Meson spectroscopy through photoproduction:
from Jefferson Lab to the EIC

Justin Stevens WILLIAM & MARY
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Meson spectroscopy: “bump hunting”

@ Historically

search through
“bump hunting”
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Confined states of quarks and gluons

mesons baryons

tetraquark  pentaquark

Observed mesons and baryons well
described by 1st principles QCD

But these aren’t the only states
permitted by QCD

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M.GELL-MANN
California Institute of Technology, Pasadena, California

... Baryons can now be
constructed from quarks by using the combinations
(qaq), (qagqaqd), etc., while mesons are made out

of (qq), (dqqd), etc. ...
Phys. Lett. 8 (1964) 214
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Confined states of quarks and gluons

Observed mesons and baryons well
a @ @ described by 1st principles QCD
But these aren’t the only states
mesons baryons permitted by QCD
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Recent discoveries in charm sector “X YZPC”
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Recent review: J'{C Prog. Part. Nucl. Phys. 127 (2022) 103981
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Open questions In exotic spectroscopy

@ What is the nature/structure of the
0O (g exotic candidates we’ve observed?
@ * Less exotic: hadronic molecules,
final-state rescattering, etc.

mesons baryons
* More exotic: tightly bound muilti-

@ quark states, etc.
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Open questions In exotic spectroscopy

@ What is the nature/structure of the
@ @Q exotic candidates we’ve observed?

mesons baryons

Can we identify alternative production
@ % @e mechanisms to confirm exotic signals
and shed light on their nature?
0, :

* Yes, photoproduction at JLab and EIC

molecules pentaquark
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Open questions In exotic spectroscopy

@ What is the nature/structure of the
@ G@ exotic candidates we’ve observed?

mesons baryons

Can we identify alternative production
@ % @0 mechanisms to confirm exotic signals
and shed light on their nature?
0, :

molecules pentaquark

Q @ Do gluonic degrees of freedom
a Q manifest themselves in the hadronic
states we observe in nature?

glueball hybrid meson
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Evidence for hybrids: 7](/)71' spectroscopy
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JEXE coupled channel fit to 77 and 1’ determine

pole positions for a,, a, and single exotic zz;(1600)

Alessandro Pilloni COMPASS: PLB 740 (2015) 303
Wed @ 9:00 JPAC: PRL 122 (2019) 042002
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Spectroscopy: a global endeavor
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Jefferson Lab

* JLab 12 GeV running since 2017: G " Forvard Clorimeter
programs in hadron spectroscopy, "UXE | et

nucleon and nuclear structure, etc.

Forward Drift
Chamber

Central Drift
Chamber

Solenoid

* Photoproduction process provides access N
=
diator

. Magnet 2
to many proposed exotic decay channels E.ﬁ;g?,

* Orders of magnitude higher statistics than
previous photoproduction experiments

<>
Class®

Experimental
Halls A/B/C
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17T Spectroscopy at

% Broad overlapping resonances requires
amplitude, described by decay angles 6, ¢
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nx spectroscopy at GLUEXWW

% Broad overlapping resonances requires

amplitude, described by decay angles 6, ¢

% Polarized photon beam provides new
iInformation on production mechanism,
collaborating with J*¢ on amplitudes
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nz spectroscopy at (GLUEX ~

% Broad overlapping resonances requires v 2 = pap’
amplitude, described by decay angles 6, ¢ , (17 helicity frame)

% Polarized photon beam provides new
iInformation on production mechanism,
collaborating with J*¢ on amplitudes
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nx spectroscopy at GLUEXWW

% Broad overlapping resonances requires
amplitude, described by decay angles 6, ¢ 2 2%)

% Polarized photon beam provides new
iInformation on production mechanism,
collaborating with J*¢ on amplitudes
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Where to search for 7z;(1600)?

* Informed by lattice QCD predictions:

* ,(1600) decay modes — requires
studying many final states

7,(1600) partial decay width prediction

I'; /MeV
Zi L';
- 600

dominant coupling
tobym — wnn

400 by

200

) f1(1285)7 SmaII
pr coupling to
?;7{1_420” 77( )z where
i exotic is
1500 1550 1600 1650 L observed

had/Spec Woss et al. PRD 103 (2021) 054502
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Search for ;y — bz at GLUEXW

* If 7; decays to bz, should observe in isospin-1 wzz amplitude

* Measure wznr cross sections and isolate I=1 contributions through
o((wrm)?) =1 = o(wrT7m™) — 20(wn?70)

o((wrm)™ )21 = o(wn—7O)
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Search for ;y — bz at GLUEXWW

* If 7; decays to bz, should observe in isospin-1 wzz amplitude

* Measure wznr cross sections and isolate I=1 contributions through
o((wrm)?)=1 = o(wntn™) — 20(wn7Y)

o((wrm)™ )21 = o(wn—7O)

* No clear m; — b;x — wzarn signal in I=1 — set upper limit
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Submitted to PRL
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Status of exotic 7y search with GLUEXWW

* Recent Lattice QCD prediction for zz;(1600) decay widths
allowed us to set the first upper limit on exotic photoproduction

An Upper Limit on the Photoproduction Cross Section of the Spin-Exotic 7(1600)

T ——— N
arXiv:2407.03316
Submitted to PRL

* Project upper limits onto 7z;(1600) decay modes for observation
in pion production: nr and n'w

—A++ 1= A+
o YN A o yp—onmA
N§ 25| : —-Data N§ : —-Data
2 ° a,(1320) 2 “F a,(1320)
S 20l — 1t,(1600) g WOF | — 1t,(1600)
: | zwp M
gL , g 0F
Large 7, : ) 250 £ =, could be
excluded of . W 0 significant
- ‘. 150 -
from nx I ., 0o relative to a,
0 L. L L e | ot |
1.0 1.5 20 25 2.5
M(nr) [GeV/c?] M(n'r) [GeV/c?]

IWHSS Justin Stevens, WILLIAM & MARY 19




Prospects for my — ;7(’)7: with (GLUEX

M, , = 1600 MeV  COMPASS: PLB 740 (2015) 303
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Another example: ztztx~ at CLAS12
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* Unique 77z~ dataset from only a portion of CLAS12

beam time to compare with observations of 7;(1600)
signal from COMPASS
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Heavy quark spectroscopy: XYZP,
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Recent review: J'{C Prog. Part. Nucl. Phys. 127 (2022) 103981
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Pentaguarks
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Recent review: J'{C Prog. Part. Nucl. Phys. 127 (2022) 103981
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Pentaguark observation and interpretation
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Pentaquark photoproduction

yp — Jlyp

(GLUEY'- PRL 123, 072001 (2019)
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o(yp — Pc(4440) — J/p p) (nb)

Pentaquark photoproduction

yp — Jlyp

Hall C: J/y~007 experiment
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J/ photoproduction at GL% Farah Atz

Wed @ 10:00
* Experimentally clean and %103%31 PRC 108 (202) 025203
rare probe with ~2.2k J/ 1/4 3 - WWWMW | ﬂ
observed in GlueX-| ‘. M‘W‘MM
| MWWWW |

% Broad physics program
driven by different
production mechanisms

oo yp = eterp

h

10 15 2.0 25 30 35
M(e*e) [GeV]
s-channel: t-channel:
: open charm
pentaquarks gluon GPDs, mass radius

Iy

Jy p
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Interpretation of GlueX results

o(y p = J/p p) [nb]

= = & —F open charm
= I B Sheoo-- f‘f'?j*“ﬂ
3 - ,,’++ X
Tl =t T
Gl 4 ,H,
S +,
107 PRC 108 (2023) 025201 , g
) —e— Gux’ i
B '_,’H —A— Cornell ;
Y M.L.Duetal. (g =10 GeV) At (%)) !
- ' -~ - M-L.Du e;al. (cq]max=1.2 GeV) y/‘\‘ (D™) i
107 8|.OI B 8l5 | I9|.0| | II9!5| - 10|0 | 10|5 B 11|0 | |11.5
EY [GeV]
CE T T pac ]
J * Mesonic approach sensitive to “cusps”
near opening of open charm thresholds in
3 total cross section
% Fits with both single channel (Fomeron)
07 o Cuexam) E exchange and multichannel (Pomeron +
T om0 g open charm) are compatible with GlueX-|
PRD 108, (2023) 054018 | and J/l// . 007 data
10_28 ---é----1|0----1|1----12
E, [GeV]
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10! q

10°

o [nb]

10-1 4

1072

Unigqueness of 12 GeV cc program

<+ CLAS12 (this work) ¢ GlueX (2023)

v ¢

*@“%’”

ff%fﬂ

T T T T T T ]
8.5 9.0 9.5 10.0 10.5 11.0 11.5
Ey [GeV]

Pierre Chatagnon (QNP 2024)

% Recent preliminary results from

CLAS12 and upcoming GlueX data
will definitively distinguish single
and multichannel exchanges

Exploit full JLab luminosity with the
SOLID experiment in both photo-
and electro-production

R
_ J/y Producti . ucti +ee _ :
P TVIREER o exclusivespree - Precise measurements of both total
: = + T 3 and differential (do/dt) cross
= 1 ‘ — : -
S : ] sections are critical for both
@) B |
: ] spectroscopy (pentaquark) and
107 , = .
: & Gomell photoproduction 3 structure (gluon GPD, mass radius)
- s GlueX photoproduction N
i 2+3-gluon fit ]
10—2....I1.|.I ................ Lo b v by
8 85 9 95 10 105 11 115 12 125
E, (GeV)  arXiv:2303.02579
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Uniqueness of 12 GeV c¢c¢ program

Yp —= JApyp
E 14;— Yield [Events]: GL%
* First observation of C-even ., 202 M- tascar || Pl
photoproduction with current GlueX g r Mol Mo

data (and much more data to come!)

LLIL L

* Future GlueX data will allow for a 33 34 35 s
holistic theoretical description of

threshold cc¢ production: J/y, y,.;, w(2S)

.% PRD 102, 114010 (2020)

Use I'(X — yp, yw) and VMD
y / X(3872)

plw
p p

% |mportant to validate production

models for cc and potentially more
exotic states at EIC and JLab 22 GeV
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Charged tetraquark candidates: Z.

MeV
®m  ccqq ®m ccqgs
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— —
Recent review: J5¢ arXiv:2112.13436
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Charged tetraquark candidates: Z.

ete” — J /) Tt
i —4- Data

1000 Zét (3900) — otal

| ---- Background fit
80 -
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PRL 110, 252001 (2013) BESI
PRL 110, 252002 (2013)
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Charged tetraquark candidates: Z.

ete” — J/ym o~
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% Many observations of charged
Z, (ccqq) and Z, (cTsq)

% Production mechanism dependent
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Charged tetraquark candidates: Z.

100

3 Z=£(3900) — ot

(0]
o
T

N S
o o

Events / 0.01 GeV/c?
o 3

% Alternative production mechanism:
free of rescattering effects and

3.7
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---- Background fit
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sensitive to photo couplings

% Same production mechanism near

10?

10

o(y p = Zn) [nb]

threshold (7 exchange) studied with 107
light quarks in GlueX and CLAS12
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Future XY Z photoproduction facilities

Electron lon Collider (EIC)

Abhay Deshpande
Today @ 16:30

Polarized
Electron

/ Electrons

Electron
Injector (RCS)

CFNS Workshop: Exotic heavy meson
spectroscopy with the EIC
hitps://www.stonybrook.edu/cfns/activities/conferences.php

Stony Brook, USA April 14-17 2025

f.e-r:son Lab upgrade:

Ee=12 = 22 GeV

Patrizia Rossi
today @ 17:00

J

Jef

Workshop on Science at the Luminosity
Frontier: Jefferson Lab at 22 GeV
https://www.jlab.org/conference/dec24luminosity22qev

Frascati, Iltaly December 9-13, 2025
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https://www.stonybrook.edu/cfns/activities/conferences.php
https://www.jlab.org/conference/dec24luminosity22gev

Future XY Z photoproduction facilities

Complementary access to charmonium
photoproduction with higher energy facilities

c D
Electron lon Collider (EIC) JefferSon Lab upgrade:
e=12 0 22 GeV

— -;‘
i
fl

]
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Photoproduction of Z(3900)
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Summary and Outlook

* New era of precision spectroscopy measurements from light and
heavy quark sectors with US-based photoproduction facilities

% Critical collaboration with theory: direct connections to first-
principles calculations and phenomenological framework for
fitting and interpreting data

% 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
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