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Motivation:  Mysterious Gluons 

• Hadrons (and their properties) emerge from 
interaction of quarks and gluons as described 
by QCD.

• Role of gluons?

• mass of hadrons

• spin?

• allowable quantum numbers?

• Key thing to search for:  mesons with quantum 
numbers forbidden by  configuration

• The “1980s picture” seems to work really well 
for describing the spectrum of mesons.

• Why?  Are there exceptions?

qq̄
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Allowed  
Forbidden 

JPC : 0−+, 0++, 1−−, 1+−, 2++, …
JPC : 0−−, 0+−, 1−+, 2+−, …

⃗J = ⃗L + ⃗S P = (−1)L+1 C = (−1)L+S

color singlet 
quark anti-quark

q
q̄



M. R. Shepherd 
Light Quark Exotics / Snowmass 

September 30, 2020

Context:  GlueX and Light Exotic Hybrids

• Ongoing program of light exotic hybrid 
spectroscopy — GlueX unique in 
production mechanism

• Key tools

• amplitude analysis

• scattering phenomenology:  extract 
resonance poles from amplitudes

3

A. Rodas et al. [Joint Physics Analysis Center], PRL 122, 042002 (2019)

P CJ A

the physical region is thus unavoidable. It is, however,
possible to isolate the physical poles by testing their
stability against different parametrizations and data resam-
pling. We select the resonance poles in the m ! !1; 2" and
! ! !0; 1" GeV region, where customarilym # Re

!!!!!
sP

p
and

! # "2Im !!!!!
sP

p
. We find two poles in theDwave, identified

as the a2$1320% and a02$1700%, and a single pole in the P
wave, which we call !1. The pole positions are shown in
Fig. 2, and the resonance parameters in Table I. To estimate
the statistical significance of the !1 pole, we perform fits
using a pure background model for the P wave, i.e., setting
gP;1
"$0%!

# 0 in Eq. (4). The best solution having no poles in

our reference region has a #2 almost 50 times larger, which
rejects the possibility for the P-wave peaks to be generated
by nonresonant production. We also considered solutions
having two isolated P-wave poles in the reference region,
which would correspond to the scenario discussed in the
PDG [58]. The #2 for this case is equivalent to the single
pole solution. One of the poles is compatible with the
previous determination, while the second is unstable; i.e., it
can appear in a large region of the s plane depending on the
initial values of the fit parameters. Moreover, the behavior
of the "! phase required by the fit is rather peculiar. A 180°
jump (due to a zero in the amplitude) appears above
1.8 GeV, where no data exist. We conclude there is no
evidence for a second pole.

Systematic uncertainties.—Unlike the COMPASS mass
independent fit, the pole extraction carries systematic
uncertainties associated with the reaction model. To assess
these, we vary the parameters and functional forms which
were kept fixed in the previous fits. We can separate these
in two categories: (i) variations of the numerator function
nJk$s% in Eq. (1), which is expected to be smooth in the
region of the data, and (ii) variations of the function $N$s0%,
which determines the imaginary part of the denominator in
Eq. (2). As for the latter, we investigate whether the specific
form we chose biases the determination of the poles. Upon
variation of the parameters and of the functional forms, the
shape of the dispersive integral in Eq. (2) is altered, but the
fit quality is unaffected. The pole positions change roughly
within 2%, as one can see in Fig. 2. As for the numerator
nJk$s%, we varied the effective value of teff and the order
of the polynomial expansion. Given the flexibility of the
numerator parametrization, these variations effectively
absorb the model dependence related to the production
mechanism. None of these cause important changes in
pole locations. Our final estimate for the uncertainties is
reported in Table I, while the detailed summary is given in
the Supplemental Material [56].
Conclusions.—We performed the first coupled-channel

analysis of the P andD waves in the "$0%! system measured
at COMPASS [33]. We used an amplitude parametrization
constrained by unitarity and analyticity. We find two poles
in the D wave, which we identify as the a2$1320% and the
a02$1700%, with resonance parameters consistent with the
single-channel analysis [40]. In the P wave, we find a
single exotic !1 in the region constrained by data.
This determination is compatible with the existence of a
single isovector hybrid meson with quantum numbers
JPC # 1"&, as suggested by lattice QCD [13–15]. Its mass
and width are determined to be 1564' 24' 86 and
492' 54' 102 MeV, respectively. The statistical uncer-
tainties are estimated via the bootstrap technique, while the
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FIG. 2. Positions of the poles identified as the a2$1320%, !1, and a02$1700%. The inset shows the position of the a2$1320%. The green
and yellow ellipses show the 1% and 2% confidence levels, respectively. The gray ellipses in the background show, within 2%, variation of
the pole position upon changing the functional form and the parameters of the model, as discussed in the text.

TABLE I. Resonance parameters. The first error is statistical,
the second systematic.

Poles Mass (MeV) Width (MeV)

a2$1320% 1306.0' 0.8' 1.3 114.4' 1.6' 0.0
a02$1700% 1722' 15' 67 247' 17' 63
!1 1564' 24' 86 492' 54' 102

PHYSICAL REVIEW LETTERS 122, 042002 (2019)

042002-4

exotic 1-+ amplitudes from
COMPASS Collab., PLB 740, 303 (2015)

recent results by B. Kopf et al., include
data from Crystal Barrel: arXiv:2008.11566  
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Light Quark Mesons from Lattice QCD

4

C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! % 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

negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)

1−+
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Coverage:  , all 
Tracking:  

Calorimetry:  
Liquid Hydrogen Target

1∘ < θ < 120∘ ϕ
σp /p ≈ 1% − 5 %

σE /E ≈ 6 % / E + 2 %
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The Hall D Photon Beamline
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Hall D Experimental Complex
(April 2012)
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Asymmetry of Pseudoscalar Production

• Angle between beam polarization 
plane and reaction plane  is 
sensitive to  of exchange

•
•
•

• Asymmetry Σ depends on a t in 
general

• Goal:  understand and develop 
models for photoproduction of 
known mesons

• learn about available production 
mechanisms

• leverage in search for hybrid 
mesons

ϕ
JP

σ(ϕ) = σ0[1 − PγΣ cos(2ϕ)]

Σ = + 1 ⟹ 0+,1−,2+, …
Σ = − 1 ⟹ 0−,1+,2−, …

9

π0, ηγ

p p

t
Exchange JPC

1−− : ω, ρ
1+− : b, h

Reaction Plane

q

/�

p
a Photon Beam 

Polarization Plane
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Single Pseudoscalar Production Asymmetry

• GlueX  production asymmetry

• more precise than SLAC

• no dip around t = 0.5 (GeV/c)2

• First measurements of  and  production 
asymmetry

• A test of high energy t-channel production 
models

π0

η η′ 

10

GlueX Collaboration, PRC 95, 042201(R) (2017)
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FIG. 5. The photon beam asymmetry ⌃⌘ is shown as a function of �t for ~�p ! p⌘. The vertical

error bars represent the total errors and the horizontal error bars represent the RMS widths of the

�t distributions in each bin. Previous GlueX (2017) results [13] are shown along with predictions

from several Regge theory calculations: Laget [25, 26], JPAC [3], EtaMAID [27] and Goldstein [28].

The 2.1% relative uncertainty is due largely to the polarization measurement.

FIG. 6. The photon beam asymmetry ⌃⌘0 is shown for ~�p ! p⌘0. The vertical error bars represent

the total errors and the horizontal error bars represent the RMS widths of the �t distributions in

each bin. The Regge theory calculation from JPAC [4] is shown. The 2.1% relative uncertainty is

due largely to the polarization measurement.
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FIG. 5. The photon beam asymmetry ⌃⌘ is shown as a function of �t for ~�p ! p⌘. The vertical

error bars represent the total errors and the horizontal error bars represent the RMS widths of the

�t distributions in each bin. Previous GlueX (2017) results [13] are shown along with predictions

from several Regge theory calculations: Laget [25, 26], JPAC [3], EtaMAID [27] and Goldstein [28].

The 2.1% relative uncertainty is due largely to the polarization measurement.
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due largely to the polarization measurement.
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GlueX Collab., Phys. Rev. C100, 052201(R) (2019)
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Photoproduction of π-

11

PANDA Collaboration Meeting Justin Stevens,

Pseudoscalar beam asymmetries

26

Charged pseudoscalars: more complicated -t dependence

t

⇡�

�++

⇡, ⇢, a2, ...

• Charge exchange process

• Dominated by π exchange at 
low t

6

the e�ciency map. We also roughly describe �⇤ contri-
butions using a double Gaussian shape, fitting to the re-
gion of 1.14 GeV/c2 < m(⇡+

p) < 3.50 GeV/c2 as an ad-
ditional study. Each fit variation produces changes that
are largely uncorrelated in t and provide similar fit qual-
ity and results as the nominal scheme. It is important to
note that variations in fitting scheme often a↵ect YN and
YD in the same way, which reduces the dependence of the
extracted value of ⌃ on the fit scheme. Nevertheless, we
find that systematic uncertainties are comparable to or
larger than statistical uncertainties in several regions of t.
Other sources of uncertainty investigated include uncer-
tainty in flux, uncertainty in polarization due to limited
triplet statistics, variations in number of beam bunches
selected for accidental subtraction, varying �lin within
experimental uncertainties, and choice of binning. These
potential sources of systematic uncertainty are described
in greater detail in Ref. [31]. The systematic uncertainty
in P� , the polarization as measured by the TPOL, pro-
duces a relative uncertainty of 1.5% on the magnitude of
the measured value of ⌃ that is fully correlated amongst
all t regions.

As an additional check, the analysis was repeated with
varied selections of m(⇡+

⇡
�) region to include greater

amounts of ⇢ and �⇤ backgrounds into the analysis. The
same systematic variations as described above were then
also repeated. We found consistent results, even when
all events with m(⇡+

⇡
�) < 1.1 GeV/c2, i.e., all ⇢ back-

grounds, were included.
The asymmetry ⌃ of the background can similarly be

evaluated by inserting background yields to Eqs. 5a
and 5b. In the mass range 1.14 GeV/c2 < m(⇡+

p) <

1.60 GeV/c2, the background is found to have a negative
asymmetry without clearly discernible t dependence.

V. DISCUSSION OF RESULTS

The results of beam asymmetry ⌃ for ⇡
��++ pho-

toproduction are listed in Table I and displayed in Fig.
5 with theoretical predictions at 8.5 GeV provided by
Nys et al. [16] and B.-G. Yu and K.-J. Kong [17]. Sev-
eral trends are apparent from the data. The asym-
metry is negative in the range of approximately |t| <

0.45 (GeV/c)2, demonstrating that negative naturality
pion exchange is favored at smaller |t|. In the range
|t| < 0.25 (GeV/c)2, the asymmetry is negative and
downward sloped as magnitude |t| increases. This is con-
sistent with mixed-naturality modifications to one-pion
exchange, which are sharply peaked in the forward direc-
tion. For |t| > 0.45 (GeV/c)2 the asymmetry becomes
positive, consistent with descriptions including positive
naturality vector ⇢ and tensor a2 exchanges.

We find that the model of Nys et al. describes the
general shape of the asymmetry over |t|, though it pre-
dicts an overall lower value of ⌃. The model by Yu and
Kong appears to slightly better describe the asymmetry
for |t| larger than 0.5 (GeV/c)2; however, it predicts a
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Nys et al. (JPAC), PLB 779, 77 (2018)

Yu and Kong, PLB 769, 262 (2017)
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Figure 5. Beam asymmetry ⌃ vs. |t| compared to theoret-
ical predictions. The error bars indicate the statistical and
systematic uncertainties combined in quadrature.

Table I. Table of results. The uncertainty on |t| is the RMS
of values in the �++ signal region. The uncertainties on ⌃
are statistical and systematic (uncorrelated across t bins) re-
spectively. There is an additional fully correlated systematic
uncertainty of 1.5% on the magnitude of ⌃.

|t| (GeV/c)2 ⌃

0.050 ± 0.012 -0.17 ± 0.04 ± 0.15

0.088 ± 0.007 -0.30 ± 0.04 ± 0.06

0.113 ± 0.007 -0.27 ± 0.04 ± 0.08

0.138 ± 0.007 -0.35 ± 0.04 ± 0.07

0.163 ± 0.007 -0.34 ± 0.04 ± 0.06

0.188 ± 0.007 -0.44 ± 0.04 ± 0.04

0.220 ± 0.011 -0.50 ± 0.04 ± 0.04

0.260 ± 0.011 -0.49 ± 0.04 ± 0.03

0.310 ± 0.017 -0.39 ± 0.03 ± 0.02

0.370 ± 0.017 -0.19 ± 0.04 ± 0.03

0.430 ± 0.017 -0.05 ± 0.04 ± 0.04

0.500 ± 0.023 0.24 ± 0.03 ± 0.05

0.590 ± 0.029 0.46 ± 0.03 ± 0.06

0.745 ± 0.060 0.66 ± 0.02 ± 0.07

0.950 ± 0.057 0.81 ± 0.03 ± 0.08

1.225 ± 0.098 0.88 ± 0.04 ± 0.05

minimum value and upward rise at much lower |t| than
observed.
In summary, we have measured the beam asymmetry

⌃ as a function of t for the reaction ~�p ! ⇡
��++ at

E� = 8.5 GeV using data from the GlueX experiment.
These measurements are the first in this energy range
and are of higher precision than and complementary to
those made at higher photon beam energies [18]. In the t-
channel particle exchange picture, our measurements in-
dicate that the naturality of exchanged Reggeons changes
significantly as a function of |t|, consistent with pion ex-

GlueX Collab., arXiv:2009.07326 (submitted to PRC)
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The  Systemη(′ )π

• Analysis of  is a high priority for 
GlueX

• Expect world-leading statistical 
precision

• Multiple charge combinations and decay 
modes accessible

• access different physics

• systematic cross checks of 
acceptance

• Linear beam polarization provides additional 
observables with enhanced sensitivity

• Collaboration with Joint Physics Analysis 
Center (JPAC) to develop analysis 
techniques, e.g., V. Mathieu et al. [JPAC 
Collaboration], PRD 100, 054017 (2019)

⃗γp → η(′ )πp

12

Preliminary Highlights: First PWA Results

Partial-Wave Analysis of the ηπ- system: (C. Gleason) 

11

ȖpĺȘʌ-ǻ++

PWA

� Mass-independent
� Extraction of 

dominant signals 
� Ongoing work

Moment Analysis of the π0π0 system: (A. Thiel) 
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The  Systemη(′ )π

306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) !"! and (b) !""! . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant !"! (a) and !""! (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cos#GJ = 1 corresponds !(") emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the !""! data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the !""! mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for !"! , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of !""! .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An !(")"! partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity $ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) $ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1! or 2+ or 3! . . . (0! or 1+ or 2! . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables % is taken to be proportional to a 
model intensity I(% ) which is expressed in terms of partial-wave 
amplitudes &$

LM(% ),

I(% ) =
!

$

""""
!

L,M

A$
LM&$

LM(% )

""""
2

+ non-!(") background. (1)

The magnitudes and phases of the complex numbers A$
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ #
#

I(% )a(% )d% , (2)

where d% is the four-body phase space element and a(% ) desig-
nates the e!ciency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L $ !N̄ +
n!

k=1

ln I(%k), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor f! ( f!" ) that describes both the Dalitz plot distribution of the 
successive ! (!") decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
!(")"! decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
!("!"+"0)"! partial-wave amplitudes read

&$
LM(% ) = f!(p"! , p"+ , p"0) % Y M

L (#GJ,0)

%
$

sin M'GJ for $ = +1

cos M'GJ for $ = !1
(4)

and analogously for !"("!"+!)"! . There are no M = 0, and 
therefore no L = 0 waves for $ = +1. The fits require a weak 

COMPASS Collab., PLB 740, 303 (2015)

π-

p p
η’
π-

“Deck effect”

γ/π−

p p

η’

π0/π−
π1

Exotic P-wave Signal

Do we observe consistent 
resonant P-wave signals in 
the presence of different 

physics backgrounds?

COMPASS ⌘0⇡ Comparison

306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) !"! and (b) !""! . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant !"! (a) and !""! (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cos#GJ = 1 corresponds !(") emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the !""! data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the !""! mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for !"! , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of !""! .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An !(")"! partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity $ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) $ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1! or 2+ or 3! . . . (0! or 1+ or 2! . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables % is taken to be proportional to a 
model intensity I(% ) which is expressed in terms of partial-wave 
amplitudes &$

LM(% ),

I(% ) =
!

$

""""
!

L,M

A$
LM&$

LM(% )

""""
2

+ non-!(") background. (1)

The magnitudes and phases of the complex numbers A$
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ #
#

I(% )a(% )d% , (2)

where d% is the four-body phase space element and a(% ) desig-
nates the e!ciency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L $ !N̄ +
n!

k=1

ln I(%k), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor f! ( f!" ) that describes both the Dalitz plot distribution of the 
successive ! (!") decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
!(")"! decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
!("!"+"0)"! partial-wave amplitudes read

&$
LM(% ) = f!(p"! , p"+ , p"0) % Y M

L (#GJ,0)

%
$

sin M'GJ for $ = +1

cos M'GJ for $ = !1
(4)

and analogously for !"("!"+!)"! . There are no M = 0, and 
therefore no L = 0 waves for $ = +1. The fits require a weak 

• Expect ⇡ 40–45k events in
�p ! ⌘0⇡��++

• COMPASS had 39k

• Di↵erent assumptions about
background (Deck vs. baryon)

• Should be able to validate
recent JPAC fit results
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Summary:  GlueX and Light Exotics

• Sufficient data in hand to explore the  and  systems 
with comparable precision to other leading experiments

• In 2020 we doubled the data set and enhanced particle 
identification;  expect another 2x - 3x more data in the 
coming years

• Extend exotic search beyond  candidates:

• other exotic quantum numbers, e.g.:  

• probe flavor of isoscalar hybrids, e.g.:  
expect  but 

• We can do more than light exotic hybrids:

• hybrids with conventional 

• light meson and baryon spectroscopy

• explore strange analogues of XYZ states

• a little bit of real charmonium production

ηπ η′ π

1−+ π1

b2 → a2π

η′ 1 → K*K η1 ↛ K*K

JPC
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C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! % 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.
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Complementary Production

• Naively expect enhanced 
photoproduction of vector  
mesons

• vector meson dominance

• In  collisions…

• only  states are produced

•  system described by 
interference of  and 

• Do data from GlueX provide a 
consistent picture of these states?

• GlueX data should permit an 
exploration of the  system with 
unprecedented statistical precision 
(including searches for  and  hybrids)

(1−−)

e+e−

1−−

ηπ+π−

ρ(1450) ρ(1700)

ηππ

η1 b2

15

obtained in the ! ! "" mode gave the reasonable value
P!#2" # 10%. So, the addition of the new data obtained in
the ! ! 3$0 mode strongly increases the significance of the
%!1700" signal.
The reasonable quality of the fit with “proper” &%!1700"

can be obtained in the model with an additional resonance
(Model 3 in Table III). The mass and width of this
resonance are fixed at the Particle Data Group (PDG)
values m%!2150" # 2155 MeV=c2 and !%!2150" # 320 MeV.
The phase &%!2150" is set to zero. The result of the fit is
shown in Fig. 5 by the dotted curve. More precise data are
needed to choose between Models 1 and 3.
The parameters gV in the fit can be replaced by the

products of the branching fractions

B!V ! %!"B!V ! e$e!" # '2

9

g2VmV

!2
V

Pf!m2
V": !7"

The following values of the products are obtained

B!%!1450" ! %!"B!%!1450" ! e$e!" ! 107

# !6.9% 0.3"=!7.3% 0.3";
B!%!1700" ! %!"B!%!1700" ! e$e!" ! 108

# 4.6$3.0
!1.9"=!8.3$3.8

!3.1"; !8"

for Models 1 and 3, respectively. It is interesting that the
parameters of the %!1450" and %!1700" resonances

obtained in the two models with different relative phases
of the %!1700" amplitude are rather close to each other.

VIII. SUMMARY

In this paper, the cross section for the process e$e! !
!$$$! has been measured in the c.m. energy range from
1.07 to 2.00 GeV in the decay mode ! ! 3$0. In the range
1.22–2.00 GeV the measured cross section is found to be in
good agreement with the previous SNDmeasurement in the
! ! "" decay mode [1]. Therefore, the two measurements
have been combined. These combined results shown in the
last column of in Table II supersede the cross-section
results published in Ref. [1].
The cross-section energy dependence has been fitted in

the VMDmodel with 2, 3, and 4%-like states. The quality of
the fit with two resonances, %!770" and %!1450", is quite
poor, P!#2" # 2%, while the fits with the additional
%!1700" resonance describe data well. The %!1700" con-
tribution appears as a shoulder on the %!1450" peak near
1.75 GeV.
The SND data on the e$e! ! !$$$! cross section are in

agreement with the previous most precise data obtained by
the BABAR Collaboration [5], but have better accuracy.
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FIG. 5. The e$e! ! !$$$! Born cross section measured by
SND and BABAR [5]. The solid, dashed, and dotted curves are the
results of the VMD fit with parameters listed in Table III for
Models 1, 2, and 3, respectively.

TABLE III. Parameters of the VMD model.

Parameter Model 1 Model 2 Model 3

g%!1450" (GeV!1) 0.44% 0.5 0.56% 0.2 0.45% 0.3
&%!1450" $ $ $
m%!1450" (MeV=c2) 1520% 10 1510% 10 1500% 10

!%!1450" (MeV) 320% 30 390% 10 280% 20

g%!1700" (GeV!1) 0.024$0.019
!0.011 & & & 0.025$0.014

!0.009
&%!1700" $ & & & 0
m%!1700" (MeV=c2) 1750% 10 & & & 1840% 10

!%!1700" (MeV) 135% 50 & & & 132% 40

g%!2150" (GeV!1) & & & & & & 0.084% 0.008
#2=( 33=33 55=36 29=32

M. N. ACHASOV et al. PHYS. REV. D 97, 012008 (2018)

012008-6

SND, PRD 97, 012008 (2018); BaBar PRD 76, 092005 (2007)

e+e− → ηπ+π−

γp → ηπ+π−p
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Complementary Production

• What do differences in production tell us 
about nature of hadrons?

• Consider  produced against an  in 
 decay

•
• naively “glue rich”

• Compare with  in photoproduction

• any  allowed

• For  states, the  appears to be 
suppressed with respect to the  in 
photoproduction.

• what does it mean?

ηπ+π− ω
J/ψ

C = +

ηπ+π−

C

0−+ η(1405)
η′ 

16

To ensure that the observed f1!1285", !!1405" and the
structure around 1:87 GeV=c2 originate from the process
of J=c ! !a#0 !980""$ rather than peaking backgrounds,
potential background channels are studied using both data
and MC samples. The non-! and/or non-a0!980" processes
are estimated by the weighted sums of horizontal and
vertical side bands, with the entries in the diagonal side
bands subtracted to compensate for the double counting of
background components. The definitions of the two-
dimensional side bands are illustrated in Fig. 3. The
weighting factors for the events in the horizontal, vertical,
and the diagonal side bands are measured to be 0.48, 1.58,

and 0.76, respectively, which are determined from the
results of a two-dimensional fit to the mass spectrum
of M!!"%"&"0" versus Ma0!980"!!"". Here the two-
dimensional probability density functions (PDFs) for
J=c ! !a0!980"", ! but non-a0!980", non-! but
a0!980", non-! and non-a0!980" processes are constructed
by the product of one-dimensional functions, where the
resonant peaks are parametrized by Breit-Wigner functions
and the nonresonant parts are described by floating poly-
nomials. To account for the difference of the background
shape between the signal region and side bands due to the
varying phase space, the obtained background !"%"&

mass distribution is multiplied by a correction curve de-
termined from an MC sample of 2' 106 events of the
phase-space process J=c ! "%"&"0!"%"&.
The background channel J=c ! b1!1235"a0!980",

where the b1!1235" decays to !" and a0!980" decays to
!", is studied by performing a two-dimensional fit to the
M!!"" versus M!!"" mass distribution with two-
dimensional PDFs defined in similar fashion. We also
studied an inclusive MC sample of 2' 108 J=c decays
generated according to the Particle Data Group (PDG)
decay table and Lund-charm model [22]. No background-
induced peaks are observed around 1:87 GeV=c2. The
inclusive MC sample is also used for the validation of the
background estimation method described above, which is
able to well reproduce the input background components.
Figure 4 shows the results of a fit to the !"%"& mass

spectrum where either !"% or !"& are in the a0!980"
mass window. Here the three signal peaks are parametrized
by Breit-Wigner functions convolved with a Gaussian
resolution function and multiplied by an efficiency curve,
which are both determined from signal MC samples
and fixed in the fit. The background consists of three
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FIG. 2 (color online). Invariant-mass distributions for the se-
lected events: (a) and (b) are the invariant-mass spectra of
!"%"& and !"# after the application of all the event-selection
criteria; (c) is the !"%"& mass spectrum for events with an
a0!980" in the !"# final state; (d) is the !"%"& invariant-mass
distribution for events with no a0!980" in the !"# system. The
histograms in (a) and (c) are the phase-space MC events of
J=c ! !!"%"& after the same event selection and with
arbitrary normalization.
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FIG. 3 (color online). Definition of the signal and two-
dimensional side bands.
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FIG. 4 (color online). Results of the fit to the M!!"%"&"
mass distribution for events with either the !"% or !"& in the
a0!980" mass window. The dotted curve shows the contribution
of non-! and/or non-a0!980" background, the dashed line also
includes the contribution from J=c ! b1!1235"a0!980", and the
dot-dashed curve indicates the total background with the non-
resonant J=c ! !a#0 !980""$ included. #2=d:o:f: is 1.27 for
this fit.

PRL 107, 182001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

28 OCTOBER 2011

182001-4

M. Ablikim et al. [BESIII], PRL 107, 182001 (2011)
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See also:  R. Dickson et al. [CLAS Collaboration], PRC 93, 065202 (2016)
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Connections to Heavy Quarks and HEP

• What does all the XYZ physics imply for the 
strange quark sector?

• GlueX may be able to contribute through

• searches for strange XYZ-like states, e.g.,  
as an analogue to 

• explore kinematic singularities with high 
statistical precision:  

ϕππ
J/ψππ

γp → K*Kp → ϕπ0p

17

A Triangle Singularity as the Origin of the a1(1420) 5
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Fig. 1: (a) Intensities of selected waves from the PWA of the reaction p� + p ! p�p�p+ + p [13]. The inset
shows a zoomed view of the 1++0+ f0p P-wave. The colored bar on the left indicates the contributions of the
different waves to the total intensity. (b) Diagrams showing possible contributions to the r(770)p and f0(980)p
production amplitudes. The Pomeron is labelled IP, a1 refers to the axial-vector ground state a1(1260), and a2 to
the tensor ground state a2(1320). The framed diagram shows the dominant contribution to the a1(1420) signal via
the triangle diagram, as discussed in the present paper.

Various interpretations followed the a1(1420) observation [17–21]. They either do or do not require
a new resonance. Resonances are consistently introduced in general scattering theory [22], where the
reaction amplitude is an analytic function of the total energy squared s that is regarded as a complex
number; they are found as poles on the unphysical sheet of the complex s-plane attached to the real axis
from below. In explanations involving either diquark-antidiquark molecules or tightly bound tetraquarks,
the observed signal, i.e. peak and phase motion, is caused by a pole-type singularity located on the closest
sheet. Alternatively, a so-called triangle singularity [22, 23] was proposed as mechanism behind the
a1(1420) signal [17]. Here, a logarithmic branch point caused by a coupled-channel effect, particularly
by the K⇤K̄- f0p interaction, is located near the physical region on the closest unphysical sheet. A test
of this interpretation is the subject of the present paper. For completeness, we mention an alternative
model [21, 24] that does not require a new resonance pole, but instead combines resonant and non-
resonant production mechanisms. The latter were shown in the past [25, 26] to be responsible for a
large fraction of the reaction rate. In this model, the amplitude is made consistent with the requirement
of probability conservation, i.e. unitarity of the scattering matrix. Applying it to the 1++ sector in
COMPASS kinematics, a peak in the 1++ 0+ f0p P-wave can be produced by specific adjustment of
the relative production strengths between the 1++0+ rp S and the 1++ 0+ f0p P-waves. However, the
generated phase motion between these waves at the position of the a1(1260) resonance is inconsistent
with observation.

In the following, we briefly introduce the Triangle Singularity (TS) model and present a new method for
the calculation of the amplitude, which goes beyond Ref. [17] and in principle allows us to include also
higher-order rescattering effects. The full details of the calculation will be published in a forthcoming
paper.

The dynamics of a hadronic three-body system is commonly understood in terms of quasi two-body
interactions with subchannel resonances x decaying further into pairs of final-state particles. Often,
however, the same final state can be obtained through several decay chains when the two-particle inter-
action is non-negligible for different particle pairs [27, 28]. Different decay chains are coherent, hence
they interfere. Moreover, the unitarity of the scattering matrix enforces a consistency relation between
the different chains [29–31]. This relation makes the lineshape of the two-particle resonances in a system
of three particles dependent on the dynamics in the other pair [32–35]. An equivalent way of describing
this interrelation between pair-wise interactions is to state that the cross-channel two-body resonances in
the pp , Kp and K̄K systems rescatter to one another, thereby modifying the original undistorted line-

COMPASS Collab.  
arXiv:2006.05347

a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zc!3900" couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied e$e% ! "$"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be !62:9& 1:9& 3:7" pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
!3899:0& 3:6& 4:9" MeV=c2 and a width of !46& 10&
20" MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c !3686" and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
The BESIII collaboration thanks the staff of BEPCII and

the computing center for their hard efforts. This work is
supported in part by the Ministry of Science and
Technology of China under Contract No. 2009CB825200;
National Natural Science Foundation of China (NSFC)
under Contracts No. 10625524, No. 10821063,
No. 10825524, No. 10835001, No. 10935007,
No. 11125525, and No. 11235011; Joint Funds of the
National Natural Science Foundation of China under
Contracts No. 11079008, and No. 11179007; the Chinese
Academy of Sciences (CAS)Large-Scale Scientific Facility
Program; CAS under Contracts No. KJCX2-YW-N29, and
No. KJCX2-YW-N45; 100 Talents Program of CAS;
German Research Foundation DFG under Contract
No. Collaborative Research Center CRC-1044; Istituto
Nazionale di Fisica Nucleare, Italy; Ministry of
Development of Turkey under Contract No. DPT2006K-
120470; U. S. Department of Energy under Contracts
No. DE-FG02-04ER41291, No. DE-FG02-05ER41374,
and No. DE-FG02-94ER40823; U.S. National Science
Foundation; University of Groningen (RuG) and the
Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt; National Research Foundation of Korea
Grant No. 2011-0029457 and WCU Grant No. R32-10155.

*Also at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.
†On leave from the Bogolyubov Institute for Theoretical
Physics, Kiev 03680, Ukraine.
‡Also at University of Texas at Dallas, Richardson, Texas
75083, USA.
§Also at the PNPI, Gatchina 188300, Russia.
!Present address: Nagoya University, Nagoya 464-8601,
Japan.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
95, 142001 (2005).

[2] Q. He et al. (CLEO Collaboration), Phys. Rev. D 74,
091104(R) (2006).

[3] C. Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99,
182004 (2007).

[4] T. E. Coan et al. (CLEO Collaboration), Phys. Rev. Lett.
96, 162003 (2006).

[5] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 86,
051102(R) (2012).

[6] T. Barnes, S. Godfrey, and E. S. Swanson, Phys. Rev. D 72,
054026 (2005).

[7] X. H. Mo, G. Li, C. Z. Yuan, K. L. He, H.M. Hu, J. H.
Hu, P. Wang, and Z.Y. Wang, Phys. Lett. B 640, 182
(2006).

[8] D. Cronin-Hennessy et al. (CLEO Collaboration), Phys.
Rev. D 80, 072001 (2009).

[9] G. Pakhlova et al. (Belle Collaboration), Phys. Rev. Lett.
98, 092001 (2007).

)2) (GeV/cJ/±!(maxM
3.7 3.8 3.9 4.0

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

0

20

40

60

80

100

)2) (GeV/c"±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

)2±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

Data

Total fit

Background fit

PHSP MC

Sideband

FIG. 4 (color online). Fit to the Mmax!"&J=c " distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.

PRL 110, 252001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252001-6

BESIII Collaboration, PRL 110, 252001 (2013)

Z±
c ! ⇡±J/ 



M. R. Shepherd 
Light Quark Exotics / Snowmass 

September 30, 2020

γp→J/ψ p
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• Physics objectives:

• production dynamics encoded in the 
shape of cross section at threshold

• search for s-channel production of 
pentaquark candidates observed by 
LHCb

     S. Dobbs — HADRON 2019 — Aug. 18, 2019 — Photoproduction and Search for LHCb Pc+ States

• Can also study coupling of 
J/ψ+p resonances to photon 
• Kinematic effects from decay will not 

be reproduced
• Pc’s produced at E(ɣ) ≈ 9.5—10.3 GeV
• Assuming VMD, primary uncertainty is 

B(Pc → J/ψ p)

LHCb Pc States & J/ψ Photoproduction
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Theory papers: 
Wang, Liu, and Zhao, PRD 92, 034022 (2015).  
Kubarovsky and Voloshin, PRD 92, 031502 (2015).  
Karliner and Rosner, PLB 752, 329 (2016). 
Hiller Blin et al. (JPAC), PRD 94, 034002 (2016). 
and many more…
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Preliminary Highlights: J/ψ photoproduction cross section 13

Update with full GlueX-I data set: 
• More than 2000 events in e+e-

• Complementary decay to μ+μ-

• Detailed studies of differential
cross section near threshold

• Continue search for Pentaquarks

J/ψ→e+e-
J/ψ→μ+μ-

N = 2091 ± 46
M = 3.096GeV
σ = 9.5 MeV

N = 800 ± 56
M = 3.092GeV
σ = 8.9 MeV
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Summary

• Understanding how QCD generates the properties of hadrons remains an interesting 
question

• relies on studying hadrons of all flavors

• requires complementary production mechanisms

• spans particle and nuclear physics facilities around the world

• GlueX has a unique role to play in this effort

• access to light exotic and conventional mesons through high-statistics 
photoproduction

• a variety of connections to charmonium and XYZ physics

• a multi-purpose physics program that will acquire new data and produce results 
through the next decade

• It is essential maintain free flow of results, people, analysis technology, etc. between 
the high-energy physics and nuclear physics communities

• complementary approaches to the same underlying physics
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