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Do gluonic degrees of freedom 
manifest themselves in the bound 
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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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Linearly polarized photon beam 
from CEBAF 12 GeV


Large acceptance detector for 
both charged and neutral particles


~200 billion events (3 PB of data) 
collected in 2017 and 2018
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extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.
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which we extract the meson masses, in the form of an
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me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
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described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
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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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|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in
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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! 
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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
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π0 and η beam asymmetries

First 12 GeV publication!  
Phys. Rev. C 95, 042201(R)
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Pseudoscalar beam asymmetries

�23

�p ! ⌘0p

�p ! ⌘p

Neutral pseudoscalars: Σ~1, dominated by vector exchange

t

⌘, ⌘0

1�� : !, ⇢

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

�24

Charged pseudoscalars: more complicated -t dependence

t

⇡�

�++

⇡, ⇢, a2, ...
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Early spectroscopy opportunities

�25

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 for exotic 
search since P-wave is exotic

�26

Early spectroscopy opportunities
�p ! 4�p

 

�p ! ⌘⇡0p ⇡�p ! ⌘⇡0n

PLB 657 (2007) 27

a0 a2

a0

a2 E852
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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
�27

ρ’?

b1(1235)

a2(1320)

f2(1270)

PRD 88 (2013) 094505
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J/ψ photoproduction at JLab

Threshold J/ψ provides 
information on the gluon 
distributions in the nucleon


Planned measurements in 
Hall A, B and C


First data from Hall D 
already under analysis

�28
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⇤b ! J/ pK�

Charm Quarks at JLab

�29

5-quark 
bound state

Hadronic 
molecule

LHCb 2015
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Observation of charm at 

�30

�p ! pe+e�

e�
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J/ψ photoproduction at

�31

�p ! pe+e� LHCb

Pentaquark
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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


First observation of charm at  
JLab, potential limits on 
pentaquark production
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Supported by DE-SC0018224
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Backup
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GlueX “Low intensity” 
program expected to be 
completed in 2018


High intensity program 
including DIRC will collect 
10x more data 


Primakoff and other 
experiments interleaved  

�34

                Timeline

Longer term: proposed KL beam facility (PAC proposal)

2018: ~75B events, ~1 PB of data

https://arxiv.org/abs/1707.05284
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Photon Beam and Tagger
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                 Physics Program
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Can couple to all states in the lightest hybrid multiplet through t-channel 
exchange and photoproduction (via Vector Meson Dominance)


Photon beam polarization filters the “naturality” of the exchange particle

�37

ρ,ω,φγ

p N

X

π,η,ρ,ω,P,...

ρπ,ρω               π1$
ωω,ρρ              η1$
ωω,ρρ,φω        η’1 $
ρP                   b0 
ωP                   h0 
ωP, φP              h’0  
ωπ,ρη,ρP         b2 
ρπ,ωη,ωP        h2 
ρπ,ωη,φP         h’2  

ρπ,ρω               π1$
ωω,ρρ              η1$
ωω,ρρ,φω        η’1 $
ρP                   b0 
ωP                   h0 
ωP, φP              h’0  
ωπ,ρη,ρP         b2 
ρπ,ωη,ωP        h2 
ρπ,ωη,φP         h’2  

ρπ,ρω               π1$
ωω,ρρ              η1$
ωω,ρρ,φω        η’1 $
ρP                   b0 
ωP                   h0 
ωP, φP              h’0  
ωπ,ρη,ρP         b2 
ρπ,ωη,ωP        h2 
ρπ,ωη,φP         h’2  

Possible quantum numbers 
from Vector Meson Dominance 
and t-channel exchange: (IG)JPC 

P = Pomeron exchange 

Exotic JPC in photoproduction
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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

�38

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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“Typical” ɣp→π+π-p event
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p

p π+

π+

π-

π-

p

π+

π-
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Early                   physics: ɣp→π0p

�40
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Early                   physics: ɣp→π0p

1�� : !, ⇢

1+� : b, h

Exchange JPC

t

JPAC: Mathieu et al. PRD 92, 074013
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Early spectroscopy opportunities

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

�42

�p ! b1p, b1 ! !⇡0,! ! ⇡0�

�p ! 5�p

! ! ⇡0�

b1(1235) ! !⇡0
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Observation of charm at 
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�p ! pe+e�

e�
<latexit sha1_base64="6F7PEZG5QkLphyWmNQRI5LwAEUM=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4cci0tXV2RTcuKzq20I4lk2ba0ExmSDJCGfoJblyouPWP3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7typOJaEeiXks2wFWlDNBPc00p+1EUhwFnLaC0cXUb91TqVgsbvQ4oX6EB4KFjGBtpGt6d9IrlpDtVJxK9RQi23XdWr1uCCpXauUqdGw0Qwks0OwV37v9mKQRFZpwrFTHQYn2Myw1I5xOCt1U0QSTER7QjqECR1T52ezUCTwySh+GsTQlNJyp3ycyHCk1jgLTGWE9VL+9qfiX10l1eOZnTCSppoLMF4UphzqG079hn0lKNB8bgolk5lZIhlhiok06BRPC16fwf+KVbddGV9VS43yRRh4cgENwDBxQBw1wCZrAAwQMwAN4As8Wtx6tF+t13pqzFjP74Aest0/Jj42s</latexit><latexit sha1_base64="6F7PEZG5QkLphyWmNQRI5LwAEUM=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4cci0tXV2RTcuKzq20I4lk2ba0ExmSDJCGfoJblyouPWP3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7typOJaEeiXks2wFWlDNBPc00p+1EUhwFnLaC0cXUb91TqVgsbvQ4oX6EB4KFjGBtpGt6d9IrlpDtVJxK9RQi23XdWr1uCCpXauUqdGw0Qwks0OwV37v9mKQRFZpwrFTHQYn2Myw1I5xOCt1U0QSTER7QjqECR1T52ezUCTwySh+GsTQlNJyp3ycyHCk1jgLTGWE9VL+9qfiX10l1eOZnTCSppoLMF4UphzqG079hn0lKNB8bgolk5lZIhlhiok06BRPC16fwf+KVbddGV9VS43yRRh4cgENwDBxQBw1wCZrAAwQMwAN4As8Wtx6tF+t13pqzFjP74Aest0/Jj42s</latexit><latexit sha1_base64="6F7PEZG5QkLphyWmNQRI5LwAEUM=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4cci0tXV2RTcuKzq20I4lk2ba0ExmSDJCGfoJblyouPWP3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7typOJaEeiXks2wFWlDNBPc00p+1EUhwFnLaC0cXUb91TqVgsbvQ4oX6EB4KFjGBtpGt6d9IrlpDtVJxK9RQi23XdWr1uCCpXauUqdGw0Qwks0OwV37v9mKQRFZpwrFTHQYn2Myw1I5xOCt1U0QSTER7QjqECR1T52ezUCTwySh+GsTQlNJyp3ycyHCk1jgLTGWE9VL+9qfiX10l1eOZnTCSppoLMF4UphzqG079hn0lKNB8bgolk5lZIhlhiok06BRPC16fwf+KVbddGV9VS43yRRh4cgENwDBxQBw1wCZrAAwQMwAN4As8Wtx6tF+t13pqzFjP74Aest0/Jj42s</latexit>

e+
<latexit sha1_base64="tXIfBHHy4tUi5++EvArnLduRHPA=">AAAB6XicdVDLSsNAFJ34rPVVdelmsAiCECYx9LErunFZ0dhCG8tkOmmHTiZhZiKU0k9w40LFrX/kzr9x0lZQ0QMXDufcy733hClnSiP0YS0tr6yurRc2iptb2zu7pb39W5VkklCfJDyR7RArypmgvmaa03YqKY5DTlvh6CL3W/dUKpaIGz1OaRDjgWARI1gb6ZrenfZKZWTXaxXXq0BkI1R1XCcnbtU786BjlBxlsECzV3rv9hOSxVRowrFSHQelOphgqRnhdFrsZoqmmIzwgHYMFTimKpjMTp3CY6P0YZRIU0LDmfp9YoJjpcZxaDpjrIfqt5eLf3mdTEe1YMJEmmkqyHxRlHGoE5j/DftMUqL52BBMJDO3QjLEEhNt0imaEL4+hf8T37XrNrryyo3zRRoFcAiOwAlwQBU0wCVoAh8QMAAP4Ak8W9x6tF6s13nrkrWYOQA/YL19ArF7jZs=</latexit><latexit sha1_base64="tXIfBHHy4tUi5++EvArnLduRHPA=">AAAB6XicdVDLSsNAFJ34rPVVdelmsAiCECYx9LErunFZ0dhCG8tkOmmHTiZhZiKU0k9w40LFrX/kzr9x0lZQ0QMXDufcy733hClnSiP0YS0tr6yurRc2iptb2zu7pb39W5VkklCfJDyR7RArypmgvmaa03YqKY5DTlvh6CL3W/dUKpaIGz1OaRDjgWARI1gb6ZrenfZKZWTXaxXXq0BkI1R1XCcnbtU786BjlBxlsECzV3rv9hOSxVRowrFSHQelOphgqRnhdFrsZoqmmIzwgHYMFTimKpjMTp3CY6P0YZRIU0LDmfp9YoJjpcZxaDpjrIfqt5eLf3mdTEe1YMJEmmkqyHxRlHGoE5j/DftMUqL52BBMJDO3QjLEEhNt0imaEL4+hf8T37XrNrryyo3zRRoFcAiOwAlwQBU0wCVoAh8QMAAP4Ak8W9x6tF6s13nrkrWYOQA/YL19ArF7jZs=</latexit><latexit sha1_base64="tXIfBHHy4tUi5++EvArnLduRHPA=">AAAB6XicdVDLSsNAFJ34rPVVdelmsAiCECYx9LErunFZ0dhCG8tkOmmHTiZhZiKU0k9w40LFrX/kzr9x0lZQ0QMXDufcy733hClnSiP0YS0tr6yurRc2iptb2zu7pb39W5VkklCfJDyR7RArypmgvmaa03YqKY5DTlvh6CL3W/dUKpaIGz1OaRDjgWARI1gb6ZrenfZKZWTXaxXXq0BkI1R1XCcnbtU786BjlBxlsECzV3rv9hOSxVRowrFSHQelOphgqRnhdFrsZoqmmIzwgHYMFTimKpjMTp3CY6P0YZRIU0LDmfp9YoJjpcZxaDpjrIfqt5eLf3mdTEe1YMJEmmkqyHxRlHGoE5j/DftMUqL52BBMJDO3QjLEEhNt0imaEL4+hf8T37XrNrryyo3zRRoFcAiOwAlwQBU0wCVoAh8QMAAP4Ak8W9x6tF6s13nrkrWYOQA/YL19ArF7jZs=</latexit>

p
<latexit sha1_base64="mEZjoh47+Q+fd9jpmH2SZhy2RK4=">AAAB53icdVDLSsNAFJ3UV62vqks3g0VwFSY19LErunHZgrGFNpTJdNKOnUzCzEQooV/gxoWKW3/JnX/jpK2gogcuHM65l3vvCRLOlEbowyqsrW9sbhW3Szu7e/sH5cOjWxWnklCPxDyWvQArypmgnmaa014iKY4CTrvB9Cr3u/dUKhaLGz1LqB/hsWAhI1gbqZMMyxVkNxu1qluDyEao7lSdnFTr7oULHaPkqIAV2sPy+2AUkzSiQhOOleo7KNF+hqVmhNN5aZAqmmAyxWPaN1TgiCo/Wxw6h2dGGcEwlqaEhgv1+0SGI6VmUWA6I6wn6reXi395/VSHDT9jIkk1FWS5KEw51DHMv4YjJinRfGYIJpKZWyGZYImJNtmUTAhfn8L/iVe1mzbquJXW5SqNIjgBp+AcOKAOWuAatIEHCKDgATyBZ+vOerRerNdla8FazRyDH7DePgGoAo0J</latexit><latexit sha1_base64="mEZjoh47+Q+fd9jpmH2SZhy2RK4=">AAAB53icdVDLSsNAFJ3UV62vqks3g0VwFSY19LErunHZgrGFNpTJdNKOnUzCzEQooV/gxoWKW3/JnX/jpK2gogcuHM65l3vvCRLOlEbowyqsrW9sbhW3Szu7e/sH5cOjWxWnklCPxDyWvQArypmgnmaa014iKY4CTrvB9Cr3u/dUKhaLGz1LqB/hsWAhI1gbqZMMyxVkNxu1qluDyEao7lSdnFTr7oULHaPkqIAV2sPy+2AUkzSiQhOOleo7KNF+hqVmhNN5aZAqmmAyxWPaN1TgiCo/Wxw6h2dGGcEwlqaEhgv1+0SGI6VmUWA6I6wn6reXi395/VSHDT9jIkk1FWS5KEw51DHMv4YjJinRfGYIJpKZWyGZYImJNtmUTAhfn8L/iVe1mzbquJXW5SqNIjgBp+AcOKAOWuAatIEHCKDgATyBZ+vOerRerNdla8FazRyDH7DePgGoAo0J</latexit><latexit sha1_base64="mEZjoh47+Q+fd9jpmH2SZhy2RK4=">AAAB53icdVDLSsNAFJ3UV62vqks3g0VwFSY19LErunHZgrGFNpTJdNKOnUzCzEQooV/gxoWKW3/JnX/jpK2gogcuHM65l3vvCRLOlEbowyqsrW9sbhW3Szu7e/sH5cOjWxWnklCPxDyWvQArypmgnmaa014iKY4CTrvB9Cr3u/dUKhaLGz1LqB/hsWAhI1gbqZMMyxVkNxu1qluDyEao7lSdnFTr7oULHaPkqIAV2sPy+2AUkzSiQhOOleo7KNF+hqVmhNN5aZAqmmAyxWPaN1TgiCo/Wxw6h2dGGcEwlqaEhgv1+0SGI6VmUWA6I6wn6reXi395/VSHDT9jIkk1FWS5KEw51DHMv4YjJinRfGYIJpKZWyGZYImJNtmUTAhfn8L/iVe1mzbquJXW5SqNIjgBp+AcOKAOWuAatIEHCKDgATyBZ+vOerRerNdla8FazRyDH7DePgGoAo0J</latexit>



Justin Stevens,Light Cone 2018

Observation of charm at 

�44

�p ! pe+e�



Justin Stevens,Light Cone 2018

Amplitude Analysis
Goal: Identify JPC of X → π+π-π+


Model the intensity of events at the level 
of QM amplitudes (allow for interference)


5-dimensional problem: two new angles 
at each decay step (X and I)

�45
~10% ~5% 

Example Intensity:

X(1++)
! ⇢⇡� (S wave)

⇢ ! ⇡+⇡�

⇢⇡+ (S wave)

X ! ⇢⇡+
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Amplitude Analysis
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~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)
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Amplitude Analysis
Simulation

1++

2++

2-+

1-+
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Strangeness program

Mapping the hybrid spectrum requires: large statistics 
samples of many particle final states in strange and non-
strange decay modes


Experimentally access to strangeness content of the state by 
comparing strange vs non-strange decay modes

�48

JPC

exotics

ss̄
uū+ dd̄
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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 there evidence for such strangeonium states 
in photoproduction?
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Belle: BES III: 

Y (2175) ! �⇡+⇡� Y (4260) ! J/ ⇡+⇡�

e+e� ! �⇡+⇡�(�) J/ ! ⌘�⇡+⇡�

PRD 80, 031101(R) (2009)

PRD 91, 052017 (2015)
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6 GeV

⌅�(1320)

⌅�(1530)

Hyperon Spectroscopy: ⌅�(dss)
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⌅�(dss)Hyperon Spectroscopy: 

�51

�p ! K+K+⇤K��p ! K+K+⇤⇡�

⌅�(1320) ⌅�(1820)?
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⌅�(dss)Hyperon Spectroscopy: 

Longer term: KL beam facility (PAC proposal)
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�p ! K+K+⇤K��p ! K+K+⇤⇡�

⌅�(1320) ⌅�(1820)?

https://arxiv.org/abs/1707.05284
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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

�53
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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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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,
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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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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
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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
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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 


Partial installation and commissioning in 2018

Cherenkov Photon “Ring” 
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                DIRC upgrade

Support structure in place 
and alignment underway
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                DIRC upgrade
Loading of 1st BaBar bar box at SLAC

@GlueX_DIRC
Follow our next trip in June with the final 3 boxes:

Delivered safely to JLab in November 2017

https://twitter.com/GlueX_DIRC
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Expected DIRC performance

Significantly extends reach in search for exotic hadrons 
(hybrid, multi-quark, etc.) containing strange quarks
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DIRC 

Y (2175) ! �⇡+⇡�

Simulation


