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QCD and Hadron Spectroscopy

e Quantum Chromodynamics (QCD)

* Degrees of freedom:
quarks and gluons

* Recent progress in studying QCD
through spectrum of bound states

* New high-intensity experiments
* More rigorous theoretical tools
* QOpen questions:
« What is the origin of confinement?

mesons
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QCD and Hadron Spectroscopy

e Quantum Chromodynamics (QCD)

» Degrees of freedom: Q q (q

quarks and gluons (g,

* Recent progress in studying QCD
through spectrum of bound states

mesons baryons

* New high-intensity experiments
* More rigorous theoretical tools

* QOpen questions:
* What is the origin of confinement? tetraquark pentaquark

nature?

 What are the bound state @ %
degrees of freedom? Q
Do gluons contribute?

hybrid meson glueball
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Hybrid Mesons

HadSpec: PRD 103, 054502 (2021)

» Long history of search for “hybrid”
////b mesons with gluonic excitations
"D1TT . . .

_ « Best evidence is for ;(1600) in
., Tucouplings COMPASS pion-production data
i « Recent evidence for n:() from BES-III
s T in J/Y—=ynn'
3 GeV . o |
e exotic Need to confirm 7; and n+ and

establish the full (normal and exotic)
light quark hybrid spectrum

- _— /
— COMPASS : 77(190 GeV)p — nVzp
| — 30§103 A0°
T - 25t NI P-wave T n'm ™
n1 %20: % > 4; %
N1 s ot- 27 s | H : o- P-wave
Ty == <4 51.0 g 2— %
N 0.5 -
1_+ 0.0 ! ‘ ‘ ‘ ‘ ‘ | oF, | | | ‘ ‘ |
1.5 GeV 08 10 12 \g(ggv) 16 18 20 08 10 12 \@(ggv) 16 18 20
HadSpec: PRD 88, 094505 (2013) COMPASS: PLB 740, 303 (2015) & JPAC: PRL 122, 042002 (2019)
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Hybrid Mesons

HadSpec: PRD 103, 054502 (2021) . LOng h|StOry Of SearCh fOr uhybrid”

T;/MeV

w b mesons with gluonic excitations
400F . 1]-[ . . .
_ « Best evidence is for ;(1600) in
., Tucouplings COMPASS pion-production data
~ .+ Recentevidence for n:() from BES-I
1500 1550 1600 1650 mR/l\rle'\]/]Tr r]'r[ in J/LIJ _’Xlr]n’
3 GeV i ° .
exotic Need to confirm 7z; and n1 and |
establish the full (normal and exotic)
_ light quark hybrid spectrum
=
_ - 01 %- . 2,(1320)
| _ - o = a,'(1700)
Nt " - .
N sm (ot 27" §O.4§_ @
M == < Z: E:ﬂii ~ T p— ;/](/) Tp
1 B + . E_ I' | 1.3I02 1|.304I1.30IG 1.I308 I1 .31:) | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1 5 Gev . - | . Mass.(GeV) | | | |
HadSpec: PRD 88, 094505 (2013) COMPASS: PLB 740, 303 (2015) & JPAC: PRL 122, 042002 (2019)
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Hybrid Mesons

HadSpec: PRD 103, 054502 (2021) . LOng h|StOry Of SearCh fOr uhybrid”

T;/MeV

e Zb mesons with gluonic excitations
b1t . . .
_ « Best evidence is for ;(1600) in
., Tucouplings COMPASS pion-production data
.~ * Recentevidence for n:() from BES-II
1500 1550 1600 1650 /MY r]'r[ |n J/LIJ —}X'nn’
3 GeV i ° .
exotic Need to confirm 7; and n+ and

establish the full (normal and exotic)
light quark hybrid spectrum
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N1 - 2" a0 “Hn
() f? _,\CQ C ..»» PWA fit projection (exclude n1) ]
c . — it projecti ine fit) 4
'I'[_I g) 100 . : PWA fit projection (baseline ft)_
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1.5 GeV 055 > 55 3
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HadSpec: PRD 88, 094505 (2013) BESIII: PRL 129, 192002 (2022)
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Hadron Spectroscopy and Photoproduction

* Photoproduction is an essential
process to study normal hadrons and
to search for exotic hadrons

tetraquark hybrid meson

* Can produce mesons of any JPC
through VMD

* Photon polarization provides
constraints on production processes

 Little data existed for final states
with neutral particles

* Idea: confirm and extend our
knowledge of exotic hadrons in a
new process
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The GlueX Experiment

Large acceptance spectrometer
for charged and neutral particles
at Jefferson Lab

Forward Calorimeter
Time of Flight

Barrel Calorimeter

Optimized for light meson  Start Counter

spectroscopy, energy reach
up to bound charmonia

Photon beam with Phot.on Beam

linear polarization Tl\fllgg:;%

P =~ 40% at peak

Ey=9 GeV Electron

Target

Forward Drift
Chamber

Beam Central Drift
\ Chamber
Solenoid

Radiator

12 GeV e-/v

* GlueX-l (2017-2018): L =305 pb-1 [Ey>8 GeV]

o GlueX-ll (2020-20267): L = 320 pb-1 (so far)
expect 3-4x GlueX-I
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Searching for Exotics in Photoproduction @ GlueX

-+ Detailed understanding of light-quark meson spectrum requires

amplitude analysis. Beam Asymmetry =

(n%/n)p: Phys. Rev. C95, 042201 (2017)
(n/n")p: Phys. Rev. C100, 052201(R) (2019)
K*Z0: Phys. Rev. C101, 065206 (2020)

‘ Collect Data mA+: Phys. Rev. C103, 0: 21)
K*A(1520): Phys. Rev. C10! (2022)
Updates on the way...

SDMEs:

p(770): Phys. Rev. C108, 055204 (2023)
w(782): in progress

¢(1020): paper under Collaboration review
7~ A*T: Phys. Lett. B863, 139368 (2025)
K*A(1520): Phys. Rev. C105, 035201 (2022)

More coming...
Y S —%— GlueX
_ X N U 1.2F —<&— SLAC (Ballam et al.)
- O — O : —— SCHC + NPE
P c — 1.1 . | = JPAC Model
o + oV LU \
JPC 1O =R
; L TTIeER
Natural P = (—1)” and 0.9F | RSO
p Unnatural P = — (—1)/ 080
exchanges R R A AR

N
0.00.10.2030405060.70809 1.0
GlueX: Phys. Rev. C 108, 055204 (2023) -t (GeV?/c2)

p,n,...
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Searching for Exotics in Photoproduction @ GlueX

Detailed understanding of light-quark meson spectrum requires
amplitude analysis.

4000‘a0 g ; a2

‘ Collect Data »
l zooo; ! Wm\
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Searching for Exotics in Photoproduction @ GlueX

Detailed understanding of light-quark meson spectrum requires
amplitude analysis.

‘ Collect Data ‘
l See talk by A. Jackura, Fri. 2:50 pm

EXOHA;)

EXOTIC HADRONS TOPICAL COLLABORATION
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nm Amplitude Analysis at GlueX

| &€

rn / ™m'’ “golden channels” for iy search: GlueX-| Data
small b.f. but experimentally clean N
0.1 < -1<0.3 GeV

Odd L m( — exotic JPC

Study known ao/az in Tm 2000k :+ nm
Apply analysis to m' with stronger T 1 OOE ! |
500 - Preliminary
Can study several channels : . s
0 A 4t 1000 - toyp > T A
rp=nwp  yp = nm A A e
Control understanding of production i T
i ' o e
with multiple 7 decays : L L i :
n—vy n— ntnn > , Miree)
Control understanding of acceptance and gzzzz
backgrounds c5;0000
Use polarization to control acceptance, £o000 0
. — —
help separate amplitudes jgzz /PP
Fits with different levels of model-dependence 2000 T

0 a—
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yp — a,(1320)p Cross Section

First separation of yp — a,(1320)p cross section into reflectivity
components

Cross sections agree with with JPAC prediction
Natural exchange dominant, unnatural exchange constant over —¢
Can also extract amplitudes for individual waves

Informs amplitude fits for exotic waves

Total

o[> e
(O] |
~lo 031 <+ Positive-Reflectivity 1 %
Sk | <+ Negative-Reflectivity 1 ®
0.2 B | Mathieuetal., PRD 102, 014003 (2020) _

011 { N -0.5 4 This Result
: ; - I —— Mathieu et al., PRD 102, 014003 (2020) 1
;, T T — i e —— i : _1_07 I I I I L L ! ! |

oo . % . e 01 02 03 04 05 06 07 08 09 10

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 21.0 _t[GeV?]
-t [GeV7]

GlueX: submitted to Phys. Rev.
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Upper limits on 7;(1600) contributions to nUrn

Both a,(1320) and z;(1600) decay to HadSpec: PRD 103, 054502 (2021)
nOr and wnn R
Used measurements of dM/do "1 DAL
for wzr to set upper limit for/ﬂ1(1600) . couplings N
contribution and project to ;7( s .
7;(1600) could be dominant contribution ;n
to ,71'0 0 r 0 R
! yp = nep yp = n'z’p
§ 90005_ ' . - Data §300 - - Data
S s00f | a,(1320) = a,(1320)
S . E ' 1t,(1600) S 250 b | 1t,(1600)
£ 3 by 2z
S0k " 4 S 200 L “ H ”
M E W o[
5000 & * + : 0 HH“”}[‘WH
wi e FP
3000 _ + ’,,.M..“ 100 — H H h IHHH{*{H}
2000 :—,’ .“....-.... . HH H #HH
- ¢ K IO 50 H ﬂ
1000 F+ e, - { h+++ ty
3|||.|.~'""~= }ff...l....l....lﬂ.ﬂ*th
’ 1.0 1.5 2.0 2.5 01 0 1.5 2.0 2.5
GlueX: Phys. Rev. Lett. 133, 261903 (2024) M0°) [GeV/c’] M(n'7") [GeV/c?]
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First look at yp — n'z” A*H

. Study of 'w mass vs. cos O illustrates COMPASS: PLB 740, 303 (2015)
population of different partial waves 0

- Clear forward/backward asymmetry, 9 81%
similar to COMPASS measurement 6 0.2

- Steady progress in amplitude and Igig

moment analysis 1.5 2 2.5 3 3.5 4 4.5 5
m(n’©7) [GeV /c2]

! = . Q' /A 7 ST . ! o — el
m(n'7t~) for cos 5, < 0 cos g, vs. m(n'7t™) m(n'7t™) forcos g, > 0
i [ ﬂ‘. e S S ————— | [~ T 2 |
°§ ~— GlueX-l Data %" hes Qg — GlueX-I Data
=250 i 8 " D250 l
S Ly GL% v . 8 GLUEX
92001 ’ Il - ‘ P
£ | Preliminary 229 Preliminary
g | # \ qc) : | re Ilﬂlndﬂ
Wso “ 00t---- R X . . .......! 0 150f .‘ %
. |
- ! H' L) | K
k0 wb LA
."T+ 05| . My '}«.
s 'H <+ . 50 + H.
f '.”’“‘ .' i "
990 1B 20 25 10 ol | i e
: - : : - 1.0 1.5 2.0 25 1.0 15 2.0 2.5
M(mn') [GeV/c?] M(x ) [GeV/c?] M(mn') [GeV/c?]
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Excited Vectors and Photoproduction

%5"% Ebeam = 9 GeV
g 403“
o f(1270)
30— \'«.&
”“x
20—
10— T \
0:| || L L L L 1 I
1 1.2 14 16 18 22 24 26 28G Vi
106 - .
e L / Preliminary
104 =
I "~
1035—
E 1 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 0.5 1 1.5 2 25 3

mtn- Invariant Mass (GeV/c?)

* Vector mesons have same QNs as photons,
should be strongly excited in photoproduction

Hybrid mesons with vector QNs are predicted

2500

m / MeV

2000
1500

1000 |

-
-
vector
- hybrid
- Em—
— mesons
S- and
D-wave
excitations
1——

HadSpec: PRD 88, 094505 (2013)
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Excited Vectors in K¢K;

FOCUS: PLB 545, 50 (2002)

. Study of yp — K K; p populates 200
40.125
JP¢ = 0dd " mesons: 177, 37, ... ol
< Jo.l00
» Two peaks fit well by sum of two Breit-Wigners & 5
: . : ] £ oo} -10.075 %
* Many candidate vectors in this mass region 5
zx 40.050 9
« Plan to study 7-dependence, PWA, ... S sof
40.025
% 30000 — e Data o‘ \'.5 — A — 0.000
— LUE — Fi ' '
E B %eﬁqu A Slit;nal o . MI‘ASS‘K°K" (G‘eV/C‘,') ‘
ﬁ 25000 - ’ Background L1000~ n
2 - > $(1020)
[ 20000 ~ M1 = 1.536 + 0.010 gev g +
QO __ 't =0.247 £ 0.018 GeV S s 4 i
£ . M2 =1.755 + 0.007 GeV < 750f ete” > KKy |
o % 2 =0.128 + 0.009 GeV 2
2 15000 (= 5
D [ A¢ =0.93 + 0.32 a0 | |
Ct) B lenclf =104/63 = 1.65 500 N
O 10000 — bosde f f
S - — -1 |
g 5000 [— (sta_tis_tical 250l 4 $(1680) i
Q - uncertainties only) : + " f
<<t) 0 [ et B ARy R HoAiaS EhRbe. b S Shy ; . +.+++ ++ +
12 14 16 18 2 22 24 26 T e
M(K K, ) (GeV) 0— - e ae)

2
m(K.K,) (GeV/c?)
BABAR: PRD, 89, 092002 (2014)
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Charmonium Photoproduction Near Threshold

: — See talk by S. Joosten, Sat. 8:30 am
Production of cc near threshold probes

the distribution of gluons in the proton Y NN J/P
and the nature of the proton mass

Can also look for s-channel production
of resonant states

leading-twist
Ao = J/p p K- 06) (00

_ 2;50 :;5*0 °
2 1 200F
S [—daa LHCb ]
S1000E 00 roune hadronic
§ ool ; molecule?
g soo:—

soofif ;

i Pc(4:;12)+ P (4440)" |\ P (4457)"

4800 4250 4300 4350 4400 ?64\?100 o

LHCb, PRL 122, 222001 (2019) pentaquark®
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J/Y Photoproduction at GlueX: Mass Spectrum

>1000 — 10 __ // _’E
é) 900 % B S
e O T P ] =
£ 800 < 8 L = - f
3 i v - 3
5 700 . e LR - =
B ~ -- : - N
600 61— " -n _t_“' - -
- e =
500 i Coll -
400 B
4— -
300 -
200
2

100

1 1.5 2 2.5 3 3.
M(e"e), GeV o—

- Reconstruct py — p +J, JA — ete-
Calculate J/ cross sections normalized by non-resonant ete-
Full kinematic coverage
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Latest GlueX-1 J//yy — e*e~ Photoproduction Results

GlueX, PRC 108, 025201 (2023)
Full GlueX-I data yields

2270 £ 58 J/p’s S0 g
T = F (BT

Overall normalization L N B

uncertainty ~20% ? ! > &
(11 . b)) é‘

Dip” above 9 GeV has > 1 ‘g'*{f G'—UEXWW
2.60 (1.30) local (global) & F f? s
significance I #‘ﬁ

No evidence of narrow 107" = t —o— GuX’

: : = —5— SLAC
P? production, tension =l -
W|th mOIGCUIar : A Ap GPD (Ivanov, Sznajder, Szymanowski, and Wagner)
Inte g0 retation? | ﬂ GPD and LQCD (Guo, Ji, and Liu)
1072 - ! .

Differential cross sections 8 9 |1 20
generally consistent with E, [GeV]

expectations of gluonic
exchange, except near P.’s
threshold
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Threshold Effects?

0 JPAC, PRD 108, 054018 (2023)
3L LA BN I N

| N
_ PAC -
2 | 5 4., T e
B 1:— % e + _
3 — ‘ ,","+ . + A E
T : +"'___/+ ' ? ' E. 1 :—
S B
¥ T R 2
+ :
10! = )

n e G ; 107 o GlueX (2023) —

= * —A— Cornell o - Single channel (1C) ]

] ] e M.-L.Duetal.(g_ =10 GeV) . — Two channels (2C)

- M.-L.Duetal. (g =12GeV)

10-2 TR U I R P BRI AR BT
80 85 90 95 100 105 110  11. . o
E, [GeV] 107 9 10 11 12

GlueX PRC 108, 025201 (2023) E. [GeV]

Du et al., EPJC 80, 1053 (2020) y k i
Structures seen near open-charm thresholds D(*)(Ac)i /
More precision required — GlueX-Il will provide . = pOAL
factor ~3 more data ,

»>

Efforts underway to search for yp — DAY

ADO)
P// | p
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Xc1(13P1) Photoproduction at GlueX

0140406002 %J 14 :— Yield [Events]: G L %
E [ N(y,)=553%*82
~ 12~ N(x)=13.6% 47 Preliminary
w [
S 10
q>) 10 B M(Xcl) M(Xc2)
W |
81
6
4 :— () *
iI s $
2 ] ®|e '
'!! \ehtn
I
0 |.I.|.|I|Hl.l|[llHIHIHll.llll'.l'llnlnllIulunlr.’rulun \ h.n..,.,..-,.- ILLL
3.3 3.4 3.5 3.6 3.7
MUNpy) [GeV]

Xc1(1++) photoproduction: probe of different parity C=+

Test of “Odderon-like” couplings and fixed-spin exchange models
JPAC, PRD 108,

Look for yp — y.,p — (WJIy)p — (ye™e )p 054018 (2023)
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), GeV?

min

~(t-t

Xc1(13P1) Photoproduction at GlueX

do/dt, nb/GeV?

" 102 104 106 108 11 112 114

do/dt [nb/GeV?]

(@)
I|III|III|III|III|

@)

107!

1072

J/ /4 —0.2

I IIIIIIll

—0.22

-- —10.18
e —0.16
T T R | T
0.12

—5—10.36 GeV < Ey < 11.44 GeV
—5—9.28 GeV < E < 10.36 GeV

—®-820GeV< Ey <9.28 GeV

)
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Summary and Prospects

e Photoproduction is an interesting process to look for exotic hadrons —
crucial to confirm their production in new processes

« GlueX has collected the world’s largest photoproduction dataset
« Collaboration with theory is crucial for understanding

« First amplitude analyses of nmtand n'rt aim to identify the 1 Iin
photoproduction

* Analysis of excited vectors promises to give new insight to their spectrum,
first step towards looking for non-exotic QN hybrid mesons at GlueX

* First detailed studies of J/{y photoproduction near threshold
e GlueX-Il runin progress, planned to end during 2026

« Other approved experimental programs includes JLab Eta Factory,
spectroscopy with intense K. beam (=104/s), elliptically polarized
photons, polarized target, higher-intensity GlueX-Ill...

O30

GlueX acknowledges the support of several funding agencies and computing facilities: http:/gluex.org/thanks @
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The GlueX Experiment: Photon Beam

Photon Tagger Pair Spectrometer
& Triplet\Polarimeter
12 GeV e- l v P X, “““““““ ‘:
North LINAC i !
: . 7om . Photon
: ' ! Beam Dump
Diamond Radiator  Electron Collimator GlueX
East ARC Beam Dump ‘ Spectrometer
e
. = 6000— — Diamond: PARA —]
Photon beam generated via coherent = —DamonacrERe
. . . c - — Aluminum —
bremsstrahlung off thin diamond radiator S 3 o =
= O = =
] QO = 3000:— —
Photon energies tagged by scattered £ b E
electrons 000 :
Energy measurement precision <25 MeV ¢
o 0.4E
Photon linear polarization Py~ 40% inpeak ~ §
. . E 0.1f
Intensity of ~1-5 X 107 y/s in peak S
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500

JPC=

3000 |

2500
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W

-
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T

1000 -

Light Meson Spectrum from Lattice QCD

-
T

W

negative parity

1— 2-- 3—4-- 2+ 4-+

HadSpec: Dudek, Edwards, Guo, Thomas, PRD 88, 094505 (2013)

positive parity

. o —3 -
I
. o - 3++ 4++
1+— 2++

1++
1+ 1++ 2++
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Light Meson Spectrum from Lattice QCD

n1(: recent evidence

' negative parit I ositi\ tic
3000 STVE ATy ! P by BES-III
— = (R
——— -
2500 | L
— 47~ 4 — _— -
((b) | u . : —— -
i -] = T+ i
s | & _ gre 4 o
3 2000 o e —
E [N o
© =< -\’ ot
= - = — 1-+ 0+ 2+
C 1500 | = _ _
O - = :
7, |+ ot m: best evidence
m 1++
= S S
1000 77 == ;— nybrids T m, = 391 MeV
- “ | 243 % 128
i 17 | (s
P | isoscalar Il
200 | isovector
0—+ 1+ 1++ 2++

JPC= 0+ 1— 23— 4-- 2-+ 4+
HadSpec: Dudek, Edwards, Guo, Thomas, PRD 88, 094505 (2013)
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Light Meson Spectrum from Lattice QCD

n1(: recent evidence

3000'_ negative parity 1 positi\ by BES-III itic
— f— B =
_ — = | _
2500 f - 4—- 4=t T . . -
1 — -
S m = e L e == =]
S TR\ - /- |
S | m \% \‘ -
= | = . — 1-+ 0+ 2+
C 1500+ — - -
O - .
7 e L+ o+ m: best evidence
1000 _ 7’ — ;— 1y ; 11 4 | ( my = 391 MeV ‘
| - strongly populated | 4128
L — in photoproduction | isoscalar I
500 1sovector
0—+ 1+ 1++ 2++

JPC= 0+ 1— 23— 4-- 2-+ 4+
HadSpec: Dudek, Edwards, Guo, Thomas, PRD 88, 094505 (2013)
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Searching for Exotics in Photoproduction @ GlueX

Possible Exotic Hybrid
Meson Decays

Complexity
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nmt Amplitude Analysis at GlueX

+ Clear signals at ap(980) and a2(1320) masses
- Different angular dependence — different dominant production wave

-+ Dy for nrt-, D2 for nro 0.1 < —1<0.3 GeV?
- * - . | - - i} _5
2000 [ f!
B } . | 3 R - -4
1500 |- f / PIE.. SRER ! -
; * R e . -k
1000 |- b o AR (P;;%
S Y AL e h ?
500f * o ., ' : 1
. — o

120
b 100
iy 80
e
N A-..t.)"ehlﬂinary 60
of ' 40
. . ‘: 20
) | ' 25 0
. M(ﬂoﬁ) Entries %'0.024 (33\}3
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nmt Amplitude Analysis at GlueX

- Clear signals at ao(980) and az(1320) masses
- Peaks have different t-dependence

0.1 < —1<0.3 GeV? 03 < —1<0.6 GeV? 0.6 <—1<1.0GeV?

: nm - 1200 E nm -
1500 [ Preliminary 800 : 'y Preliminary
: : b M
: 600 | LT LY
1000 |- * : i *** “W* g iy,
] ’:', ; f 400 tH )
s00f- + : h
= »,'“.. - hﬂ
o[ 1 L e ! ! L
1 1.5 2 1.5 2 2.5 3
M(nm) M(nr)
>
&4000
<
242000
S i
30000 JJ G LUE

Preliminary
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Searching For Hybrid Mesons

* Mesons grouped into nonets J=L+S P=(-1)+1 C=(-1)L+S
of similar JPC

* Must establish quantum numbers
and pole parameters through
amplitude analysis

« Meson QNs
+ Allowed: 0+, 0+, 1—, 1+, 2++, 2+, .. "Normal” Meson
* Forbidden: 0—, 0+, 1-+, 2+, ...
« Hybrid Meson QNs
* 0+, 0+, 1—, 1-+, 2+, 2+, .

* Hybrid mesons can be found with
normal and exotic quantum numbers “Hybrid” Meson

Hybrid—Meson mass
splitting ~ 1.0 — 1.5 GeV
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Open Charm Production Near Threshold

Hadron (cc) molecules like to decay to
open-charm final states, can we see
them at GlueX? (c.f. LHCD)

« Also will help with J/{ interpretation

Open charm photoproduction cross
section measured at SLAC for

Ey = 20 GeV based on

~50 events

*  Roughly 5-10 larger than
J/ cross section

- Exclusive reconstruction of e.g. D(*)0
Act IS a factor
~ 25 lower due to b.f.s

Expect with GlueX-1 can set ULs of
@®(10 nb)

Full GlueX-Il statistics with improved /K
separation will give enhanced sensitivity

(nb)

CHARM CROSS SECTION

10000

1000

100

PRL 51, 156 (1983)

- T lllTlT] IYITITI'! ]

B — Halzen- Scott
(Quark Fusion)

T e Fritzsch-Streng
(VOM Parametri-
zation)

- == Novikov et al.
(Photon Gluon

- Fusion) ,

a —+— Babcock-Sivers- -

B Wolfram
(Photon Gluon
Fusion with i
6(x)=3 (1-x)°)

| /,

- //. @ This Experiment

* y (SHF Photon Collaboration)
i // B
- /// v CERN Q(yp—D°x) E
/' O FNAL Broad Band (yp»D°x) -
. = Acx
i / X European Muon Collaboration ~
(] BFP Collaboration
l Ll Ll
100 1000
Ey  (GeV)
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Charmonium Photoproduction Near Threshold

Current GlueX CEBAF
energy energy upgrade
range i} —
'l S .
| S .
S N N 3
= |3 Ak S| T[N 8
o Se T = J 2
2 00E 3! 1 3| =5 = X
— | =il N ‘
N | O} NS
SHIRH S
el =
N T - P T P T P T 1 I | I
7 8 9 10 11 12 13 14 15 16 17

Photon Beam Energy (GeV)

Current max CEBAF energy allows study of bound cc, P. states
17 GeV e- gives access to most exotic candidates
22 GeV e- gives good phasespace, linear polarization
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GlueX-l J/y Differential Cross Sections

g e —5—1036 GeV <E <1144 GeV
@’ - —o—9.28 GeV < E, < 10.36 GeV
= —*—820GeV <E, <928 GeV
3 -
3
107 GLUEXWW
1072 = :
- :
i ™S
o246 T T® o

-t [GeV?]

Differential cross sections generally consistent with expectations of
gluonic exchange, except near threshold
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GlueX-l J/y Differential Cross Sections

[a—
|

—*— GlueX (E ) = 9.85 GeV|
—©— HallC (E ) =9.78 GeV -
—5— HallC (E) 9.93 GeV

—*— GlueX (E ) = 8.93 GeV/-

—e— Hall C (E ) =9.18 GeV|_

do/dt, nb/GeV?
do/dt, nb/GeV?>

N

107! b

.................................................................

91<E <925Gevi | - | : :
102 beerrirrrtrrreteeert et rerrb et reeeteeeebeed 00 G 0 R e et e

8.2« E BS 928 Gev{ 1 l --------------- e 107 928 < E <- 10.-36<Gev%--- ............ B } ...........

%{s e aex@y=zee |, GlueX and J/yw — 007 results
- : ; ; ; e HallC (E))=10.56 GeV|i- . . . .
e s * agree well within uncertainties

- Scale uncertainties:
- 20% for GlueX
. 4% for J/y — 007

- Enhancement seen at large ¢
near threshold

[U—

do/dt, nb/GeV?

[S—
<

10-2
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GlueX-l J/y Differential Cross Sections

do/dt [nb/GeV?]

1072 |

107" |

E, =893 GeV
e GlueX (2023)

—— Single channel (1C) _

—— Two channels (2C)

do/dt [nb/GeV?]

JPAC, PRD 108, 054018 (2023)

JPAC fit to GlueX and J/y — 007 data
Up to 3 s-channel partial waves
Effective range expansion
K-matrix & unitarity

Describes all observed features well

Factorization violations > 25% at 90% CL

More data needed!

Direct channel contains direct
photocoupling & hadronic rescattering

~N

e - e

Indirect contributions from
coupled channels

4 )
. J
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Comparing J/w — eTe"and J/y — utu~

Jhy — eTe” Jhwy — u u
N(J/y) = 2270 + 58 N(Jly) = 1778 £ 65

- - o 1400
= 4005 GlueX-l | = * GlueX-1 + 30% GlueX-Il
2 3500 = E
% 3001 5 1000}
S 2505— 800}

200F 6003

1502— P

1001 E

f 200
50:— E
R R R B R EC R M 28 29 3 31 32 33 34 35

M(e*e) [GeV] M(uw) [GeV]

To confirm the structures observed in the cross section using
JIw — ete” events, we can also use J/y — uTu~ events

Detailed study of calorimeter and trigger response in progress
Expect new results from CLAS12, Hall-C. Eventually: GlueX-Ill, SOLID
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Projections for Future JLab Upgrades

o) y Strong Interaction Physics
C10° at the Luminosity Frontier
g — with 22 GeV Electrons
= - p at Jefferson Lab,
é - EPJA 60, 9 (2024)
a 10 :
O E ;
A :
S e L JEE
n |_: + !
=x NN 0 I|'I .= P] Predictions

= ! i’fﬁ T .'$=I“ ----- Z.(3900) Prediction

B |

B e GLiX©

i H o . J/p Data (12 GeV)

y A f i JA} Projection (17 GeV)
10 =l I ] ; B ., Projection (22 GeV)

_ * I i B y(2S) Projection (22 GeV)

B | | | | | | | a | | | | | | | | | | | | | | | | | | |

8 10 12 14 16 18 20 22

E, [GeV]
Projections for GlueX measurements with upgraded CEBAF
allow for precision study of charmonium and charmonium-like
states with linearly polarized photons
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Search for the Y(2175)

. Can search for the Y(2175) / ¢(2170)
« 55 partner of the Y(4230)?

1 I L B ) l R L ) ' L B | l . .

-
BABAR 3 i1 . —3— BESII
to~ + = 1 Y S S o BABAR
ee” = RPT T ] oal,

llllllllllllllll

Fit

m = 2239.2 + 7.1 MeV/c?

- I Y(2175)
0.75
F [[=139.8 + 12.3 MeV

o (nb)

o(¢mrm) (nb)
o

-
0.2 &

0.25 _
o g e . ete” - K*K~ cross section at /s=2.00-3.08 GeV

S PTE TTE TN IR TI PR I ko o )
14 16 18 2 22 24 26 28 3 M =2239.2£7.1+11.3 MeV/c

E_ . (GeV) 17=139.8% 123 = 20.6 Mec¥
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Search for the Y(2175)

 No evidence with PDG Y(2175) parameters (o < 500 pb)
* Evidence of structures at M ~ 1.8 and ~2.24 GeV

do/dm(yp — ¢(1020)t*np)

no
o
T

- (b)

do/dm [nb / GeV/c?]

GuX

Preliminary

- -
- @

+

-t ek bk ek b
onA~AO N A O 0O O N & OO 0
—T T

pull [o]

_2|

14 16 18 2

D3 04 26 28 3 32
m(on*n ) [GeV/c?]

o (nb)

0.2

0.1

[Phys. Rev. D 99, (2019) 032001]

0.3F; &

vu: =

Z | —§— BESIII
R N & BABAR
Fit

m = 2239.2 + 7.1 MeV/c?
I=139.8 + 12.3 MeV

e*e” — K*K~ cross section at \/s=2.00-3.08 GeV

M =22392+7.1+11.3 MeV/c?
T = 139.8 + 12.3 4+ 20.6 MeV
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="(1320) Photoproduction

. Detailed 27(1320) cross section measurements provide baseline for
= program, insight into Y* contributions

Y e KT
A KT .- 2 | —{— CLASD
Y -7 — 5 14 F ata
p > N -
GlueX Phase-I
‘ Detached Vertex
— P
yp — K*K* B (1320)
x10°
> 4FE+#Daa 4 GlueXPhasel ...
= —Fit ﬂ N. = 12417 164
= 35p@signal || My = 132223(5) MeVic>
N S B Y ?an.f ......... 1095 »
A | | SRS WS——— —
~ Q. SEie O SOOI SOT ST SRTOON: NAOOOR
g 2 ............................................................................................................................................
O T O I e pE—
m 1° 8 10 12
1 ............................................................................................................................................ EY (GeV)

13 135 ra 45
M(Ar) (GeV)
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="(1320) Photoproduction

. Detailed 27(1320) cross section measurements provide baseline for
= program, insight into Y* contributions

LU KT
! 10 E{ (GeV): (64, 69] | B Gevi 69,741 ] E (GeV) 74,791 | K (GeV) (79,8.4]
K/K*| Kt . -
| -
> Y _ -7 T

do/dt (nb/GeV?)

‘ Detached Vertex

yp — KTK* B ”—(1320)

x10°

O E GlueX Phase I . . . . TR S S E
§ _Fit ﬂ N_=12417 = 164 :
3.5 [Signal || Mz =1322:23(5) MeVic> 4
S Indf = 1095 f
e | B s e - é +GlueX Phase.] GL%
; 25 " .................................................................................................. Prehmmary
YR S U N S S
2
m 1 5 | T B S S
1 ............................................................................................................................................
S TS Inputs to photoproduction models!

M(Am) (GeV)
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=~ (1530) Photoproduction

Ground state decuplet Z(1530) measured with 50% GlueX-| data
Cross section shows no significant energy dependence

yp — K*K*2(1530)", E(1530)" — E(1320)77"

£ 60 ..8 0.5¢
8 F M=1537(2) MeV | <, 045 GLUE /
50— -
- Gui) /|~ T=110) Mev s
[ T = — + . "
: o' 03F
0 0.255
o 02t
- 0.155 '} ' '} ; + %
10 0.5
E 0.05
_Ill||I|l||l||||l|1||l|l||l _llllllllllllllllllllllllIllllllllllllll
1.45 1.5 1.55 1.6 _1.65 1.7 07 7.5 8 8.5 9 9.5 10 10.5 11
Invariant Mass Zn° GeV Beam Energy GeV
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Hunting for Excited Cascades

. GlueX finds strong evidence for Z(1690)
and =(1820) in the AK channel

2> (E1)n
+ o+ 600 T T T
. yp > KK (AK™) : =(1530)
0.5/ = : 500 [ _ =
%J T I =(1820) : i <4 GlueX < F :(1620) :
= ; Al — Fit S - ) .
E o @ 400p . 2(1690) , -
2 04r ; A Background O % dhs i"
-~ L : E E S 300 |- i\
2 R - : : © I ;
% o3 =(1690) § E 5 E S I
50 L ¢ fi ~Seraie L o £ 200 4
LL] B 7 A 0 {) . (} (} LQl [} i 4 i
02:'5— J % Nl i : I{) k'.'s"‘ (}' %) LI>J B
:': g ' k} e e, 9'. 100 » gk -
ERye ® 3 S
01:—{)@} oF |
o 15 155 16 165 17 175
é; | | | | | 1 | 1 1 1 I | | IEI | | IEI | | | | | | %
0 1.7 o

4
» L . 3
1.8 1.9 > 21 22 23 28 fu t “t(
M(AK) (GeV) 3 fﬂmwww ﬂ##}
V. Crede and J. Yelton, submitted to Rep. Prog. Phys. 3 15 155 16 165 17 175

M. [GeV/c?]
Belle, PRL 122, 072501 (2019)
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Cross sections for wzwr in GlueX

Measured w7z photoproduction with 0.1 < — 7 < 0.5 GeV?

ub }
GeV/c?

|

dM

do

0.10

0.05
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do
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|
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. ++++++++*++++
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Cross sections for wzwr in GlueX

Measured w7z photoproduction with 0.1 < — 7 < 0.5 GeV?

0 A+t
o(y p — (omm) _p) o(y p = o A™)
0015 o 04
ElIE | =%
19  |-e-Data - - **+
_8,% - | —— Total Fit _8_% 0-3__ ;.:*+* -
0.10 |7 —a,(1320) + e 4 -l .
- |— (1600 i -
! & ) i ++ + + 0.2 -
| + : : .
0.05 - AR 4 e .
L 0-1__ -
o n gt
e R —— Y7 | A i = SN
12 14 16 18 20 22 12 14 16 18 20 22

M((onm)_) [GeV/e’] M(wr ) [GeV/c’]
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Excited Vectors in K¢K;

« Study of yp = KK, p gives insightto odd™ mesons: 177, 377, ...

. Clean ¢(1020) signal seen with GlueX-I data, study SDMEs, cross sections,

* Two clear enhancements at larger mass

Counts /1 MeV
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Excited Vectors and Photoproduction

o x10°
%5"% Ebeam = 9 GeV
‘§4OJ“
B f2(1270)
30_— \'«.&
- N“\
20f-
y \
0:...I...I L I L L 1 1
1 1.2 14 16 18 22 24 26 2%\//
106 = A
o\ — /
T /o Preliminary
105 / \ |
104 =
1035—
E. PR I S N T NN T SO T SO N SO ST SN SO AN SR S SN S N S SR
0 0.5 1 1.5 2 2.5 3

m*r- Invariant Mass (GeV/c?)

* Vector mesons have same QNs as
photons, should be strongly excited in
photoproduction

* Need consistent understanding of
spectra in photoproduction and e+e-
annihilation

o E T | T T T T =
BOF BABAR :
10E PRD, 86, 032013 (2012) -

: ete” = ygprAT AT -

1 =

10" E E
107 £ e
103 ' | |
0.5 1 15 2 25 3
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Polarized Photoproduction @ GlueX

yp — ¢(1020)p

SDME fits use same fitting framework as . 113
. “~r —F— GlueX
amplitude analyses 0 1 oF —T— SLAC (Ballam et al)
. . L. o e R JPAC Model

GlueX data provides high statistical precision 11E — SGHG + NPE
General conclusions: 1 _______ b 2=

Neutral meson production proceeds 0.9" H i JF** —

dominantly through natural exchange 0.8f

Charged mesons see contribution 0.7¢

0 02 04 06 08 1

from pion exchange at low —¢ 2
P J GlueX: to be submitted to Phys. Rev. C —1 (GeV )

— A ++
yp > A o f ~ % GlueX
N 1.2F —<&— SLAC (Ballam et al.)
- —— SCHC + NPE
P GN — GU 1.1 ¢ | B JPACl]/Iodel
(0] T N U 1.0 Wm;y
o' +o% rTmEr
[ FO O gﬁ%%%%%%%%iﬂ
—3— GlueX 09 1| - . + e
—4— SLAC E | L/ :
JPAC pole model 0.8 Yp —> p(770)p
----- I-"' Yu arlld Kong m?del | | : | |” | | | | |
06 08T 1'?(@ \;2‘)‘ 0001020304 0506070809 1.0
- e
GlueX: Phys. Lett. B 863, 139368 (2025) GlueX: Phys. Rev. C 108, 055204 (2023) ~t(GeV?/c?)
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