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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

Hadron Spectroscopy at GlueX
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Some guestions in hadron spectroscopy

0O O (g What are the dynamics of the strong
@ interaction that generate hadron mass?

mesons baryons

tetraquark  pentaquark

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

glueball hybrid meson

What is the nature/structure of the
exotic candidates we’ve observed,
and how can we probe them with new
production mechanisms?

NSTAR: US Perspective Justin Stevens, WILLIAM & MARY 3




Experiment: international collaborations

Heavy quarks <4—— Light quarks
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Experiment: international collaborations

Heavy quarks <4—— Light quarks US-based
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Theory: US-based collaborations

3000} negative parity ] positive parity I exotics
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1000.- : “ / r my = 391 MeV ‘
- Lightest hybrid 21" 128
Ly — mesons isoscalar -
500 | isovector |
0+ Dudek et al. PRD 88 (2013) 094505

Many calculations of meson-meson coupled h
channel scattering on the lattice, recently a SpeC

iIncluding external electromagnetic currents
Hadron Spectrum Collaboration
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Theory: US-based collaborations
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Coupled channel fit to #r and 'z determine pole
positions for a,, a, and single exotic 7;(1600)

COMPASS: PLB 740 (2015) 303
JPAC: PRL 122 (2019) 042002
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Theory: US-based collaborations

DOE Nuclear Theory

EXOH A];‘) Topical Collaboration

https://www.exohad.org/

EXOTIC HADRONS TOPICAL COLLABORATION

CD

lPAC W

Hadron Spectrum Collaboration

Pheno
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https://www.exohad.org/

US Nuclear Physics: Long Range Plan (LRP)

2023 | VERSION 1.5

https://nuclearsciencefuture.org/

NSTAR: US Perspective

* Decadal vision for Nuclear

Physics in the USA

* Recommendations to US

agencies, DOE and NSF, on
funding priorities

LRP RECOMMENDATION 1
The highest priority of the nuclear science |
community is to capitalize on the
extraordinary opportunities for scientific
discovery made possible by the substantial

and sustained investments of the United |
States. We must draw on the talents of all in §

* What does it mean for Hadron

Spectroscopy?
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https://nuclearsciencefuture.org/

'LRP: The GlueX and CLAS12 detectors at Jefferson Lab |
‘&i” La | provide powerful tools for studying the spectrum of |

hadrons built from light quarks and gluons.

—= = —— ——

* JLab 12 GeV running since 2017: G " Forvard Clorimeter
programs in hadron spectroscopy, "UEXWW e

nucleon and nuclear structure, etc.

Forward Drift
Chamber

Central Drift
Chamber

* Photoproduction process provides access N
=
diator

. Magnet 2
to many proposed exotic decay channels E.egzw

* Orders of magnitude higher statistics than
previous photoproduction experiments

Solenoid

<1
Class®

Experimental
Halls A/B/C
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Meson spectroscopy: search for £;(1600)

* Informed by lattice QCD predictions:
Test universality of resonance

* 7,(1600) decay modes — requires across production mechanisms
studying many final states and decay modes

7,(1600) partial decay width prediction

I'; /MeV
Zi L';
- 600

dominant coupling
tobym — wnn

400 by

200

- f1(1285)7 small
coupling to
nz where

exotic is
1500 1550 1600 1650 icZh observed

had/Spec Woss et al. PRD 103 (2021) 054502
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Meson spectroscopy: GL%

Peter Hurck
Mon @ 15:45

—+— Measured o(wnr) O — (w7mm) p) O — ora’ AT
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Meson spectroscopy: claSs

PRD 105, 012005 (2022)
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* Unique #1717~ dataset to compare with observations
of ;(1600) signal from COMPASS
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Baryon spectroscopy: cloSs
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Patrick Achenbach: next

Daniel Carman
Wed @ 1:30

\\ AI/Z: A3/21 S1/2
helicity amplitudes

v
A=l 2

YN Ao, Aso- transverse
— > S,/2 - longitudinal
hiy

LRP: A robust experimental program with |
CLAS12 has focused on measurements of |
the transitions between the ground and |
excited baryon states for a range of energy |
and momentum transfer O2, which will |
enable us to study how hadron structure |
emerges from QCD. |
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Cross section do/dM (ub/GeV)
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neutral decay detection

Reinhard Schumacher

Baryon spectroscopy: GLU:E)CW 1o @ 1400

Hyperons in yp to Kt {20} & Kt {p K~}
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—— p K~ Fit
— Y940 Fit
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* t-channel photoproduction of exited | |gp. Continuing to run CEBAF at

baryons with both charged and | allow data to be collected even for relatively
rare decay modes; in parallel, analyses of
increasingly complex final states will aim to

—_——k . map complete families of exotic hadrons.
* Doubly-strange =~ also accessible | 1ap omprete Tamiies o7 eXone nacrons.

i p K~ (scaled) -
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KLong Facility (KLF)

Compact
Photon Source

North LINAC '\\
e beam E '

y beam

East ARC

* Create secondary beam of neutral
K; and use Hall D spectrometer to

study the K; p and K; n 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

Be Target

" LRP: Plans for Hall D include the approved eta |
i factory experiment and the proposed intense |
K-long beamline that would serve new
experiments in the GlueX spectrometer. |

W[

Magnet

Moskov Amaryan
Plenary Fri @ 10:15

Collimators
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arXiv: 2008.08215

4
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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

pentaquark

e.g. PRD 92, 071502(R) (2015)

rescattering (triangle smgularlty)

molecular

Gary Robertson
Plenary Wed @ 11:30
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PRL 122, 222001 (2019) (888
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Pentaquark photoproduction

J/yw photoproduction
Y
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. LRP: Nuclear physics facilities can help resolve b . | Wﬁh
| mysteries generated by these new observations by 400 L sy fipaasy
investigating these states in more direct production | 200 :
processes free from many of the complrcatrons | A A

4800 4250 4300 4350 4400 4450 4500 4550 4600
m .., IMeV]

PRL 122, 222001 (2019) [RS8

the current CEBAF beam energy, searches in Hall C

l and GlueX have thus far seen no signal for the
observed pentaquark candidates, limiting the

possmle interpretations of the hrgh energy results .

NSTAR: US Perspective Justin Stevens, WILLIAM & MARY 20




Pentaquark photoproduction

yp — Jlyp
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Pentaquark photoproduction
Ay — J/YypK™
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Even stricter limits on P_ production
taking into account differential
cross section do/dt

Proportional to BR(Pc—J/Pp)?
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J/P photoproduction at GL% Sean Dobbs

Plenary Fri @ 11:15

* Experimentally clean and %"’3%;1 PRC 108 (2023) 025201
rare probe with ~2.2k J/yy ¢ | \ L ” ”
observed in GlueX-| ol W‘WW’&}WM’W

_ s

% Broad physics program - ‘W‘MW |
driven b.y different | 0- yp — e+e_p ”
production mechanisms :

To s 0 a5 '1'\43({0;)'[(3 33
s-channel: t-channel: ooen charm
pentaquarks gluon GPDs, mass radius P

Iy

Iy p
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Interpretation of J/ results

do/dt [nb/GeV?]

[
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*
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10:| 1 1 1

Sean Dobbs
Plenary Fri @ 11:15

T
- PAC A
JPAC: PRD 108 (2023) 5 J

e GlueX (2023) .
— Nonresonant (3C-NR) -
~ Resonant (3C-R) |

1 I 1 1 1 1

l 1 1 1 1

10

11 12

E, [GeV]

Differential cross section do/dt consistent between J/y — 007 (Hall C) and
GlueX — sensitive to gluon GPDs, mass radius, etc. under certain assumptions

Total cross section sensitive to “cusps” near open charm thresholds — models
with both resonant pentaquark and purely non-resonant effects can adequately

describe the data

Improved precision required to differentiate production mechanisms

Hadron Spectroscopy at GlueX
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Where will new data come from?

10:- T
GlueX-lll proposal
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Exploit full JLab luminosity
With SoLID experiment

SeLID

SOLENOIDAL LARGE INTENSITY DEVICE
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Charged tetraquark candidates: Z.
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Recent review: J5¢ arXiv:2112.13436
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Charged tetraquark candidates: Z.
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PRL 110, 252001 (2013) BESI
PRL 110, 252002 (2013)
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Charged tetraquark candidates: Z.
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* Alternative production mechanism: : 210650

free of rescattering effects and
sensitive to photo couplings
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% Same production mechanism near

threshold (7 exchange) studied with 107
light quarks in GlueX and CLAS12
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Future spectroscopy facllities

Electron lon Collider (EIC)

| LRP RECOMMENDATION 3 ,
| We recommend the expeditious |
completion of the EIC as the highest |
| priority for facility construction. |

eeeeee

BNL-EIC

ocation

Electron
Injector (RCS)

(Polarized)
lon Source

JS: Wed @ 14:25

 LRP:To investigate the other XYZP stts, |
| higher beam energy is required; the tetraquark |

produced at a high-luminosity, fixed-target

J f.;gon Lab upgrade:

Jef
Ec =12 & 22 GeV

candidate Zc states would be copiously

electron machine operating above 20 GeV.

Patrizia Rossi
Plenary Tue @ 11:30
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Justin Stevens, WILLIAM & MARY 29




Photoproduction of XY/ states

Complementary access to charmonium
photoproduction with higher energy facilities

Electron lon Collider (EIC) Jefferson Lab upgrade:
Ec =12 - 22 GeV
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Photoproduction of Z(3900)
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High luminosity near-threshold
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Realizing the EIC and JLab 22 GeV
Patrizia Rossi

Plenary Tue @ 11:30
% EIC project passed CD-3A review

* International QP@ collaboration developing detector
* Jefferson Lab 12 GeV and positron program through 2030s

* Broad 22 GeV program defined in White Paper [arXiv:2306.09360]

David Dean's slides with “Notional” plan from JLab User Organization meeting last week
Fiscal Year

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42
Moller (MIE, 413.3B, CD-2/3) .

SoLID (LRP, Rec 4)

NN
Positron Source (R&D) NN
CEBAF Upgrade preCDR/preplan ---
]

Positron Project (potential)

Transport e+

22 GeV Development (R&D) -----

22 GeV Project (potential) -----
EIC Project (v4.2, cD-1,cD-3A) NI

CEBAF Up
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https://arxiv.org/abs/2306.09360
https://indico.jlab.org/event/856/contributions/14474/attachments/11158/17146/20240610%20JLUO%20Meeting%20Dean.pptx

Summary and Outlook

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

% 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

Office of

_,_ U.S. DEPARTMENT OF
20/ EN ERGY Science

JRS supported by DE-SC0023978
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