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Heavy quarks	                      Light quarks   .     

Spectroscopy: a global endeavor
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JLab 12 GeV running since 2017: 
programs in hadron spectroscopy, 
nucleon and nuclear structure, etc.


Photoproduction process provides access 
to many proposed exotic decay channels 


Orders of magnitude higher statistics than 
previous photoproduction experiments

Highlights since 2015 LRP: light quarks

Jim Napolitano 
Plenary Sat @ 3:10



Justin Stevens,LRP Town Hall 2022

          (Joint Physics Analysis Center) coupled channel fit to  
and  determine pole positions for , , and exotic 

ηπ
η′ π a2 a′ 2 π1
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COMPASS: Phys. Lett. B 740, 303 (2015).
JPAC: Phys. Rev. Lett. 122, 042002 (2019).

  spectroscopy at         with η(′ )π

COMPASS: PLB 740 (2015) 303 
JPAC: PRL 122 (2019) 042002
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  spectroscopy at η(′ )π
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Broad overlapping resonances can’t be  
studied with simple “bump hunting” 


Polarized photon beam provides new 
information on production mechanism, 
collaborating with JPAC on amplitudes 

 exotic?
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  spectroscopy atη(′ )π
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a0 a2

Broad overlapping resonances can’t be  
studied with simple “bump hunting” 


Polarized photon beam provides new 
information on production mechanism, 
collaborating with JPAC on amplitudes 

γp → ηπ−Δ++

Highlight
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Broad overlapping resonances can’t be  
studied with simple “bump hunting” 


Polarized photon beam provides new 
information on production mechanism, 
collaborating with JPAC on amplitudes 
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Understanding production 
mechanism for conventional 
mesons, e.g.  through        

 exchange 


Groundwork laid for exotic    
 search in  and 
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Informed by lattice QCD predictions: 


 decay modes → requires 
studying many final states


strange and light quark content for 
hybrid mesons


Recent candidate from BESIII for 
isoscalar partner  in  


Detector upgrades for kaon 
identification to complete pattern with 

π1(1600)

η1 J/ψ → γη′ η

η′ 1

Path forward for light quarks 

8

Test universality of resonance 
across production mechanisms 

and decay modes

large coupling to 
axialvector-pseudoscalar

small coupling to 
 where exotic 

is observed
η(′ )π

 partial decay width predictionπ1(1600)
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Informed by lattice QCD predictions: 


 decay modes → requires 
studying many final states


strange and light quark content for 
hybrid mesons


Recent candidate from BESIII for 
isoscalar partner  in  


Detector upgrades for kaon 
identification to complete pattern with 

π1(1600)

η1 J/ψ → γη′ η

η′ 1
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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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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.
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In lattice calculations of the type performed in this
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0

is rendered stable since its isospin conserving ⌘⇡⇡ decay
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The splitting between the ⇢ and ! is small but statisti-
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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-
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quark mass and volume dependence of the low lying vec-
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Informed by lattice QCD predictions: 


 decay modes → requires 
studying many final states


strange and light quark content for 
hybrid mesons


Recent candidate from BESIII for 
isoscalar partner  in  


Detector upgrades completed for kaon 
identification for hidden strangeness 

π1(1600)

η1 J/ψ → γη′ η

η′ 1
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Create secondary beam of neutral 
 and use Hall D spectrometer to 

study the  and  interactions


Strange quark in initial state 
provides enhanced source of 
hyperon and strange meson 
production


Broad program of searches for 
expected hyperon states not yet 
observed experimentally

KL
KL p KLn

KLong Facility (KLF)

11

Hall D       

Projected sensitivity for KLF 
with 100 days beam time

KLn → K+Ξ*−
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qq
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q
qq

qq

mesons baryons

q

q
q

tetraquark pentaquark
q q

q
q

Observed mesons and baryons well 
described by 1st principles QCD 

But these aren’t the only states 
permitted by QCD

cc

Expected  
charmonia 

States

Highlights since 2015 LRP: XYZPc

Recent review:              arXiv:2112.13436 
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q
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qq

mesons baryons

q
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tetraquark pentaquark
q q

q
q

Observed mesons and baryons well 
described by 1st principles QCD 

But these aren’t the only states 
permitted by QCD

Pentaquarks

Recent review:              arXiv:2112.13436 
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⇤b ! J/ pK�

PRL 122, 222001 (2019)

q

q
q

pentaquark

q

q
q

q
q

molecular

q
q

molecular

rescattering (triangle singularity)

Pentaquark observation and interpretation

e.g. PRD 92, 071502(R) (2015)
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Model-dependent limits on 
 < 2-4%BR(Pc → J/ψp)

Pentaquark photoproduction

PRL 123, 072001 (2019)

Highlight

Proportional to BR(Pc→J/ψp)2

γp → J/ψp
⇤b ! J/ pK�
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Even stricter limits on  production 
taking into account differential 

cross section 

Pc

dσ/dt

Pentaquark photoproduction

Hall C: -007 experimentJ/ψ

Highlight

Proportional to BR(Pc→J/ψp)2

γp → J/ψp
⇤b ! J/ pK�
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q
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qq

mesons baryons

q
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tetraquark pentaquark
q q

q
q

Observed mesons and baryons well 
described by 1st principles QCD 

But these aren’t the only states 
permitted by QCD

Charged tetraquark candidates: Zc

Recent review:              arXiv:2112.13436 
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Charged tetraquark candidates: Zc

Many observations of charged 
 and  


Production mechanism dependent 
masses and widths (  vs  decay)

Zc (cc̄qq̄) Zcs (cc̄sq̄)

e+e− B

PRL 110, 252001 (2013)
PRL 110, 252002 (2013)
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<latexit sha1_base64="0ApqWr3Nf0jMFeScaU2ss6UjExU=">AAACC3icbVDLSgMxFM3UV62vqks3wSIIpXVGBHVXdCOuKji20JmWTHrbhmYeJBmlDP0AN/6KGxcqbv0Bd/6NmXYW2nog4XDOuST3eBFnUpnmt5FbWFxaXsmvFtbWNza3its7dzKMBQWbhjwUTY9I4CwAWzHFoRkJIL7HoeENL1O/cQ9CsjC4VaMIXJ/0A9ZjlCgtdYolaJehXcGOYP2BIkKED/j6yIkkcyLWLqdXRafMqjkBnidWRkooQ71T/HK6IY19CBTlRMqWZUbKTYhQjHIYF5xYQkTokPShpWlAfJBuMllmjA+00sW9UOgTKDxRf08kxJdy5Hs66RM1kLNeKv7ntWLVO3MTFkSxgoBOH+rFHKsQp83gLhNAFR9pQqhg+q+YDoggVOn+CroEa3bleWIfV8+r5s1JqXaRtZFHe2gfHSILnaIaukJ1ZCOKHtEzekVvxpPxYrwbH9NozshmdtEfGJ8/jbuaPg==</latexit><latexit sha1_base64="0ApqWr3Nf0jMFeScaU2ss6UjExU=">AAACC3icbVDLSgMxFM3UV62vqks3wSIIpXVGBHVXdCOuKji20JmWTHrbhmYeJBmlDP0AN/6KGxcqbv0Bd/6NmXYW2nog4XDOuST3eBFnUpnmt5FbWFxaXsmvFtbWNza3its7dzKMBQWbhjwUTY9I4CwAWzHFoRkJIL7HoeENL1O/cQ9CsjC4VaMIXJ/0A9ZjlCgtdYolaJehXcGOYP2BIkKED/j6yIkkcyLWLqdXRafMqjkBnidWRkooQ71T/HK6IY19CBTlRMqWZUbKTYhQjHIYF5xYQkTokPShpWlAfJBuMllmjA+00sW9UOgTKDxRf08kxJdy5Hs66RM1kLNeKv7ntWLVO3MTFkSxgoBOH+rFHKsQp83gLhNAFR9pQqhg+q+YDoggVOn+CroEa3bleWIfV8+r5s1JqXaRtZFHe2gfHSILnaIaukJ1ZCOKHtEzekVvxpPxYrwbH9NozshmdtEfGJ8/jbuaPg==</latexit><latexit sha1_base64="0ApqWr3Nf0jMFeScaU2ss6UjExU=">AAACC3icbVDLSgMxFM3UV62vqks3wSIIpXVGBHVXdCOuKji20JmWTHrbhmYeJBmlDP0AN/6KGxcqbv0Bd/6NmXYW2nog4XDOuST3eBFnUpnmt5FbWFxaXsmvFtbWNza3its7dzKMBQWbhjwUTY9I4CwAWzHFoRkJIL7HoeENL1O/cQ9CsjC4VaMIXJ/0A9ZjlCgtdYolaJehXcGOYP2BIkKED/j6yIkkcyLWLqdXRafMqjkBnidWRkooQ71T/HK6IY19CBTlRMqWZUbKTYhQjHIYF5xYQkTokPShpWlAfJBuMllmjA+00sW9UOgTKDxRf08kxJdy5Hs66RM1kLNeKv7ntWLVO3MTFkSxgoBOH+rFHKsQp83gLhNAFR9pQqhg+q+YDoggVOn+CroEa3bleWIfV8+r5s1JqXaRtZFHe2gfHSILnaIaukJ1ZCOKHtEzekVvxpPxYrwbH9NozshmdtEfGJ8/jbuaPg==</latexit>

B0 → ψ(2S)K+π−
Z−

c (4430)

PRD 92, 112009 (2015)

Charged tetraquark candidates: Zc

B+ → J/ψϕK+
Z+

cs(4000)

e+e− → K+D−
s X

Z+
cs(3985)

Many observations of charged 
 and  


Production mechanism dependent 
masses and widths (  vs  decay)

Zc (cc̄qq̄) Zcs (cc̄sq̄)

e+e− B

PRL 110, 252001 (2013)
PRL 110, 252002 (2013) PRL 127, 082001 (2021)
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: PRD 102, 114010 (2020)  

Photoproduction of Z+
c (3900)

sγp [GeV]

Alternative production mechanism: 
free of rescattering effects and 
sensitive to photo couplings 


Same production mechanism near 
threshold (  exchange) studied with 
light quarks in GlueX and CLAS12 

π

Future
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                        upgrade: 
Ee = 12 → 22 GeV

Electron Ion Collider (EIC)

sγp = 1.5 − 6.5 GeV sγp = 5 − 141 GeV

Complementary access to charmonium 
photoproduction with higher energy facilities 

Future

Thia Keppel  
Plenary Sat @ 4:35

Photoproduction of  statesXYZ

ℒep = 1035 − 1037 cm−2s−1 ℒep = 1034 cm−2s−1
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ℒep = 1035 − 1037 cm−2s−1
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22 GeV

EIC broad energy coverage

sγp [GeV]
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EIC: γp → nJ/ψπ+

JLab 22 GeV: γp → nJ/ψπ+

Signal Simulation

FuturePhotoproduction of Z+
c (3900)

EIC Simulation

High luminosity near-threshold
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Summary and Outlook
New era of precision spectroscopy measurements from light and 
heavy quark sectors from traditionally HEP and NP experiments


Critical collaboration with theory


Phenomenological framework with rigorously defined 
amplitudes for fitting and interpreting data


Direct connection to fundamental theory through lattice QCD


Photoproduction provides a common production mechanism for 
hybrid mesons and exotic charmonium


GlueX and CLAS12 now have unprecedented datasets to study 
light quark mesons and baryons


JLab 22 GeV upgrade and EIC provide a unique production 
mechanism for heavy quark exotics

24
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Backup

25
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Signal Simulation

FuturePhotoproduction of Z+
c (3900)

EIC Simulation

sγp [GeV]

sγp [GeV]

JLab 22 GeV:  
EIC 5 x 100 GeV: 

L = 1035cm−2s−1

L = 1034cm−2s−1

Photoproduction luminosity
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qq

XYZ reminder:  or X(3872) χc1(3872)

27

q
qq

qq

mesons baryons

q

q
q

tetraquark pentaquark
q q

q
q

Observed mesons and baryons well 
described by 1st principles QCD 

But these aren’t the only states 
permitted by QCD

Recent review: JPAC (2022) 
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: PRD 102, 114010 (2020)  

22 GeV

Photoproduction of X(3872)

sγp [GeV]Alternative production mechanism: 
free of rescattering effects and 
sensitive to photo couplings 
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22 GeV

Photoproduction of X(3872)

sγp [GeV]

EIC: γp → pJ/ψπ+π−

JLab 22 GeV: γp → pJ/ψπ+π−

Simulation
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Recent LHCb results in pp 
show prompt  
decreases with multiplicity


First observation of prompt 
 in PbPb at CMS not 

suppressed relative to 

χc1(3872)

χc1(3872)
ψ(2S)

30

χc1(3872)

ψ(2S)

LHCb: PRL 126 (2021) 9, 092001

CMS: PRL 128 (2022) 3, 032001 Multiplicity →

In-medium effects for spectroscopy
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Dependence on breakup of 
X(3872) in nuclei?


Little suppression expected 
for compact tetraquark 
configuration


Expect suppression of 
molecular (large size) 
configuration

In-medium effects for spectroscopy

e−

Nucleus: A
e−

Nucleus: A
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Pomeron 
exchange

Photoproduction of XYZ states

Y(4260) production increases with 
energy like other vectors, ideal for 
higher energies accessible at EIC

ψ, Y
: PRD 102, 114010 (2020)  

22 GeV

EIC

sγp [GeV]
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EIC

Photoproduction of ψ(2S)

SoLID example at 17 GeV

JLab 22 GeV ideal to study threshold 
 production, but limited access  

to Y(4260) region
ψ(2S)

sγp [GeV]

22 GeV


