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Colossal Energy Scale

Confinement

Low energy, large distance

Asymptotic Freedom

High energy, short distance

Perturbative *Non-perturbative

Gluon Jets Observed Gluonic Degrees of Freedom Missing!

Particle Processes

These diagrams are an artist's conception. Blue-green shaded areas represent the cloud of gluons.
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A free neutron (udd) decays to a proton An electron and positron ": (140) f:(UGE;) _'30(939‘6’ 22(1,385)
(uud), an electron, and an antineutrino (antielectron) colliding at high K* (404) Z0.197) (1115 &7X15%)
- - 27 : T et (0.511) p*(105.6) K= (494) A (1.230) £0(1.182) =7(1,530)
via a virtual (mediating) W boson. This energy can annihilate to produce n (9396) - (105.6) K9 (498) =—(1,321) =0(1.315) T (1672)

is neutron B (beta) decay. B? and B? mesons via a virtual Z o | j— - '
boson or a virtual photon. e e e
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High-energy scattering Spectroscopy
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QCD predicts more types
of states than
just mesons & baryons
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tetraquark pentaquark

QCD predicts more types
of states than
just mesons & baryons

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), (@gqaqq), etc., while mesons are made out
of (qd), (qqqq), etc. ... Phys.Let.8 (1964) 214
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of states than
just mesons & baryons
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mesons baryons

Ehe New PorkTimes Murray Gell-Mann, Who
Peered at Particles and Saw

Murray Gell-Mann
obituary
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tetraquark pentaquark

QCD predicts more types
of states than
just mesons & baryons

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), (@gqaqq), etc., while mesons are made out
of (qd), (qqqq), etc. ... Phys.Let.8 (1964) 214



Confined States of Quarks and Gluons

oD@

mesons baryons

glueballs hybrid meson

QCD predicts more types
of states than
just mesons & baryons

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), (@gqaqq), etc., while mesons are made out
of (qd), (qqqq), etc. ... Phys.Let.8 (1964) 214

Can we observe explicit
gluonic degrees of freedom
in nature’s bound states?
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Gluonic DOF in Spectroscopy?

Nonets characterized by given JPC

S=S5,+3,
J=L+S

P=(_1)L+1
C=(4)+S

symmetry groups

J: the quantum mechanical spin of the particle
P: represents its property under parity (inversion of spatial co-ordinates)
C: represents its property under charge-conjugation (replacement of particle with antiparticle)



Gluonic DOF in Spectroscopy?

Flux tube:
Nonets characterized by given JPC

S=S, +8S,
J=L+S
P (_1)L+1
L+S
S C= ('1) '
@ O
I1=1/2, |S|=1
—@ g o I;
=1, 5=0 o
@) O

symmetry groups

J: the quantum mechanical spin of the particle
P: represents its property under parity (inversion of spatial co-ordinates)
C: represents its property under charge-conjugation (replacement of particle with antiparticle)
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Gluonic DOF in Spectroscopy?

] ] Flux tube:
Nonets characterized by given JPC

Normal meson:

flux tube in
S=S,+S, ground state
m=0
J=L+S PC=(—1) S+1
L +1
P=(-1) " q
L+S
5 C=(1)" 0\9
o O q
I=1/2,|5|=1
.- § e
I=1,5=0 | | )
O O

symmetry groups

J: the quantum mechanical spin of the particle
P: represents its property under parity (inversion of spatial co-ordinates)
C: represents its property under charge-conjugation (replacement of particle with antiparticle)



Gluonic DOF in Spectroscopy?

] ] Flux tube:
Nonets characterized by given JPC

Normal meson: Hybrid meson:
flux tube in flux tube in
S=8 + 82 ground state excited state
M= O m=1
J=L+S PC=(-1) S+1 PC=(-1) s
L+1
P=(1)
S ! o\o e
+
s C=(1) )
® O q
L g o I, In the first-excited state we have two
=1, 5=0 degenerate transverse modes
} - clockwise and counter-clockwise -
® ® | that lead to
{ JPC =11 or JC=1""1
symmefry groups for the excited glue string.

J: the quantum mechanical spin of the particle
P: represents its property under parity (inversion of spatial co-ordinates)
C: represents its property under charge-conjugation (replacement of particle with antiparticle)
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Combine the QN J7¢ =177, 177 of the excited gluonic field
with those of the quarks:
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Production of Hybrid Mesons

Combine the QN J7¢ =177, 177 of the excited gluonic field
with those of the quarks:

N— TN

JPC:()—+ 1—|—— 2—‘|—
JPC — 17— 1++ —

JEC =0y, 1, 2

Exotic |

Conventional |



LQCD Meson Spectrum
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Past searches have focused on the lightest hybrid 1m11(1600) with 1~
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History: Google reveals

Hall-D Collaboration formed in 1998
UofR joined in 1999, I_ U E \N\N\N\S

GlueX name adopted in 2003.

2004: Google
- GlueX player - Scripting Language (JPN)
- GlueX - Active X software (JPN)
- Gluex - Enzyme (DE)

- glueX - public static java.awt.Component

- Glue X - Preschool Ideas for teaching alphabet
- glue X's using colored paper, make an X ray
- X-Logic Glue - enables diverse languages and logical tools to

be integrated in the solution of complex problems.
e 2010: 98/100 of first Google links are related to ‘our’ GlueX.

* 2026: all about ‘the’ GlueX except for one
“competitor”
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GlueX Collaboration

Collaboration

® Board, EDI, Code of Conduct

9 ® Spokesperson, Deputy, Executive
® Working Groups, Technical Committees
® Membership; service contributions



GlueX Collaboration

~130 scientists, 32 Institutions

Important: students, postdocs!




Jefferson Lab

Electron linear accelerator

add new hall ’ \D

S new \
cryomodules

b R A ~ double cryo /
upgrade capacity
C E BAF existing Halls !
~, /add arc B upgrade magnets
‘ f g .. and power supplies
2012 Upgrade:
5 new cryomodules
6—12 GeV
Ath Hall GlueX Hall D turned-on in 2016
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The Beam Line

Photon Tagger Pair Specirometer

North LINAC . : | :
; I" ' /31m h Photon
E : Beam Dump

Diamond Radiafor . Electron Collimator GlueX

East ARC Beam Dump select @ <25 ur  Spectrometer
polarized photons

* Linearly polarized photons via coherent
bremsstrahlung from diamond radiator

* Design intensity of 10° ¥/s in coherent peak
between E, = 8.4 and 9 GeV
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The Beam Line
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The Experiment

. . , 10M forward calorimeter
* High statistics samples of multi- 3 E::QI, time-of

particle final states provided by large calorimeter -flight
acceptance detector for both charged target
and neutral particles

* Resolutions:
xy. op/E~6%/VE®2%
xq: 0p/p~2—5%

photon beam

diamond
wafer

forward drift
chambers

central drift

| | chamber
| |
| electron n ducti
- superconducting
alectsen tagger magnet beam shymsop

beam tagger to detector distance

is not to scale
13
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GlueX Productivity

~ 23 Peta bytes of data collected

= 2 1
5 1 5
= 1 3
2l 2 3
6 2 3
10 1 3
5 4 3
3 2 3
56 (12) 15 (3) 59 (8)

Many new analyses underway
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17, Reconstruction

Yp— (M)p' — " )p' = (n(nz"77))p" — (yy(yye n))p

* Final states is: Yyyyn' @ p
* Event reconstruction: putting the
pieces of a puzzle together.

17

|

Source: savagechickens.com



17, Reconstruction

Yyyyn mop'
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17, Reconstruction

/

YYYym mp

Proton is in lower vertex
Py

pT t=lp -l Tp (-channel).
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17, Reconstruction

Yyyyn mop'

n—v

Combinatorics to decide
0N how 4 y should be

p = |p,u _p; .
’ combined to form 2 n

20



17, Reconstruction

Yyvyn' ' mop'
!
Yyvym wp
gl , |

+ o
\n\;\ g nnn m© p
Y
Y

| 7 vY Mass Distribution
x10°
> =

n—v

Combinatorics to decide
how 4 y should be

combined to form 2 n




17, Reconstruction

Yyyyn mop'
!
yyyymw np

Y n \L
o —
\77\;/\ ¥ 7777717 /8 P

l ' n' —natn

Combinatorics to decide
PR which n has decayed
from the n’
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17, Reconstruction

Yyyyn mop'

Tt \L
i yyyymw np

gl A !
+ o=
, § nna T p

\\g\ 7 |
! nnr 'z )p’

3
l n' —nn n

Combinatorics to decide
PR which n has decayed
from the n’
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17, Reconstruction

Yyyym' ' mop'
!
Yyvym' mp'
!
ma w p’
l
nmrz 'z )p
!
nn'py’

/
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17, Reconstruction

Yyvyn' ' mop'
!
Yyvym wp
!
nnr x p
l
nmn 'z )p
!
nn'py’

!

/

mp

/
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17, Reconstruction

Yyyyr'wp'
!
yyyyn'mp
!
nnr
!
nnz z )p

/

p” t= 2y
|p /"l’ p /‘l‘ p = Total Observed Intensity +G|UIXM|FR Result 2

— == Individual Peak Contributions H

17" (s+0) : (11 (8+D) 3 4
e e

sity —

11 Inten:

Multi-dimensional fits of spectra




Methodology: Partial Wave Analysis

yp— (Mm)p' = mn)p' = Mz n))p" — (yy(yye 7))y

T Tustration* Total Observed Intensity
*? - == = [ndividual Peak Contributions
8
L
o
|
=
<

How does one extract JPC contributions from this spectrum?
* Using only mass spectrum is insufficient.
» Study and analyze intensity in more “dimensions”:
« —decay angles of the constituent particles.
* Develop model from scattering theory.
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Methodology: Partial Wave Analysis
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(yy(yym 7))p
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How does one extract JPC contributions from this spectrum?
* Using only mass spectrum is insufficient.
» Study and analyze intensity in more “dimensions”:
« —decay angles of the constituent particles.
* Develop model from scattering theory.
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Methodology: Partial Wave Analysis

yp— (m)p'— n")p'— (n(nz"77))p" = (yy(yyn n))p'
+ Partial Wave Analysis (PWA):

Intensity distribution under amplitude analysis
framework can be written as:

do
[(Q), D)=
(82, 2) dtdm,, dQ2dd

which can be solved to give:

2 2

+(1—-P,)

SISz (9. 9)]
l,m

S S (9. 9)]

lom

> [ ARZ (. )

lom

S IRZ (9. D))

l.m

1(0.®) = 2%y {(1 _P)

k

2 2

+(1+P,)

j

+ (1+P,)

PWA - A framework to solve a scattering
problem by extracting JPCs via spectrum
intensity and multiple decay angles
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Angular Distributions

Sy~ T
por* G
Partial Wave Analysis
The Intensity Model: Angular distribution in helicity frame Photon " i
/ < j | - | \ s Decay
4O Orl @ r- " i o Frocuctor |
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Angular Distributions

Partial Wave Analysis

The Intensity Model: Angular distribution in helicity frame

‘ O COS

w

3

Production
Plane

~__
Intensity /(0, ®, Oy, @y, Dy,,0)

3 Decay
Plane




GlueX published - a,, 7,

—— Data
a,(1320)
== T,(1600)

M(M't) [GeV/c?]
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L exotics |
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* GlueX Machinery works:

* 111 upper limit - xsection
PRL 133,261903 (2024)

* a2 meson - PWA
PRC 112, 015204 (2025)



o The 5, has (I9)JFC = (0M)(171) that are exotic.

e Goal: test whether yp — nn'p events in GlueX are
consistent with the 7,(1855) state discovered by BESIILI.

e This is a two-pseudo scalar meson decay.

Beijing Electron-Positron Collider Il operates at c.o.m. Solenoid
energy of 2.0-4.6 GeV, optimized at 1.89 GeV to study  ©
the J/P resonance and others.

Sz

N
s|

Schematic of the BESIII detector
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BESIIN: 77, in J/y — ynn’

400 :_ I I . I I _: Resonance M (MeV/c?) T (MeV) B.F.(x107)  Sig.
w - (8) ?/dof =+%)fa7 i fo(1500) 1506 112 1.81+0.1135; > 300
% 300 1t — 0" g fo(1810) 1795 95 0.11 +£0.01%557 1l.1o
= : 2 : f0(2020) 2010 £ 676 203 £9+13 22840.12702 24.60
8 200 - — " (n(1855) — So(2330) 2312 £75 65+ 1017, 0.10+0.027 70, 13. 20
E E . |1°WAflt projection (excluden): ] ) e S +9 ) 188+ 18-¢ 0.27+ 0. ,' 2]
§ 100 - — PWA fit projection (baseline f|t)_- f2(1565) 1542 122 0 32 :|: 0 05+8522 8. 76
LLl i ) f2(2010) 2062 +65;° 165+ 1711° 0.71 £ 0.06150 13.40
i . i f4(2050) 2018 237 0.06+0.0170%8 4.60
° 35 > 25 3 0" PHSP .- o 14440157000 1576
MM)(GeV/c2) 21(1415) 1416 90 0.08 + 0-01f§;§2; 10.26
1(1595) 1584 384 0.16 +0.02109 9.9

Phys.Rev.D.106.072012 (2022)

® Nominal model given in the table - includes significant 7,(1855) component.

® Solid red line contains #,(1855) contribution, dashed blue does not.

® Need for exotic component most obvious looking at the moments.
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BESIII: 17, PWA

(& 40 3.

> L

)

=

= |

E, 20

& - .

-

n

= |

9 0

Q) °

< ch v BESIII Collaboration:

1.5 2 2.5 3 signature of an exotic n,(1855)
M ’ GeV/02 _ /
bl ) e e’ = J/y— (m)y— (nn)y
/ 2\ — 2 2
M(;?;? )(GeV/ce) = E’?’?' o’ Phys.Rev.D.106.072012 (2022)

Moment analysis= decomposition of angular distribution into spherical harmonics
YM(0, ¢); Expansion coefficients are the moments H(L, M) with L, M €Z20
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GlueX Two-pronged Approach

Will Jeffergon Lab

S

* Measure cross section for yp — ny’'p

* Use to set upper limit on 77,(1855)
production rate

Note: many phenomenological
models predict B(n, — ny’) =0

Combine with moment analysis:
greater sensitivity to exotic hybrid
meson waves if we include
angular moment info in the limit
of the cross section

33

. Universi
Harsimran TRegina
Pursue PWA AmpTools analysis

Start with input/output tests:
* Use machinery from a, and b,

Examine event selection

Carry out mass-independent
analysis

Longer time scale



GlueX: 5, cross section

Will Jefferéon Lab

e BESIll used both ' — yz77z~ and 1 5<M(m)<3.2 GeV/c?

n' — ntn Ty ;‘103

W
> N il
= <;LUE &%
15,000 signal events across both = ta X
decay modes © 12F Preliminary
o
e GlueX shows 12,000 events in E: 103_
Phase-l + Spring 2020 + Spring W gE
2023 (much more data available in -
Phase-ll and -l11) t , .
A n' —->nrr
* Use additional decay modes: Signal/Background
n' Decay | Branching Fraction 2r is decent
Tt (42.5 +0.5)% i | | |
yp (29.48 + 0.35)% U -
w0 | (22.440.5)% L0 L 1.2
Y (2.52 + 0.07)% Mnrtr) [GeV/E]
vy (2.307 £ 0.033)%
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GlueX: 7, PWA

H . University
arsimran oRegina
vy Beam Energy Momentum Transfer
x10° x10°
> - L 20F
> 60 . & £
2 | . (GLUEY S b GLueY-
-~ - + A B 4t +
‘(B : - S : + +
g 50:— 1 Preliminary g 165_ , Preliminary
- ; o 14 ®,
40— = -
- 12—
. < PWA -
30 ’ 10F
- i . 8-
20 . ", o T R 6 ““z“%“
- . ) ‘ 3 af - T,
10— oo i .t N ey
et cross section - o
i TLLLIRCCILIRrrI T SOTTE T T Y O I ITIT -,
0—1||||||||| L1 (RN B A AN AT A B A Ceor o b bo oo b b b b b b b
6 7 8 9 10 11 12 8.0 02 04 06 08 10 12 14 16 18 20
E, (GeV) -t (GeV?)
highest polarization t-channel physics
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Events / 20 MeV
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GlueX: 7, PWA

University
oRegina

Harsimran %

Effect of Cuts on M(nr*n’) Distribution

-y
o
w

. No Cut

[ Add E, Cut

Add -t Cut

Guiy’
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Frrrryprrrprrrprrrprrr P T T rTrpTpX
R L L N L

_1||1|||§|||| L1

06 08 10 12 14 16 18 20 22 24
n' Standard Mass Mnr) (GeV)
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Summary & Outlook

* Hybrid mesons help explore role of gluons in hadron dynamics.
* PWA can extract individual JPC contributions.

e exotic 7,(1855)(17") — nn'is accessible in GlueX.
* Next steps (cross section and PWA):
e Study signal and background Monte Carlo; optimize S/B.
» Extract a clean ##' signal from data.
« Examine constrained and unconstrained # mass fits.
* Project moments from cross section fits.
* Fit that data with PWA to find signatures of 7.

B3 GlueXperimen - ': -
® gggﬁg GL% gGllue:eZperimetnt -
hitps://gluex.org/thanks.html

¥ Glue_X
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