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The Quark Model
Want to know which types of hadrons exist in QCD
Conventional light mesons are qq̄ states
▶ Allowed JPC for conventional light mesons (n = 0, 1, 2, ...):

JPC (2n)−+ (2n + 1)+− (n + 1)−− n++

Minimal Quark Content
ud̄ , uū-dd̄ , dū (I = 1) π b ρ a
dd̄ + uū and/or ss̄ η, η′ h, h′ ω, ϕ f , f ′

Meson Baryon

Hybrid Meson

g
q

q

Hybrid mesons have gluonic excitations
▶ Hybrids can mix with conventional mesons
▶ Some hybrids have ”exotic” JPC not allowed for qq̄ mesons

2 / 16



Lattice QCD Spectrum
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▶ Lightest hybrid meson predicted to be I = 1 JPC = 1−+ state
▶ Likely the π1(1600), seen by multiple experiments

▶ BESIII observes η1(1855), candidate for either η1 or η′1
[PRD 88 094505(2013)] 3 / 16



Recent Experimental Results on Lightest Hybrid Meson

▶ Previous experiments find π1(1400) in ηπ and π1(1600) in η′π

▶ Joint Physics Analysis Center (JPAC) analysis of the
COMPASS data only requires one resonance
▶ M = 1564± 24± 86 MeV and Γ = 492± 54± 102 MeV

functions of s in the physical region. The DJðsÞ matrix
represents the ηð0Þπ → ηð0Þπ final state interactions, and
contains cuts on the real axis above thresholds (right-hand
cuts), which are constrained by unitarity.
For the numerator nJkðsÞ, we use an effective expansion

in Chebyshev polynomials. A customary parametrization
of the denominator is given by [52]

DJ
kiðsÞ ¼ ½KJðsÞ−1%ki −

s
π

Z
∞

sk
ds0

ρNJ
kiðs0Þ

s0ðs0 − s − iϵÞ
; ð2Þ

where sk is the threshold in channel k and

ρNJ
kiðs0Þ ¼ δki

λJþ1=2ðs0; m2
ηð0Þ
; m2

πÞ
ðs0 þ sLÞ2Jþ1þα ð3Þ

is an effective description of the left-hand singularities in
the ηð0Þπ → ηð0Þπ scattering, which is controlled by the sL
parameter fixed at the hadronic scale ≃1 GeV2. Finally,

KJ
kiðsÞ ¼

X

R

gJ;Rk gJ;Ri

m2
R − s

þ cJki þ dJkis; ð4Þ

with cJki ¼ cJik and dJki ¼ dJik, is a standard parametrization
for the K matrix. In our reference model, we consider two
K-matrix poles in the D wave, and one single K-matrix
pole in the Pwave; the numerator of each channel and wave
is described by a third-order polynomial. We set α ¼ 2 in

Eq. (3), which has been effective in describing the single-
channel case [40]. The remaining 37 parameters are fitted
to data, by performing a χ2 minimization with MINUIT [53].
As shown in Fig. 1, the result of the best fit is in good
agreement with data. In particular, a single K-matrix pole is
able to correctly describe the P-wave peaks in the two
channels, which are separated by 200 MeV. The shift of the
peak in the ηπ spectrum to lower energies originates from
the combination between final state interactions and the
production process. The uncertainties on the parameters are
estimated via the bootstrap method [54,55]: we generate a
large number of pseudo datasets and refit each one of them.
The (co)variance of the parameters provides an estimate of
their statistical uncertainties and correlations. The values
of the fitted parameters and their covariance matrix are
provided in the Supplemental Material [56]. The average
curve passes the Gaussian test in Ref. [57].
Once the parameters are determined, the amplitudes

can be analytically continued to complex values of s.
The DJðsÞ matrix in Eq. (2) can be continued underneath
the unitarity cut into the closest unphysical Riemann sheet.
A pole sP in the amplitude appears when the determinant
of DJðsPÞ vanishes. Poles close to the real axis influence
the physical region and can be identified as resonances,
whereas further singularities are likely to be artifacts of the
specific model with no direct physical interpretation. For
any practical parametrization, especially in a coupled-
channel problem, it is not possible to specify a priori
the number of poles. Appearance of spurious poles far from
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FIG. 1. Fits to the ηπ (upper line) and η0π (lower line) data from COMPASS [33]. The intensities of the P (left), D wave (center),
and their relative phase (right) are shown. The inset zooms into the region of the a02ð1700Þ. The solid line and green band show the
result of the fit and the 2σ confidence level provided by the bootstrap analysis, respectively. The initialization of the fit is chosen by
randomly generating Oð105Þ different sets of values for the parameters. The best fit has χ2=dof ¼ 162=122 ¼ 1.3. The errors shown
are statistical only.
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functions of s in the physical region. The DJðsÞ matrix
represents the ηð0Þπ → ηð0Þπ final state interactions, and
contains cuts on the real axis above thresholds (right-hand
cuts), which are constrained by unitarity.
For the numerator nJkðsÞ, we use an effective expansion

in Chebyshev polynomials. A customary parametrization
of the denominator is given by [52]

DJ
kiðsÞ ¼ ½KJðsÞ−1%ki −

s
π

Z
∞

sk
ds0

ρNJ
kiðs0Þ

s0ðs0 − s − iϵÞ
; ð2Þ

where sk is the threshold in channel k and

ρNJ
kiðs0Þ ¼ δki

λJþ1=2ðs0; m2
ηð0Þ
; m2

πÞ
ðs0 þ sLÞ2Jþ1þα ð3Þ

is an effective description of the left-hand singularities in
the ηð0Þπ → ηð0Þπ scattering, which is controlled by the sL
parameter fixed at the hadronic scale ≃1 GeV2. Finally,

KJ
kiðsÞ ¼

X

R

gJ;Rk gJ;Ri

m2
R − s

þ cJki þ dJkis; ð4Þ

with cJki ¼ cJik and dJki ¼ dJik, is a standard parametrization
for the K matrix. In our reference model, we consider two
K-matrix poles in the D wave, and one single K-matrix
pole in the Pwave; the numerator of each channel and wave
is described by a third-order polynomial. We set α ¼ 2 in

Eq. (3), which has been effective in describing the single-
channel case [40]. The remaining 37 parameters are fitted
to data, by performing a χ2 minimization with MINUIT [53].
As shown in Fig. 1, the result of the best fit is in good
agreement with data. In particular, a single K-matrix pole is
able to correctly describe the P-wave peaks in the two
channels, which are separated by 200 MeV. The shift of the
peak in the ηπ spectrum to lower energies originates from
the combination between final state interactions and the
production process. The uncertainties on the parameters are
estimated via the bootstrap method [54,55]: we generate a
large number of pseudo datasets and refit each one of them.
The (co)variance of the parameters provides an estimate of
their statistical uncertainties and correlations. The values
of the fitted parameters and their covariance matrix are
provided in the Supplemental Material [56]. The average
curve passes the Gaussian test in Ref. [57].
Once the parameters are determined, the amplitudes

can be analytically continued to complex values of s.
The DJðsÞ matrix in Eq. (2) can be continued underneath
the unitarity cut into the closest unphysical Riemann sheet.
A pole sP in the amplitude appears when the determinant
of DJðsPÞ vanishes. Poles close to the real axis influence
the physical region and can be identified as resonances,
whereas further singularities are likely to be artifacts of the
specific model with no direct physical interpretation. For
any practical parametrization, especially in a coupled-
channel problem, it is not possible to specify a priori
the number of poles. Appearance of spurious poles far from
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FIG. 1. Fits to the ηπ (upper line) and η0π (lower line) data from COMPASS [33]. The intensities of the P (left), D wave (center),
and their relative phase (right) are shown. The inset zooms into the region of the a02ð1700Þ. The solid line and green band show the
result of the fit and the 2σ confidence level provided by the bootstrap analysis, respectively. The initialization of the fit is chosen by
randomly generating Oð105Þ different sets of values for the parameters. The best fit has χ2=dof ¼ 162=122 ¼ 1.3. The errors shown
are statistical only.
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Analysis: A. Rodas et al. PRL 122 042002 (2019)

Data: C. Adolph et al. (COMPASS) PLB 740 303-311 (2015)
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The GlueX Experiment
Photoproduction experiment located at Jefferson Lab
▶ Photoproduction has been predicted to copiously produce

hybrid mesons in some models
▶ GlueX uses polarized photon beam - allows us to differentiate

production mechanisms

Steps to studying the hybrid meson spectrum:

1. Demonstrate photoproduction produces hybrid mesons by
confirming COMPASS result

2. Search for undiscovered hybrid mesonsS. Adhikari, C.S. Akondi, H. Al Ghoul et al. Nuclear Inst. and Methods in Physics Research, A 987 (2021) 164807

Fig. 1. (Color online) A cut-away drawing of the GlueX detector in Hall D, not to
scale.

final states. A 2-T solenoidal magnet surrounds the drift chambers used
for charged-particle tracking. Two electromagnetic calorimeters cover
the central and forward regions, and a scintillation detector down-
stream provides particle-identification capability through time-of-flight
measurements.

1.1. The Hall-D complex

The GlueX experiment is housed in the Hall-D complex at JLab (see
Fig. 2). This new facility starts with an extracted electron beam at the
north end of the Continuous Electron Beam Accelerator Facility (CE-
BAF) [5,6]. The electron beam is delivered to the Tagger Hall, where
the maximum energy is 12 GeV, due to one more pass through the north
linac than the other experimental halls (A, B and C). Here, linearly-
polarized photons are produced through coherent bremsstrahlung off
a 50 �m thick diamond crystal radiator. The scattered electrons pass
through a tagger magnet and are bent into tagging detectors. A high-
resolution scintillating-fiber tagging array covers the 8 to 9 GeV energy
range, and a tagger hodoscope covers photon energies both from 9 GeV
to the endpoint, and from 8 GeV to 3 GeV. Electrons not interacting
in the diamond are directed into a 60 kW electron beam dump. The
tagged photons travel to the Hall-D experimental hall. The distance
from the radiator to the primary collimator is 75 m. The collimator
of 5 mm diameter removes off-axis incoherent photons. The front face
of the collimator is instrumented with an active collimator to aid in
beam tuning. The beamline and tagging system are described below in
Section 2.

Downstream of the primary collimator is a thin beryllium radiator
used by both the Triplet Polarimeter, which measures the linear po-
larization of the photons, and a Pair Spectrometer, which is used to
measure the flux of the photons. More information on the production,
tagging and monitoring of the photon beam can be found in Section 2.
The photon beam continues through to a liquid hydrogen target at the
heart of the GlueX detector, and then to the end of the experimental
hall where it enters the photon beam dump.

The layout of the GlueX detector is shown in Fig. 3. The spectrom-
eter is based on a 4-m-long solenoidal magnet that is operated at a
maximum field of 2 T, see Section 3. The liquid-hydrogen target is
located inside the upstream bore of the magnet. The target consists
of a 2-cm-diameter, 30-cm-long volume of hydrogen, as described in
Section 4. Surrounding the target is the Start Counter, which consists
of 30 thin scintillator paddles that bend to a nose on the down-stream
end of the hydrogen target. The Start Counter is the primary detector
that registers the time coincidence of the radio-frequency (RF) bunch
containing the incident electron and the tagged photon producing the
interaction. More information on this scintillator detector can be found
in Section 8.

Fig. 2. (Color online) Schematic of the CEBAF accelerator showing the additions made
during the 12-GeV project. The Hall-D complex is located at the north-east end.

The Central Drift Chamber, a cylindrical straw-tube detector, starts
at a radius of 10 cm from the beam line. The active volume of the
chamber extends from 48 cm upstream to 102 cm downstream of the
target center, and from 10 cm to 56 cm in radius. The Central Drift
Chamber consists of 28 layers of straw tubes in axial and two stereo
orientations. Downstream of the central tracker is the Forward Drift
Chamber, which consists of four packages, each containing 6 planar
layers in alternating u-y-v orientations. Both cathodes and anodes in the
Forward Drift Chamber are read out, providing three-dimensional space
point measurements. More details on the tracking system are provided
in Sections 5 and 6.

Downstream of the magnet is the Time-of-Flight wall. This system
consists of two layers of scintillator paddles in a crossed pattern, and, in
conjunction with the Start Counter, is used to measure the flight time of
charged particles. More information on the time-of-flight system is pro-
vided in Section 8. Photons arising from interactions within the GlueX
target are detected by two calorimeter systems. The Barrel Calorimeter,
located inside the solenoid, consists of layers of scintillating fibers
alternating with lead sheets. The Forward Calorimeter is downstream
of the Time-of-Flight wall, and consists of 2800 lead-glass blocks. More
information on the calorimeters can be found in Section 7.

1.2. Experimental requirements

The physics goals of the GlueX experiment require the reconstruc-
tion of exclusive final states. Thus, the GlueX detector must be able
to reconstruct both charged particles (⇡±, K± and p_ Ñp) and particles
decaying into photons (⇡˝, ⌘, ! and ⌘®). For this capability, the charged
particles and photons must be reconstructed with good momentum and
energy resolution. The experiment must also be able to reconstruct the
energy of the incident photon (8 to 9 GeV) with high accuracy (0.1%)
and have knowledge of the linear polarization (maximum Ì40%) of the
photon beam to an absolute precision of 1%. Finally, many interesting
final states involve more than five particles. Thus, the GlueX detector
must also be nearly hermetic for both charged particles and photons,
with an acceptance that is reasonably uniform, well understood, and
accurately modeled in simulation.

In practice, the typical momentum resolution for charged particles is
1–3%, while the resolution is 8%–9% for very-forward high-momentum
particles. For most charged particles, the tracking system has nearly
hermetic acceptance for polar angles from 1˝ * 2˝ to 150˝. However,
protons with momenta below about 250 MeV/c are absorbed in the
hydrogen target and not detected. A further challenge is the recon-
struction of tracks from charged pions with momenta under 200 MeV/c
due to spiraling trajectories in the magnetic field. The measurement of

3
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π1 Branching Fractions from Lattice QCD
▶ Lattice QCD provides predictions for π1 branching fractions

PRD 103 054502 (2021)

Decay Width (MeV) Branching Fraction

ηπ 0 → 1 0 → 0.7%
η′π 0 → 12 0 → 7.9%
b1π 139 → 529 69.5 → 100%

All others 0 → 48 0 → 25.7%

Total 139 → 590 -

It is clear that the dominant decay mode is b1π, with the
next largest channels η0π; ρπ and f1ð1285Þπ being signifi-
cantly smaller. Despite the larger phase space, the partial
width into ηπ is approximately 10 times smaller than η0π,
independent of the coupling and depending only on the
mixing angle and phase space. Only one kaonic decay
mode is kinematically accessible, K�K̄, with a very small
partial width. Decays to ρω are negligible. Summing all
partial widths we obtain an estimate for the total width in
the range 139 to 590 MeV which includes the value
492(47)(102) MeV found in the JPAC/COMPASS analy-
sis.17 If our extrapolation is accurate, it suggests that the
observation of the π1 in ηπ and η0π is through decays which
are very far from being the dominant decay modes.
It is possible that this estimate of the total decay width

may be missing contributions from channels which are
closed at the SU(3) point, whose couplings we have not
determined, but which become open at physical kinematics.
Examples might include f2π (although this is a D-wave
decay with relatively little phase space, so a large width is
unlikely), or ηð1295Þπ (a P-wave decay with a very small
phase space). Any truly multibody decays to three or more
mesons, i.e., those not proceeding through a resonant
isobar, are also not included in this estimate, but the
conventional wisdom is that such decays are not large.
Figure 16 shows the partial widths for each channel in

Table VIII as a function of the physical resonance mass
mphys

R allowed to vary in the range 1500–1700 MeV.
We observe only a modest dependence upon the mass of
the π1 resonance, with the exception of the f1ð1420Þπ
channel which becomes kinematically open in this energy
range.

The only prior estimate of decay rates for a π1 obtained
using lattice QCDwas the calculation presented in Ref. [101]
which used a rather different approach to the one followed in
this paper. By tuning the value of the light-quark mass in a
two-flavor calculation (without strange quarks), the authors
were able to make the mass of the π1 be approximately equal
to the sum of the masses of the π and the b1. They argued that
the time dependence of a single two-point function having a
1−ðþÞ single-meson operator at the source and a b1π-like
operator at the sink can be used to infer a transition rate. The
method makes a number of assumptions that have not yet
been validated, but their result for pion masses near 500MeV
does suggest a large coupling. They also found a somewhat
smaller coupling to f1π.
We can also compare our result extrapolated to physical

kinematics with the predictions of models. Models based
upon breaking of the flux tube [4,13] do not allow decays to
identical mesons, but these are typically prevented by Bose
symmetry anyway. The ability of these models to predict
decays involving the η or η0 is somewhat questionable given
that no disconnected contributions are considered. Within
these models, the quark spin coupling factorizes from the
spatial matrix element such that ρπ decays are only allowed
to the extent that the spatial qq̄ wave functions of the π and
the ρ differ. This difference is quite hard to estimate in
quark models where the very light pseudo-Goldstone boson
π is typically not well described.
If this model picture of the coupling being sensitive to

the difference between the π and ρ radial wave function is
correct, our simple extrapolation of the ρπ coupling may
lead to an underestimate. We can use the charge radius as a
guide to the wave function size, and at the SU(3) flavor
symmetric point these radii were computed in Ref. [76]:
hr2i1=2π ¼ 0.47ð6Þ fm, hr2i1=2ρ ¼ 0.55ð5Þ fm. These sizes
are not that different, as one might expect given the
heaviness of the quarks, but we expect the difference to

600
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30

1500 1550 1600 1650

20

10

FIG. 16. Partial widths as a function of the π1 pole mass. The bands reflect the coupling ranges given in Table VIII. The total width
obtained by summing the partial widths is shown by the gray band.

17And the somewhat smaller value ∼388 MeV found in the
very recent analysis of COMPASS and Crystal Barrel data [19].

WOSS, DUDEK, EDWARDS, THOMAS, and WILSON PHYS. REV. D 103, 054502 (2021)

054502-24
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GlueX Search Strategy for π1(1600)

Two main goals:

1. Set upper limit on photoproduction cross section of π1(1600)
▶ Never done before - use recent lattice calculations
▶ Can be used to test discovery potential in different final states
▶ Expect signals in π0

1 → ωπ+π− and π−
1 → ωπ−π0

π1

π

π

b1

ω

2. Confirm state found in COMPASS data:
▶ Perform partial wave analyses on ηπ and η′π
▶ π1(1600) would appear in P-wave
▶ ηπ has stronger coupling to a2(1320)
▶ η′π has stronger coupling to π1(1600)

7 / 16



π1(1600) → ωππ Search
▶ Measure dσ/dM in 50 MeV/c2 bins of M(ωππ)

I=1 and I=0

1.2 1.4 1.6 1.8 2.0 2.2

]
2

) [GeV/c0π0πωM(

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

2
G

e
V

/cb
µ

d
Mσ

d

p)0π0πω→p γ(σ p)0π0πω→p γ(σ

Purely I=0

Δ

Purely I=1

No obvious π1(1600) signal - set upper limit
Isolate σ(ωππ)I=1 using Clebsch-Gordan coefficients:

▶ Assume no I = 2 contributions to σ(ωππ)

▶ σ((ωππ)0)I=1 = σ(ωπ+π−)− 2σ(ωπ0π0)

▶ σ((ωππ)−)I=1 = σ(ωπ−π0)

Know a2(1320) shape from PDG, π1 shape from JPAC
Fit I = 1 cross sections with sum of these shapes
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π1 Upper Limit - Upper Limit Results
Measure ratio σul (π1)

σ(a2(1320))

Δ

I=1
)ππω(σMeasured 

(1320) Projection2a
(1600) UL Fit1π

Total Fit

Analysis for 0.1 < −t < 0.5 GeV2 and 8 < Eγ < 10 GeV using 28% of GlueX-I data

▶ a2(1320) size fixed to σηπ(a2)BPDG (a2 → ωππ)
▶ Fit M(ωππ)I=1 < 1.6 GeV/c2 using π1(1600) (pink) shape
▶ Only free parameter in fit is the π1 normalization

π1(1600) upper limit is of similar size to the a2(1320) cross section
9 / 16



π1 Upper Limit - Projections to ηπ and η′π

Δ Δ

Do not expect large
π1(1600) in ηπ

π1(1600) could be
the dominant
contribution in
η′π−

Projections for 0.1 < −t < 0.5 GeV2 and 8.2 < Eγ < 8.8 GeV using full GlueX-I data

First limit on size of hybrid photoproduction cross sections
These projections guide the next steps of the search 10 / 16



Partial Wave Analysis of ηπ
▶ Beam polarization allows us to separate production

mechanisms
▶ Natural parity exchange for JP = 0+, 1−, 2+, ..
▶ Unnatural parity exchange for JP = 0−, 1+, 2−, ..

p p

γ
ρ a2

ω

p Δ

γ
ρ a2

-

π
++

Natural exchange Unnatural exchange

▶ ηπ is system of two pseudoscalars (JPC = 0−+)

S−wave (ℓ = 0) P−wave (ℓ = 1) D−wave (ℓ = 2)

JPC 0++ 1−+ (exotic) 2++

Amplitudes function of production angle Φ and decay angles (ϕ, θ)
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Semi-Mass Independent PWA on ηπ0

Signal process: γp → a02(1320)p

▶ Ultimately want mass
independent PWA to ηπ and
η′π

▶ Mass independent PWA has
many parameters

▶ To stabilize fits, we add in
physical constraints: model
a2(1320) and a2(1700) as
Breit-Wigner

▶ Use these results to measure
dσ(a2)

dt
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a02(1320) Cross Section from ηπ0

Differential  Cross Sectiona2(1320)0

11

• Including  has impact on result, tail underneath  
 More sophisticated model being tested together with JPAC

• Good agreement with theory prediction

• Publication in preparation

a2(1700) a2(1320)
→

 Malte Albrecht (JLab)                                                                                                                FDSA2022
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20

• Evidence for spin-exotic contribution from other experiments 
→ Key channel for GlueX

• Clear signals at             and              massesa0(980)
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Natural exchange

Unnatural exchange

Stat. uncertainties 

Theory prediction 

▶ First separation of natural and unnatural exchanges
▶ Comes from polarized photon beam - unique to GlueX

▶ σ(a2(1320)) measured here can be used as reference for η′π
▶ Results agree reasonably well with theory prediction
▶ Publication being prepared
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Semi-mass Independent PWA on ηπ−

Process: γp → ηπ−∆++

▶ Use same method as ηπ0

▶ a2(1320) appears in D−
1

wave =⇒ pion exchange
with direct polarization
transfer from γ to a2
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Working with JPAC to model background so we can extract σ(a2)
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Prospects for η′π
Analysis on η′π being performed in parallel
▶ Expect best sensitivity to π1(1600) in η′π
▶ Less pronounced a2(1320) =⇒ use ηπ measurement as

reference

Δ Δ

Δ Δ

Δ Δ
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Summary
▶ GlueX provides a unique place to look for hybrid mesons

▶ Beam polarization gives info on production mechanisms
▶ Some models predict hybrids copiously produced in

photoproduction

▶ We set first upper limit on π1 photoproduction cross sections
▶ η′π final states have largest discovery potential

▶ ηπ PWA is being used to extract σ(a2(1320))
▶ Agrees well with theory predictions
▶ Can be used as reference for η′π analysis
▶ Publication being prepared

▶ η′π is most sensitive channel to π1(1600) at GlueX
▶ PWA framework from ηπ analysis can be used

Acknowledgements: gluex.org/thanks
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Hall D at Jefferson Lab

▶ Hall D is one of four experimental halls at Jefferson Lab

▶ CEBAF accelerates electrons up to 12 GeV

▶ Electrons impinge on diamond wafer, creating linearly
polarized photons via coherent bremsstrahlung

▶ Photon beam incident on liquid hydrogen target
S. Adhikari, C.S. Akondi, H. Al Ghoul et al. Nuclear Inst. and Methods in Physics Research, A 987 (2021) 164807

Fig. 1. (Color online) A cut-away drawing of the GlueX detector in Hall D, not to
scale.

final states. A 2-T solenoidal magnet surrounds the drift chambers used
for charged-particle tracking. Two electromagnetic calorimeters cover
the central and forward regions, and a scintillation detector down-
stream provides particle-identification capability through time-of-flight
measurements.

1.1. The Hall-D complex

The GlueX experiment is housed in the Hall-D complex at JLab (see
Fig. 2). This new facility starts with an extracted electron beam at the
north end of the Continuous Electron Beam Accelerator Facility (CE-
BAF) [5,6]. The electron beam is delivered to the Tagger Hall, where
the maximum energy is 12 GeV, due to one more pass through the north
linac than the other experimental halls (A, B and C). Here, linearly-
polarized photons are produced through coherent bremsstrahlung off
a 50 �m thick diamond crystal radiator. The scattered electrons pass
through a tagger magnet and are bent into tagging detectors. A high-
resolution scintillating-fiber tagging array covers the 8 to 9 GeV energy
range, and a tagger hodoscope covers photon energies both from 9 GeV
to the endpoint, and from 8 GeV to 3 GeV. Electrons not interacting
in the diamond are directed into a 60 kW electron beam dump. The
tagged photons travel to the Hall-D experimental hall. The distance
from the radiator to the primary collimator is 75 m. The collimator
of 5 mm diameter removes off-axis incoherent photons. The front face
of the collimator is instrumented with an active collimator to aid in
beam tuning. The beamline and tagging system are described below in
Section 2.

Downstream of the primary collimator is a thin beryllium radiator
used by both the Triplet Polarimeter, which measures the linear po-
larization of the photons, and a Pair Spectrometer, which is used to
measure the flux of the photons. More information on the production,
tagging and monitoring of the photon beam can be found in Section 2.
The photon beam continues through to a liquid hydrogen target at the
heart of the GlueX detector, and then to the end of the experimental
hall where it enters the photon beam dump.

The layout of the GlueX detector is shown in Fig. 3. The spectrom-
eter is based on a 4-m-long solenoidal magnet that is operated at a
maximum field of 2 T, see Section 3. The liquid-hydrogen target is
located inside the upstream bore of the magnet. The target consists
of a 2-cm-diameter, 30-cm-long volume of hydrogen, as described in
Section 4. Surrounding the target is the Start Counter, which consists
of 30 thin scintillator paddles that bend to a nose on the down-stream
end of the hydrogen target. The Start Counter is the primary detector
that registers the time coincidence of the radio-frequency (RF) bunch
containing the incident electron and the tagged photon producing the
interaction. More information on this scintillator detector can be found
in Section 8.

Fig. 2. (Color online) Schematic of the CEBAF accelerator showing the additions made
during the 12-GeV project. The Hall-D complex is located at the north-east end.

The Central Drift Chamber, a cylindrical straw-tube detector, starts
at a radius of 10 cm from the beam line. The active volume of the
chamber extends from 48 cm upstream to 102 cm downstream of the
target center, and from 10 cm to 56 cm in radius. The Central Drift
Chamber consists of 28 layers of straw tubes in axial and two stereo
orientations. Downstream of the central tracker is the Forward Drift
Chamber, which consists of four packages, each containing 6 planar
layers in alternating u-y-v orientations. Both cathodes and anodes in the
Forward Drift Chamber are read out, providing three-dimensional space
point measurements. More details on the tracking system are provided
in Sections 5 and 6.

Downstream of the magnet is the Time-of-Flight wall. This system
consists of two layers of scintillator paddles in a crossed pattern, and, in
conjunction with the Start Counter, is used to measure the flight time of
charged particles. More information on the time-of-flight system is pro-
vided in Section 8. Photons arising from interactions within the GlueX
target are detected by two calorimeter systems. The Barrel Calorimeter,
located inside the solenoid, consists of layers of scintillating fibers
alternating with lead sheets. The Forward Calorimeter is downstream
of the Time-of-Flight wall, and consists of 2800 lead-glass blocks. More
information on the calorimeters can be found in Section 7.

1.2. Experimental requirements

The physics goals of the GlueX experiment require the reconstruc-
tion of exclusive final states. Thus, the GlueX detector must be able
to reconstruct both charged particles (⇡±, K± and p_ Ñp) and particles
decaying into photons (⇡˝, ⌘, ! and ⌘®). For this capability, the charged
particles and photons must be reconstructed with good momentum and
energy resolution. The experiment must also be able to reconstruct the
energy of the incident photon (8 to 9 GeV) with high accuracy (0.1%)
and have knowledge of the linear polarization (maximum Ì40%) of the
photon beam to an absolute precision of 1%. Finally, many interesting
final states involve more than five particles. Thus, the GlueX detector
must also be nearly hermetic for both charged particles and photons,
with an acceptance that is reasonably uniform, well understood, and
accurately modeled in simulation.

In practice, the typical momentum resolution for charged particles is
1–3%, while the resolution is 8%–9% for very-forward high-momentum
particles. For most charged particles, the tracking system has nearly
hermetic acceptance for polar angles from 1˝ * 2˝ to 150˝. However,
protons with momenta below about 250 MeV/c are absorbed in the
hydrogen target and not detected. A further challenge is the recon-
struction of tracks from charged pions with momenta under 200 MeV/c
due to spiraling trajectories in the magnetic field. The measurement of
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CLAS π1 → 3π Upper Limit
CLAS sets an upper limit of σ(γp → π+

1 n) < 13.5 nb.
▶ Lower photon beam energy: 4.8 < Eγ < 5.4 GeV
▶ Different reaction - produced against a neutron

▶ Upper limit is really on σ(γp → π+
1 n)B(π+

1 → π+π−π+)
▶ They used a model dependent central value for B(π1)
▶ Upper limit needs to include systematic uncertainty in B(π+

1 )
▶ LQCD allowed values are 0 < B(π1 → 3π) < 12.6%.
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