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o Light Meson Spectroscopy: The GlueX Experiment
e Probing the Electromagnetic Structure of Hadrons: PrimEx-n and CPP

Q Strange Hadron Spectroscopy with Secondary K; Beam
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Light Meson Spectroscopy Jefferson Lab
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z a1260) Meson Spectroscopy
3 or @ Study of gg system: equivalent to the hydrogen atom
a 02k 71670) @ Many broad and overlapping states in mass spectrum
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Light Meson Spectroscopy Jefferson Lab
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e PPNP 113 (2020) 103755
a(1320)
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E a1260) Meson Spectroscopy
: F @ Study of gg system: equivalent to the hydrogen atom
a 02k 71670) @ Many broad and overlapping states in mass spectrum

@ Characterize states by quantum numbers
@ Disentangle states with angular distribution of decay
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Light Meson Spectroscopy Jefferson Lab
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e PPNP 113 (2020) 103755

T o4k (1320
z a1260) Meson Spectroscopy
v:f 03 @ Study of qg system: equivalent to the hydrogen atom
a 02k 71670) @ Many broad and overlapping states in mass spectrum
@ Characterize states by quantum numbers
“F @ Disentangle states with angular distribution of decay
= e @ Use interference to look for small signals
my, [GeV/c?]
0.724 < ¢ < 1.000(GeV/c)? g ii- @ Total angular momentum J:
- o+ .j = Z+ S
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= @ Parity P:
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Allowed JFC for gg mesons: 0++,0—+, 1—— 1+~ 2++ |
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Experimental Status Jefferson Lab
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Experimental Status Jefferson Lab
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Jefferson Lab
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The GlueX Experiment |

(GLUEY

Gluonic Excitation Experiment
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GlueX at Jefferson Lab Jefferson Lab
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Hall D
(GlueX)ﬂhD @ 12GeV electron beam from CEBAF accelerator

n Lab & o C.oherent Brlem.sstréhlung on diamond radiator
@ Linear polarization in peak Py ~ 40%

@ Energy tagged by scattered electrons

@ Beam intensity: 1 —5- 107 /s in peak
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Photoproduction Jefferson Lab
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X Exchange | Exotic Final States
P 0t | bhhH 277,07
70 0 bg,hg,hé 21~
at 0t 7r1i 1=+
w 17 T, 11, 1 1=+
p,n, A, ...

Complementary Production Mechanism

@ Wide variety of states in spectrum accessible

@ Linear polarization of photon provides constraints on produced system
@ Understanding of production mechanism is prerequisite for interpretation
@ Very limited photoproduction data existing at these energies
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GlueX Detector Jefferson Lab
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G LUEX Forward Calorimeter

Time of Flight

Barrel Calorimeter

Light quark meson spectroscopy J Slariic "
art Counter

with nearly complete coverage

Timeline Jc Status fH, Target
(pb—")
2017 22 published
2018 103 analyzed  Photon Beam
2020 132 analyzed .
S Taggin
2023 calibrating Mgggne?c Forward Drift
2024 scheduled Chamber
Electron :
Beam Central Drift

Chamber

Radiator Solenoid 2T
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Analysis Strategy Jefferson Lab
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| Amplitude
Analysis

\ Search for
Exotics |

| Experiment

\4
ot Opportunistic 1 _
P(-?-l;r:;gron Measurements Theoretical
& New Ideas Models
Understand - 4
Photoproduction Identify
Mechanisms I\P;nown <
v esons
Spin-density L Measure /
Matrix Elements Cross sections

@ High statistical precision requires robust theoretical models and capable analysis frameworks

@ Collaboration: experiment and theory working together on analysis and interpretation
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Polarization Transfer Jefferson Lab
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First GlueX Publication: PRC 95
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GlueX 8.4<E,<9.0 GeV
$ SLAC E=10 GeV
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Tpol(¢) = Tunpol [1 — P, X cos 2¢] e
JPAC[7.8] 3
70 and 7 from 2016 Commissioning Data o BESHNE
0.4 -~ Goldstein [4] 3
@ Modeling production mechanism: ¥ sensitive to exchanged J”¢ 02E E
) ) . oF :
@ Cancel systematic effects by rotating polarization plane by 90° 02 ) 3
@ First measurement for 7 in this energy 04555 54 06 08 1 12 14 16 18 2
-t (GeVic)?
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Pseudoscalar Meson Photoproduction

Jefferson Lab
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2.1% Normalization Uncertainty

|

d These Results
& Gluex
« Laget
— JPAC
o Goldstein

Fp — 7w~ AT

—— Nysetal. JPAC), PLB 779, 77 (2018)
~~~~~ Yu and Kong, PLB 769, 262 (2017)
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am Asymmetry Measurements

@ 1): significantly higher precision
@ 7’: first measurement in this
energy

@ = : unnatural exchange
important at small —¢

p — K+30 @ K™: no visible t-dependence
20 T T T T T T
‘A —e— GlueX
i —+ SLAC .
15[ — Corthals et al. ] Photoproduction
4 --- Guidal etal.
w 10| ‘ ! + - | ] @ Neutral exchange: natural
| ! parity exchange dominates
osp E @ Charge exchange: unnatural
o L parity exchange for small ¢
O'%.O 0.2 0.4 0.6 0.8 1.0 12 14

-t (GeVZc?)
PRC 101, 065206 (2020)




Vector Meson

Spin-Density Matrix Elements

Photoproduction Jefferson Lab

®Thomas Jefferson National Accelerator Facility

@ Full angular distribution of vector meson production and
decay is described by spin-density matrix elements p}}

@ Linear beam polarization provides access to nine linearly \
independent SDMEs -

@ Intensity W is expressed as function of angles
cos 9, ¢, ® and degree of polarization P,

W(cos 9, ¢,

Wo(cos 9,
w! (cos ¥,

Wz(cos 9,

@) = W(cos 0, @) — P., cos(20)W' (cos 9, ) — P, sin(2d) W2 (cos 9, ¢)

3 /1 0 LI 2 /5 0 0 2
p) = 4 5(1 Poo) 5(3;)00 1) cos” ¥ — V2Repyq sin 219 cos ¢ — py_ ¢ sin” ¥ cos 2¢
us

3
p) = . (,;11 sin® ¥ } ,1(1)0 cos? 9 \/ERE/AO sin 29 cos ¢ /)}71 sin® 9 cos 2;)
us

3 2 . 2 2
p) = 4 <v2\mpmsm21) sin ¢ + ImpJ _4 sin® 9 sin 2;)
us

Schilling et al. [Nucl. Phy. B, 15 (1970) 397]
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t-dependence of SDMEs

Jefferson Lab
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arXiv:2305.09047 (2023

0
Py

r —3— Gluex @ High precision with only fraction of data set
0.10F —&— SLAC (Ballam etal) @ Uncertainties dominated by systematics

r — SCHC+NPE @ Agree with model up to —t ~ 0.5 GeV?/c?
0,050 JPAC Modd [ PRD 97 094003 (2018) |
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t-dependence of SDMEs

arXiv:2305.09047 (2023

Jefferson Lab

®Thomas Jefferson National Accelerator Facility

4 Refly P
n { —F— Gluex
o0a0f L + o0 010 —F— SLAC (Ballam etal)
A E ﬁ;ft B I — soreere
wi | A9 oo e oot | s
3 S - L = ) L . .
ﬂ T l t = i i = @ High precision with only fraction of data set
005 || 008 oo [ T8 + N a -
k! % -]‘-**MM : @ Uncertainties dominated by systematics
L L B L o R e @ Agree with model upto —t ~ 0.5 GeV2/02
o o oo, [ PRD 97 094003 (2018) |
o ‘ @ Detailed studies of mass and energy
1] l,T - ”“}.{. { dependence will follow
I 3 el
RN o *"'Jn -
uujt-- g, a¥ —nus—][» &ty T
Gttt o ot Other Channels...
1 (Gev?/c?) H(Gevc?) -t (Gev?ic?)
o mety e, @ Analysis of w(782), ¢(1020) ongoing
"5’[ 1l ‘ oxp [ o { o @ Natural-parity exchange generally dominates
o Fh
B xWh @ Improve theoretical description of
o | T Tyt - .m%*’ photoproduction process
oat | E _L @ Understand and evaluate detector acceptance
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Cross Section Measurements Jefferson Lab
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n Diff. Cross Sec. 8.0 < Ev < 8.5 GeV

o 10?
2 = J.M. Laget .
s F a0 GLEX @ t-channel dominant, but coverage of
- r JPAC = entire kinematic regime
2 10 ——— EtaMAID 2018 Preliminary
s TE @ Regge models at low |{[,
C ‘(f — Handbag (Kroll & Passek-Kumerick) Handbag for intermediate m
0 {?l ———— GlueX-I Prelim. Results
1= \4 Iy
E \ i
= ] !
F \ /|
B b
10 !
= i
107 I | 1 ”
E : 1l*+
el e L L
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Momentum transfer |-t| (GeV?)
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Cross Section Measurements

doldt (nb/Gev?)

65<E,<7.0GeV
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b Tyt 4 R
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G
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Jefferson Lab

®Thomas Jefferson National Accelerator Facility

@ {-channel dominant, but coverage of
entire kinematic regime

@ Regge models at low ||,
Handbag for intermediate ||

@ Energy coverage: 3 — 12GeV
Overlap with previous measurements

Other Channels...

@ Precise measurement for many different
final states ongoing

@ Consistency between decay modes
limits systematic uncertainties




The )7 Systems Jefferson Lab

; ®Thomas Jefferson National Accelerator Facility
— M. Albrecht

@ Strongest evidence for exotic 71 (1600) from COMPASS in this channel
@ Competitive statistical precision, but different production and multiple decay modes
@ Collaboration with theory on development of amplitudes and models

ook ,p o AT

Guw’
1500 + Preliminary
o @ Clear signals for a5(980) and a,(1320)
500« W

A3 S @ Different angular distribution between charged (top)
[ R R and neutral (bottom) final state
M(n) M(yr)

Fooo fpy - ,/,TOP . @ Production mechanism populates states with
Goo | ‘ GuiC different spin-projections
")‘00007 Ny

8000 1 Preliminary
i

= Amplitude Analysis

Cos(6) of n Entries / 0.02

1 2 2
5 MR Enties? 024 Gev?

Meson Spectroscopy with GlueX



PWA with Beam Polarization Jefferson Lab
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V. Mathieu

@ New amplitude formalism with ZJ(Q, ®) = Y"(Q)e~®:

2 2

Z(Q, ) x (1 — Py) (IReZ(Q, )| +(1—P,) Mimzr (@, 0)| +

2
+(14+Py)

2

+(1+P,) (DReZ(Q, d) Z[T](m Imz(Q, o)

£,m

@ Describes all two-pseudoscalar meson systems (nm, KK, ), etc.), extension to vector-pseudoscalar systems
— A. Schertz [this Session, 10:35am]

. o i . . ot p+ +
@ Fully mass-independent analysis difficult due to complexity of wave set: S, P~ 1, D=, 0400 ’

@ Require theory input to limit amplitudes (TMD model) or constrain mass dependence of known resonances
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a»(1320) Cross Section Jefferson Lab
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0.1<|—1]<02 - ‘ 5
N 0.30 GL% Theory predicton
2 8000 7; Preliminary - EV=8.5 GeV i
& om0 ] 0.25 GlueX Phase 1
8 b E 0.20 + E,c(8288]Gev
e - 1oz +  Natural exchange E
2000 ] ()
= [0 + +  Unnatural exchange
12 14 16 — 0. 1 5 E 3
Mom (Gevie] 8|6 5 —— Stat. uncertainties
g 8000 - 0 1 0 ;+—
g 6000 1 E s |
2 0.05F s
;g 4000 E - —,—:
] 000702 03 04 05 06 07 08 09 1.0
12 14 16
M) [(GeVic?] t GeV?

Semi-Massdependent Method: Impose Breit-Wigner Shape for a>(1320)

@ Good agreement with theory prediction, demonstrate validity of method
@ Separation of natural and unnatural parity exchange mechanisms
@ a,(1320) signal as reference wave for exotic 71 (1600) in ' 7
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Projection for 71(1600) — () Jefferson Lab
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@ Upper limits for 74 (1600) branching fractions from LQCD

T4/ MoV ha SPEC  Woss, el al. PRD 103, 054502 (2021)
PRy
60"—”/’/////:,,

200
301 ///—’ f1(1285
20

: : : i
1500 1550 1600 1650 mp [ MeV

@ Projections combine LQCD with measured a»(1320) and (iso-vector) by cross sections
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Projection for 71(1600) — () Jefferson Lab
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@ Upper limits for 74 (1600) branching fractions from LQCD hoon 1 mp 320 W“ Yo D
. 2 —— Gluex-I Data s | /

@ Saturate measured wnr cross section (/ = 1) 57 40 Poton §aot " GL%
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4 y n
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< S a,(1320) Projection 20 25 1.0 15 2.0 25
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0.15- —— Total Fit
:‘2 9
e Gy o 3
Preliminary . 38 *# ® Preliminary Y p— nr A 3 450 yp=nTA"
0.10F . i 0.3 4

Events/20 MeV/c*
-~ on
a8

Ranan:

Su| if W\ S

"“““ Preliminary

+ 0.2 Preliminary @ 250 {
T4 1k 200 “M 0"
0.1 150] 1 O‘l}
sk . 100) f %

00 52 0 ‘ s (A
005 12 16 18 20 22 °P2 14 16 18 20 22 » ; . . A
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@ Projections combine LQCD with measured a»(1320) and (iso-vector) by cross sections
@ Expect small signal in nr, but signal could saturate n’w channels — enforced effort




The Future of GlueX Jefferson Lab
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Forward Calorimeter

Time of Flight
Detector Upgrades Barrel Calorimeter

@ DIRC: Extend kaon/pion separation,fully Start Counter
commissioned in Fall 2019

@ FCal2: PbWO, insert with higher granularity,
will be completed in 2024 PhstonBeath

Target

Tagging
Magnet

Forward Drift
Chamber

PbWO, CCal Electron .
- Central Drift

Chamber

Solenoid

GlueX Phase Il + JLab Eta Factory

Structured frame, . @ Started 2020, 2023, continue with FCal2 in 2024
h %, Cooling plates
o shims @ Emphasis on final states with strangeness

@ Higher luminosity: rare n decays
— S. Schadmand [Tuesday, New Facilities]

— Meson Spectroscopy with GlueX



PrimEx-n

v n
ANAN\AAG- - - - - - - ¢
]

/ i
oY

AZ

do/de (ubarn / rad)

3

PrimEx-n: Precision measurement of n decay

MC predictions

— Toul v+'He 5 n +He

Ey: 11GeV

Primakoff
Coherent
Interference
Incoherent

production angle (deg)

@ Primakoff production of » meson on nuclear target (Helium)

@ Precise measurement of n — v~ decay width
@ Determine fundamental properties: light quark mass ratio, n — n’ mixing angle

@ Experiment completed in three beam times 2019, 2021 and 2022

Jefferson Lab

®Thomas Jefferson National Accelerator Facility

L )
L it “}“*0
20001 Primakoff MM t m’*ﬂ;
& L range
Y L sg M t 4
8 ¢
= #
% L H"H
§1000- # o
i :*,*W Preliminary
,.' subset of 2023 data
B R S

— L. Gan [Thursday, BSM]
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7+ and 7° Polarizability Jefferson Lab
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E=0 E>0 U

o(yy>n'n)

{ p=—aE
E

Status and Projection for Sensitivity
@ Fundamental property of the strong interaction, precise predictions from xPT
@ Primakoff production of 77— and 7979 with 6 GeV polarized photon beam on Pb target
@ New wire chambers behind forward calorimeter to detect muon background, data recorded in 2022
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7+ and 7° Polarizability Jefferson Lab
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- - -
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. o 40[— Lebedev
- Vi \ E oovan
F 4 \ r — = E yr-own
\ / ' p=—aE E
F, X pr— A 30—
¥ 1| £ 1 E /
] Sigma /
4 : 3 Sepukor | Donestue .
] 20{— xZomz {iMe ko
‘ | E~10®V/m =
J i 3 r Iy Fp—yen
. 4 = {{ Kaloshin .
J o a~104m° i
- GIS 06 I
E L Il Il ! Il
S R e
st siion

@ Fundamental property of the strong interaction, precise predictions from xPT

@ Primakoff production of 77— and 7979 with 6 GeV polarized photon beam on Pb target

@ New wire chambers behind forward calorimeter to detect muon background, data recorded in 2022
@ Precision for 7% estimated to be comparable with COMPASS, but complementary systematic effects
@ Neutral pion polarizability has never been measured
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K. Facility: Strangeness Spectroscopy Jefferson Lab
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Q

B
Pair Spectrometer 3
BeevsiA Aria—— . % o\ e
unch spacing 64 ns i\ ' T \ )
North LINAC C Nomoedi Eps KPT | yKFM : kaons
ebeam | Yr=siy H y beam ™ Ke
+—tagging " r,
! hotons P e
L - E E \Photon
Sweep ! LH,/LD,-target | Beam Dump
Magnel 2 4 6 8 10 12
East ARC Momentum [GeV/c]

Strange Hadron Spectroscopy with Secondary K; Beam

@ Use photon beam to produce beam of neutral Kaons, sweep away charged tracks

@ World-wide unique facility combined with versatile GlueX detector, planned to be ready in 2026
@ Hyperon spectroscopy to identify missing baryon resonances

@ K scattering to study x meson




Summary Jefferson Lab
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Status of the GlueX Experiment
@ Full data set for initial phase of GlueX available and under active analysis
@ Several exciting physics results, many more to come
@ GlueX Phase Il in process: focus on meson spectrum with strangeness content
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Summary Jefferson Lab

®Thomas Jefferson National Accelerator Facility

Status of the GlueX Experiment
@ Full data set for initial phase of GlueX available and under active analysis
@ Several exciting physics results, many more to come
@ GlueX Phase Il in process: focus on meson spectrum with strangeness content

Beyond GlueX

@ Light meson spectroscopy is active field of research with global effort
@ \Versatile GlueX detector used for precision measurements of QCD

@ Detector upgrades for more science potential
]

Development of new programs:
— P. Rossi “New opportunities with Jefferson Lab at 22 GeV” [Thursday, Plenary]
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Summary Jefferson Lab

®Thomas Jefferson National Accelerator Facility

Status of the GlueX Experiment
@ Full data set for initial phase of GlueX available and under active analysis
@ Several exciting physics results, many more to come
@ GlueX Phase Il in process: focus on meson spectrum with strangeness content

| A

Beyond GlueX

@ Light meson spectroscopy is active field of research with global effort
@ \Versatile GlueX detector used for precision measurements of QCD

@ Detector upgrades for more science potential
]

Development of new programs:
— P. Rossi “New opportunities with Jefferson Lab at 22 GeV” [Thursday, Plenary]

A\

GlueX gratefully acknowledges the support of several funding agencies and computing facilities:
gluex.org/thanks
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Dedicated GlueX Presentations Jefferson Lab
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HADRON2023

@ E. Chudakov
“J/1p photoproduction close to threshold at GlueX”
Monday June 5, 3:12pm, 5H (Hadron decays, production and interaction)
@ M. Albrecht
“Search for Exotic Hadrons in n()= at GlueX”
Tuesday June 6, 4:30pm, 4H (Exotic hadrons and candidates)
@ S. Schadmand
“Precision tests of fundamental physics with light meson decays”
Tuesday June 6, 5:40pm, 1B (New facilities)
@ F Nerling
“Measurement of the photoproduction cross section for yp — ¢+ 7~ p and search for the Y(2175) at GlueX”
Tuesday June 6, 5:00pm, 4H (Exotic hadrons and candidates)
@ A. Schertz
“Vector-Pseudoscalar Partial Wave Analysis at GlueX”
Friday June 9, 10:35am, 5L (Light meson spectroscopy)
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Jefferson Lab
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Amplitude Analysis Jefferson Lab
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Step 1: Mass-Independent Partial-Wave Analysis

@ Partial wave 1w (7): Complex-valued amplitude which describes angular distribution of decay products
@ Constant in a narrow mass bin: model-independent
@ Total intensity distribution Z in each mass bin: coherent sum of amplitudes with production coefficients Ty
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Step 1: Mass-Independent Partial-Wave Analysis

@ Partial wave 1w (7): Complex-valued amplitude which describes angular distribution of decay products
@ Constant in a narrow mass bin: model-independent

@ Total intensity distribution Z in each mass bin: coherent sum of amplitudes with production coefficients Ty
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Step 2: Model for Mass Dependence for Results from Step 1

@ Breit-Wigner function for narrow, isolated resonances

@ Approximations for coupled channels: Flatté, K-matrix, ...

@ Amplitudes for dynamical effects: triangle singularity, ... % \@) /
5 \ Y /
@ Treatment of background €09 A/ g / I
Extraction of physical quantities: pole positions, coupling constants Y
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J/Y Photoproductlon at Threshold Jefferson Lab

@ Electron identification: £/p in calorimeters, pion background suppression by 10—
@ Kinematic Fit with 0.1% precision on photon beam energy
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J/Y Photoproductlon at Threshold Jefferson Lab
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@ Electron identification: £/p in calorimeters, pion background suppression by 10—
@ Kinematic Fit with 0.1% precision on photon beam energy
@ Cross section normalized by non-resonant et e~ production (Bethe-Heitler)
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J/ip Cross Section at Threshold

Jefferson Lab
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Energy dependence probes

@ Production dynamics
Brodsky et al. [PRL 498 (2001)]

@ Giluon distribution in proton
Kharzeev et al. [NPA 661, 568 (1999)]
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J/1p Cross Section at Threshold Jefferson Lab
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25, Energy dependence probes
g . —~ @ Production dynamics
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@ 4 times more data, smaller systematic uncertainties, precise measurement of do/dt
@ Results relevant for fundamental properties: proton mass, gravitational form factors, scattering length
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J/y Cross Section with GlueX-1 Data Jefferson Lab
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@ 4 times more data, smaller systematic uncertainties, precise measurement of do/dt
@ Results relevant for fundamental properties: proton mass, gravitational form factors, scattering length
@ Possible evidence for contribution from open charm production
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