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Outline

1 JLab at 12 GeV
Accelerator
Experimental halls
Running

2 Main Physics Goals
3 Selected topics and early results

Hall D early results
Parity violation
Heavy photon search
Proton radius
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CEBAF Upgrade to 12 GeV

• Accelerator: 2.2 GeV/pass
• Halls A,B,C: e− 1-5 passes ≤11 GeV
• Hall D: e− 5.5 passes 12 GeV⇒ γ-beam

Upgrade Status
• 12 GeV started in Feb 2016
• Halls A,D,B(CLAS12): running
• Halls B,C: 12 GeV KPP Spring 2017

A B C

D

CHL

Remaining scope
• Hall B SC solenoid installation
• Upgrade completion: Sept 2017
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Old extraction scheme
3 halls 1-5 passes at 500 MHz

New extraction scheme
4 halls A/B/C: 1-5 passes; D: 5.5 passes
Halls: 500 MHz or 250 MHz
D & A/B/C(5 passes) at 250 MHz



JLab Experimental Halls

Hall D
barrel

calorimeter
time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

Spectroscopy
Search for:

exotic hybrid mesons

Hall B

Nucleon Structure
GPD, TMD

Hall C

Nucleon Structure
Valence quarks

Hall A

Diverse program
Formfactors, PDF

SM tests (PV)
Future installations

hermeticity large
acceptance high resolution custom

installations
12 GeV e− ⇒ γ e− 2.2–11 GeV
γ linear polariz. e− longitudinal polarization
GlueX spectrometer CLAS12 HMS, SHMS HRS, SBS

target LH LH, LD; ammon. ‖,⊥ any, polar. 3He ‖, ⊥ any, polar. 3He ‖, ⊥
<100 MHz/GeV 1035 cm−2s−1 1038 cm−2s−1

σ(p)/p ∼ 1− 3% σ(p)/p ∼ 0.5% σ(p)/p ∼ 0.1% σ(p)/p ∼ 0.02%
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12 GeV runs

Fall 2014 - Spring 2015: 10 GeV, 5 GeV:
Hall A DVCS
Hall B (CLAS12) HPS - heavy photon search
Hall D/GlueX commissioning

Spring 2016 12 GeV
Hall A DVCS, Form Factors
Hall B (CLAS12) HPS (heavy photon search)
Hall D/GlueX engineering run

Spring 2017 11.65 GeV
Hall A DVCS, GMP (Gp

M )
Hall B (CLAS12) HPS (heavy photon search); PRAD (proton radius)
Hall B CLAS12 KPP (Key Performance Parameters)
Hall C SHMS KPP
Hall D/GlueX 1-st physics run (∼20% of GlueX-I)

Fall 2017 11.65 GeV Planning
4 halls to run
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JLab at 12 GeV: Scientific Questions

• What is the role of gluonic excitation in the
spectroscopy of light mesons?

• Where is the missing spin in the nucleon? Is there
a significant contribution from orbital angular
momentum of valence quarks?

• Can we reveal a novel landscape of nucleon
substructure through measurements of new
multidimensional distribution functions?

• What is the relation between short-range N-N
correlations, the partonic structure of nuclei, and
the nature of the nuclear force?

• Can we discover evidence for physics beyond the
standard model of particle physics?
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12 GeV Approved Experiments by Physics Topic
12 GeV Approved Experiments by Physics Topics

Topic Hall A Hall B Hall C Hall D Other Total

Hadron spectra as probes of QCD 0 3 1 3 0 7

Transverse structure of the hadrons 5 4 3 1 0 13

Longitudinal structure of the hadrons 2 3 6 0 0 11

3D structure of the hadrons 5 9 7 0 0 21

Hadrons and cold nuclear matter 7 3 7 0 1 18

Low-energy tests of the Standard Model and 

Fundamental Symmetries
3 1 0 1 1 6

Total 22 23 24 5 2 76

Total Experiments Completed 2.5 1.1 0 0.4 0 4.0

Total Experiments Remaining 19.5 22 24 4.6 2 72.0

A Decade of Experiments
10

Remaining: 2400 days
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Hall D/GlueX Meson Spectroscopy In Photoproduction
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I Acceptance: 1◦ < θ < 120◦

I Resolutions:
h±: σp/p ∼ 1− 3%
γ: σE/E ∼ 6%/

√
E + 2%

I Trigger takes all the photoproduction at
EBEAM > 8 GeV
in 2017: 55 kHz

I Luminosity for EBEAM > 8 GeV:
2016: ∼ 5 pb−1 of “physics quality”
2017: ∼ 30 pb−1 analysis in progress
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GlueX: Event Reconstruction and Signals Observed

From 2016 data: γp → 5γ p
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GlueX: Beam Asymmetries of π0, η

Properties of Photoproduction

A(ϕ) =

dσ
dϕ⊥
− dσ

dϕ‖
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+ dσ
dϕ‖

≈ PΣ cos (2ϕ)

p
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1−−: ω, ρ Σ ≈ + 1

1+−: b,h Σ ≈ − 1

Phys.Rev. C95, 042207(R), 2017
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GlueX: Beam Asymmetries of π0, η

Properties of Photoproduction

A(ϕ) =

dσ
dϕ⊥
− dσ

dϕ‖
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+ dσ
dϕ‖

≈ PΣ cos (2ϕ)

p

π0, η

p

γ

1

1−−: ω, ρ Σ ≈ + 1

1+−: b,h Σ ≈ − 1

• Vector exchange dominates
• No observed dip at −t = 0.5 (GeV/c)2

Phys.Rev. C95, 042207(R), 2017
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GlueX: Photoproduction of J/ψ close to threshold

γ + p → J/ψ + p, J/ψ → e+e−

• All 2016 data: exclusive events p + e+e−
• e+e− PID using the electromagnetic calorimeters BCAL and FCAL
• Kinematic fit with the beam energy from the tagger
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GlueX: Photoproduction of J/ψ close to threshold

Planned measurements, after adding the 2017 Spring data:
• σ(E) - sensitive to gluons at high x
• t-slope
• Limits on the pentaquark yield (the mass resolution ∼6 MeV/c2)
γp → P(4450)→ J/ψp predictions ∝ B2(P → J/ψp)
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M.Karliner, Phi2Psi 2017: B(P → J/ψp) = 10%

M. Karliner, Q spectroscopyM. Karliner 24PHI2PSI, Mainz, 6/2017              
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Parity Violation at JLab

• Nucleon Strangeness Formfactors
complete
– HAPPEX Hall A
– G0 Hall C

• Neutron skin
– PREX, CREX Hall A

• Precision tests of Standard Model
– PVDIS Hall A published
– Qweak Hall C to publish soon
– MOLLER, SOLID (Hall A, future)

MOLLER SoLID

Parity Violation at JLab

Almost 20 years of parity violation
at Jefferson Lab!

HAPPEX program, G0, PREX,
Qweak, PVDIS

Requires exquisite control of
systematics

Beam properties at injector
High precision polarimetry
Control and measurement of beam
intensity, energy, position
Precision integrating detectors
(MHz∼ GHz rates)
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e− on Unpolarized target

σ ∝ |Aγ + Aweak |2 ∼ |Aγ |2 + 2AγA∗
weak + ...

ARL =
σR − σL

σR + σL
∼ Aweak

Aγ
∝ GF Q2

4πα
g
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Qweak: PV Elastic e−p Scattering

Qp
W = (1− 4 sin2 θW )
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PREX/CREX Measuring the “Neutron skin” of Pb, Ca

PV elastic scattering off nuclei: sensitive to the “neutron size”

Qp
W = (1− 4 sin2 θW ) < 0.1

Qn
W = −1

PREX: 208Pb
pilot experiment published

CREX: 48Ca

Applications: Nuclear Physics,
Neutron Stars, Atomic Parity, Heavy
Ion Collisions
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Heavy Photon Search - First Results
Heavy Photon Search – First Results

• NP-HEP Collaboration

Future Program: more HPS, APEX, DarkLIGHT

2015 Engineering Run

1.7 PAC days @ 1.05 GeV

2 GeV data taken in 2016, 

under analysis

1 mm gap between Si

tracker detectors for 

passage of electron beam

20

Future program: more HPS, APEX, DarkLIGHT Courtesy to B.McKeown
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PRAD - Proton Radius
PRad

• PRad: new experiment to

address proton radius @ JLab

• NSF MRI: H2 gas target

• DOE GEM tracking detectors 

• Successful run in summer 2016

statistical errors are ~0.4% 

Systematic uncertainty

1 GeV data will extend to Q2~2x10-4 GeV2

21

Final results expected by the end of 2018 Courtesy to B.McKeown
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Outlook

The 12 GeV operations of JLab have begun

Hall A: running
Hall B: CLAS12 started commissioning; other experiments have run
Hall C: started commissioning
Hall D: running, 1-st paper published

Next large projects planned:

MOLLER: SM test in PV
SoLID: broad program: PV; nucleon imaging

At least a decade of excellent opportunities for discovery

New QCD vistas
Growing program Beyond the Standard Model

Beyond 12 GeV: EIC is moving forward
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APPENDIX
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Imaging the Nucleon

5D

3D

• TMD
Transverse Momentum Dist.
Confined motion in a nucleon
(semi-inclusive DIS: SIDIS)

• GPD
Generalized Parton Dist.
Spatial Imaging
(exclusive DIS: for ex. DVCS)

• Requires
– High luminosity.
– Polarized beams & targets
– Sophisticated detectors
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π◦, η, η, → γγ coupling in Primakoff reaction

dσ
dΩ

= Γγγ
8αZ 2β3E4

m3Q4 |Fe.m.(Q)|2·sin2θ

• Primakoff θ < 0.5◦

• Primakoff-Nuclear interference
⇒ θ < 5◦

• Fit to dσ
dΩ (θ)

Γ(π◦ → γγ)
test of Chiral
symmetry/anomalies
6 GeV E-02-103 in Hall B

Γ(η → γγ)
light quark mass ratio,
η − η, mixing angle
12 GeV PR12-10-011 in Hall D
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Figure 7: Differential cross section of the co-
herent η photoproduction on the proton as
a function of the squared four-momentum
transfer t. The dashed curve corresponds to
the hadronic cross section, while the solid
curve corresponds to the sum of the Pri-
makoff and the hadronic amplitudes [31].
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Figure 8: Differential cross section of the co-
herent η photoproduction on the proton as a
function of the η production angle [31].

6 Experimental Setup

We propose to use a 10.5–11.7 GeV tagged photon beam in Hall D to produce the η mesons,
and the two decay photons from the η will be detected by the forward calorimeter (FCAL)
located ∼ 5.6 m downstream of the target. As shown in Figure 9, the standard GlueX experi-
mental setup with an additional small calorimeter (32.8×32.8 cm2) will be used in proposed
experiment which includes: (1) a high energy photon tagger; (2) a pair spectrometer for
photon flux monitoring; (3) a 30 cm length liquid hydrogen and 4He target; (4) a forward
multichannel electromagnetic calorimeter (FCAL); (5) a 32.8 × 32.8 cm2 PbWO4 crystal
calorimeter with 17 charge particle veto counters for Compton scattering detection (Comp-
Cal) which will be located 4 meters downstream of FCAL. During the η production run, the
GlueX solenoid magnet will be turned off in order to detect the Compton scattering photon
and recoiled electron in two calorimeters (FCAL and CompCal) simultaneously to check the
setup stability, monitor the luminosity and FCAL detection efficiency, and verify the overall
systematic errors in absolute cross section measurement. A 5 mm diameter collimator will
be used in order to have a higher photon tagging efficiency and better control of photon
flux. A 10−4 radiation length metal radiator with will be used to ensure the stability of the
photon flux at the end of the bremsstrahlung spectrum. Details of this instrumentation are

17
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PRIMEX Projected Results

Γ(π◦ → γγ) Hall B Γ(η → γγ) Hall D projection
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Figure 3: Two-photon decay width for the η meson. Points 1 through 4, are the results of
e+e− collisions (for references, see [17]), point 5 is the result of a Primakoff experiment [22].
Point 6 is the expected error for proposed experiment with 3% total error, arbitrarily plotted
to agree with the average value of previous five measurements. The plotted uncertainties
combine the statistical and systematic errors in quadrature.

The production of mesons in the Coulomb field of a nucleus by real photons is essentially
the inverse of the decay η → γγ, and the cross section for this process thus provides a
measure of the η two-photon decay widths. For unpolarized photons, the Primakoff cross
section on a zero-spin nuclear target is given by[29]:

dσP
dΩ

= Γγγ
8αZ2

m3

β3E4

Q4
|Fe.m.(Q)|2sin2θ (7)

where Γγγ is the decay width of the η, Z is the atomic number, m, β, θ are the mass,
velocity and production angle of the mesons, E is the energy of the incoming photon, Q is
the momentum transferred to the nucleus, and Fe.m.(Q) is the nuclear electromagnetic form
factor, corrected for final state interactions of the outgoing η.

The Primakoff effect is not the only mechanism for meson photoproduction at high
energies. For a nuclear target there is coherent background from strong production of η in

12

Proposed
Measurement

Calculations of the backgrounds
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Meson spectroscopy

Gluonic excitations⇒ hybrid mesons ?

g - color octet

Predicted by models, LQCD

“Constituent gluon”:
LQCD: 1+−, 1-1.5 GeV

Exotic QN: excellent signature
of a new degree of freedom
no mixing with the regular qq
states

Constituent quark model

No gluonic degrees of freedom

Restrictions on the quantum
numbers: JPC :
P = (−1)L+1, C = (−1)L+S

J −− ++ −+ +−
0 0++ 0−+

1 1−− 1++ 1+−

2 2−− 2++ 2−+

3 3−− 3++ 3+−

qq QN “exotic” QN
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Lattice QCD - the Meson Spectra

J.Dudek et al PRD 83 (2011); PRD 84 (2011), PRD 88 (2013)
Hybrids identified: States with non-trivial gluonic fields

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

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to

the physical strange quark. Here, because there is an exact

SUð3Þ flavor symmetry, we characterize mesons in terms of

their SUð3ÞF representation, octet (8) or singlet (1), and

compute correlation matrices using the basis in Eq. (5).

The octet correlators feature only connected diagrams

while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

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

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

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

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

in the next subsections.

E. The low-lying pseudoscalars: �, �, �0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the � and � mesons are exactly stable and
�0 is rendered stable since its isospin conserving ���
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼ 1

�t
log

�ðtÞ
�ðtþ �tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the � and �0 mesons. We have already
commented on the unexplained sensitivity of the �0 mass
to the spatial volume at m� ¼ 391 MeV, and we note that

500

1000

1500

2000

2500

3000

FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m� ¼ 391 MeV, 243 � 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

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

094505-11

J− regular QN J+ regular QN Exotic QN

Lowest-lying hybrid supermultiplet
1−−,0−+, 1−+. 2−+

exotic

1−+ 0+− 2+−

Nonets: 2 1 2

Calculations for mπ ∼ 400MeV
Orange frames - lightest hybrids

E.Chudakov PhiPsi 2017, Mainz, June 2017 Jefferson Lab Report 26 / 20



Experimental Evidence for Exotic Hybrids 1−+

mass reaction experiment mass width
1400 π−p → ηπ◦n GAMS, 100 GeV 1988 1406±20 180± 20

π−p → ηπ−p BKEI, 6 GeV 1993 1320± 5 140± 10
π−p → ηπ−p MPS, 18 GeV 1997 1370±60 380±100
π−p → ηπ◦n E-852, 18 GeV 2007 1260±40 350± 60
pp → ηπ◦π◦ CBAR, 0 GeV 1999 1360±25 360± 80
pn→ ηπ◦π− CBAR, 0 GeV 1998 1400±30 220± 90

1600 π−A→ π+π−π−A VES, 37 GeV 2000 1610±20 290± 30
VES, 37 GeV 2005 none

COMPASS, 190 GeV 2009 1660±60 270± 60
π−p → π+π−π−p E-852, 18 GeV 2002 1590±40 170± 60

E-852, 18 GeV 2006 none
COMPASS, 190 GeV 2015 in progress

γp → π+π+π−n CLAS, 5. GeV 2008 none
π−p → π−π◦π◦p E-852, 18 GeV 2006 none

COMPASS, 190 GeV 2015 in progress
π−p → η′π−p E-852, 18 GeV 2001 1600±40 340± 50

COMPASS, 190 GeV 2015 in progress
π−A→ η′π−A VES, 37 GeV 2005 1600 300

GAMS, 100 GeV 2005 1600 300
π−p → ηπ+π−π−p E-852, 18 GeV 2004 1710±60 400± 90
π−p → ωπ−π◦p E-852, 18 GeV 2005 1660±10 190± 30
π−A→ ωπ−π◦A VES, 18 GeV 2005 1600 300

2000 π−p → b1π, f1π E-852, 18 GeV 2005 2010±25 230± 80
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π−A→ η′π−A VES, 37 GeV 2005 1600 300

GAMS, 100 GeV 2005 1600 300
π−p → ηπ+π−π−p E-852, 18 GeV 2004 1710±60 400± 90
π−p → ωπ−π◦p E-852, 18 GeV 2005 1660±10 190± 30
π−A→ ωπ−π◦A VES, 18 GeV 2005 1600 300

2000 π−p → b1π, f1π E-852, 18 GeV 2005 2010±25 230± 80

Signal: solid, seen by several experiments
Interpretation: unclear, but not a hybrid:
1400 dynamic origin; 4-quark state
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π−p → ωπ−π◦p E-852, 18 GeV 2005 1660±10 190± 30
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Signal: solid, seen by several experiments
Interpretation: unclear, but not a hybrid:
1400 dynamic origin; 4-quark state

Signal: 3π - controversial - leakage from 2−+

COMPASS: confirmation in π−A
COMPASS: in progress π−p
η′π− - promising

Interpretation: may be a hybrid
1600 needs more analysis and data
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Signal: weak - one experiment only
Interpretation: may be a hybrid

expected decay modes
2000 needs more data
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Hybrids: expected features and ways to detect

LQCD: Masses

1−+ π1, η1... ∼2.0 – 2.4 GeV/c2

0+− b◦,h◦... ∼2.3 – 2.5 GeV/c2

2+− b2,h2... ∼2.4 – 2.6 GeV/c2

Models: Decays

Γtot ∼ 0.1− 0.5 GeV/c2

Final states: multiple π± and γ

No calculations for the decay widths, couplings or cross sections so far.

Photoproduction by linearly polarized photons

GlueX PAC30 Presentation - Alex Dzierba - 8/21/2006 19

Linear Polarization

X → a + b

ee

b

a

θγ

γ

pt pr

X

t

s quantization axis  

m determined by polarization of photon

Y ±1

! (θ, φ) ∝ P!(cos θ)e±iφ

Only linearly polarized photons
provide azimuthal angle dependence.

γ

pt pr

X

e
N:   JP =  0+,  1–, 2+, ...

U:   JP =  0–,  1+, 2–, ...

Exotic Production:
    Takes place via unnatural (U) parity exchange
Diffractive Production:
    Through natural parity (N) exchange

Only linearly polarized photons
can distinguish between U and N.

ρ◦, ω, φ

P, π, η, ρ, ω,...

Exchange Final
particle states
P 0++ 2+−,0+− b◦,h,h′

π◦ 0−+ 2+− b◦2 ,h2,h′2
π± 0−+ 1−+ π±1
ω 1−− 1−+ π1, η1, η

′
1

Can couple to all 3 exotic nonets

How to detect the hybrids?

Detect the final states (exclusive reactions)

Identify the QN using the Partial Wave Analysis (PWA)
Photon linear polarization - a filter on naturality - helps
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Hall D/GlueX Spectrometer and DAQ

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

B = 2.0 T

30 cm LH2

Acceptance 1◦ < θ < 120◦

Resolutions
h±: σp/p ∼ 1− 3%

γ: σE/E ∼ 6%/
√

E ⊕ 2%

start counter
Detectors

I CDC, FDC
I BCAL, FCAL
I TOF, ST

Plans to add

I 2018 L3
I 2019 DIRC

Photoproduction γp 15 kHz for a 100 MHz beam
Beam 10 MHz/GeV: inclusive trigger 20 kHz⇒ DAQ⇒ tape
Beam 50 MHz/GeV: inclusive trigger 100 kHz⇒ DAQ⇒ L3 farm⇒ tape
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