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Confined states of quarks and gluons
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described by 1st principles QCD 
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permitted by QCD
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Do gluonic degrees of freedom 
manifest themselves in the bound 

states we observe in nature?
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Excited gluonic field coupled to       pair 


Rich spectrum of hybrid mesons predicted by Lattice QCD


Gluonic field with JPC = 1+- and mass scale ≈1-1.5 GeV


“Exotic” JPC : not simple       from the non-rel. quark model 
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Excited gluonic field coupled to       pair 


Rich spectrum of hybrid mesons predicted by Lattice QCD


Gluonic field with JPC = 1+- and mass scale ≈1-1.5 GeV


“Exotic” JPC : not simple       from the non-rel. quark model 
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Hybrid mesons and gluonic excitations
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Lightest hybrid 
mesons

exoticspositive paritynegative parity

JPC
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Dudek et al. PRD 88 (2013) 094505
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Most experimental 
searches for hybrids 

limited to the π1 state
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Lightest hybrid 
mesons

exoticspositive paritynegative parity

JPC
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Dudek et al. PRD 88 (2013) 094505

JPC

exotics

JPC

Ideally look for a pattern of hybrid states in multiple decay modes


Primary goal of the GlueX experiment is to search for and 
ultimately map out the spectrum of light quark hybrid mesons 
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Exotic JPC in photoproduction

Production through t-channel  
“quasi-particle” exchange

Meson X with  
particular JPC
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Jefferson Lab   12 GeV Upgrade

Maximum electron beam energy 
upgraded from 6 to 12 GeV


Provides access to mesons with 
masses to ~3 GeV

�13
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Photon Beam and Tagger
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Photon Beam and Tagger
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Large acceptance detector 
for charged and neutral 
particles (many final states)


Orders of magnitude higher 
statistics than previous 
photoproduction experiments

�16

in Hall D
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Exotic JPC in photoproduction

Production through t-channel  
“quasi-particle” exchange

Meson X with  
particular JPC
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                 Physics Program
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                 Physics Program
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Strong collaboration with theory required: e.g. 

Welcome more collaboration with theory!
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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
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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.

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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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! 

�21
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1+� : b, h

Exchange JPC

t

Mathieu et al. PRD 92, 074013

Theory and SLAC  
data beam energies
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π0 and η beam asymmetries
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Dip in multiple theory 
predictions not observed


Indication of vector 
exchange dominance at 
this energy


Additional asymmetry 
measurements ongoing 
with this dataset

�23

π0 and η beam asymmetries

First 12 GeV publication!  
Phys. Rev. C 95, 042201(R)
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η/η’ beam asymmetry

�24

Neutral pseudoscalars: Σ~1, dominated by vector exchange

t

⌘, ⌘0

1�� : !, ⇢

Consistent with prediction 
from JPAC: PLB 774 (2017) 362
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η/η’ beam asymmetry
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Neutral pseudoscalars: Σ~1, dominated by vector exchange
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π- beam asymmetry
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Charged pseudoscalars: more complicated -t dependence
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⇡, ⇢, a2, ...
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Spin Density Matrix Elements

�27

Intensity expressed as function of production and 
decay angles for vector mesons:  �p ! ⇢p
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Spin Density Matrix Elements
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Intensity expressed as function of production and 
decay angles for vector mesons:  �p ! ⇢p

<latexit sha1_base64="vnpBtVrkfc3m3IvxdU3FLZ4xcqg=">AAACBHicbZDLSgMxFIYzXmu9jbrsJlgEV2WmCrosunFZwV6gHcqZNJ2GJpMhyShl6MKNr+LGhSJufQh3vo1pOwtt/SHw8Z9zODl/mHCmjed9Oyura+sbm4Wt4vbO7t6+e3DY1DJVhDaI5FK1Q9CUs5g2DDOcthNFQYSctsLR9bTeuqdKMxnfmXFCAwFRzAaMgLFWzy11IxACcIK7ikVDA0rJB8tDiZOeW/Yq3kx4GfwcyihXved+dfuSpILGhnDQuuN7iQkyUIYRTifFbqppAmQEEe1YjEFQHWSzIyb4xDp9PJDKvtjgmft7IgOh9ViEtlOAGerF2tT8r9ZJzeAyyFicpIbGZL5okHJsJJ4mgvtMUWL42AIQxexfMRmCAmJsbkUbgr948jI0qxX/rFK9PS/XrvI4CqiEjtEp8tEFqqEbVEcNRNAjekav6M15cl6cd+dj3rri5DNH6I+czx8loJfG</latexit>
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Spin Density Matrix Elements

�29

Intensity expressed as function of production and 
decay angles for vector mesons:  �p ! ⇢p

<latexit sha1_base64="vnpBtVrkfc3m3IvxdU3FLZ4xcqg=">AAACBHicbZDLSgMxFIYzXmu9jbrsJlgEV2WmCrosunFZwV6gHcqZNJ2GJpMhyShl6MKNr+LGhSJufQh3vo1pOwtt/SHw8Z9zODl/mHCmjed9Oyura+sbm4Wt4vbO7t6+e3DY1DJVhDaI5FK1Q9CUs5g2DDOcthNFQYSctsLR9bTeuqdKMxnfmXFCAwFRzAaMgLFWzy11IxACcIK7ikVDA0rJB8tDiZOeW/Yq3kx4GfwcyihXved+dfuSpILGhnDQuuN7iQkyUIYRTifFbqppAmQEEe1YjEFQHWSzIyb4xDp9PJDKvtjgmft7IgOh9ViEtlOAGerF2tT8r9ZJzeAyyFicpIbGZL5okHJsJJ4mgvtMUWL42AIQxexfMRmCAmJsbkUbgr948jI0qxX/rFK9PS/XrvI4CqiEjtEp8tEFqqEbVEcNRNAjekav6M15cl6cd+dj3rri5DNH6I+czx8loJfG</latexit>

Requires control of angular 
acceptance distributions 
similar to PWA


Signal Bkgd. Accept.
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Spin Density Matrix Elements

�30

Intensity expressed as function of production and 
decay angles for vector mesons:  �p ! ⇢p

<latexit sha1_base64="vnpBtVrkfc3m3IvxdU3FLZ4xcqg=">AAACBHicbZDLSgMxFIYzXmu9jbrsJlgEV2WmCrosunFZwV6gHcqZNJ2GJpMhyShl6MKNr+LGhSJufQh3vo1pOwtt/SHw8Z9zODl/mHCmjed9Oyura+sbm4Wt4vbO7t6+e3DY1DJVhDaI5FK1Q9CUs5g2DDOcthNFQYSctsLR9bTeuqdKMxnfmXFCAwFRzAaMgLFWzy11IxACcIK7ikVDA0rJB8tDiZOeW/Yq3kx4GfwcyihXved+dfuSpILGhnDQuuN7iQkyUIYRTifFbqppAmQEEe1YjEFQHWSzIyb4xDp9PJDKvtjgmft7IgOh9ViEtlOAGerF2tT8r9ZJzeAyyFicpIbGZL5okHJsJJ4mgvtMUWL42AIQxexfMRmCAmJsbkUbgr948jI0qxX/rFK9PS/XrvI4CqiEjtEp8tEFqqEbVEcNRNAjekav6M15cl6cd+dj3rri5DNH6I+czx8loJfG</latexit>

MENU2019 Proceedings arXiv:1908.07275

Good agreement with JPAC 
model in the low -t regime


Natural parity exchange is 
dominant for ρ, ɸ, and ω
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Spin Density Matrix Elements

�31

Intensity expressed as function of production and 
decay angles for vector mesons:  �p ! ⇢p

<latexit sha1_base64="vnpBtVrkfc3m3IvxdU3FLZ4xcqg=">AAACBHicbZDLSgMxFIYzXmu9jbrsJlgEV2WmCrosunFZwV6gHcqZNJ2GJpMhyShl6MKNr+LGhSJufQh3vo1pOwtt/SHw8Z9zODl/mHCmjed9Oyura+sbm4Wt4vbO7t6+e3DY1DJVhDaI5FK1Q9CUs5g2DDOcthNFQYSctsLR9bTeuqdKMxnfmXFCAwFRzAaMgLFWzy11IxACcIK7ikVDA0rJB8tDiZOeW/Yq3kx4GfwcyihXved+dfuSpILGhnDQuuN7iQkyUIYRTifFbqppAmQEEe1YjEFQHWSzIyb4xDp9PJDKvtjgmft7IgOh9ViEtlOAGerF2tT8r9ZJzeAyyFicpIbGZL5okHJsJJ4mgvtMUWL42AIQxexfMRmCAmJsbkUbgr948jI0qxX/rFK9PS/XrvI4CqiEjtEp8tEFqqEbVEcNRNAjekav6M15cl6cd+dj3rri5DNH6I+czx8loJfG</latexit>

Good agreement with JPAC 
model in the low -t regime


Natural parity exchange is 
dominant for ρ, ɸ, and ω

MENU2019 Proceedings arXiv:1908.07275
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Spin Density Matrix Elements

�32

Intensity expressed as function of production and 
decay angles for vector mesons:  �p ! ⇢p

<latexit sha1_base64="vnpBtVrkfc3m3IvxdU3FLZ4xcqg=">AAACBHicbZDLSgMxFIYzXmu9jbrsJlgEV2WmCrosunFZwV6gHcqZNJ2GJpMhyShl6MKNr+LGhSJufQh3vo1pOwtt/SHw8Z9zODl/mHCmjed9Oyura+sbm4Wt4vbO7t6+e3DY1DJVhDaI5FK1Q9CUs5g2DDOcthNFQYSctsLR9bTeuqdKMxnfmXFCAwFRzAaMgLFWzy11IxACcIK7ikVDA0rJB8tDiZOeW/Yq3kx4GfwcyihXved+dfuSpILGhnDQuuN7iQkyUIYRTifFbqppAmQEEe1YjEFQHWSzIyb4xDp9PJDKvtjgmft7IgOh9ViEtlOAGerF2tT8r9ZJzeAyyFicpIbGZL5okHJsJJ4mgvtMUWL42AIQxexfMRmCAmJsbkUbgr948jI0qxX/rFK9PS/XrvI4CqiEjtEp8tEFqqEbVEcNRNAjekav6M15cl6cd+dj3rri5DNH6I+czx8loJfG</latexit>

MENU2019 Proceedings arXiv:1908.07275
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                 Physics Program

�33



GSI Seminar Justin Stevens,

Early spectroscopy opportunities

�34

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


Preliminary studies are already 
showing interesting features

�35

Early spectroscopy opportunities

�p ! 4�p

 

�p ! ⌘⇡0p ⇡�p ! ⌘⇡0n

PLB 657 (2007) 27

a0 a2

a0

a2 E852
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ηπ/η’π spectroscopy at         

COMPASS: PLB 740 (2015) 303 

Light quark resonances:
Many broad overlapping resonances


Identify different quantum numbers 
via their decay distributions
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ηπ/η’π spectroscopy at         

COMPASS: PLB 740 (2015) 303 

Many broad overlapping resonances


Identify different quantum numbers 
via their decay distributions

Light quark resonances:
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ηπ/η’π spectroscopy at         

Need to work with theorists on better  
models to describe broad structures: 

    Joint Physics Analysis Center    

Many broad overlapping resonances


Identify different quantum numbers 
via their decay distributions

Exotic
η’

η

COMPASS: PLB 740 (2015) 303 

JPC = 1�+
<latexit sha1_base64="VD0ReVfb+q4OzKlDlQQ0iY8ga1U=">AAAB+HicdVDJSgNBEK2JW4xLRj16aQyCIA4zUdCLEMxFPEUwCyST0NPpSZr0LHT3CHGYL/HiQRGvfoo3/8bOIrg+KOrxXhVd/byYM6ls+93ILSwuLa/kVwtr6xubRXNruyGjRBBaJxGPRMvDknIW0rpiitNWLCgOPE6b3qg68Zu3VEgWhTdqHFM3wIOQ+YxgpaWeWbzqprVqhs6R002PDrOeWbKtsj0B+k0ca9rtEsxR65lvnX5EkoCGinAsZduxY+WmWChGOM0KnUTSGJMRHtC2piEOqHTT6eEZ2tdKH/mR0BUqNFW/bqQ4kHIceHoywGoof3oT8S+vnSj/zE1ZGCeKhmT2kJ9wpCI0SQH1maBE8bEmmAimb0VkiAUmSmdV0CF8/hT9Txplyzm2ytcnpcrFPI487MIeHIADp1CBS6hBHQgkcA+P8GTcGQ/Gs/EyG80Z850d+Abj9QPBYpHa</latexit>

Light quark resonances:
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        : coupled channel fit to ηπ and η’π determine 
pole positions for a2, a2’, and exotic π1

�39

COMPASS: Phys. Lett. B 740, 303 (2015).
JPAC: Phys. Rev. Lett. 122, 042002 (2019).

ηπ/η’π spectroscopy at         with 

COMPASS: PLB 740 (2015) 303 
JPAC: PRL 122 (2019) 042002

a2(1320)
<latexit sha1_base64="SoYY4kTm6eaDQ3FAFW7LNAm6qgY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZCZDm3dFd24rGAf0g4lk2ba0ExmSDJCKf0KNy4UcevnuPNvzLQVVPTAhcM593LvPUHCmdIIfVi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4lZPE+pHeCRYyAjWRrrDA7fsVFx0PiiWkH1Rr7peFSIboZrjOhlxa17Fg45RMpTACs1B8b0/jEkaUaEJx0r1HJRof4alZoTTeaGfKppgMsEj2jNU4Igqf7Y4eA7PjDKEYSxNCQ0X6veJGY6UmkaB6YywHqvfXib+5fVSHdb9GRNJqqkgy0VhyqGOYfY9HDJJieZTQzCRzNwKyRhLTLTJqGBC+PoU/k/aru1UbPfGKzUuV3HkwQk4BWXggBpogGvQBC1AQAQewBN4tqT1aL1Yr8vWnLWaOQY/YL19Ath0jyM=</latexit>

a02(1700)
<latexit sha1_base64="gxTogHt/dseoNI2p25627GiI2JI=">AAAB8XicdVDLSgMxFM34rPVVdekmWMS6GTLT0tZd0Y3LCvaB7VAyaaYNzWSGJCOUoX/hxoUibv0bd/6NmbaCih64cDjnXu69x485UxqhD2tldW19YzO3ld/e2d3bLxwctlWUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1ke7w2cAtOTWEzgeFIrIv6lW3UoXIRqjmuE5G3FqlXIGOUTIUwRLNQeG9P4xIElKhCcdK9RwUay/FUjPC6SzfTxSNMZngEe0ZKnBIlZfOL57BU6MMYRBJU0LDufp9IsWhUtPQN50h1mP128vEv7xeooO6lzIRJ5oKslgUJBzqCGbvwyGTlGg+NQQTycytkIyxxESbkPImhK9P4f+k7dpO2XZvKsXG5TKOHDgGJ6AEHFADDXANmqAFCBDgATyBZ0tZj9aL9bpoXbGWM0fgB6y3Tz08j1Y=</latexit>

⇡1(1600)
<latexit sha1_base64="929AX7U2I8A5/hggCfGpuh1d+HQ=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAh1EyZpaOuu6MZlBfuANJTJdNoOnUzCzEQooZ/hxoUibv0ad/6Nk7aCih64cDjnXu69J0w4UxqhD2ttfWNza7uwU9zd2z84LB0dd1ScSkLbJOax7IVYUc4EbWumOe0lkuIo5LQbTq9zv3tPpWKxuNOzhAYRHgs2YgRrI/n9hA2cilND6GJQKiP7slFzvRpENkJ1x3Vy4ta9qgcdo+QogxVag9J7fxiTNKJCE46V8h2U6CDDUjPC6bzYTxVNMJniMfUNFTiiKsgWJ8/huVGGcBRLU0LDhfp9IsORUrMoNJ0R1hP128vFvzw/1aNGkDGRpJoKslw0SjnUMcz/h0MmKdF8ZggmkplbIZlgiYk2KRVNCF+fwv9Jx7Wdqu3eeuXm1SqOAjgFZ6ACHFAHTXADWqANCIjBA3gCz5a2Hq0X63XZumatZk7AD1hvn2uTkAs=</latexit>
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ηπ spectroscopy 
⇡�p ! ⌘⇡�p

<latexit sha1_base64="LN5H9fUaG/or9XHz6GQSy4w1lB8=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgxZJUQY9FLx4r2A9oYtlsN+3STbLsTpQSevTiX/HiQRGv/gRv/hu3bQ7a+mDg8d4MM/MCKbgGx/m2FhaXlldWC2vF9Y3NrW17Z7ehk1RRVqeJSFQrIJoJHrM6cBCsJRUjUSBYMxhcjf3mPVOaJ/EtDCXzI9KLecgpASN17ANP8rsTLLGneK8PRKnkAXsMSK537JJTdibA88TNSQnlqHXsL6+b0DRiMVBBtG67jgQ/Iwo4FWxU9FLNJKED0mNtQ2MSMe1nk0dG+MgoXRwmylQMeKL+nshIpPUwCkxnRKCvZ72x+J/XTiG88DMeyxRYTKeLwlRgSPA4FdzlilEQQ0MIVdzcimmfKELBZFc0IbizL8+TRqXsnpYrN2el6mUeRwHto0N0jFx0jqroGtVQHVH0iJ7RK3qznqwX6936mLYuWPnMHvoD6/MHfjyZAA==</latexit>

a2



Justin Stevens,GSI Seminar �41

ηπ spectroscopy at 

Comparable statistical precision 
to Compass with single decay 
modes in GlueX dataset


Different production mechanism 
and backgrounds to consider

�p ! ⌘⇡��++
<latexit sha1_base64="Wxd9i0C8RqBQNshChw+cf9g0bl4=">AAACE3icbVA9SwNBEN3z2/gVtbRZDIIohjsVtBS1sFQwKuRimNtMkiW7d8funBKO/Acb/4qNhSK2Nnb+GzcxhV8PBh7vzTAzL0qVtOT7H97I6Nj4xOTUdGFmdm5+obi4dGGTzAisiEQl5ioCi0rGWCFJCq9Sg6AjhZdR56jvX96gsTKJz6mbYk1DK5ZNKYCcVC9uhC3QGnjKQyNbbQJjklseIkGYyustHh6jIrjONzd79WLJL/sD8L8kGJISG+K0XnwPG4nINMYkFFhbDfyUajkYkkJhrxBmFlMQHWhh1dEYNNpaPvipx9ec0uDNxLiKiQ/U7xM5aGu7OnKdGqhtf3t98T+vmlFzv5bLOM0IY/G1qJkpTgnvB8Qb0qAg1XUEhJHuVi7aYECQi7HgQgh+v/yXXGyXg53y9tlu6eBwGMcUW2GrbJ0FbI8dsBN2yipMsDv2wJ7Ys3fvPXov3utX64g3nFlmP+C9fQLx5p2P</latexit>

⇡�p ! ⌘⇡�p
<latexit sha1_base64="LN5H9fUaG/or9XHz6GQSy4w1lB8=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgxZJUQY9FLx4r2A9oYtlsN+3STbLsTpQSevTiX/HiQRGv/gRv/hu3bQ7a+mDg8d4MM/MCKbgGx/m2FhaXlldWC2vF9Y3NrW17Z7ehk1RRVqeJSFQrIJoJHrM6cBCsJRUjUSBYMxhcjf3mPVOaJ/EtDCXzI9KLecgpASN17ANP8rsTLLGneK8PRKnkAXsMSK537JJTdibA88TNSQnlqHXsL6+b0DRiMVBBtG67jgQ/Iwo4FWxU9FLNJKED0mNtQ2MSMe1nk0dG+MgoXRwmylQMeKL+nshIpPUwCkxnRKCvZ72x+J/XTiG88DMeyxRYTKeLwlRgSPA4FdzlilEQQ0MIVdzcimmfKELBZFc0IbizL8+TRqXsnpYrN2el6mUeRwHto0N0jFx0jqroGtVQHVH0iJ7RK3qznqwX6936mLYuWPnMHvoD6/MHfjyZAA==</latexit>

a0 a2

a0

a2
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ηπ spectroscopy at 

�p ! ⌘⇡0p
<latexit sha1_base64="/8vPlWdelSxf5gJyQ0nVa2RQR4I=">AAACCXicbVA9SwNBEN3zM8avqKXNYhCswl0UtAzaWEYwH5CLYW6zSZbs3i27c0oIaW38KzYWitj6D+z8N24+Ck18MPB4b4aZeZGWwqLvf3tLyyura+uZjezm1vbObm5vv2qT1DBeYYlMTD0Cy6WIeQUFSl7XhoOKJK9F/auxX7vnxookvsWB5k0F3Vh0BAN0UitHwy4oBVTT0IhuD8GY5IGGHCHU4s6nupXL+wV/ArpIghnJkxnKrdxX2E5YqniMTIK1jcDX2ByCQcEkH2XD1HINrA9d3nA0BsVtczj5ZESPndKmncS4ipFO1N8TQ1DWDlTkOhVgz857Y/E/r5Fi56I5FLFOkcdsuqiTSooJHcdC28JwhnLgCDAj3K2U9cAAQxde1oUQzL+8SKrFQnBaKN6c5UuXszgy5JAckRMSkHNSItekTCqEkUfyTF7Jm/fkvXjv3se0dcmbzRyQP/A+fwCrIJms</latexit>

�p ! ⌘⇡��++
<latexit sha1_base64="Wxd9i0C8RqBQNshChw+cf9g0bl4=">AAACE3icbVA9SwNBEN3z2/gVtbRZDIIohjsVtBS1sFQwKuRimNtMkiW7d8funBKO/Acb/4qNhSK2Nnb+GzcxhV8PBh7vzTAzL0qVtOT7H97I6Nj4xOTUdGFmdm5+obi4dGGTzAisiEQl5ioCi0rGWCFJCq9Sg6AjhZdR56jvX96gsTKJz6mbYk1DK5ZNKYCcVC9uhC3QGnjKQyNbbQJjklseIkGYyustHh6jIrjONzd79WLJL/sD8L8kGJISG+K0XnwPG4nINMYkFFhbDfyUajkYkkJhrxBmFlMQHWhh1dEYNNpaPvipx9ec0uDNxLiKiQ/U7xM5aGu7OnKdGqhtf3t98T+vmlFzv5bLOM0IY/G1qJkpTgnvB8Qb0qAg1XUEhJHuVi7aYECQi7HgQgh+v/yXXGyXg53y9tlu6eBwGMcUW2GrbJ0FbI8dsBN2yipMsDv2wJ7Ys3fvPXov3utX64g3nFlmP+C9fQLx5p2P</latexit>

⇡�p ! ⌘⇡�p
<latexit sha1_base64="LN5H9fUaG/or9XHz6GQSy4w1lB8=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgxZJUQY9FLx4r2A9oYtlsN+3STbLsTpQSevTiX/HiQRGv/gRv/hu3bQ7a+mDg8d4MM/MCKbgGx/m2FhaXlldWC2vF9Y3NrW17Z7ehk1RRVqeJSFQrIJoJHrM6cBCsJRUjUSBYMxhcjf3mPVOaJ/EtDCXzI9KLecgpASN17ANP8rsTLLGneK8PRKnkAXsMSK537JJTdibA88TNSQnlqHXsL6+b0DRiMVBBtG67jgQ/Iwo4FWxU9FLNJKED0mNtQ2MSMe1nk0dG+MgoXRwmylQMeKL+nshIpPUwCkxnRKCvZ72x+J/XTiG88DMeyxRYTKeLwlRgSPA4FdzlilEQQ0MIVdzcimmfKELBZFc0IbizL8+TRqXsnpYrN2el6mUeRwHto0N0jFx0jqroGtVQHVH0iJ7RK3qznqwX6936mLYuWPnMHvoD6/MHfjyZAA==</latexit>

Comparable statistical precision 
to Compass with single decay 
modes in GlueX dataset


Different production mechanism 
and backgrounds to consider
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η’π spectroscopy at 

�p ! ⌘0⇡0p
<latexit sha1_base64="PwwobZmzTDmjOf4TFyHl3Iy3aBs=">AAACCnicbVA9SwNBEN3zM8avU0ub1SBahTsVtBRtLBWMCrkzzG32kiW7d8vunBJCahv/io2FIrb+Ajv/jZuYQqMPBh7vzTAzL9FSWAyCT29icmp6ZrY0V55fWFxa9ldWL21eGMZrLJe5uU7AcikyXkOBkl9rw0Elkl8lnZOBf3XLjRV5doFdzWMFrUykggE6qeFvRC1QCqimkRGtNoIx+R2NOMJ2pMVNQHXDrwTVYAj6l4QjUiEjnDX8j6iZs0LxDJkEa+thoDHugUHBJO+Xo8JyDawDLV53NAPFbdwbvtKnW05p0jQ3rjKkQ/XnRA+UtV2VuE4F2Lbj3kD8z6sXmB7GPZHpAnnGvhelhaSY00EutCkMZyi7jgAzwt1KWRsMMHTplV0I4fjLf8nlbjXcq+6e71eOjkdxlMg62SQ7JCQH5IickjNSI4zck0fyTF68B+/Je/XevlsnvNHMGvkF7/0LFgeZ3Q==</latexit>

M(⌘0⇡0) GeV/c2
<latexit sha1_base64="EtVnqjPTBG3TWZ+e43BAN+11HI4=">AAACB3icbVDJSgNBEO2JW4xb1KMgg0GMlzgTBT0GPehFiGAWyCShp1NJmvQsdNeIYYgnL/6KFw+KePUXvPk3dpaDJj4oeLxXRVU9NxRcoWV9G4m5+YXFpeRyamV1bX0jvblVVkEkGZRYIAJZdakCwX0oIUcB1VAC9VwBFbd3MfQrdyAVD/xb7IdQ92jH523OKGqpmd69zjqA9MAJecM6fHAQ7lF68SWUB0eskW+mM1bOGsGcJfaEZMgExWb6y2kFLPLARyaoUjXbCrEeU4mcCRiknEhBSFmPdqCmqU89UPV49MfA3NdKy2wHUpeP5kj9PRFTT6m+5+pOj2JXTXtD8T+vFmH7rB5zP4wQfDZe1I6EiYE5DMVscQkMRV8TyiTXt5qsSyVlqKNL6RDs6ZdnSTmfs49z+ZuTTOF8EkeS7JA9kiU2OSUFckWKpEQYeSTP5JW8GU/Gi/FufIxbE8ZkZpv8gfH5A7S/mJM=</latexit>

co
s✓

G
J

<latexit sha1_base64="84rXwUVARTa1yxPOghYzVfz/tU4=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoQfEUwTwgiWF20psMmZ1dZnqVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7/FgKg6777Swtr6yurec28ptb2zu7hb39uokSzaHGIxnpps8MSKGghgIlNGMNLPQlNPzh1cRvPII2IlL3OIqhE7K+EoHgDK30wCPTxgEg66bXt+NuoeiW3CnoIvEyUiQZqt3CV7sX8SQEhVwyY1qeG2MnZRoFlzDOtxMDMeND1oeWpYqFYDrp9OoxPbZKjwaRtqWQTtXfEykLjRmFvu0MGQ7MvDcR//NaCQYXnVSoOEFQfLYoSCTFiE4ioD2hgaMcWcK4FvZWygdMM442qLwNwZt/eZHUyyXvtFS+OytWLrM4cuSQHJET4pFzUiE3pEpqhBNNnskreXOenBfn3fmYtS452cwB+QPn8we8ppKp</latexit>
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Comparable statistical precision 
to Compass with single decay 
modes in GlueX dataset


Different production mechanism 
and backgrounds to consider
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η’π spectroscopy at 
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"Deck effect”

Exotic signal

Baryon backgrounds
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Polarization in ηπ spectroscopy

Recent work by JPAC proposed “Moment Analysis” 
as model-independent approach 


Sensitivity to exotic P-wave through polarization

�45
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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
�46

ρ’?

b1(1235)

a2(1320)

f2(1270)

PRD 88 (2013) 094505
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                 Physics Program
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Charmonium at JLab
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Threshold J/ψ production
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Charmonium at JLab
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LHCb: 1904.03947

LHCb 
Pc states
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�p ! pe+e�

J/ψ photoproduction at
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�p ! pe+e�



Justin Stevens,GSI Seminar

1 1.5 2 2.5 3 3.5
), GeV-e+M(e

0
20
40
60
80

100
120
140
160
180
200

ev
en

ts
/5

 M
eV

2.95 3 3.05 3.1 3.15 3.2

0

20

40

60

80

100  22± = 469 ψNumber of J/
 0.001 GeV±mean = 3.096 

 0.001 GeV±SD = 0.013 

8 9 10 20, GeV            γE

1−10

1

10

p)
, n

b
ψ

 J
/

→
p γ(

σ

GlueX
SLAC
Cornell
Kharzeev et al. x 2.3

(4440)+
cJPAC P

incoherent sum of:
  2g exch. Brodsky et al
  3g exch. Brodsky et al

J/ψ photoproduction at
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LHCb 
Pc(4440)

PRL 123, 072001 (2019)
Editor’s Suggestion! �p ! pe+e�
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• No evidence of Pc states! 

• Model-dependent upper limits  
at 90% CL (assuming JP=3/2−):

• Br(Pc(4312) → J/ψ p) < 4.6%

• Br(Pc(4440) → J/ψ p) < 2.3%

• Br(Pc(4457) → J/ψ p) < 3.8%  
[ULs scale as (2J+1)]

• Disfavors hadrocharmonium and 
some molecular models.  Pc’s 
could preferentially couple to 
other channels?  

• Need consistent picture with 
Λb decays

J/ψ photoproduction at

�53

model: PRD 94, 034002 (2016)

Replace with 
published!

Replace with 
published!
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What’s next for J/ψ photoproduction

 [GeV]γE
8 8.5 9 9.5 10 10.5 11 11.5 12

]2
-t 

[G
eV

0

1

2

3

4

5

6

7

8

• Points: GlueX data in J/ψ mass region
• JPAC model: 5% Pc(4440), JP = 3/2− 

GlueX “Low intensity” Phase-
I program completed in 2018


Expect > 1500 J/ψ on tape


Fully utilize beam energy 
resolution with unbinned fit 
in Eɣ and -t 


“High intensity” program to 
begin in Fall 2019
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6 GeV

⌅�(1320)

⌅�(1530)

Hyperon Spectroscopy: ⌅�(dss)



GSI Seminar Justin Stevens,

⌅�(dss)Hyperon Spectroscopy: 

Longer term: KL beam (PAC proposal) cond. approved

�56

�p ! K+K+⇤K��p ! K+K+⇤⇡�

⌅�(1320) ⌅�(1820)?

https://arxiv.org/abs/1707.05284
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GlueX “Low intensity” Phase-I 
program completed in 2018


Results presented here 
represent 21 pb-1 of 
polarized luminosity


Full statistics currently 
under analysis will add an 
additional 90 pb-1


Identifying known mesons 
and begin exotic searches


“High intensity” program to 
begin in Fall 2019
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                Timeline

Phase-I dataset: 2016-2018  
250 B events and ~8 PB of data
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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

�58

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↵ =
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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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.

ss̄
uū+ dd̄
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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

�59

Strangeness program: decay patterns

ss̄
uū+ dd̄

B(f2(1270) ! ⇡⇡)

B(f2(1270) ! KK)
⇡ 20

PRD 88 (2013) 094505
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                DIRC upgrade

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 


Installation and commissioning this year, physics data in 2019!
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                DIRC upgrade

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 


Installation and commissioning this year, physics data in 2019!
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February 2019: 10 days of GlueX beamtime with 
1/2 of DIRC installed for commissioning


Samples of exclusive ρ and ɸ production provide 
pure samples of π and K tracks for PID studies


Comparison between data and MC for photon 
angle resolution…

�62

                DIRC commissioning
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February 2019: 10 days of GlueX beamtime with 
1/2 of DIRC installed for commissioning


Samples of exclusive ρ and ɸ production provide 
pure samples of π and K tracks for PID studies


Calibration and alignment in progress, but initial 
reconstruction studies show clear π/K separation

�63

                DIRC commissioning

ln L(π) - ln L(K)

π/K separation power @ 3 GeV
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8 9 10 20, GeV            γE
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cJPAC P

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


First results aim at understanding the meson 
photoproduction mechanism through beam 
asymmetries and other polarization observables


An upgrade is in progress to improve the identification 
of charged kaons to enhance the strange meson 
spectroscopy program
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