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Jefferson Lab   12 GeV Upgrade

Upgrade maximum electron 
beam energy from 6 to 12 GeV


Add new experimental Hall D 
with a dedicated photon beam

�36
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  in Hall B

CEBAF delivers 11 GeV electron beam to Hall B


Linearly polarized photons through quasi-real photoproduction


Electron scattering provides access to hybrid baryons

Forward Tagger (FT)
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  in Hall B

CEBAF delivers 11 GeV electron beam to Hall B


Linearly polarized photons through quasi-real photoproduction


Electron scattering provides access to hybrid baryons

Forward Tagger (FT)
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Linearly polarized photon 
beam from CEBAF 12 GeV


Large acceptance 
detector for both charged 
and neutral particles

�39

in Hall D



Justin Stevens,HUGS 2018

Photon Beam and Tagger
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Construction (~5 years)
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“Typical” ɣp→π+π-p event

�42
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Exotic JPC in photoproduction

exotics

JPC

Production through t-channel  
“quasi-particle”exchange

Meson X with  
particular JPC

ρ,ω,φγ

p N

X

π,η,ρ,ω,P,...
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Non-exotic JPC in photoproduction

1�� : !, ⇢

1+� : b, h

Exchange JPC

Begin by understanding non-exotic 
production mechanism 


Linear photon beam polarization 
critical to filter out “naturality” of the 
exchange particle

, ⌘, ⌘0

JPC

11

500

1000

1500

2000

FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 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.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems 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 Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e↵ective 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 vol-
ume dependence of the ⌘ and ⌘

0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4
Here we are using a convention where |⌘i = cos ✓|8i � sin ✓|1i,
|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in

Eqn 5.
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Early                   physics: ɣp→π0p

�45

How to describe old data 
and predictions for JLab? 

Joint Physics Analysis  
Center (JPAC)!
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Early                   physics: ɣp→π0p

1�� : !, ⇢

1+� : b, h

Exchange JPC

t

JPAC : Mathieu et al. PRD 92, 074013

Data
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ɣp→π0p beam asymmetry Σ

Beam asymmetry Σ provides 
insight into dominant 
production mechanism


From experimental 
standpoint it’s easily 
extended to ɣp→ηp


No previous 
measurements! 

�47

1�� : !, ⇢

1+� : b, h

Exchange JPC

t

JPAC : Mathieu et al. PRD 92, 074013

⌃⇡0
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π0 and η beam asymmetries

�48

Phys. Rev. C 95, 042201(R)
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π0 and η beam asymmetries

�49
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π0 and η beam asymmetries

�50
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π0 and η beam asymmetries

�51
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Testing models for t-channel 
production at high energies


No dip in t-dependence 
observed at 0.5 (GeV/c)2


Vector exchange mechanism 
dominant at these energies, 
expect similar mechanism for 
exotics
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π0 and η beam asymmetries

First JLab 12 GeV publication!  
Phys. Rev. C 95, 042201(R)



Justin Stevens,HUGS 2018

Pseudoscalar beam asymmetries

�53

�p ! ⌘0p

�p ! ⌘p

Neutral pseudoscalars: Σ~1, dominated by vector exchange

t

⌘, ⌘0

1�� : !, ⇢

Consistent with prediction 
from JPAC : PLB 774 (2017) 362

,�?
<latexit sha1_base64="Vu8/Pi4XHMoN8rP4t8xOcoIiP3g=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBg5RsEdueLHrxWMG1hXYp2TRtQ7PZNckKZemf8OJBxau/x5v/xmxbQUUfDDzem2FmXhALrg3GH05uaXlldS2/XtjY3NreKe7u3eooUZR5NBKRagdEM8El8ww3grVjxUgYCNYKxpeZ37pnSvNI3phJzPyQDCUfcEqMldonqBuPODrvFUu4jDF2XRdlxK2eYUvq9VrFrSE3syxKsECzV3zv9iOahEwaKojWHRfHxk+JMpwKNi10E81iQsdkyDqWShIy7aeze6foyCp9NIiULWnQTP0+kZJQ60kY2M6QmJH+7WXiX14nMYOan3IZJ4ZJOl80SAQyEcqeR32uGDViYgmhittbER0RRaixERVsCF+fov+JVynXy/j6tNS4WKSRhwM4hGNwoQoNuIImeEBBwAM8wbNz5zw6L87rvDXnLGb24Qect09owo8b</latexit><latexit sha1_base64="Vu8/Pi4XHMoN8rP4t8xOcoIiP3g=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBg5RsEdueLHrxWMG1hXYp2TRtQ7PZNckKZemf8OJBxau/x5v/xmxbQUUfDDzem2FmXhALrg3GH05uaXlldS2/XtjY3NreKe7u3eooUZR5NBKRagdEM8El8ww3grVjxUgYCNYKxpeZ37pnSvNI3phJzPyQDCUfcEqMldonqBuPODrvFUu4jDF2XRdlxK2eYUvq9VrFrSE3syxKsECzV3zv9iOahEwaKojWHRfHxk+JMpwKNi10E81iQsdkyDqWShIy7aeze6foyCp9NIiULWnQTP0+kZJQ60kY2M6QmJH+7WXiX14nMYOan3IZJ4ZJOl80SAQyEcqeR32uGDViYgmhittbER0RRaixERVsCF+fov+JVynXy/j6tNS4WKSRhwM4hGNwoQoNuIImeEBBwAM8wbNz5zw6L87rvDXnLGb24Qect09owo8b</latexit><latexit sha1_base64="Vu8/Pi4XHMoN8rP4t8xOcoIiP3g=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBg5RsEdueLHrxWMG1hXYp2TRtQ7PZNckKZemf8OJBxau/x5v/xmxbQUUfDDzem2FmXhALrg3GH05uaXlldS2/XtjY3NreKe7u3eooUZR5NBKRagdEM8El8ww3grVjxUgYCNYKxpeZ37pnSvNI3phJzPyQDCUfcEqMldonqBuPODrvFUu4jDF2XRdlxK2eYUvq9VrFrSE3syxKsECzV3zv9iOahEwaKojWHRfHxk+JMpwKNi10E81iQsdkyDqWShIy7aeze6foyCp9NIiULWnQTP0+kZJQ60kY2M6QmJH+7WXiX14nMYOan3IZJ4ZJOl80SAQyEcqeR32uGDViYgmhittbER0RRaixERVsCF+fov+JVynXy/j6tNS4WKSRhwM4hGNwoQoNuIImeEBBwAM8wbNz5zw6L87rvDXnLGb24Qect09owo8b</latexit>



Justin Stevens,HUGS 2018

Pseudoscalar beam asymmetries

�54

Charged pseudoscalars: more complicated -t dependence

t

⇡�

�++

⇡, ⇢, a2, ...
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Some speculative ideas to look for “structure” observed in previous 
measurements


eg. Excited vector mesons: ρ’, ω’, etc.


What can we learn without a full amplitude analysis?


Suggestions welcome!

Previous signals in photoproduction 

�55

BaBar:                              bb                     e+e� ! ⇡+⇡�(�)

PRL 103, 231801 (2009)

ρ’?

SLAC:                          

PRL 53, 751 (1984)

�p ! ⇡+⇡�p
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Some speculative ideas to look for “structure” observed in previous 
measurements


eg. Excited vector mesons: ρ’, ω’, etc.


What can we learn without a full amplitude analysis?


Suggestions welcome!

Previous signals in photoproduction 

�56

Ω’ Spectrometer at the CERN SPS: Nucl. Phys. B231, 1 (1984)

ω’?
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Early spectroscopy opportunities

�57

ρ’?

SLAC:                          

PRL 53, 751 (1984)

E� = 20 GeV

�p ! ⇡+⇡�p

Enhancement consistent with earlier SLAC measurement, 
but ~1000x more statistics with early GlueX data


Polarization observables will provide further insight into 
the nature of this enhancement
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Previous photoproduction 
data very sparse for channels 
with multiple neutrals particles


Early opportunity in ηπ/η’π 
since P-wave is exotic

�58

Early spectroscopy opportunities

�p ! 4�p

⇡�p ! ⌘⇡0n

PLB 657 (2007) 27

 

�p ! ⌘⇡0pa0 a2

a0

a2 E852
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Early spectroscopy opportunities

Successfully reconstructing 5ɣ final state and observe b1 signal 
consistent with previous JLab photoproduction experiment (RadPhi)

�59

�p ! b1p, b1 ! !⇡0,! ! ⇡0�

�p ! 5�p

! ! ⇡0�

b1(1235) ! !⇡0

JPC = 1+�
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exoticspositive paritynegative parity

JPC

Mapping the meson spectrum

Already studying polarization observables for “simple” final states  

Beginning to identify known mesons in multi-particle final states
�60

ρ’?

b1(1235)

a2(1320)

f2(1270)

PRD 88 (2013) 094505
M
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Amplitude Analysis

�61

~10% ~5% 

X(1++)
! ⇢⇡� (S wave)

! ⇢⇡� (D wave)

~10% ~5% 

X(2++)

⇢ ! ⇡+⇡�

Example Intensities:

Expand set of possible amplitudes over 
many X and I, and determine Vα via 
maximum likelihood fit


Good angular acceptance critical for 
disentangling JPC

⇢⇡+ (D wave)

⇢⇡+ (S wave)

X ! ⇢⇡+
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Simulate production of 
known resonances and  
exotic hybrid (1-+) signal 
with 1.6% relative strength


Yields correspond to ~3.5 
hours of GlueX data 
taking (at full intensity)

�62

             Amplitude Analysis

Simulation

1++

2++

2-+

1-+



HUGS 2018 Justin Stevens,

MesonEx Amplitude Analysis

�63

Simulation

1-+

2++ 1++
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                future

Lattice predicts strange and 
light quark content for mesons


Search for a pattern of hybrid 
states in many final states


Requires clean identification of 
charged pions and kaons

�64

11

FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 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.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems 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 Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
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for the lightest quark mass and largest volume consid-
ered. The e↵ective 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 vol-
ume dependence of the ⌘ and ⌘

0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 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.
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Experimentally infer quark 
flavor composition through 
branching ratios to strange and 
non-strange decays


Consistent with lattice QCD 
mixing angle for 2++, and 
predictions for hybrids 


Need capability to detect 
strange and non-strange to 
infer hybrid flavor content
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Strangeness program: decay patterns

ss̄
uū+ dd̄B(f2(1270) ! ⇡⇡)

B(f2(1270) ! KK)
⇡ 20
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Strangeness program: Y(2175)

Y(2175) JPC=1-- state observed by 3 experiments


Decay pattern similar to Y(4260) in charmonium


Is it a supernumerary state in the strangeonium 
spectrum?  Possibly a hybrid?

�66

Belle: BES III: 

Y (2175) ! �⇡+⇡� Y (4260) ! J/ ⇡+⇡�

e+e� ! �⇡+⇡�(�) J/ ! ⌘�⇡+⇡�

PRD 80, 031101(R) (2009)

PRD 91, 052017 (2015)
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JLab strange quark program upgrades 

Strange hadron spectroscopy

�67
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Charged particles traveling faster than the 
speed of light in a medium emit Cherenkov light


Wavelength dependence:


Cherenkov angle:


Determine β = v/c, separate kaons from 
pions by difference in mass

Charged particle identification
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Nuclear Reactor

cos✓c =
1

�n(�)

N� ⇠ 1

�2
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Particle Identification: DIRC
DIRC: Detection of Internally 
Reflected Cherenkov Light 


Pioneered for BaBar 
detector at SLAC PEP-II


Image photons to measure 
Cherenkov angle 
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Fused silica 
radiator bar

hni = 1.473
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Particle Identification: DIRC
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BaBar DIRC Event Display

DIRC: Detection of Internally 
Reflected Cherenkov Light 


Pioneered for BaBar 
detector at SLAC PEP-II


Image photons to measure 
Cherenkov angle 
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Particle Identification: DIRC

�71

DIRC: Detection of Internally 
Reflected Cherenkov Light 


Pioneered for BaBar 
detector at SLAC PEP-II


Image photons to measure 
Cherenkov angle 

BaBar finished data  
taking in 2008
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                DIRC

@GlueX_DIRCFollow the trip:

Final shipment from SLAC to JLab this today!

https://twitter.com/GlueX_DIRC
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                DIRC

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

start
counter

DIRC

The GlueX DIRC (Detection of Internally Reflected Cherenkov light) 
provides new K/π separation and will use components of the BaBar DIRC 


Partial installation and commissioning in 2018

Cherenkov Photon “Ring” 
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Installation and commissioning 
begins this year!


Installation complete by 2019
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                DIRC

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam
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beam
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magnet 

target
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tagger to detector distance
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DIRC

Photon arrival time

Cherenkov Photon “Ring” 
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Summary

The                experiment is 
commissioned and the initial 
meson program is well 
underway


Early measurements aimed at 
understanding the meson 
production mechanism through 
polarization observables


Cherenkov detectors provided 
access to strange quark sector 
enhancing the discovery 
potential for hybrid mesons
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Further Reading

Light isovector resonances in  
Compass Collaboration                                      
[arXiv:1802.05913] 


Searching for the rules that govern hadron 
construction  
Matt Shepherd, Jozef J. Dudek, and Ryan Mitchell 
Nature 534 (2016) 487 

Hybrid mesons 
Curtis A. Meyer and Eric S Swanson, Progress in 
Particle and Nuclear Physics 82, 21-58 (2015)
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⇡�p ! ⇡�⇡�⇡+
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https://www.nature.com/articles/nature18011
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Backup
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Exotic JPC decays

Predictions for the spectrum of hybrids from lattice, but decay 
predictions are model dependent 

Candidates for π1 state observed at multiple experiments (COMPASS, 
E852, etc.)  Recent review by Meyer and Van Haarlem (arXiv:1004:5516)


Mapping the hybrid spectrum requires: large statistics samples of many 
particle final states in strange and non-strange decay modes
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C. A. Meyer and E. S. Swanson,  
Progress in Particle and Nuclear Physics B82, 21, (2015)

1-+ channels observed
⇡⇢ ! ⇡⇡⇡
⇡⌘0 ! ⌘⇡⇡⇡
⇡b1 ! !⇡⇡
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Exotic JPC decays

Predictions for the spectrum of hybrids from lattice, but decay 
predictions are model dependent 

Candidates for π1 state observed at multiple experiments (COMPASS, 
E852, etc.)  Recent review by Meyer and Van Haarlem (arXiv:1004:5516)


Mapping the hybrid spectrum requires: large statistics samples of many 
particle final states in strange and non-strange decay modes
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C. A. Meyer and E. S. Swanson,  
Progress in Particle and Nuclear Physics B82, 21, (2015)

1-+ channels observed Some additional 1-+ channels
⇡⇢ ! ⇡⇡⇡
⇡⌘0 ! ⌘⇡⇡⇡
⇡b1 ! !⇡⇡

⌘f1 ! ⌘⌘⇡⇡⇡a2 ! ⌘⇡⇡

KK⇤ ! KK⇡
KK1(1270) ! KK⇡⇡
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π1(1400) → ηπ 

Not likely a hybrid: dynamical origin or 4-quark state?


π1(1600) → πππ, η’π, b1π, etc. 

Not observed in ɣp → n π+π-π+ at CLAS: charge vs neutral exchange?


Clear evidence for JPC=1-+ partial waves, but interpretation unclear

Evidence for 1-+ exotics
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Compass: PLB 740 (2015) 303

1-+ waveη’

η
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π1(1400) → ηπ 

Not likely a hybrid: dynamical origin or 4-quark state?


π1(1600) → πππ, η’π, b1π, etc. 

Not observed in ɣp → n π+π-π+ at CLAS: charge vs neutral exchange?


Clear evidence for JPC=1-+ partial waves, but interpretation unclear

Evidence for 1-+ exotics
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Compass: PRL 104, 241803 (2010)
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Evidence for 1-+ exotics

π1(1400) → ηπ 

Not likely a hybrid: dynamical origin or 4-quark state?


π1(1600) → πππ, η’π, b1π, etc. 

Not observed in ɣp → n π+π-π+ at CLAS: charged vs neutral exchange?


Clear evidence for JPC=1-+ partial waves, but interpretation not conclusive
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Found no exotic when using 
a larger set of partial waves 

(ie. “high wave”) than 
previous analysis

E852: PRD 73 (2006) 072001
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Quantum number counting
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