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Outline
• GlueX introduction and overview

• summary of PAC-approved running

• status of baseline detector construction

• initial physics goals

• Physics motivation for additional high-luminosity running with kaon 
identification

• search for ss hybrids

• isoscalar hybrid mixing angles

• cascade baryons

• Key components of proposed upgrade

• forward particle identification system

• level-three trigger to accommodate high-luminosity running
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Hybrid Mesons

• have gluonic degrees of freedom, 
gluons as constituent particles

• patterns of states expected -- LQCD 
consistent with “constituent gluon” 
model

• In the light quark sector we expect 
an isovector triplet and two 
isoscalars for each JPC

• complete understanding likely to only 
come from a mapping of the full 
spectrum
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Lattice QCD Predictions

4

0.5

1.0

1.5

2.0

2.5

exotics

isoscalar

isovector

YM glueball

negative parity positive parity

?

hybrids

Majority of experimental data to date is related to one state, the π1.

J. Dudek 
PRD 84, 074023 (2011)
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Key (Exotic) Decay Modes
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TABLE II. A compilation of exotic quantum number hybrid approximate masses, widths, and decay predictions. Masses are
estimated from dynamical LQCD calculations with M⇡ = 396 MeV/c2 [1]. The PSS (Page, Swanson and Szczepaniak) and
IKP (Isgur, Kokoski and Paton) model widths are from Ref. [38], with the IKP calculation based on the model in Ref. [39].
The total widths have a mass dependence, and Ref. [38] uses somewhat di↵erent mass values than suggested by the most recent
lattice calculations [1]. Those final states marked with a dagger (†) are ideal for experimental exploration because there are
relatively few stable particles in the final state or moderately narrow intermediate resonances that may reduce combinatoric
background. (We consider ⌘, ⌘0, and ! to be stable final state particles.)

Approximate JPC Total Width (MeV) Relevant Decays Final States

Mass (MeV) PSS IKP

⇡1 1900 1�+ 80� 170 120 b1⇡
†, ⇢⇡†, f1⇡

†, a1⌘, ⌘
0⇡† !⇡⇡†, 3⇡†, 5⇡, ⌘3⇡†, ⌘0⇡†

⌘1 2100 1�+ 60� 160 110 a1⇡, f1⌘
†, ⇡(1300)⇡ 4⇡, ⌘4⇡, ⌘⌘⇡⇡†

⌘0
1 2300 1�+ 100� 220 170 K1(1400)K

†, K1(1270)K
†, K⇤K† KK⇡⇡†, KK⇡†, KK!†

b0 2400 0+� 250� 430 670 ⇡(1300)⇡, h1⇡ 4⇡

h0 2400 0+� 60� 260 90 b1⇡
†, h1⌘, K(1460)K !⇡⇡†, ⌘3⇡, KK⇡⇡

h0
0 2500 0+� 260� 490 430 K(1460)K, K1(1270)K

†, h1⌘ KK⇡⇡†, ⌘3⇡

b2 2500 2+� 10 250 a2⇡
†, a1⇡, h1⇡ 4⇡, ⌘⇡⇡†

h2 2500 2+� 10 170 b1⇡
†, ⇢⇡† !⇡⇡†, 3⇡†

h0
2 2600 2+� 10� 20 80 K1(1400)K

†, K1(1270)K
†, K⇤

2K
† KK⇡⇡†, KK⇡†

B. Non-exotic ss̄ mesons

As discussed in Section IA, one expects the lowest-
mass hybrid multiplet to contain (0, 1, 2)�+ states and a
1�� state that all have about the same mass and corre-
spond to an S-wave qq̄ pair coupling to the gluonic field
in a P -wave. For each J

PC then we expect an isovec-
tor triplet and a pair of isoscalar states in the spectrum.
Of the four sets of JPC values for the lightest hybrids,
only the 1�+ is exotic. The other hybrid states will ap-
pear as supernumerary states in the spectrum of con-
ventional mesons. The ability to clearly identify these
states depends on having a thorough and complete under-
standing of the meson spectrum. Like searching for ex-
otics, a complete mapping of the spectrum of non-exotic
mesons requires the ability to systematically study many
strange and non-strange final states. Other experiments,
such as BESIII, are carefully studying this region uti-
lizing of order 109 hadronic decays of charmonium and
have outstanding capability to cleanly study any pos-
sible final state. While the production mechanism of
GlueX is complementary to that of charmonium de-
cay and is thought to enhance hybrid production, it is
essential that the detector capability and statistical pre-
cision of the data set be competitive with other contem-
porary experiments in order to maximize the collective
experimental knowledge of the meson spectrum. Hybrid
mesons with non-exotic JPC are also expected to appear
in the spectrum in the proximity of the exotic (0, 2)+�

states.

Given the recent developments in charmonium (briefly
discussed in Section IB), a state that has attracted a lot
of attention in the ss̄ spectrum is the Y (2175), which is
assumed to be an ss̄ vector meson (1��). The Y (2175)
has been observed to decay to ⇡⇡� and has been pro-
duced in both J/ decay [26] and e

+
e

� collisions [25, 27].

The state is a proposed analogue of the Y (4260) in char-
monium, a state that is also about 1.2 GeV heavier than
the ground state triplet (J/ ) and has a similar decay
mode: Y (4260) ! ⇡⇡J/ . The Y (4260) has no obvi-
ous interpretation in the charmonium spectrum and has
been speculated to be a hybrid meson [40–43], which, by
loose analogy, leads to the implication that the Y (2175)
might also be a hybrid candidate. It should be noted that
the spectrum of 1��

ss̄ mesons is not as well-defined ex-
perimentally as the cc̄ system; therefore, it is not clear
that the Y (2175) is a supernumerary state. However,
GlueX is ideally suited to study this system. We know
that vector mesons are copiously produced in photopro-
duction; therefore, with the ability to identify kaons, a
precision study of the 1��

ss̄ spectrum can be conducted
withGlueX. Some have predicted [44] that the potential
hybrid nature of the Y (2175) can be explored by study-
ing ratios of branching fractions into various kaonic final
states. In addition, should GlueX be able to conclude
that the Y (2175) is in fact a supernumerary vector me-
son, then a search can be made for the exotic 1�+

ss̄

member of the multiplet (⌘01), evidence of which would
provide a definitive interpretation of the Y (2175) and
likely have implications on how one interprets charmo-
nium data.

IV. ⌅ BARYONS

The spectrum of multi-strange hyperons is poorly
known, with only a few well-established resonances.
Among the doubly-strange states, the two ground-state
Cascades, the octet member ⌅(1320) and the decuplet
member ⌅(1530), have four-star status in the PDG [9],
with only four other three-star candidates. On the other
hand, more than 20 N

⇤ and �⇤ resonances are rated

From LQCD Model Dependent

†experimentally promising:  few particles or narrow isobars

• Experimental requirements:

• ability to identify multiparticle final states

• high statistics:  production of heavy states is suppressed

• excellent PID -- kaon final states will be impossible in Phases I-III

High priority exotic 
search channels in 

initial running
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Baseline GlueX Detector
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• Large acceptance for both charged and neutral 
particles

• PID limited:  time of flight and dE/dx

• All major detector components are currently 
under construction

• Installation in Hall D is beginning now

• 21 collaborating institutions; 6 new since 2008
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Proposed Program
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TABLE IV. A table of relevant parameters for the various phases of GlueX running.

Approved Proposed

Phase I Phase II Phase III Phase IV

Duration (PAC days) 30 30 60 220a

Minimum electron energy (GeV) 10 11 12 12

Average photon flux (�/s) 106 107 107 5⇥ 107

Average beam current (nA) 50 - 200b 220 220 1100

Maximum beam emittance (mm·µr) 50 20 10 10

Level-one (hardware) trigger rate (kHz) 2 20 20 200

Raw Data Volume (TB) 60 600 1200 2300c

a Twenty days are dedicated to Phase IV hardware commissioning and will be scheduled in advance of the 200-day physics run.
b An amorphous radiator may be used for some commissioning and later replaced with a diamond.
c This volume assumes the implementation of the proposed level-three software trigger.

D. Phase IV hardware development plan

The collaboration has started a program to develop a
detailed and final conceptual design for a forward parti-
cle identification system. As demonstrated, the existing
GlueX software framework will permit a simulation of
reactions of interest in addition to providing the capa-
bility to analyze the impact of additional detector ma-
terial on existing calorimeter and tracking performance.
The development of a kaon detector will be a multi-
institutional e↵ort. Currently, simulations of kaon pro-
duction are being carried out at Florida State University.
Je↵erson Lab has contributed to optimization of the mir-
ror design for the gas Cherenkov detector in addition to
the conceptual development of the HBRICH. This year,
Massachusetts Institute of Technology, a group that has
experience with the RICH detector at LHCb, has joined
the collaboration with the desire to take a lead role in
the construction of a forward particle identification sys-
tem. A workshop has been organized for May 2012 in
order to develop a plan for moving towards a complete
design. The collaboration has set a goal of converging
on a design decision by the fall of 2012 so that an accu-
rate cost estimate can be obtained. It is expected that
key proponents within the collaboration will initially seek
funding through appropriate NSF and DOE programs,
e.g., the NSF Major Research Instrumentation Program
or the DOE Early Career Award Program, to fund the
construction of the detector. It should be noted that the
member institutions of GlueX have significant detector
construction capabilities – most major detector systems
have been constructed o↵site at GlueX institutions. As
construction of the baselineGlueX detector will be com-
plete at the institutions by 2014, resources may be redi-
rected to assist in the construction of a forward particle
identification system.

The level-three trigger can largely be developed as pro-
posed in the initial GlueX design. The present baseline
data acquisition system has been carefully developed so

that a level-three software trigger can be easily accom-
modated in the future. Given the standardized approach
to data acquisition and networking in place at Je↵erson
Lab, the lab sta↵ would have to play a key role in de-
veloping and deploying the level-three trigger. As noted
above, at the GlueX design intensity of 108 �/s, the op-
erational cost of managing all of the data produced by
the experiment will likely outstrip the one-time hardware
cost associated with developing a level-three trigger.

VI. SUMMARY

In summary, we propose an expansion of the present
baseline GlueX experimental program to include both
higher statistics and the capability to detect kaons over
a broad range of phase space. This detection capabil-
ity would allow the identification of meson states with
an ss̄ component and the search for doubly-strange ⌅-
baryon states. The program would require 220 days of
beam time with 9 GeV tagged photons at an average
intensity of 5 ⇥ 107 �/s. The data taking will be di-
vided into an initial twenty-day commissioning period for
the Phase IV hardware and then a 200-day production
Phase IV physics run. The Phase IV running will provide
an increase in statistics over the approved Phase II and
III GlueX runs by an order of magnitude. To execute
this program, a new forward particle identification sys-
tem will be developed in order to supplement the existing
capability of the forward time-of-flight system. In addi-
tion, a level-three software trigger is needed to provide an
order of magnitude reduction in the rate at which back-
ground photoproduction events are written to disk, which
would allow the experiment to run e�ciently at high in-
tensity and minimize the final disk and tape resources
needed to support the data. With these enhanced ca-
pabilities, GlueX will be able to conduct an exhaustive
study of both ss̄ and `

¯̀mesons, thereby providing crucial
experimental data to test the quantitative predictions of
hybrid and conventional mesons that are emerging from
both lattice calculations and other models of QCD.

• Key enhancements for the proposed Phase IV:

• an order of magnitude more statistics than Phases I-III

• kaon identification
a includes 20 days PID commissioning
b may be taken with amorphous radiator
c assumes level-3 trigger
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Progress and Limitations
• two-step analysis:  event selection and 

amplitude analysis

• test event selection with inclusive 
photoproduction Monte Carlo

• Try to extract  γp→π+π-π+n

• then (2011) achieved S/N:  2/1

• mis-ID particles and extra π0’s were 
dominant

• motivated dramatic software 
improvements (still ongoing)

• test amplitude analysis using pure signal -- 
excellent ability to extract 1%-level exotic

• Conclusions:

• improved reconstruction or PID (via 
detectors, kin. fitting, etc.) needed to 
reduce background

• GlueX acceptance sufficient for 
amplitude analysis 
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Motivation for Enhanced Particle ID

• Enhanced sensitivity to small amplitudes in final states without kaons

• obtain better signal purity

• sensitivity to the smallest signal amplitude is limited by the largest 
background

• without excellent PID, increased statistics produce diminishing returns; 
we are limited by systematic uncertainties on background

• Greatly expanded physics capability and discovery potential

• ss exotic hybrids and measure isoscalar mixing angles

• non-exotic hybrids in the spectrum of ss vector mesons; may aid in 
interpretation of charmonium data

• cascade (Ξ) baryons

9
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Isoscalar Exotic Hybrids

• Internal quark structure can be 
inferred by comparing decay 
modes, for example

• Lattice QCD predicts quark flavor 
mixing angles for isoscalar hybrids

• Need capability to identify both 
strange and non-strange decays to 
draw conclusions about either state
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Y(2175):  hybrid strangeonium?

• Intriguing discovery in e+e− → φππ 
consistent with 1-- state Y(2175)

• observed in three different experiments

• similar decay mode as the Y(4260) 
observed in e+e− → J/ψππ

• Y(4260)

• no place in spectrum of cc vector 
mesons

• does not decay to DD like other vector 
charmonia

• charmonium hybrid?

• With kaon ID GlueX can

• map the ss vector meson spectrum; is 
Y(2175) supernumerary?

• study the decays of the Y(2175)

• search for exotic ss hybrid members 
(η1’) of the lightest hybrid multiplet
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Introduction and Motivation
Experimental Situation

Cascades at GlueX
Summary and ToDo List

Typical Reactions
Tracking Issues
Particle Identification

Possible Production Mechanisms

a)

b) K / K
+      +*

+      +*
K / K

+
K

+
K

−
Ξ

+
K

+K
0

−−*

*       *

*      *Λ / Σ

Λ / Σ

Ξ

p

p

γ

γ

π
Ξ

K+(!!K+), K+(!0K 0), K 0(!0K+)

Production of excited states via a
1 forward-going K 0 meson

➜ K 0 ( !!
!

+ )K+, etc.
2 forward-going K+ meson

➜ K+ ( !!
!

+ )K 0,
K+ ( !0

!
! )K+, etc.

V. Credé & N. Sparks Update on Cascade Physics at GlueX

Cascades
• Very little is known about doubly-

strange cascade baryons

• JP is only known for three 
established states

• expected to be narrow

• PDG:  “nothing of 
significance...added since our 1988 
edition”

• Experimentally challenging -- produced 
typically only in decay of hyperon

• many particle final state;  large 
acceptance needed to determine JP 

• small cross sections

• GlueX acceptance and intensity is ideal

• production kinematics present a 
challenge to forward kaon ID
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Use this and previous physics examples to benchmark the detector design

GlueX production mechanism
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Primary Mirrors

Secondary Mirrors

PMTs

Z
(beam axis)

Gas Cherenkov Concept
for GlueX Pion Veto

Z 

Y  

X  

Primary 
Radiator 

Barrel GEM Detector  
Secondary Radiator 

End Cap  
GEM Detector  

48 cm 

1.
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m
 

Mesh 
Electrode 

Hadron Blind RICH Concept
for GlueX Kaon Identi!cation
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BCAL 

CDC
Central Drift Chamber

FDC
Forward Drift Chambers

Solenoid

photon
beam
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118.1 o
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FCAL 

Existing Forward
Time of Flight Wall

PID Designs

• Gas Cherenkov Pion Veto

• original GlueX design

• limited coverage

• low technical risk

• GEM-based RICH

• conceptual only

• better coverage

• technically challenging

• Other designs are being studied 
by the collaboration, e.g., LCHb 
style RICH in place of the gas 
Cherenkov.
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Rates and Level-3 Trigger

• Phase IV average flux of 5 x 107 γ/s in the 
coherent peak

• instantaneous rates up to design limit of 
108 γ/s

• At 108 γ/s level-one trigger rate is 200 kHz; 
only 15 kHz comes from the coherent peak 
photons

• Need software trigger to match 
reconstructed energy with tagged energy

• reduction in rate by factor of 10

• 3 GB/s → 300 MB/s

• Many benefits

• reduced tape consumption

• increased analysis efficiency

• Estimate 2000 of today’s cores would work; 
less expensive than tape
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FIG. 8: Flux of incoherent and coherent bremsstrahlung radi-
ation o! of a diamond radiator with incident 12 GeV electrons
where the diamond is oriented to yield a coherent photon en-
ergy peak at 9 GeV. The spectrum before and after collima-
tion is shown. Also shown is the region of tagged photons.
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FIG. 9: Dependence of the minimum value of |t| as a function
of MX for the reaction !p ! Xp. The inset diagram shows
the peripheral production of X with arrows indicating the
variables s = (p! + ppt

)2 and t = (pX " p!)2 in terms of the
relevant four-momenta and where pt and pr refer to the target
and recoil protons respectively. The curves correspond to
beam photon energies, E! , of 8.0 GeV, 9.0 GeV and 10.0 GeV.
The curve at 7.4 GeV is shown because that is the lower edge
of the photon energy range defined by the 8.0 GeV peak.

the incident photon to the produced meson X . In terms
of the four-momenta s = (p! + ppt

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

! ppr
)2.

For beam photon energies greater than a few GeV the
production of mesons is predominantly peripheral as in-
dicated by the diagram in the inset of Figure 9. The

mX  [GeV/c2]

mo  = 2.5 GeV/c2 mo=2.8 GeV/c2

mX  [GeV/c2]

E
!

 = 10 GeV

E
!

 = 10 GeV
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FIG. 10: Breit-Wigner line shape for resonances of masses of
2.5 and 2.8 GeV/c2 weighted by an amplitude that falls ex-
ponentially in |t| with a slope parameter of " = 8 (GeV/c)!2.
The resonance width is assumed to be 0.15 GeV/c2. For each
resonance the yield is shown for photon peak energies of 10,
9 and 8 GeV. The inset shows the yield for the 2.8 GeV/c2

energy in more detail.

distribution in |t| falls o! rapidly with a typical depen-
dence characterized by e!"|t| where for this study we as-
sume a typical value of ! " 8 (GeV/c)!2. As the central
mass mX of the resonance approaches the kinematic limit
(
#

s ! mp) for the production of the resonance the min-
imum |t|, |t|min, needed to produce the resonance rises
rapidly with mX and has a significant variation across
the width (") of the resonance. This distorts the line
shape and decreases the integrated yield. In Figure 9
we show the dependence of |t|min as a function of mX .
The curves correspond to beam photon energies, E! , of
8.0 GeV, 9.0 GeV and 10.0 GeV. The curve at 7.4 GeV is
shown because that is the lower edge of the photon energy
range defined by the 8.0 GeV peak. So the variation of
|t|min with MX is indeed very rapid above " 2.6 GeV/c2

for the 8.0 GeV peak.

In Figure 10 we show the Breit-Wigner line shape and
overall production rate for resonances of masses 2.5 and
2.8 GeV/c2 are a!ected by the value and variation of
|t|min across the width of the resonance for various as-
sumptions about the position of the coherent photon
peak. We assume the same cross-section for the two res-
onances and describe the line shape by a Breit-Wigner
form weighted by an amplitude that falls exponentially
in |t| with a slope parameter of ! = 8 (GeV/c)!2. The
resonance width is assumed to be 0.15 GeV/c2. For each

maximum linear
polarization
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Development Plan

• Forward PID

• mature gas Cherenkov concept; also taking a fresh look at new technology

• Established a new PID upgrade technical working group chaired by Mike Williams from 
MIT; participation from Florida State, Connecticut, Carnegie Mellon, Indiana, and JLab

• how does material affect tracking and photon reconstruction efficiency?

• what π/K separation, when combined with analysis, is sufficient?

• consider technical risk, schedule, and cost of options

• finalize conceptual design by the end of the calendar year

• Level-3 trigger

• current DAQ software and architecture supports level-three concept

• develop, test, and deploy event selection algorithms on the online monitoring farm 
during initial phases of GlueX running

• based on initial testing, determine the resources needed for Phase IV level-three farm
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Summary
• unique experimental opportunities for GlueX with existing program

• conduct high-statistics study of all channels in which hadron beam experiments found 
any evidence for exotic hybrids

• Phase IV greatly expands the physics reach and statistical precision of the baseline 
program

• order of magnitude gain in statistics over Phase I-III program

• ability to study mesons and baryons with explicit and hidden strangeness

• Phase IV GlueX is an essential component of a global meson spectroscopy program to 
experimentally study the role that gluons play in the structure of matter by searching for 
hybrid mesons -- several key goals

• identify both exotic and supernumerary non-exotic mesons in the spectrum

• measure masses and widths of both isovector and isoscalar hybrids

• use decay modes to infer internal quark structure

• validate predictions from lattice QCD and models
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Supplemental
Figures and Tables
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Single Mass Scale for Constituent Gluons
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FIG. 1. A compilation of recent lattice QCD computations for both the isoscalar and isovector light mesons from Ref. [1],
including `¯̀

�
|`¯̀i ⌘ (|uūi+ |dd̄i)/

p
2
�
and ss̄ mixing angles (indicated in degrees). The dynamical computation is carried out

with two flavors of quarks, light (`) and strange (s). The s quark mass parameter is tuned to match physical ss̄ masses, while
the light quark mass parameters are heavier, giving a pion mass of 396 MeV. The black brackets with upward ellipses represent
regions of the spectrum where present techniques make it di�cult to extract additional states. The dotted boxes indicate states
that are interpreted as the lightest hybrid multiplet – the extraction of clear 0�+ states in this region is di�cult in practice.
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FIG. 2. Spectrum of gluonic excitations in hybrid mesons (grey) and hybrid baryons (red, green, and orange) for three light
quark masses. The mass scale is m�m⇢ for mesons and m�mN for baryons to approximately subtract the e↵ect of di↵ering
numbers of quarks. The left calculation is performed with perfect SU(3)-flavor symmetry, and hybrid members of the flavor
octets (8F ), decuplet (10F ), and singlet (1F ) are shown. The middle and right calculations are performed with a physical ss̄
mass and two di↵erent values of m⇡.
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GlueX Hardware Contributions
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FIG. 3. A schematic of the GlueX detector and beam.

TABLE I. A summary of GlueX institutions and their responsibilities. The star (?) indicates that the group has joined
GlueX after 2008.

Institution Responsibilities

Arizona State U.? beamline polarimetry, beamline support

Athens BCAL and FCAL calibration

Carnegie Mellon U. CDC, o✏ine software, management

Catholic U. of America tagger system

Christopher Newport U. trigger system

U. of Connecticut tagger microscope, diamond targets, o✏ine software

Florida International U. start counter

Florida State U. TOF system, o✏ine software

U. of Glasgow? goniometer, beamline support

Indiana U. FCAL, o✏ine software, management

Je↵erson Lab FDC, data acquisition, electronics, infrastructure, management

U. of Massachusetts ? target, electronics testing

Massachusetts Institute of Technology? forward PID, o✏ine software

MEPHI? o✏ine and online software

U. of North Carolina A&T State? beamline support

U. of North Carolina, Wilmington? pair spectrometer

U. Técnica Federico Santa Maŕıa BCAL readout

U. of Regina BCAL, SiPM testing

been completed by the Glasgow group and is expected to
be fabricated in 2012 by private industry.

The tagger magnet and vacuum vessel are currently be-
ing manufactured by industrial contractors, with winding
of the coil starting in late April of 2012. These elements

are expected to be installed in the tagger hall over the
next eighteen months. The design for the precision tag-
ger “microscope” has been developed at Connecticut, in-
cluding the custom electronics for silicon photomultiplier
(SiPM) readout. Beam tests of prototypes have been
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TABLE III. A table of hybrid search channels, estimated cross
sections, and approximate numbers of observed events. See
text for a discussion of the underlying assumptions. The sub-
scripts on !, ⌘, and ⌘0 indicate the decay modes used in the
e�ciency calculations. If explicit charges are not indicated,
the yields represent an average over various charge combina-
tions.

Cross Approved Proposed

Final Section Phase II and III Phase IV

State (µb) (⇥106 events) (⇥106 events)

⇡+⇡�⇡+ 10 300 3000

⇡+⇡�⇡0 2 50 600

KK⇡⇡ 0.5 – 100

!3⇡⇡⇡ 0.2 4 40

!�⇡⇡⇡ 0.2 0.6 6

⌘��⇡⇡ 0.2 3 30

⌘��⇡⇡⇡ 0.2 2 20

⌘0
��⇡ 0.1 0.1 1

⌘0
⌘⇡⇡⇡ 0.1 0.3 3

KK⇡ 0.1 – 30

These assumed e�ciencies reproduce signal selection ef-
ficiencies in detailed simulations of �p ! ⇡

+
⇡

�
⇡

+
n,

�p ! ⌘⇡

0
p, �p ! b

±
1 ⇡

⌥
p, and �p ! f1⇡

0
p performed

by the collaboration.

Photoproduction of mesons at 9 GeV proceeds via pe-
ripheral production (sketched in the inset of Fig. 8). The
production can typically be characterized as a function of
t ⌘ (pX�p�)2, with the production cross section propor-
tional to e

�↵|t|. The value of ↵ for measured reactions
ranges from 3 to 10 GeV�2. This t-dependence, which is
unknown for many keyGlueX reactions, results in a sup-
pression of the rate at large values of |t|, which, in turn,
suppresses the production of high mass mesons. Figure 8
shows the minimum value of |t| as a function of the pro-
duced meson mass MX for a variety of di↵erent photon
energies. The impact of this kinematic suppression on a
search for heavy states is illustrated in Figure 9, where
events are generated according to the t distributions with
both ↵ = 5 GeV�2 and 10 GeV�2 and uniform in MX .
Those that are kinematically allowed (|t| > |t|min) are
retained. The y-axis indicates the number of events in
10 MeV/c2 mass bins, integrated over the allowed region
in t, and assuming a total of 3⇥ 107 events are collected.
The region above MX = 2.5 GeV/c2, where one would
want to search for states such as the h2 and h

0
2, contains

only about 5% of all events due to the suppression of large
|t| that is characteristic of peripheral photoproduction.

There are several considerations in determining how
much data one needs in any particular final state. In
order to perform an amplitude analysis of the final state
particles, one typically separates the data into bins of mo-
mentum transfer t and resonance mass MX . The number
of bins in t could range from one to greater than ten, de-
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FIG. 8. Dependence of |t|min on the mass of the outgoing me-
son system MX . The lines indicate incident photon energies
of 8.0, 9.0, and 10.0 GeV.
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FIG. 9. A figure showing the number of expected events per
10 MeV/c2 bin in KK⇡ invariant mass, integrating over all
allowed values of t, and assuming 3 ⇥ 107 events in total are
produced. No dependence on M(KK⇡) is assumed, although,
in reality, the mass dependence will likely be driven by reso-
nances. Two di↵erent assumptions for the t dependence are
shown. The region above 2.5 GeV/c2 represents about 8%
(2%) of all events for the ↵ = 5(10) GeV�2 values.

pending on the statistical precision of the data; a study
of the t-dependence, if statistically permitted, provides
valuable information on the production dynamics of par-
ticular resonances. One would like to make the mass
bins as small as possible in order to maximize sensitivity
to states that have a small total decay width; however,
it is not practical to use a bin size that is smaller than
the resolution on MX , which is of order 10 MeV/c2. In
each bin of t and MX , one then needs enough events to
perform an amplitude analysis, which is about 104. Fig-
ure 9 demonstrates that, under some assumptions about
the production, this level of statistics is achievable for
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TABLE III. A table of hybrid search channels, estimated cross
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the yields represent an average over various charge combina-
tions.

Cross Approved Proposed

Final Section Phase II and III Phase IV

State (µb) (⇥106 events) (⇥106 events)

⇡+⇡�⇡+ 10 300 3000

⇡+⇡�⇡0 2 50 600

KK⇡⇡ 0.5 – 100

!3⇡⇡⇡ 0.2 4 40

!�⇡⇡⇡ 0.2 0.6 6

⌘��⇡⇡ 0.2 3 30

⌘��⇡⇡⇡ 0.2 2 20

⌘0
��⇡ 0.1 0.1 1

⌘0
⌘⇡⇡⇡ 0.1 0.3 3

KK⇡ 0.1 – 30

These assumed e�ciencies reproduce signal selection ef-
ficiencies in detailed simulations of �p ! ⇡

+
⇡

�
⇡

+
n,

�p ! ⌘⇡

0
p, �p ! b

±
1 ⇡

⌥
p, and �p ! f1⇡

0
p performed

by the collaboration.
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ripheral production (sketched in the inset of Fig. 8). The
production can typically be characterized as a function of
t ⌘ (pX�p�)2, with the production cross section propor-
tional to e

�↵|t|. The value of ↵ for measured reactions
ranges from 3 to 10 GeV�2. This t-dependence, which is
unknown for many keyGlueX reactions, results in a sup-
pression of the rate at large values of |t|, which, in turn,
suppresses the production of high mass mesons. Figure 8
shows the minimum value of |t| as a function of the pro-
duced meson mass MX for a variety of di↵erent photon
energies. The impact of this kinematic suppression on a
search for heavy states is illustrated in Figure 9, where
events are generated according to the t distributions with
both ↵ = 5 GeV�2 and 10 GeV�2 and uniform in MX .
Those that are kinematically allowed (|t| > |t|min) are
retained. The y-axis indicates the number of events in
10 MeV/c2 mass bins, integrated over the allowed region
in t, and assuming a total of 3⇥ 107 events are collected.
The region above MX = 2.5 GeV/c2, where one would
want to search for states such as the h2 and h
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2, contains

only about 5% of all events due to the suppression of large
|t| that is characteristic of peripheral photoproduction.

There are several considerations in determining how
much data one needs in any particular final state. In
order to perform an amplitude analysis of the final state
particles, one typically separates the data into bins of mo-
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FIG. 9. A figure showing the number of expected events per
10 MeV/c2 bin in KK⇡ invariant mass, integrating over all
allowed values of t, and assuming 3 ⇥ 107 events in total are
produced. No dependence on M(KK⇡) is assumed, although,
in reality, the mass dependence will likely be driven by reso-
nances. Two di↵erent assumptions for the t dependence are
shown. The region above 2.5 GeV/c2 represents about 8%
(2%) of all events for the ↵ = 5(10) GeV�2 values.

pending on the statistical precision of the data; a study
of the t-dependence, if statistically permitted, provides
valuable information on the production dynamics of par-
ticular resonances. One would like to make the mass
bins as small as possible in order to maximize sensitivity
to states that have a small total decay width; however,
it is not practical to use a bin size that is smaller than
the resolution on MX , which is of order 10 MeV/c2. In
each bin of t and MX , one then needs enough events to
perform an amplitude analysis, which is about 104. Fig-
ure 9 demonstrates that, under some assumptions about
the production, this level of statistics is achievable for
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TABLE III. A table of hybrid search channels, estimated cross
sections, and approximate numbers of observed events. See
text for a discussion of the underlying assumptions. The sub-
scripts on !, ⌘, and ⌘0 indicate the decay modes used in the
e�ciency calculations. If explicit charges are not indicated,
the yields represent an average over various charge combina-
tions.
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ranges from 3 to 10 GeV�2. This t-dependence, which is
unknown for many keyGlueX reactions, results in a sup-
pression of the rate at large values of |t|, which, in turn,
suppresses the production of high mass mesons. Figure 8
shows the minimum value of |t| as a function of the pro-
duced meson mass MX for a variety of di↵erent photon
energies. The impact of this kinematic suppression on a
search for heavy states is illustrated in Figure 9, where
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both ↵ = 5 GeV�2 and 10 GeV�2 and uniform in MX .
Those that are kinematically allowed (|t| > |t|min) are
retained. The y-axis indicates the number of events in
10 MeV/c2 mass bins, integrated over the allowed region
in t, and assuming a total of 3⇥ 107 events are collected.
The region above MX = 2.5 GeV/c2, where one would
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10 MeV/c2 bin in KK⇡ invariant mass, integrating over all
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in reality, the mass dependence will likely be driven by reso-
nances. Two di↵erent assumptions for the t dependence are
shown. The region above 2.5 GeV/c2 represents about 8%
(2%) of all events for the ↵ = 5(10) GeV�2 values.

pending on the statistical precision of the data; a study
of the t-dependence, if statistically permitted, provides
valuable information on the production dynamics of par-
ticular resonances. One would like to make the mass
bins as small as possible in order to maximize sensitivity
to states that have a small total decay width; however,
it is not practical to use a bin size that is smaller than
the resolution on MX , which is of order 10 MeV/c2. In
each bin of t and MX , one then needs enough events to
perform an amplitude analysis, which is about 104. Fig-
ure 9 demonstrates that, under some assumptions about
the production, this level of statistics is achievable for


