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Physics Motivation

Complete understanding of QCD should be able to predict entire spectrum of hadrons
Rich spectrum of conventional mesons and baryons has been observed

Experimental evidence for light exotic mesons scarcer

One of GlueX’s main goals: map out conventional and exotic hadron spectrum

* Large emphasis on hybrid mesons - mesons with gluonic excitations

Meson Baryon l .

Hybrid Meson Tetraquark )




Jefferson Lab and CEBAF

NIMA 987 (2021) 164807
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 CEBAF accelerator delivers up to 12 GeV electrons to Hall D

—

» Produce linearly polarized photon beam using coherent Bremsstrahlung (P, ~ 40 % )



The GlueX Experiment

Forward Calorimeter

. Flngarly polarized photons hit vt ilie
lquId hYdrOgen target Barrel Calorimeter

Start Counter

* Nearly hermetic detector for

both charged and neutral Target DIRC
partlcles Photon Beam

° GlueX—I data COmpleted n 2018 ﬁgg:;% Forward Drift

Chamber

* Phase-Il data nearly complete, o Central Drift
Chamber
DIRC for improved 7/ K PID \ S—
Radiator
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Production of Mesons and Baryons at GlueX

» t—channel exchange dominates at our beam energies

* Photon < vector meson, which then exchanges a particle with the target proton

* Can produce mesons and baryons through these processes

o tis the four-momentum transferred from beam photon to meson system

a,(1320) a5 (1320)

t = (p(y) — p(ay)”



Overview of GlueX Spectroscopy Programs

o

Tetraquark

.8

Hybrid Meson

Selection of results from meson and baryon programs, including

» Search for exotic mesons in @~

 Status of the hybrid meson search

 Sensitivity studies, conventional mesons

* Studies on A™™" production and decays

* Beam asymmetry, SDMEs, double SDMEs, factorization studies

* Baryon spectroscopy (= states)

* Underlying baryon dynamics (baryon-antibaryon, A(1405)) Baryon



Hidden Strange Exotic Mesons

PRD 108, 032011 (2023)

Charmonium spectrum has too many vector mesons
* Y(4230) is well established four-quark candidate
Similar situation may be happening in s§ system

®(2170) is best four-quark candidate in ss

» Observed at eTe™ colliders by multiple experiments
» Reconstructed in p(2170) = ¢pr*r™

Structure found at higher massinete™ - KTK~

* Unclear if related to ¢(2170)
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PRL 136, 251902 (20206)

—o— GlueX data
¢ — total fit
¢ — signal
ETTITR, e continuum

Search for the ¢(2170)in ¢z 7~

Search for ¢(2170) at GlueX by measuring o(yp — ¢rn"n " p) 16}

(\E‘ 141 ’ structures
> 12}
Fit model: 812 .
. | S g GuuX®
* Continuum background (4th-order polynomial) 2o S g0 Fie b,
» Breit-Wigner at 1.82 GeV/c” i :

18F —o— GlueX data

— total fit

 5(1850)2, X(1830) via K*K* rescattering?

° Slgnal mOdeled aS elther 14;_ & - continuum

structures

* ¢»(2170) with PDG parameters (top) g
e “Y(2240)” parameters from BESIII (bottom) g

Data not consistent with PDG ¢(2170) parameters, but
observe peak consistent with BESIII peak parameters

oull [o]

14 16 18 2 22 24 26 28 3 3.2
m(on*n) [GeV/c] 8



Hybrid Meson Search

PRL 122, 042002 (2019)

* Hybrid meson spectrum can tell us how valence A0
- N P-wave

gluons contribute to QCD bound states 25,

- N
=
| T T T

 1;(1600) is best established hybrid meson candidate

Events/40 MeV

A
o
TTTT[TT1

» Spin-exotic - J¥¢ = 17" not allowed for gg

O
O
T

O
o
T L

* Decays to 7’]071' in a P—wave - “smoking gun” exotic
signal x10°

5 N7 P-wave

* Seen by multiple experiments, in multiple decays .

* Mass and width appear different for yz and 'z

Events/40 MeV

» JPAC able to fit both distributions with single i

resonance pole o=,
0.8 1.0 1.2 1.4 1.6 1.8 2.0

s (G;eV)




,(1600) Upper Limits Projected to n"x

Measure upper limit on ;(1600)

: : PRL 133, 261903 (2024)
production cross section

z<103

. - e 25 ‘ — Data : — Data
Project upper limit to other channels 5 . (1320 | *0F o (1320)
: , _20F m,(1600) | P “ m,(1600)
In 57, a,(1320) is large and maximum 2 | G % L0k |||||||”| |H
o = sk [ S0
7, (1600) contribution is small = | S0 f +| }} HH+
2o AN
In 'z, a,(1320) smaller, and can’t rule = .,, Siof M ++*+ﬂ
. . sE S “‘*-....“ 00E }
out large 7;(1600) contribution - . N ***%
’ l.l()I - I1.|5 21)'~$“+":;5 ’ Il.l() IIIII ]fS 2.|()E o 255
M) [GeV/c?] M(M') [GeV/c’]

We can use 777 to understand a,(1320), but 7'z has better sensitivity to 7;(1600)
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Separating Production Mechanisms

* Broad overlapping resonances require partial wave analysis techniques

* Beam polarization separates Natural and Unnatural exchanges

e Natural: JX =0%, 1=, 2%, ...;Unnatural: J =07, 17, 27, ...

a,(1320) a5y (1320)

Natural Exchange Unnatural Exchange

11



a’(1320) Cross Section

0
Yp — nNm'p
o % 0.3 <4 Total
+ First separation of naturaland = | 1 Natural Exchange
P S | | 4 Unnatural Exchange
unnatural exchanges sl o 5 Mathieu et al. (JPAC)
* Comes from GlueX’s unique :
> Unig - LUEX
photon beam polarization 0.1 1

* Cross section measured here can N U S S — e

complex nw anaIYSlS PRC 112, 015204 (2025)

Gives conventional meson anchor for hybrid meson searches in 7z channels



Production of a5 (1320)

« Want to extend hybrid search to charge-exchange processes like yp — nr~ AT

» Both charged and neutral #z have a,(9380) and a,(1320)
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ag(1320) and a, (1320) populate different spin states due to different production



Complications with Unstable Recoil Baryons

* non-A™TT background that increases with increasing —1

L

> — 100 B1400F
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* Need to model both production and decay of A
Understanding A" production and decays essential for hybrid search in charge-
exchange processes



AT Production Mechanisms

* Reconstruct process yp = 7~ AT7(1232) with A™ — pr™

* Measure beam asymmetry

PLB 863, 139368 (2025)

 +1 = all natural exchange

 —] = all unnatural exchange

III|III|III|III|III

o Unnatural dominates for —¢ < 0.4 GeV?

 Natural dominates when —¢ > 0.4 GeV?

GlueX

SLAC

JPAC pole model

Yu and Kong model

L1 1 1

I

Shows us unnatural exchange dominates at low -t

T
0.8 1

T2 14
—t (GeV?)
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Understanding A*" Through SDMEs

* Linear combinations give natural and unnatural SDMEs separately

» Natural exchanges well described by model, discrepancy for unnatural exchanges

0.2
Natural Exchange 3
4 0.4
—0.6F 0.6
o GrugX™ : by :-
555" 6406 08 1 T2 T4 02704706 08 T 12 14 5557640608 T2 T4 55276406 08 T T
PLB 863, 139368 (2025) ~H(GeV) - t{GeV) ~t(GeV?) ~t(GeV?)
s < 1
= 0.8

Unnatural Exchange ‘i

—0.2F
—0.4F

o G| . A
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Important input for improving theory description of unnatural exchange




p~ AT Double SDME:s - Factorization Studies

* Question: Can upper and lower vertices be treated independently?
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e Full model vs factorized model

 Factorization appears to hold

Factorization will reduce
complexity of models in
important, low statistics hybrid
search channels
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Cascade Spectroscopy Program

In addition to baryon production and decay, can also study spectrum of baryons

Overall
Particle  JF status
=(1320)  1/24 sk
=(1530)  3/2+ skkx
=(1620) *k
=(1690)  1/2— s
=(1820)  3/2— sk
=(1950) ook
=(2030) KKk
=(2120) X
=(2250) %k
=(2370) -
=(2500)

2000

Only 3 cascade states have “four star” status

GlueX can produce these doubly strange baryons
against recoiling kaons

GlueX detector capable of reconstructing
complicated final state topologies

Goal: find cascades that are predicted but not
well established experimentally

18



=(1320)" Photoproduction
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Excited Cascade Cross Sections

yp — KK+ E(1530)", E(1530)" — E(1320) z° 3 yp - KTK* (AK"™)
»w B0F= xr10 T v
€ F > 050 =(1820) 0
S [ M = 1537(2) MeV %’ - = : ; éG]ueX
E [ = 11(2) MeV - ¢ i
- Gllﬂ' f\er” T'=112) Me 2 04 ' = A Background
40— Preliminary - K ) .
S | 7)) K | : :
: 2 oall =(1690) o GueXt
302_ | q>J | : [ %, e ..;' ' H){> Preliminary
. - LIJ 3 711 ‘. + " + %’ “ )i
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V. Crede and J. Yelton, sub. to Rep. Prog. Phys.

Find evidence for Z(1530)~, E(1690)", and =(1820) at GlueX

GlueX can produce, reconstruct cascades in complicated decay modes
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Baryon-Antibaryon Studies

PRC 113, 045207 (2026)

» Measure cross sections for yp — ppp
and yp = AAp

* No evidence of narrow “baryonium’-
like structures

* Double-t-channel phenomenological
model matches data well
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Large cross sections - opens door to additional baryon-antibaryon studies
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A(1405) Physics Motivation

* A(1405) too light compared to A(1520)
* Chiral unitary models, CPT, LQCD predict two I = O states in this region

e Near NK and Zz" thresholds - possible molecular component?

T T T T T T T T T T e LN ey I e o o e e o mm e |

Scattering amplitude from Chiral Unitary Model | = maizo1amac2

‘ R 1 @ Mai2014xna(4)
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v 0O Morimatsu:2019wvk(B)

o ’ ] Morimatsu:2019wvk(C)
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Shevchenko:2011ce
Shevchenko:2011ce

M. Mai - Eur. Phys. J. Spec. Top. 230 (2021) 6, 1503



A(1405) Physics Motivation

Higher mass pole couples more strongly to NK

B Mai2014xna(2)

] R 1 @ Mai:2014xna(4)
® A

LLower mass pole couples more strongly to Zoﬂo\ g .3, R e

y Feijoo:2018den

Borasoy 2005ie

We can reconstruct both of these modes at GlueX T 8 ; 1| 5

e Y020wWithZ¥ - yA, A - 77p

v ‘ Morimatsu:2019wvk(B)
Morimatsu:2019wvk(C)
Oset:2001cn
Roca:2013av(1)

. 5. & 1 @ Roca:2013av(2)

D ®
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—
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BT— 1“7}1 v Anisovich:2020lec(2)
o p I * ] Femandez-Ramirez 2015tfa
| Zhang:2013sva

O Haidenbauer:2010ch
&,
QQ. Cieply:2011nq

Goal: extract A(1405) pole position(s) using ~ oy |

Hassanvand:2012dn
Shevchenko:2011ce

COupled-Chanﬂel K-matl‘lX ﬁt #1360 1380 1400 1420 140 Shevchenko:2011ce
Re W (MeV)

M. Mai - Eur. Phys. J. Spec. Top. 230 (2021) 6, 1593
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K-matrix fit with 2-pole ansatz for A(1405) gives better description of GlueX data
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(SLUEYX -

Preliminary

* Points show GlueX preliminary result

» Systematics nearly finalized

* Publication in preparation
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Summary

* GlueX is mapping out meson and baryon spectra using polarized photoproduction

» Observe peak in @x™ 7~ spectrum consistent with ¢(2240) parameters from BESIII

. a§(1320) cross section gives us “standard candle” for n'z" analysis

» ATT SDME analysis has helped improve theory description of unnatural exchanges

 Factorizing meson and baryon amplitudes will enable PWA in statistics limited channels

* Rich cascade spectroscopy program is in progress

* Two-pole K-matrix fit of A(1405) gives best description of GlueX data

GlueX-3 next year - improved sensitivity to charmonium with new GEM-TRD

GlueX acknowledges the
support of several funding
agencies and computing
facilities:
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Amplitude Definitions

* Three angles describe the production and decay:

* @ is angle between beam polarization vector
and the production plane

* Angles @ and ¢ in parent meson rest-frame

» Use Z," amplitudes: Z(L2, @) =Y ?(Q)e‘iq’

, 2 2 PRD 100, 054017 (2019)
1(9,0) =26 Y 3 (1—P) [ [ ARe[Z(2,®)]| | H (1 — P D 144 Im[Z (2, @)]| |+
—_— I Natural Exchange (w, etc)
1+ B[S0 RelZ @, @) [+ 1+ B [0S mizme, ey |¢ - Unnatural Exchange (z, etc)
Z,m £,m J

Can havem = — ¢ ... ¢ - many allowed amplitudes
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Semi-Mass Independent PWA of 77"

 Fully mass independent
fits have too many
parameters to converge to
stable minima

9.1 <-1<0.2GeV? 0.2<-1t<0.325GeV? 0.325<¢-1<0.5GeV? 0.5<¢-1<0.75GeV? 0.75<-t< 1.0 GeV?

* Introduce physics
constraint: model D-wave

as a,(1320) Breit-Wigner

Entries / 40 MeV

» Use these fits to measure 2 14 16 12 14 16 12 14 16 12 14 16
M(n7°) (GeV)

a,(1320) cross section as
function of —¢ PRC 112, 015204 (2025)



Candidates / 0.01

* Reconstruct process yp — 7~ ATT(1232) with A™ — pr™

» Measure SDME’s - fit A™™ decay angles in bins of —¢
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Understanding A** Production and Decay

0.640 GeV? < |f| < 0.850 GeV?

Gui’

x10°

~100 0 100
¢ . g, (deg)

PLB 863, 139368 (2025)
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p~ AT Double SDMEs

* Question: Can upper and lower vertices be treated independently?

* Does the amplitude factorize?
Full model

_ 2 A ! ' !
| GE= YD S Y )P, (s, e ()| F(m2g)|?

P mm'

Factorized model
Itot = (IO,p + Za=1,2 Pa Ia,p)

More details on math in V. Mathieu’s talk (9/718:335)
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~“AT" Double SDMLEs - Factorization Studies

Question: Can upper and lower vertices be treated independently?

p- — SDMEs
-+ Factorized model —+ Full model
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A" — SDMEs
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* Full model vs factorized model

 Factorization appears to hold

—t [GeV?]
l improve convergence for low statistics channels



