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Introduction




Exotic states

conventional hadrons

oo (99
meson qg baryon qqq
allowed by QCD, beyond qg and qqq

hybrid glueball tetraquark  pentaquark
q48 88 q9949 494994

‘:1 )Introduction — ( Exotic states

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

NON-STRANGE OPEN STRANGE

00 00

e.g. m(1600), 17 e.g. sup;rr*\umerary
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HadSpec, PRD 88, 094505 (2013)

Hybrld mesons in lattice QCD PRD 84, 074023 (2011)
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Hybrid mesons in lattice QCD

HadSpec, PRD 88, 094505 (2013)
PRD 84, 074023 (2011)
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‘:i‘ Introduction — < Exotic states> — < Lattice QCD >

JPC

Exotic JFC

0——, 0t—, 1=+ 2t— .. .:
impossible for gg; needs gluonic or
multiquark content

qq glue hybrid

S-wave

00" ® 177 — 17~

17" ® 177 — o7t 17+, 27+
P-wave

1™ @ 1t - ot 17, 2+
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. o S HadSpec, PRD 88, 094505 (2013)
Hybrid mesons in lattice QCD

PRD 84, 074023 (2011)
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Where to search for 7;(1600)? Lattice QCD N

#,(1600) partial decay width prediction ~ had/Spec Woss etal. PRD 103 (2021) 054502

I/ MeV

///z,r,
600 . .
400/’//———m dominant coupling
. toby 7 - wnrx

y axis broken: lower panel zoomed x20

ol f1(1285)7 small
: coupling to
I I//\_I 120)7 7](,)77: where
;,’; K exotic is
1500 1550 1600 1650 mp MoV observed
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Left: COMPASS, PLB 740, 303 (2015)

Where to search for 7;(1600)? Coupled-channel fit T N

Right: COMPASS, IWHSS/QCDN 2025

JPAC coupled-channel fit: COMPASS )z

P wave (1~7) D wave (277)
3042 «10°
W P-wave. j 120f. T D-wave ﬂ -
. - 100F A .
= 2 wf [ 4 \
H H |
nmw 3 S f [\ e
H H \ /
\ a5(1700)
20F / 21 /
P \\a%“u
Ofegooe o] L . N |
08 1.0 12 1.4 16 18 2.
Vs (GeV)
10° 10"
£ nin P-wave 4SE nix D-wave
9 40 N a5 (1320)
3 4 71 (1600 5 35
K 11 ) 230
/ e 3F g 25
nm 3 2 20
8 2 815
Y Yo
0.5]
ok, I e
08 1.0 12 1.4 1.6 18 2 08 1.0 12 1.4 16 18 2
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» JPAC fit of COMPASS data: one 71 pole at ~1600 MeV
» Independent coupled-channel analysis of pp, ©~ p, 77 (EPic 81, 1056 (2021))

» Photoproduction: barely explored = unique opportunity for GlueX
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Left: COMPASS, PLB 740, 303 (2015)

Where to search for 7;(1600)? Coupled-channel fit Right COMPASS, IWHSS/QEDN 2028
JPAC coupled-channel fit: COMPASS 7"\ Spin-exotc J"C=I- waes at COMPASS
reliminar
P wave (1~71) D wave (2771) Nnminu]pm(]()()()) gosili(m
00 nr
o1~ - a(1320) >
P a,(1700) g ;JJ’H‘IH..__ n'r
CoE ) > g
§ e o E ,Ar*”“”‘m o
® Elna
0sf o™ 2 ;l_,ful(lBS)zr
E o2 me e Ee e >
= S (T T0)
13 |I3 |I4 I‘ |I |I7 |I |I :
’ Mass(GGeV) ’ ’ ¢ E WM =+
3 1285)7
71, a2(1320) and a5(1700) poles determined simultaneously E _‘Hf'&ﬂ )
B s e B e R e p(770)a0
15 (GeV) 15 (GeV) _'rrI
i Ls 2
» JPAC fit of COMPASS data: one 7 pole at ~1600 MeV my [GeVie?]

COMPASS: spin-exotic waves
seen in many decay channels

» Independent coupled-channel analysis of pp, m~ p, 77 (eric 81, 1056 (2021))

» Photoproduction: barely explored = unique opportunity for GlueX
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Isoscalar partner: 1,(1855) at BESIII

Left: BESIII, PRL 129, 192002 (2022)
Right: HadSpec, PRD 88, 094505 (2013)
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J/¥ — ynn’: M(nn’) with the partial-wave fit

«++» PWA fit projection (exclude n,)
— PWA fit projection (baseline fit)

m / MeV

exotic J©C, lattice QCD

3000 — ™ ud (1) i
m i+ dd (m)
™ s5 (1;)
|
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- il
-
+7
- gt 2
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17+

Caveat: my = 392MeV, masses above physical

» BESIII candidate for the isoscalar partner 771(1855) in J/v — yn'n

» GlueX: opportunity to study the isoscalar partner in photoproduction

1 )Introduction — ( Coupled-channel fit )— ( 71(1855)
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GlueX at Jefferson Lab




Hall D photon beam: t-channel dominance

Total yp cross section (PDG 2022); band: GlueX,
6 < E, < 11.4GeV

i o It 0 it 0.
Py (GeV/e) (for yp)
# I E—
E o100 f o 1
= | GlueX
g
2 0.01 =
¢ H
S = H
0001k E g
£
= Vs (GeV)
J , .
W0os™ s 10 50100 500

» s-channel resonances fade: t-channel exchange
dominates

» Top-vertex meson, recoiling off the target:
near-threshold reach

1 )Introduction — ( Jefferson Lab »CHaII D and GlueX detector) 7/30




Hall D photon beam: t-channel dominance

Total vp cross section (PDG 2022); band: GlueX,
6 < Ey < 11.4GeV

i o o i3 ot i
. Puay (GeV/c) (for yp.
A1 v
A [
2 TRk, T ]
g0l j Y iotal 1
H [ GlueX
L
4 0.010¢ 2 4
5
M = H
2 3 total
0.001F——% N
g A
i S L ——
1 Vs (GeV)
10!
0.5 1 5 10 50 100 500

» s-channel resonances fade: t-channel exchange
dominates

» Top-vertex meson, recoiling off the target:
near-threshold reach

t-channel natural
exchange

unnatural
P(-1)) = 41 P(-1) = -1

nonstrange P (vacuum); p, w 7

strange K*, Kk K

Linear polarization probes naturality, which helps pin down JPe

Hall D photon beam line X(J7)

d|amonad|ator polarized ﬁww/or BB
: P, p,w, 7 (nonstrange)

e, 12 GeV
' K™, k, K (strange)
1

E,=E — E. p(LI—V\RA

A X
Coherent bremsstrahlung: ~35% linear
polarization at 8.2-8.8 GeV, tagged to 11.6 GeV

1 )Introduction — ( Jefferson Lab »(Hall D and GlueX detector) 7/30




GlueX, NIM A 987, 164807 (2021)

Linearly polarized photon beam

GlueX data collected so far:
~10!? events and ~12 PB of data

T T T T T T T
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» World's largest polarized photoproduction data set
diamond at 0°

» Diamond radiator: ~35% polarization at o0

8.2-8.8 GeV; diamond orientation sets the
polarization angle
» Key to the production mechanism and spin-parity x
» 0°/90° and —45°/45° pairs cancel the azimuthal
acceptance (e.g. up—down asymmetry from detector
sag)

1 )Introduction — ( Jefferson Lab »(Hall D and GlueX detector) 8/30




The GlueX detector

central drift barrel time-of- forward

start chamber calorimeter flight calorimeter

counter

g
target /

diamond

radiator
photon beam

forward drift
chambers
electron beam tagger magnet superconducting
solenoid (2 T)
» Large acceptance, nearly » Precise exclusive final states
hermetic

\@)Introductiona(JefFerson Lab)a(Hall D and GlueX detector>

Left: adapted from GlueX, NIM A 987, 164807 (2021)
Right: vp — AAp, GlueX, PRC 113, 045207 (2026)

Reconstructed A vs A mass

pr Invariant Mass (GeV)

1.1 115 12
pr* Invariant Mass (GeV)

N

pr Invariant Mass (GeV)
= &

11 115 12
pr* Invariant Mass (GeV)

» Multistage detached-vertex
reconstruction
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Exotic states and spin dynamics




71(1600) photoproduction upper limit

GlueX, PRL 133, 261903 (2024)

oy p = (onm)_p)

wrT
- Total Fit
2,(1320)
I neutral
: exchange
P P 0.00
12 14 1.6 1.8 20 22
M((onmy ) [GeV/e')
o(yp = on’ A™)
W
| charge
: exchange
P A+ 00
1

12 14 16 18 20 22
M(orn ) [GeV/c?]

Fit o(wmm)/=1 with fixed BW shapes:
a,(1320) (PDG), 71(1600) (JPAC)

2 )Exotic states — non-strange exotic 71(1600) upper limit

Photoproduction

7\'1(1600) 1

» Upper limit on
vp — p 7Y (1600) and
vp — AT w7 (1600), using
71(1600) — biw — wnm
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GlueX, PRL 133, 261903 (2024)

71(1600) photoproduction upper limit

77 projection n’m projection
v wrT, n(/)ﬂ'o o - Data K ~Data
B a,(1320) a,(1320)
N l' — 7,(1600) — ,(1600)
I neutral "'."“
: exchange Mw’ Photoproduction
I}
/-\ ik,
p P . ‘ Wi
Jo—— M (G
) wm, 77(/)7r7 - ~Data
B a,(1320)
E —7,(1600)
I charge 3 » Upper limit on
yp — p7r(1)(1600) and

! exchange .
1 F . t
A~ - . vp — AV (1600), using
o At £ - Yo m1(1600) — by — wrmw
M(x) [GeVic')

M) [GeV/c']

t

Lattice-QCD branching ratios = n(’)fr projections:
a 71(1600) could be significant in 1’

2 )Exotic states — non-strange exotic 71(1600) upper limit
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GlueX, PRC 112, 015204 (2025)

Partial-wave analysis of a,(1320) in n7

0.1<-t<0.2 GeV? 0.2< -t<0.325 GeV? 0.325¢ -t< 0.5 GeV? 0.5<-t<0.75 GeV? 0.75¢ -t< 1.0 GeV?
x10%
6 T T ) T T Positive ]
n T T T Reflectivity o
L 1 L 1 o 3sl3 4 Total
. T T T T Quex- | Z|§ 03 4 Positive-Reflectivity
% L 1 [ I — D" s 4+ Negative-Reflectivity
L T T ] A T 4 Mathieu et al., PRD 102, 014003 (2020)
s o T ﬁﬁ_,l’n‘l_\k_ h II_I_H 02 =
=) ’\‘,A ! — _'_{—\_rr‘l S
N n 1 N A
P r bi L Negative 0.1
(] . B - T Reflectivity
g I 4 L +4 — GlueX-l
TR T T 1 T s ool ] D .
L I:ﬂ‘ 1 E 1 —F 01 02 03 04 05 06 07 08 09 10
2 + R e e vk N L ~11GeV?]
L ] L + - do/dt of yp — aJp from the PWA.
1.2 14 16 12 14 16 1.2 14 16 12 14 1.6 1.2 1.4 16
M(nm°) [GeV]
> a2(1320): reference for the amplitude analysis in the 71 final states nm, n'm, wrm
» Wave reflectivity € — naturality of the exchange:
€ = + < natural (P(—1)! = +1); & = — & unnatural (P(-1)’ = —1)
» Semi-mass-dependent PWA with an ap Breit-Wigner: dominantly natural-parity exchange, in agreement
with tensor-meson dominance
11/30

2 )Exotic states — non-strange exotic 71(1600) upper limit a»(1320) PWA



JPAC, arXiv:2609.35045

Spin-density matrix: from data to theory

Experiment
angular distributions
per (Ey, t, m) bin

fit Model-independent interface predict Theory
SDMEs p + covariance amplitudes A(s, t, mx, mg)

1 production amplitude

5 (Ay) ¢ ¢
Py, angle & pc ANA.\'iM'M(Satvm)ﬁmB) = Z‘/AA‘A_\.ANAB (Svt) F/\_\ (mx) FM (mB)
X(J7) (Ax) C——— —~—
production mechanism meson resonance Daryon resonance
Qx
, 2 spin-density matrix
1 - *
. Iexchange Paxan NN, (@) = % Z A i awas Py v (@) AAfAQ:A.Mg
|Ot(f) AN Ay ! :
. -
3 intensity function of the joint angular distribution
B(Xs) W(Qx, 2, @) = D pronnn () D5 () DY, () DIEr () DY ()
N (An) Qs 2Xp 8t AxABi AX AR Axpx \F X Moy 20X Apnp \* B Mup \* B

/ /
Ax M ApAl

» A good interface between experimentalists and theorists, with the full covariance preserved

2 )Exotic states — non-strange exotic 71(1600) upper limit a»(1320) PWA Spin-density matrix 12/30



Spin-density matrix of ATt in yp — 77 AT

GlueX, PLB 863, 139368 (2025)
JPAC, PLB 779, 77 (2018)

1 this slide

vector +
2 pseudoscalars: wnwm

2 pseudoscalars:
nr

71(1600) search channels

2 )Exotic states

non-strange exotic

1 F +p:¢‘+p§3 total natural exchange
1= +n‘f‘+n‘3’3 total unnatural exchange}
08 + t
Lt
0.6~ - +
: T
041 +
[t
off it F

at larger —t

71 channels

OH‘\H‘\H.\..‘\H\HE.‘.\
0 0.2 0.4 0.6 08 1 1.4

1.2
—t(GeV?)

Unnatural (7) exchange dominates at small —t, natural (p, a»)

NA exchange couplings (JPAC): input for the charge-exchange

See also: M. Scott (GWU), Beam asymmetry ¥ of the
20(980)° photoproduced in GlueX, Parallel V, Thu Oct 22,

3:50PM

71(1600) upper limit

2,(1320) PWA

7~ A"t SDMEs
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https://indico.cfnssbu.physics.sunysb.edu/event/668/contributions/2563/
https://indico.cfnssbu.physics.sunysb.edu/event/668/contributions/2563/

GlueX, arXiv:2610.03072
Theory with JPAC: arXiv:2609.35045

Factorized model 1 Full model
0.5 05
1 2 this slide e
), A _ S o s ]
_ e b3 2 09 ‘"‘eda‘ — ol 00 e T
W T 4
0
! 1P 4 %o o5 10 o5 10 %0 05 10
I I .
S S o2 o o
; At ; A
1 pseudoscalar 2 pseudoscalars
4 3
il vy ’
w 77( )
71' 0
1 ™ 1 ™
I I

-0.5 -0.5 -0.5
00 05 10 00 05 10 00 05 1.0
—t[GeV?] —t[GeV?] —t[GeV?]

vector + 2 pseudoscalars:
2 pseudoscalars: wmm n(’)7T » The A™ decay could give access to the joint spin-density matrix
71(1600) search channels of vector meson-baryon
» Could test whether the t-channel Regge amplitude factorizes, to

reduce the computational complexity of the model fit

2 Exotic states - non-strange exotic 71(1600) upper limit a2(1320) PWA T AT p~ AT SDMEs 14/30



Open strange




Extending the search to str

Conventional decays: PDG; LHCb, PRD 89, 112004 (2014); PRD 104, 072002 (2021)
arXiv:2609.30850 (MESON 2026)

ge hybrids

Complete the hybrid multiplet

the 1= hybrids appear in n’7 and n’n;
their strange 1~ partner can be searched
for in ’ K and other strange systems

No exotic signature

strange mesons have no C parity,
so a strange hybrid has ordinary
JP and would appear as an extra,
supernumerary K*

Spectrum still open
many excited K™ unestablished; GlueX
K, Kn('), Kmm data can map them

Extra handle in photoproduction
strangeness exchange (K, K*, k) and
the self-analyzing A recoil give extra spin
information

2 )Exotic states — open strange

[Photoproduction yp — K* Y]

——

=1

JP=ot JP =2t

supernumerary

state?

we start here
K*(892) — K=
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Strange-meson program

arXiv:2609.30850 (MESON 2026)

GlueX K7 mass

Kj: PDG vs. quark model

o+ - 2 3 4+

—— sideband subtracted

® Established (PDG Summary Table)
PDG mass uncertainty

width I’ faded ends = error on I
PDG width T faded end:
— Quark model

o ETETT

1.5 - e
I3

8000 6000 4000 2000
events / 10 MeV

» Many KJ* states unestablished; GlueX K= data
provide a unique opportunity to map them

» Strange hybrids: same J” as ordinary K*, found
only by amplitude analysis

2 )Exotic states — open strange

K*A joint SDM

a K
Kt %
—c

H

<
>
<
>

1 pseudoscalar: K

)

<
>

<
>

3 pseudoscalars: Kmm 2 pseudoscalars: Kn(")

excited K™: supernumerary-state search

Roadmap

1. K*(892) as standard candle: spin observables
2. PWA of the excited K* region

3. Kz and multi-body systems
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2 )Exotic states

Joint spin-density matrix formalism

arXiv:2609.30850 (MESON 2026)
JPAC, arXiv:2609.35045

N (An)

formalism obs.

complete matrix 35
Schilling (K™ only) 9
spin correlation K* @A 26
hyperon polarization 5

2 X 3 X 2 = 12 helicity states;

linearly polarized beam,
unpolarized target.

open strange

Helicity 35 SDMEs Joint angular Spin dynamics and
A symbolic intensity fit production
amplitudes o . A
derivation with GlueX data mechanism
1 production, photon polarization P at angle ®; i,j = (Ay, Ay)
1
.. — — X Y *
pij(®) = N E Aix, Pxan (@) Aj;/\;
Ay ALAN
0 1 0 2
= pgj) — P, cos2® p,gj) — P, sin2® p,Ej>

2 joint angular intensity function from the trace of p with the decay amplitudes

W ( Q- Oy, @) o T [p@ (D(2k-) @ 3 (IT+ a oa(0y) )]
— P, cos2® Tr{p(l) (D(QK*) ® %(]I + aaﬂ(Qy))ﬂ

— Pysin20 T (D) & 3T+ ac-i(0y) )]

17/30
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arXiv:2609.30850 (MESON 2026)

“Double-indices” spin-density matrix elements

Joint angular intensity function: 35 terms

1: Schilling (9) cunny (8) aun, (10) aunn, (8)

lin. ~ pol. coeff. Q s function | lin. v pol. coeff. Q, % function | lin. v pol coeff. Q s function | lin. v pol. coeff. Q s function
1 PY 3cos’ 0 —1 |1 fA(Q ) sin 26 sin ¢ 1 PO 1 1 fA‘” > sin 26 sin ¢

\/E}?pm sin 26 cos ¢ A L sin? 6 sin 2¢ A‘()Z’V) cos® O Al_‘s sin? @ sin 2¢

P L sin’ 6 cos 2¢ — Py cos 2® \/ﬁAﬁz;X) sin 26 sin ¢ \/EA(,?,L” sin 26 cos ¢ — Py cos 2® \/A“” sin 26 sin ¢
—Pry o520 pl sin® 0 A in? 0sin 26 ALY sin® 0 cos 2¢) Al]:i sin® 0 sin 2

Pro cos’ 6 —Prysin26 P01 — P~y cos20 PV 1 —Prysin20 P91

V2Rpl; sin20 cos ¢ A2 cos? O ALY cos® 0 A2 cos® 0

Pi_, sin® 6 cos 2¢) V2A2:9) sin 26 cos ¢ V2A0Y) sin 26 cos ¢ V2A2:7 sin 20 cos ¢
— Py sin 20 /2Sp?) sin 20 sin ¢ A[‘zric sin? 0 cos 2¢ Ai”:i( sin? 6 cos 2¢ A(‘Q’:i( sin? 6 cos 2¢

Spl_, sin® Osin2¢ — Py sin 20 /2427 sin 26 sin ¢

AP sin? 6sin 2¢)

: . ntensi o). KO
» As shown in the table, the full joint angular intensity 7y «,\,\,\,\,\,‘- / T
function has 35 coefficients as free model parameters, b
. |
fitted over a large range of t |
|
|

» Each term is an angular response function of the
polarization angle ®, the K* decay angle Qx+ and the A /\ Sy

p
N
decay angle Qy () A(Ay) .<: _

2 )Exotic states — open strange Strange mesons <K*A joint spin-density matrix>
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Prelimina Yy K*(892)+/\ Sp'n- H H arXiv:2609.30850 (MESON 2026)

Stat. uncertainties onl

-4~ Schilling fit —# complete-matrix fit A0
- --r (natural) —= K (unnatural)  theory: Wang et al, PRC 102, 015203 (2020);
Wei et al., PRC 101, 014003 (2020) Al K*(892)
>
0 0 2
0.75 T ?‘p’"y 0.75 —e E 3-
8
0.50 4050 F | ;
025 F 4025 F e = S 2
- W’WM L/ I3
0.00 = 0.00 [Lomm gy 3 Gux
—0.25 4025 4025 F 4 1 pe
GLug
=050 \(\X: 1-0.50 | —-0.50 | .
-0.75 —t ——t—"0.75 075 A 006 08 10 12 14 16 18 20
0.75 . ,p‘l’ . — 0.75 . ,p‘}” . — 0.75 . ?‘”"" . . Mass(K'x°) [GeV]
0.50 - <4050 P = 0.50 | B
025 Joast/ Joast 4
ETY L = i ] . .
R T oo EAE e R First precise K*(892) SDMEs measurement
=025 A —net = o5 4025 | B
osol Losob Losob ] beyond Schilling formalism over large range of
075 e e 075 e 075 e momentum transfer variable t
075 075 — e
0.50 050 | 1 » Measurements consistent between intensity
0.25 025 F '\, 4 . . . . .
- function fitting with Schilling formalism and the
0.00 0.00 [~ MO
025 r0.25 | e full spin-density matrix formalism
-0.50 1-0.50 |
[P S A S D N [P N S
00 05 10 15 2.0 05 1.0 15 20 00 05 1.0 15 20
—1 [GeV?] —1 [GeV?] —1 [GeV?]

2 )Exotic states — open strange Strange mesons <K*A joint spin-density matrix> 19/30




arXiv:2609.30850 (MESON 2026)

Stat. uncertainties onl

1 2
=2/, +0g
T T

=
T

- . - 5 K
o e e, WK* M
& KA s

’!l*.’.'*‘"_ﬁ_” ——

%1 Schilling Formalism /.\ /.\
1 H#H Complete Spin-Density Matrix
-1k L L 1 i =

P w P n
KA K**A
Po=2pi_1 =gy
1F T T = T 3 ¥ ~ +1: natural (K*) natural and
exchange dominates unnatural exchanges
I both contribute
of g iy
4 3

7 K v K
o I — ———- i——— ——o %w %
T n®
. 1 1
P (recoil A) 1 1
T T /i\ /\
3

T
-
e, A

Knm

Kn®

excited K*: supernumerary-state search

0.0 05 LO[G VZ]“’ 20 » Testbed for the amplitude formalism and machinery, preparing
-t [Ge

for channels (3) and (4) toward the strange-hybrid search

2 )Exotic states — open strange Strange mesons K™ joint SDM <K+/\ to K*"A and beyond> 20/30




Hadronization, gluonic structure
and GlueX-Il1l




Total cross sections

GlueX, PRC 113, 045207 (2026)

» pp, and the first AA and pA photoproduction

140, —+— 1pPp GlueX. K 7 //
[ | — tpPyp PHSP+Clustering /
|| —e— {AK}p Gluex I ; o5
120 = (ARG |
[| =2~ @R PHSPsclustering |/ ;
Lo meeta® {
100 Fistorical olpPp) 20
—_ [ | &% cenn 1ss0)
o 800~ wwzqemn ;
c [ [-e- oesv iess) 5
° 60[
L - 10
40~ ﬁ =
L 3 s
20 g/ =
L B i bl
[ gl fred
02 L SEEE ]
4 I a0 60

Total cross-section model (Eq. 16): single exchange integrated
over t’, myy; two parameters per channel

R -
e [ Phsp(s, miz) Bxp ( ~ 21 ) dmge

B (4m)3 min Ctot

Ucr.t(S)

3 Hadronization Baryon—antibaryon Total cross sections

Strange-to-nonstrange ratio vs. E,

0.
0.25F
0.2 +ﬁ#
g - Levels off
g o » Levels off at
o
ot P(s5)/P(uli) ~ 0.23:
005 strangeness suppression
6 8 10 12 14 16

E, (GeV)
red: cross-section model, extrapolated
» Consistent with the Lund model,
uid:sic=1:1:1:1071 (PYTHIA 8 default
As & 0.22)

Outlook

» Extending to the full hyperon—antihyperon family: AA,
55, ==: mapping hadronization with one and two s5
pairs

» BESIII sees the X(2370) (0~ ") near the £
threshold (PRL 132, 181901 (2024))
> A T molecule? (arxiv:2600.01342) = ¥ ¥ and == are

interesting channels to be explored at GlueX
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Near-threshold BB mass spectra T s

2500 - - =}= Gluex Data
i o - —--- PHSP

G 2000 3 % 3 2004
NS 0] S (0] & | —— Combined Model
> 2 2 2 15
3 = < =
((\J. 1500 " ] 5 10
2 = H =
5 1000 3 g s 2 5
s ° s ()
@ S0 4 0 3 r} % 3 4

. M, (GeV) I,z (GeV) M5 (GeV)

[ » Pairs cluster toward threshold in all three channels: a broad
enhancement, no narrow X(1835)-like structure as seen by BES/BESIII

“g in J/1 radiative decays [1, 2]

g » Clustering model: one mass parameter ¢, on top of phase space

> mi» — mmin

% o< Phsp(mi2) Exp _M27 M

E dmip Cm

2

53]

3

: ! i » Interpretations with theorists: BB final-state interactions [3-5];
0.1 0.2 0.3
M,;-2m;,(GeV/c?)

ok
0.0 sub-threshold scalar mesons with glueball content [6]

[1] BES: Phys. Rev. Lett. 91, 022001 (2003) [2] BESIII: Phys. Rev. Lett. 108, 112003 (2012) [3] Phys. Rev. C 69, 055205 (2004)
[4] Eur. Phys. J. A 59, 136 (2023) [5] Eur. Phys. J. A 60, 119 (2024) [6] Phys. Rev. D 96, 054024 (2017)
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Hyperon—antihyperon spin observables

STAR

sk om E=200Gev S, 28 ek moce Spin observables from self-analyzing decays

’ &x‘ |>y\7 s cwe BurkardiJatte model _

02f } » STAR: AA spin correlation probes s5 decoherence in
ok + + hadronization

o P F—**ﬁ ,,,,, » BESIII: transverse A polarization, ap revised, CP test

oif \ NN ~— - ARpars » GlueX: first measurable AA spin-correlation pattern in the
0 i 2 s photoproduced baryon—antibaryon system; precise
e - interpretation ongoing with theoretical development
STAR, pp at \/s = 200 GeV: AA spin correlation vs. ) .
AR. Nature 650, 65 (2026). Future directions
) » AA, £¥, == spin observables; pp beam asymmetries
H » Same amplitude-level tools as in the strange-meson
BESII, J/v — AA: A analyses
b olarization p(cos fy). ) .
Eature Phys.l 55, 63/\1) » Expands GlueX strangeness program to frontier baryon-pair
= (2019). entanglement studies recently highlighted by BESIII and
g
: STAR
. . - . 23/30
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Near-threshold charmonium




J/1¢ photoproduction at GlueX N N,

yp—=p J/b—p ee”

1000
s-channel: E 9005
pentaquarks w o E ¢
Z 800f
5
% 700 \
600
500 !
400 Jiy
t-channel: 300 b
gluon GPDs, 200 i,
mass radius 100 M |
0 A
1 15 2 2.5 3 3.5
M(e'e’), GeV

open
charm

» Experimentally clean and rare probe: = 2300 J /4 in GlueX-I|

» Broad physics program driven by different production mechanisms

3 Hadronization Near-threshold J /1) J/+ photoproduction at GlueX 24/30



LHCb, PRL 122, 222001 (2019)
Search for LHCb P, pentaquarks GlueX, PRC 108, 025201 (2023)
520’ 51D
= 1200 i i iﬁiﬁ
—_ > — data H
2 —total fit
E 10 & g1 :ata:kg‘rouhd
/:\& F 8 so0f- [
K £
N $ eo0f
T X s j
= 1 4 i
< F : ol L b assoy [ pasny
[} r 2 P(4312) I\
[ 200F ¢ i
Lo# ﬂ GlueX, PRC 108, 025201 (2023 N
-1 f ’ —— G\W 4500 4250 4300 4350 4400 4450 4500 4550 4600
107 E / m,,, MeV]
Ero = siac PRL 122, 222001 (2019)
L e ~#— Cornell
rr,S | s GPD (Ivanov, Sznajder, Szymanowski, and Wagner) ~
[ GPD and LQCD (Guo, Ji, and Liu)
1072 L s | ! J w
9 10 20 J/4 /
E,[GeV] Pc
GlueX-I cross section across the LHCb P. masses: no
narrow peak, but a structure around 9 GeV p p
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GlueX, PRC 108, 025201 (2023)

Total Cross section JPAC, PRD 108, 054018 (2023)
m»'”"I"'H'””")’A'C':
[ JPAC! PRD 108 (2023) 5 1 . .
s i ! J ] Open-charm intermediate states
S T N
= 1 1
i 1 1 1 =
~ - 1 1 |
Q s 1 ]
Z ! ]
S | 1 1
t 3 ! ]
= /H
Z 10 F | o GlueX (2023) E
] E \ —— Nonresonant (3C-NR) E
o | Resonant (3C-R) ]
[ x ]
| Q ]
o
< 1 1
” )
107 9 10 11 12
E, [GeV]

> Total cross section sensitive to “cusps’ near open-charm thresholds (dashed)
» Models with both resonant pentaquark and purely non-resonant effects can adequately describe the data
» Improved precision required to differentiate production mechanisms
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Differential cross section T N

<E’Y> = 8.93 GeV (E‘Y> — 09.85 GeV <E7> — 10.82 GeV
% ‘ T G () =893 GeV g ‘f ? o GuiX (E,) = 9.85 GeV % 1;:, . GuiX (E,) = 10.82 GeV
: %f rememer 4 %. oo § G e
[ 7 1 |

E 6 .
1[GeV?] -1[GeV?] 1[GeV?]

» Potentially sensitive to J/¢—p scattering: proton “mass

. I/
radius”, GPDs, etc.
» Consistent results between GlueX and J/-007 (Hall C)

» Interesting enhancement at large —t for low energy:
hints at alternative production mechanisms
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X< photoproduction near threshold

P = Xes P — (J/pv)p— (e"e ) p

=

o
-
N

Cbg =-0.655 = 0.23

Mc1 = 3.50645 = 0.00092
Mc2 = 3.5525 = 0.0020
Nbg = 35.9 = 6.9

Nci= 53.4 = 7.8

Nc2= 12.6 = 4.0

sig = 0.00596 = 0.00065

N
o

Preliminary

> Xc1 and xc2 seen in J/iy

n
o

Events /( 0.005)
N NN - N _ N

» First evidence for photoproduction of C-even
charmonium

» Tests the production mechanism beyond J/v; xc1
shares the JPC of the X(3872)

» GlueX-Ill at 12 GeV: several times the x.1 yield

3 'Hadronization Qutlook: charmonium in GlueX-IlI Xcs photoproduction near threshold 28/30



GlueX-1ll charmonium program

, ¥(2S): projected yields at 12 GeV

=
o

J/4: projected do/dt coverage

et (B. =12 GeV)

IS

w9 095 3
% f 0.0 = Fp(25) (B.=12GeV)
S8 . Q 6F
= 0.85 s L 1 (e = i)
T SF (25) (Be = Eactual)
0.8 £

0.75
0.7

~
RANRRERRERRNRL:

!
120
Ey [GeV]

L
105

[
g

045

10 105 11
E,,GeV

-

e projected GlueX-Ill o GlueX o J/1-007 Same luminosity: 12 GeV (solid) vs. GlueX-1/Il beam (dotted)
colour: skewness £ (GPD)

85 9 95

Phase  Years JL(pb™t)  Status

| 2017-18 125  analyzed > I+1+11l: ~10X the GlueX-1 J/1 sample
1 2020-27 ~400 90% taken .

i 2026 800  approved » 12 GeV beam: 5-10x yields
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Summary and outlook

» Exotic states and spin dynamics: search for and map out hybrid mesons with polarized photons

World's largest polarized photoproduction data set
Amplitude analysis benchmarked on the conventional a>(1320)

Exotic-state searches across sectors: non-strange and open strange

ANENENEN

Spin-density matrices to understand the production mechanism

» Hadronization and gluonic structure: a unique photoproduction data set

v~ Baryon—antibaryon photoproduction
v Near-threshold J/v and xo

» Outlook: GlueX-Ill charmonium at 12 GeV
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