius) the segmentation is
exactly 2 cm and along the azimuth the width varies with depth to correspond to an azimuthal segmentation
of 1.875◦. This segmentation is for the first 12 cm in depth but it accounts for providing bulk of information
needed for photon reconstruction. Also, as will be discussed below, the segmentation for the remaining
depth has a coarser segmentation. This cell size is a good match to the BCAL Molière radius (3.6 cm).
Approximately 6% of events with two or more photons in BCAL have a photon pair with an azimuthal
angular separation less than 2◦.

FCAL granularity: The plots of Figure 4 address the issue of the granularity needed for FCAL. Distribu-
tions for (a) photon multiplicity in FCAL for events with one or more photons in FCAL; (b) photon distance
from center of FCAL in the plane of FCAL; and (c) photon separation in the plane of FCAL (multiple entries
per event) are displayed. Also shown is the (d) (x,y) pattern of photon hits on the plane of FCAL.

The specific design of FCAL will be discussed in more detail below, but for now we note that the design
follows the granularity used in E852 [3, 4] and Radphi [5, 6] based on glass blocks with transverse dimensions
of 4× 4 cm3. These dimensions are a good match to the Molière radius (4.3 cm) of the lead glass that will
be used in FCAL. These Pythia simulations show that the percentage of all events with two or more photons
in FCAL, 0.7% of these events have a minimum di-photon separation of 8 cm or less. The maximum energy
π0 (Emax

π ) expected for GlueX is 9 GeV for nominal running with polarized photons and 12 GeV for photon
running near the electron endpoint energy. This corresponds to a minimum di-photon separation of 16 and
13 cm for the two energies, using ∆r = 2mπLFCAL/Emax

π with LFCAL = 560 cm (see Figure 1).

1.5.3 A signature reaction: γp→ ηπ0p

We now turn to one of the signature reactions for GlueX, the reaction γp → ηπ0p. This reaction is of
particular interest for exotic hybrid searches since the ηπ0 has well-defined charge conjugation quantum
number (C = +) and if the η and π0 resonate in a P −wave then the resonance has exotic JPC = 1−+. For
events with uniform ηπ0 masses between 1.0 and 2.0 GeV/c2, uniform in decay angles, and produced with
a e−5·|t| distribution, the photons populate the calorimeters, the beam hole in FCAL and the the angular
region > 126◦ as shown in Table 8. For completeness we include the photon population for Pythia events as

GlueX CDR Calorimeter Introduction 11

Element Percent of all photons Percent of all photons Percent of all photons
Pythia Events ηπ0 Events X∆ Events

Angles > 126◦ 1.7 0.20 7.8
BCAL 70.5 45.68 89.8
FCAL 27.3 53.15 2.4
Hole in FCAL 0.5 0.97 0

Table 8: Fraction of all photons populating the GlueX calorimeters, the angular region > 126◦ and the beam
hole in FCAL for Pythia events and ηπ0 events.

Element η π0

Both photons in FCAL 27% 46%
Both photons in BCAL 20% 35%
Photons in FCAL and BCAL 53% 19%

Table 9: Fraction of accepted ηπ0 events that have photons from either the η or π0 both in BCAL or FCAL
or shared.
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Figure 5: Histogram: Distribution of photons from the γp → ηπ0p reaction along the inner wall of BCAL.
The upstream end of BCAL is at z = 17 cm and the downstream end at z = 407 cm. Use the left vertical
scale for the histogram. The three curves (all as a function of z) use the right vertical scale. The black
dashed curve is the integral fraction of photons in BCAL in percent. The blue curve is the photon angle in
degrees measured with respect to the beam (or with respect to the inner surface of BCAL). The green curve
is the number of radiation lengths traversed by a photon.

polar angle, θGJ , is the angle between the momentum vector of one of the decay products (the η in our
case) and the momentum vector of the beam, all in the X rest frame. A uniform decay angular distribution
corresponds to a distribution flat in cos θGJ . The amplitude analysis fits the observed distribution in cos θGJ

to a sum of various waves corresponding to the angular momentum L between the η and π0 and its projection
M along the z−axis.
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Element Percent of all photons Percent of all photons Percent of all photons
Pythia Events ηπ0 Events X∆ Events

Angles > 126◦ 1.7 0.20 7.8
BCAL 70.5 45.68 89.8
FCAL 27.3 53.15 2.4
Hole in FCAL 0.5 0.97 0

Table 8: Fraction of all photons populating the GlueX calorimeters, the angular region > 126◦ and the beam
hole in FCAL for Pythia events and ηπ0 events.

Element η π0

Both photons in FCAL 27% 46%
Both photons in BCAL 20% 35%
Photons in FCAL and BCAL 53% 19%

Table 9: Fraction of accepted ηπ0 events that have photons from either the η or π0 both in BCAL or FCAL
or shared.
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Figure 5: Histogram: Distribution of photons from the γp → ηπ0p reaction along the inner wall of BCAL.
The upstream end of BCAL is at z = 17 cm and the downstream end at z = 407 cm. Use the left vertical
scale for the histogram. The three curves (all as a function of z) use the right vertical scale. The black
dashed curve is the integral fraction of photons in BCAL in percent. The blue curve is the photon angle in
degrees measured with respect to the beam (or with respect to the inner surface of BCAL). The green curve
is the number of radiation lengths traversed by a photon.

polar angle, θGJ , is the angle between the momentum vector of one of the decay products (the η in our
case) and the momentum vector of the beam, all in the X rest frame. A uniform decay angular distribution
corresponds to a distribution flat in cos θGJ . The amplitude analysis fits the observed distribution in cos θGJ

to a sum of various waves corresponding to the angular momentum L between the η and π0 and its projection
M along the z−axis.

Photons From a Signature Reaction 
Where exotic signals have been reported

BCAL photon population:

γp→ Xp

1.0 < MX < 2.5 GeV

X → ηπ0 → 4γ

dN

d|t| ∝ e−5·|t|

isotropic in decay angles
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In Figure 6 we show the effect on the cos θGJ distribution if we eliminate ηπ0 events if one of the four photons
from the event enters an angular region defined by the LAB angle θ. For distribution (I) no requirement
was imposed. For distribution (II) the angular cut imposed extends from θ = 10.8◦ to θ = 11.7◦. For
distributions (III) through (V), the lower limit remained the same while the upper limit was increased in 1◦
increments, up to θ = 14.7◦ for distribution (V). Also shown are the percentage of events that survive the
various angular cuts along with the forward-backward asymmetry defined as (F −B/(F +B) where F is the
number of events with cos θGJ > 0 and B is the number of events with cos θGJ < 0. The imposition of the
angular cut impacts the acceptance and sculpts the observed angular distribution. As noted above, if the ηπ0

resonates in a P -wave (L = 1) the resonance has exotic quantum numbers. There are resonances with L = 0
and L = 2 that decay into ηπ0 and an even-wave odd-wave interference will lead to a forward-backward
asymmetry in the cos θGJ distribution. So a poorly understood acceptance in the critical angular region
between BCAL and FCAL can lead to false amplitude analysis conclusions.

cos θGJ
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IV

V

Acceptance (%) (F-B)/(F+B)Case
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IV
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100
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Figure 6: The distribution in cos θGJ for γp→ Xp→ ηπ0p events. For distribution (I) no cuts are imposed.
For distributions (II) through (V), events are eliminated if one of the four photons enters various angular
ranges as defined in the text. The corresponding acceptances and forward-backward asymmetries are also
given.

1.5.5 Another signature reaction: γp→ b1(1235)πp

An important parameter for BCAL is the energy of the lowest energy photon that can be reconstructed.
To understand the challenge we look at γp → b+

1 π0n where the intermediate final state is ωπ+π0 and the
final state is π+π+π−π0π0p. In this note we look at the kinematics of a 2 GeV/c2 state decaying into b1π.
The incident photon energy is assumed to be 9 GeV. This is one of our signature reactions for exotic hybrid
searches and yields four photons.

The plot of Figure 7(a) shows the energy spectrum of the lowest energy photon in the event. The plot of
Figure 7(b) shows the fractional running integral, so, for example, 25% of the events have a photon with
energy less than 80 MeV. The scatterplot of Figure 8 shows the energy versus angle for the lowest energy
photon in the event for γp → b+

1 π0n. This scatterplot shows the challenge for this lowest energy photon
reconstruction. Most of the low energy photons occur near the edge of BCAL where reconstruction is a
challenge due to presence of material at that location.

Acceptance in decay angles:

II:    Remove event if any photon lies between 10.8 to 11.8 degrees
III:  10.8 to 12.8 degrees 
IV:  10.8 to 13.8
V:   10.8 to 14.7

GlueX CDR Calorimeter Introduction 8

Energy Threshold BCAL: % with FCAL: % with
Ethr (MeV) Emin < Ethr Emin < Ethr

20 2 0
40 5 0.1
50 8 0.2
100 17 1.9
150 25 4.8

Table 7: Fraction (in percent) of events with more than one photon in a calorimeter for which the minimum
energy in an event is less than the threshold energy.

BCAL granularity: The plots of Figure 3 address the issue of the granularity needed for BCAL. Distri-
butions for (a) photon multiplicity in BCAL for events with one or more photons in BCAL; (b) separation of
photons in azimuthal angle for photons in BCAL (multiple entries per event); and (c) minimum azimuthal
angle separation in an event are shown. Also shown is the correlation of azimuthal separation (all di-photon
combinations in an event) with photon multiplicity. As will be described below (in the BCAL section) the
BCAL readout cell size is approximately 2 × 2 cm2. The in depth (along the radius) the segmentation is
exactly 2 cm and along the azimuth the width varies with depth to correspond to an azimuthal segmentation
of 1.875◦. This segmentation is for the first 12 cm in depth but it accounts for providing bulk of information
needed for photon reconstruction. Also, as will be discussed below, the segmentation for the remaining
depth has a coarser segmentation. This cell size is a good match to the BCAL Molière radius (3.6 cm).
Approximately 6% of events with two or more photons in BCAL have a photon pair with an azimuthal
angular separation less than 2◦.

FCAL granularity: The plots of Figure 4 address the issue of the granularity needed for FCAL. Distribu-
tions for (a) photon multiplicity in FCAL for events with one or more photons in FCAL; (b) photon distance
from center of FCAL in the plane of FCAL; and (c) photon separation in the plane of FCAL (multiple entries
per event) are displayed. Also shown is the (d) (x,y) pattern of photon hits on the plane of FCAL.

The specific design of FCAL will be discussed in more detail below, but for now we note that the design
follows the granularity used in E852 [3, 4] and Radphi [5, 6] based on glass blocks with transverse dimensions
of 4× 4 cm3. These dimensions are a good match to the Molière radius (4.3 cm) of the lead glass that will
be used in FCAL. These Pythia simulations show that the percentage of all events with two or more photons
in FCAL, 0.7% of these events have a minimum di-photon separation of 8 cm or less. The maximum energy
π0 (Emax

π ) expected for GlueX is 9 GeV for nominal running with polarized photons and 12 GeV for photon
running near the electron endpoint energy. This corresponds to a minimum di-photon separation of 16 and
13 cm for the two energies, using ∆r = 2mπLFCAL/Emax

π with LFCAL = 560 cm (see Figure 1).

1.5.3 A signature reaction: γp→ ηπ0p

We now turn to one of the signature reactions for GlueX, the reaction γp → ηπ0p. This reaction is of
particular interest for exotic hybrid searches since the ηπ0 has well-defined charge conjugation quantum
number (C = +) and if the η and π0 resonate in a P −wave then the resonance has exotic JPC = 1−+. For
events with uniform ηπ0 masses between 1.0 and 2.0 GeV/c2, uniform in decay angles, and produced with
a e−5·|t| distribution, the photons populate the calorimeters, the beam hole in FCAL and the the angular
region > 126◦ as shown in Table 8. For completeness we include the photon population for Pythia events as

Photons From a Signature Reaction 
Where exotic signals have been reported

Acceptance in the LAB angular range from 11 to 15 degrees
has a strong impact on the decay angular distribution crucial 
in extracting spin and other quantum numbers.   We are 
considering options for additional instrumentation for all or 
part of this region.

Ordinary mesons decaying into        correspond to even L (angular momentum).   The presence of an 

asymmetry in the above angular distribution would point to the presence of even L - odd L interference and 

odd L implies exotic quantum numbers.   

ηπ0
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Varying calorimeter resolutions
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Energy Threshold BCAL: % with FCAL: % with
Ethr (MeV) Emin < Ethr Emin < Ethr

20 2 0
40 5 0.1
50 8 0.2
100 17 1.9
150 25 4.8

Table 7: Fraction (in percent) of events with more than one photon in a calorimeter for which the minimum
energy in an event is less than the threshold energy.

BCAL granularity: The plots of Figure 3 address the issue of the granularity needed for BCAL. Distri-
butions for (a) photon multiplicity in BCAL for events with one or more photons in BCAL; (b) separation of
photons in azimuthal angle for photons in BCAL (multiple entries per event); and (c) minimum azimuthal
angle separation in an event are shown. Also shown is the correlation of azimuthal separation (all di-photon
combinations in an event) with photon multiplicity. As will be described below (in the BCAL section) the
BCAL readout cell size is approximately 2 × 2 cm2. The in depth (along the radius) the segmentation is
exactly 2 cm and along the azimuth the width varies with depth to correspond to an azimuthal segmentation
of 1.875◦. This segmentation is for the first 12 cm in depth but it accounts for providing bulk of information
needed for photon reconstruction. Also, as will be discussed below, the segmentation for the remaining
depth has a coarser segmentation. This cell size is a good match to the BCAL Molière radius (3.6 cm).
Approximately 6% of events with two or more photons in BCAL have a photon pair with an azimuthal
angular separation less than 2◦.

FCAL granularity: The plots of Figure 4 address the issue of the granularity needed for FCAL. Distribu-
tions for (a) photon multiplicity in FCAL for events with one or more photons in FCAL; (b) photon distance
from center of FCAL in the plane of FCAL; and (c) photon separation in the plane of FCAL (multiple entries
per event) are displayed. Also shown is the (d) (x,y) pattern of photon hits on the plane of FCAL.

The specific design of FCAL will be discussed in more detail below, but for now we note that the design
follows the granularity used in E852 [3, 4] and Radphi [5, 6] based on glass blocks with transverse dimensions
of 4× 4 cm3. These dimensions are a good match to the Molière radius (4.3 cm) of the lead glass that will
be used in FCAL. These Pythia simulations show that the percentage of all events with two or more photons
in FCAL, 0.7% of these events have a minimum di-photon separation of 8 cm or less. The maximum energy
π0 (Emax

π ) expected for GlueX is 9 GeV for nominal running with polarized photons and 12 GeV for photon
running near the electron endpoint energy. This corresponds to a minimum di-photon separation of 16 and
13 cm for the two energies, using ∆r = 2mπLFCAL/Emax

π with LFCAL = 560 cm (see Figure 1).

1.5.3 A signature reaction: γp→ ηπ0p

We now turn to one of the signature reactions for GlueX, the reaction γp → ηπ0p. This reaction is of
particular interest for exotic hybrid searches since the ηπ0 has well-defined charge conjugation quantum
number (C = +) and if the η and π0 resonate in a P −wave then the resonance has exotic JPC = 1−+. For
events with uniform ηπ0 masses between 1.0 and 2.0 GeV/c2, uniform in decay angles, and produced with
a e−5·|t| distribution, the photons populate the calorimeters, the beam hole in FCAL and the the angular
region > 126◦ as shown in Table 8. For completeness we include the photon population for Pythia events as

σE

E
=

A√
E
⊕B
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Figure 11: (a) The diphoton mass for the ηπ0 reaction after resolution smearing using nominal resolutions
(black), improving σE by a factor of two (red) and degrading σE by a factor of two (blue). There are six
combinations per event. (b) Results of fitting the η mass region with a Gaussian and linear background.
The background and signal were integrated over ±2σ to obtain signal over noise S/N for the three resolution
assumptions.

1.8 Mass resolutions involving charged particles and photons

To compare the contributions of charged particle resolution and photon resolutions to narrow width particles,
as in the decays η → π+π−π0, ω → π+π−π0 and φ → π+π−π0 we studied the reaction γp → φp. For this
study, the distribution in |t| followed e−|t|/2 to provide a mix of charged particle momenta that would
include more lower momentum particles. The φ was generated with a mass and width of 1020 and 4 MeV/c2

respectively. The photon energies and angles were smeared according to the nominal resolutions discussed
above. The charged particle four vectors (for the π±) were smeared to follow the momentum error and
angular error plots generated in a study of track finding in GlueX [21]. The plots shown in the referenced
study were fit to analytical forms. These plots were generated before the material associated with the
CDC and FDC tracking chambers was reduced so in what follows we consider the nominal charged particle
resolutions and resolutions improved by a factor of two. The effect of the resolution smearing on the observed
width of the φ is shown in Table 10. The distribution in the square of the missing mass recoiling against the
φ is shown in Figure 12 under various assumptions of four-vector smearing.

Condition Nominal errors for π± Nominal errors/2 for π±

Photon smearing only 14.8 ± 0.1 MeV/c2 14.8 ± 0.1 MeV/c2

Charged particle smearing only 16.7 ± 0.1 MeV/c2 11.1 ± 0.1 MeV/c2

Both smeared 22.2 ± 0.2 MeV/c2 17.6 ± 0.1 MeV/c2

Table 10: Observed width for the φ, generated with a width of 4 MeV/c2, after four-vector smearing.

1.9 Time of flight information

As noted above, information about the time difference between the two ends of the BCAL module photosensor
readout provides the impact point (z-position) of photons striking the inner surface of BCAL. The average

Mass Resolutions
Varying calorimeter resolutions
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Energy Threshold BCAL: % with FCAL: % with
Ethr (MeV) Emin < Ethr Emin < Ethr

20 2 0
40 5 0.1
50 8 0.2
100 17 1.9
150 25 4.8

Table 7: Fraction (in percent) of events with more than one photon in a calorimeter for which the minimum
energy in an event is less than the threshold energy.

BCAL granularity: The plots of Figure 3 address the issue of the granularity needed for BCAL. Distri-
butions for (a) photon multiplicity in BCAL for events with one or more photons in BCAL; (b) separation of
photons in azimuthal angle for photons in BCAL (multiple entries per event); and (c) minimum azimuthal
angle separation in an event are shown. Also shown is the correlation of azimuthal separation (all di-photon
combinations in an event) with photon multiplicity. As will be described below (in the BCAL section) the
BCAL readout cell size is approximately 2 × 2 cm2. The in depth (along the radius) the segmentation is
exactly 2 cm and along the azimuth the width varies with depth to correspond to an azimuthal segmentation
of 1.875◦. This segmentation is for the first 12 cm in depth but it accounts for providing bulk of information
needed for photon reconstruction. Also, as will be discussed below, the segmentation for the remaining
depth has a coarser segmentation. This cell size is a good match to the BCAL Molière radius (3.6 cm).
Approximately 6% of events with two or more photons in BCAL have a photon pair with an azimuthal
angular separation less than 2◦.

FCAL granularity: The plots of Figure 4 address the issue of the granularity needed for FCAL. Distribu-
tions for (a) photon multiplicity in FCAL for events with one or more photons in FCAL; (b) photon distance
from center of FCAL in the plane of FCAL; and (c) photon separation in the plane of FCAL (multiple entries
per event) are displayed. Also shown is the (d) (x,y) pattern of photon hits on the plane of FCAL.

The specific design of FCAL will be discussed in more detail below, but for now we note that the design
follows the granularity used in E852 [3, 4] and Radphi [5, 6] based on glass blocks with transverse dimensions
of 4× 4 cm3. These dimensions are a good match to the Molière radius (4.3 cm) of the lead glass that will
be used in FCAL. These Pythia simulations show that the percentage of all events with two or more photons
in FCAL, 0.7% of these events have a minimum di-photon separation of 8 cm or less. The maximum energy
π0 (Emax

π ) expected for GlueX is 9 GeV for nominal running with polarized photons and 12 GeV for photon
running near the electron endpoint energy. This corresponds to a minimum di-photon separation of 16 and
13 cm for the two energies, using ∆r = 2mπLFCAL/Emax

π with LFCAL = 560 cm (see Figure 1).

1.5.3 A signature reaction: γp→ ηπ0p

We now turn to one of the signature reactions for GlueX, the reaction γp → ηπ0p. This reaction is of
particular interest for exotic hybrid searches since the ηπ0 has well-defined charge conjugation quantum
number (C = +) and if the η and π0 resonate in a P −wave then the resonance has exotic JPC = 1−+. For
events with uniform ηπ0 masses between 1.0 and 2.0 GeV/c2, uniform in decay angles, and produced with
a e−5·|t| distribution, the photons populate the calorimeters, the beam hole in FCAL and the the angular
region > 126◦ as shown in Table 8. For completeness we include the photon population for Pythia events as

σE

E
=

A√
E
⊕B
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Figure 7: Left: Spectrum of lowest energy photon in a γp→ b+
1 π0n event; Right: Fractional running integral
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Figure 8: Energy versus angle for the lowest energy photon in the event for γp→ b+
1 π0n.

1.6 Photon coverage at large angles

As noted in Figure 1, there is no photon detection for photons with angles > 126◦ and from Table 8 we see
that the percentage of all photons for Pythia events and for ηπ0 events that populate this angular is small.
The class of photoproduction reactions expected to populate this angular region with photon are reactions
resulting in the production of a forward meson (X) and a recoil excited baryon decaying into π0p or π0n.
Since the application of the amplitude analysis depends on identification of exclusive final states, it will be
important to identify such reactions by explicitly measuring the decay products of the baryon resonance or
to veto events offline that have a extraneous π0 or photons too low in energy to be identified kinematically
given the limitations on resolution in missing mass.

To understand the effect of the presence of baryon resonances we generated γp → X∆ events where X is
a resonance of mass uniformly distributed between 1.0 and 2.0 GeV/c2 and produced with a distribution
in momentum transfer squared (t) given by e−5·|t|. The ∆ mass and width are 1.236 and 0.15 GeV/c2

respectively and the decay mode is π0N . The kinematics of the recoil baryon is determined by the value
of |t| and is independent of MX expect for the dependence of |t|min on MX . The percent of all photons

Photons From Another Signature Reaction 
Where exotic signals have been reported
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1.6 Photon coverage at large angles

As noted in Figure 1, there is no photon detection for photons with angles > 126◦ and from Table 8 we see
that the percentage of all photons for Pythia events and for ηπ0 events that populate this angular is small.
The class of photoproduction reactions expected to populate this angular region with photon are reactions
resulting in the production of a forward meson (X) and a recoil excited baryon decaying into π0p or π0n.
Since the application of the amplitude analysis depends on identification of exclusive final states, it will be
important to identify such reactions by explicitly measuring the decay products of the baryon resonance or
to veto events offline that have a extraneous π0 or photons too low in energy to be identified kinematically
given the limitations on resolution in missing mass.

To understand the effect of the presence of baryon resonances we generated γp → X∆ events where X is
a resonance of mass uniformly distributed between 1.0 and 2.0 GeV/c2 and produced with a distribution
in momentum transfer squared (t) given by e−5·|t|. The ∆ mass and width are 1.236 and 0.15 GeV/c2

respectively and the decay mode is π0N . The kinematics of the recoil baryon is determined by the value
of |t| and is independent of MX expect for the dependence of |t|min on MX . The percent of all photons

γp→ X0(2000)→ b+
1 (1235)π0n

b+
1 π0 → ωπ+π0 → π+π−π0π+π0

→ π+π−π+4γ

Lowest energy photon in event

GlueX CDR Calorimeter Introduction 8

Energy Threshold BCAL: % with FCAL: % with
Ethr (MeV) Emin < Ethr Emin < Ethr

20 2 0
40 5 0.1
50 8 0.2
100 17 1.9
150 25 4.8

Table 7: Fraction (in percent) of events with more than one photon in a calorimeter for which the minimum
energy in an event is less than the threshold energy.

BCAL granularity: The plots of Figure 3 address the issue of the granularity needed for BCAL. Distri-
butions for (a) photon multiplicity in BCAL for events with one or more photons in BCAL; (b) separation of
photons in azimuthal angle for photons in BCAL (multiple entries per event); and (c) minimum azimuthal
angle separation in an event are shown. Also shown is the correlation of azimuthal separation (all di-photon
combinations in an event) with photon multiplicity. As will be described below (in the BCAL section) the
BCAL readout cell size is approximately 2 × 2 cm2. The in depth (along the radius) the segmentation is
exactly 2 cm and along the azimuth the width varies with depth to correspond to an azimuthal segmentation
of 1.875◦. This segmentation is for the first 12 cm in depth but it accounts for providing bulk of information
needed for photon reconstruction. Also, as will be discussed below, the segmentation for the remaining
depth has a coarser segmentation. This cell size is a good match to the BCAL Molière radius (3.6 cm).
Approximately 6% of events with two or more photons in BCAL have a photon pair with an azimuthal
angular separation less than 2◦.

FCAL granularity: The plots of Figure 4 address the issue of the granularity needed for FCAL. Distribu-
tions for (a) photon multiplicity in FCAL for events with one or more photons in FCAL; (b) photon distance
from center of FCAL in the plane of FCAL; and (c) photon separation in the plane of FCAL (multiple entries
per event) are displayed. Also shown is the (d) (x,y) pattern of photon hits on the plane of FCAL.

The specific design of FCAL will be discussed in more detail below, but for now we note that the design
follows the granularity used in E852 [3, 4] and Radphi [5, 6] based on glass blocks with transverse dimensions
of 4× 4 cm3. These dimensions are a good match to the Molière radius (4.3 cm) of the lead glass that will
be used in FCAL. These Pythia simulations show that the percentage of all events with two or more photons
in FCAL, 0.7% of these events have a minimum di-photon separation of 8 cm or less. The maximum energy
π0 (Emax

π ) expected for GlueX is 9 GeV for nominal running with polarized photons and 12 GeV for photon
running near the electron endpoint energy. This corresponds to a minimum di-photon separation of 16 and
13 cm for the two energies, using ∆r = 2mπLFCAL/Emax

π with LFCAL = 560 cm (see Figure 1).

1.5.3 A signature reaction: γp→ ηπ0p

We now turn to one of the signature reactions for GlueX, the reaction γp → ηπ0p. This reaction is of
particular interest for exotic hybrid searches since the ηπ0 has well-defined charge conjugation quantum
number (C = +) and if the η and π0 resonate in a P −wave then the resonance has exotic JPC = 1−+. For
events with uniform ηπ0 masses between 1.0 and 2.0 GeV/c2, uniform in decay angles, and produced with
a e−5·|t| distribution, the photons populate the calorimeters, the beam hole in FCAL and the the angular
region > 126◦ as shown in Table 8. For completeness we include the photon population for Pythia events as

Lowest energy photon in Pythia events
and threshold energy in BCAL & FCAL:
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Figure 12: Missing mass squared recoiling off the φ for the reaction γp → φp with photon smearing only
(solid histogram), charged particle smearing only (dashed) and both (light dashed) for nominal charged
particle smearing (a) and smearing reduced by a factor of two (b).

time, or mean time, of the two ends can be used to provide time of flight information that may be used for
particle identification. The time difference is relevant and crucial for determining the four-vector information
for photons.

The mean time information could, in principle, be used for particle identification for hadrons, in particular
in providing π/K or π/p separation. As will be discussed in what follows, the mean time resolution obtained
from cosmic ray (minimum ionizing particle) measurements with a 4 m module, is approximately 500 ps.
This time resolution is inadequate for π/K separation but can be used for π/p separation.

We generated events to simulate the reaction γp→ π+π−π0n where the 3π result from the decay a2(1320)→
ρπ or π2(1320) → f2π with a e−5·|t|. The charged particles were tracked through a uniform magnetic field
and for π± reaching BCAL the π/K difference was computed. The time difference distribution is shown
in Figure 13(a). CLearly, a 500 ps mean-time resolution does not allow for π/K separation. For protons
reaching BCAL, we compute the π/p time difference divided by 500 ps. The resulting distribution is shown
in Figure 13(b). About 77% of the events where the proton track has sufficient transverse momentum to
reach BCAL have a (tp − tπ)/σt > 4.

1.10 Conclusions

1. The detection and measurement of π0 and η mesons with adequate acceptance and resolution is essential
for mapping the spectrum of exotic hybrid mesons.

2. Photoproduction at 9 GeV is expected to provide a rich hunting ground for exotic mesons. What little
data on photoproduction exists at these energies provides almost no information on final states with
multi-neutrals.

3. Fixed target photoproduction imposes a solenoidal geometry for the detector (see Figure 1), including
cylindrical tracking (CDC) and calorimetry (BCAL) and circular planar tracking (FDC) and calorime-
try (FCAL).

4. Calorimeters with requirements similar to BCAL and FCAL have been built and operated. The KLOE
calorimeter provides guidance for BCAL and the lead glass calorimeter used in E852 and Radphi
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Figure 11: (a) The diphoton mass for the ηπ0 reaction after resolution smearing using nominal resolutions
(black), improving σE by a factor of two (red) and degrading σE by a factor of two (blue). There are six
combinations per event. (b) Results of fitting the η mass region with a Gaussian and linear background.
The background and signal were integrated over ±2σ to obtain signal over noise S/N for the three resolution
assumptions.

1.8 Mass resolutions involving charged particles and photons

To compare the contributions of charged particle resolution and photon resolutions to narrow width particles,
as in the decays η → π+π−π0, ω → π+π−π0 and φ → π+π−π0 we studied the reaction γp → φp. For this
study, the distribution in |t| followed e−|t|/2 to provide a mix of charged particle momenta that would
include more lower momentum particles. The φ was generated with a mass and width of 1020 and 4 MeV/c2

respectively. The photon energies and angles were smeared according to the nominal resolutions discussed
above. The charged particle four vectors (for the π±) were smeared to follow the momentum error and
angular error plots generated in a study of track finding in GlueX [21]. The plots shown in the referenced
study were fit to analytical forms. These plots were generated before the material associated with the
CDC and FDC tracking chambers was reduced so in what follows we consider the nominal charged particle
resolutions and resolutions improved by a factor of two. The effect of the resolution smearing on the observed
width of the φ is shown in Table 10. The distribution in the square of the missing mass recoiling against the
φ is shown in Figure 12 under various assumptions of four-vector smearing.

Condition Nominal errors for π± Nominal errors/2 for π±

Photon smearing only 14.8 ± 0.1 MeV/c2 14.8 ± 0.1 MeV/c2

Charged particle smearing only 16.7 ± 0.1 MeV/c2 11.1 ± 0.1 MeV/c2

Both smeared 22.2 ± 0.2 MeV/c2 17.6 ± 0.1 MeV/c2

Table 10: Observed width for the φ, generated with a width of 4 MeV/c2, after four-vector smearing.

1.9 Time of flight information

As noted above, information about the time difference between the two ends of the BCAL module photosensor
readout provides the impact point (z-position) of photons striking the inner surface of BCAL. The average
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(black), improving σE by a factor of two (red) and degrading σE by a factor of two (blue). There are six
combinations per event. (b) Results of fitting the η mass region with a Gaussian and linear background.
The background and signal were integrated over ±2σ to obtain signal over noise S/N for the three resolution
assumptions.

1.8 Mass resolutions involving charged particles and photons

To compare the contributions of charged particle resolution and photon resolutions to narrow width particles,
as in the decays η → π+π−π0, ω → π+π−π0 and φ → π+π−π0 we studied the reaction γp → φp. For this
study, the distribution in |t| followed e−|t|/2 to provide a mix of charged particle momenta that would
include more lower momentum particles. The φ was generated with a mass and width of 1020 and 4 MeV/c2

respectively. The photon energies and angles were smeared according to the nominal resolutions discussed
above. The charged particle four vectors (for the π±) were smeared to follow the momentum error and
angular error plots generated in a study of track finding in GlueX [21]. The plots shown in the referenced
study were fit to analytical forms. These plots were generated before the material associated with the
CDC and FDC tracking chambers was reduced so in what follows we consider the nominal charged particle
resolutions and resolutions improved by a factor of two. The effect of the resolution smearing on the observed
width of the φ is shown in Table 10. The distribution in the square of the missing mass recoiling against the
φ is shown in Figure 12 under various assumptions of four-vector smearing.

Condition Nominal errors for π± Nominal errors/2 for π±

Photon smearing only 14.8 ± 0.1 MeV/c2 14.8 ± 0.1 MeV/c2

Charged particle smearing only 16.7 ± 0.1 MeV/c2 11.1 ± 0.1 MeV/c2

Both smeared 22.2 ± 0.2 MeV/c2 17.6 ± 0.1 MeV/c2

Table 10: Observed width for the φ, generated with a width of 4 MeV/c2, after four-vector smearing.

1.9 Time of flight information

As noted above, information about the time difference between the two ends of the BCAL module photosensor
readout provides the impact point (z-position) of photons striking the inner surface of BCAL. The average

Photon and Charged Particle Resolutions
And decays of long-live mesons

γp→ φ(1020)p

φ(1020)→ π+π−π0
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Figure 12: Missing mass squared recoiling off the φ for the reaction γp → φp with photon smearing only
(solid histogram), charged particle smearing only (dashed) and both (light dashed) for nominal charged
particle smearing (a) and smearing reduced by a factor of two (b).

time, or mean time, of the two ends can be used to provide time of flight information that may be used for
particle identification. The time difference is relevant and crucial for determining the four-vector information
for photons.

The mean time information could, in principle, be used for particle identification for hadrons, in particular
in providing π/K or π/p separation. As will be discussed in what follows, the mean time resolution obtained
from cosmic ray (minimum ionizing particle) measurements with a 4 m module, is approximately 500 ps.
This time resolution is inadequate for π/K separation but can be used for π/p separation.

We generated events to simulate the reaction γp→ π+π−π0n where the 3π result from the decay a2(1320)→
ρπ or π2(1320) → f2π with a e−5·|t|. The charged particles were tracked through a uniform magnetic field
and for π± reaching BCAL the π/K difference was computed. The time difference distribution is shown
in Figure 13(a). CLearly, a 500 ps mean-time resolution does not allow for π/K separation. For protons
reaching BCAL, we compute the π/p time difference divided by 500 ps. The resulting distribution is shown
in Figure 13(b). About 77% of the events where the proton track has sufficient transverse momentum to
reach BCAL have a (tp − tπ)/σt > 4.

1.10 Conclusions

1. The detection and measurement of π0 and η mesons with adequate acceptance and resolution is essential
for mapping the spectrum of exotic hybrid mesons.

2. Photoproduction at 9 GeV is expected to provide a rich hunting ground for exotic mesons. What little
data on photoproduction exists at these energies provides almost no information on final states with
multi-neutrals.

3. Fixed target photoproduction imposes a solenoidal geometry for the detector (see Figure 1), including
cylindrical tracking (CDC) and calorimetry (BCAL) and circular planar tracking (FDC) and calorime-
try (FCAL).

4. Calorimeters with requirements similar to BCAL and FCAL have been built and operated. The KLOE
calorimeter provides guidance for BCAL and the lead glass calorimeter used in E852 and Radphi
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Figure 13: (a) The distribution in π/K time difference for π± reaching BCAL from the reaction γp →
π+π+π−p; (b) For protons reaching BCAL, the proton/pion time difference divided by 500 ps, the assumed
mean time resolution for BCAL for minimum ionizing particles.

provides guidance for FCAL.

5. A version of Pythia, tuned to agree with what is known about photoproduction at GlueX energies,
provides us with guidance on the angular and energy spectra of photons illuminating BCAL and FCAL.
These studies indicate that the planned coverage and granularity are adequate.

6. Simulations of GlueX signature reactions leading to final states such as ηπ0p, b1πp, φp and 3πp provide
guidance on what is required for energy threshold and energy and position resolution for photons.

7. Achievable mean-time resolution for BCAL is adequate for π/p separation but not for π/K separation.

In what follows the design of BCAL and FCAL will be described followed by results of detailed studies of the
expected response to a number of GlueX reactions. Those studies will include GEANT-based simulations of
BCAL and FCAL and other features of the GlueX detector, such as the presence of cabling from tracking
chambers and the application of photon reconstruction software followed by kinematic fitting all in the
presence of electromagnetic and hadronic backgrounds.
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5. A version of Pythia, tuned to agree with what is known about photoproduction at GlueX energies,
provides us with guidance on the angular and energy spectra of photons illuminating BCAL and FCAL.
These studies indicate that the planned coverage and granularity are adequate.

6. Simulations of GlueX signature reactions leading to final states such as ηπ0p, b1πp, φp and 3πp provide
guidance on what is required for energy threshold and energy and position resolution for photons.

7. Achievable mean-time resolution for BCAL is adequate for π/p separation but not for π/K separation.

In what follows the design of BCAL and FCAL will be described followed by results of detailed studies of the
expected response to a number of GlueX reactions. Those studies will include GEANT-based simulations of
BCAL and FCAL and other features of the GlueX detector, such as the presence of cabling from tracking
chambers and the application of photon reconstruction software followed by kinematic fitting all in the
presence of electromagnetic and hadronic backgrounds.
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Time-of-Flight Information from BCAL
Useful for pion/proton separation
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Upcoming Talks
Describing detector realization

BCAL               George Lolos

SiPM                Carl Zorn

FCAL                Beni Zihlmann

Simulations     Matt Shepherd

Electronics      Fernando Barbosa

Mechanical      Tim Whitlatch
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Conclusions

GlueX will map the spectrum 

of gluonic excitations, 

including exotic mesons.

Neutral particle detection is 

essential for this discovery 

physics.

GlueX calorimetry starts with a design used 

successfully in earlier experiments 

Performance metrics required by the physics 

will be met with BCAL and FCAL


