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QCD and the Hadron Spectrum

— Conventional Hadrons ————

@ The hadron spectrum is a M
consequence of QCD eson Baryon
@ Unconventional hadrons are

beyond the Quark Model

but allowed in QCD . ——  Unconventional Hadrons —————
Hybrid Meson Glueball

e Can they tell us something
new about QCD? e e
e Experimental challenge: e e
conventional and 6 @
o)il0

unconventional hadrons
often overlap

Meson-Meson Molecule Tetraquark

Gabriel A. Rodriguez Linera Two-Pseudoscalar Spectroscopy at GlueX



Light Scalar Mesons

Quenched Lattice QCD

e Lightest glueball expected to have i 5
JPY¢ = 0+ and mass 1.3—2 GeV O m—

e Two light scalar mesons are expected 10 2" m— = 4
between 1 and 2 GeV from the a— — " —
Constituent Quark Model 8 R

2 + — + — >
@ Three light scalars have been s . ! ° 3
observed: £ 6] e s
2
fo(1370)  fo(1500)  fo(1710) 4| OF—
2 1
0 : 0
++ -+ +-
J [Phys. Rev. D 73, 014516 (2006)]
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Light Scalar Mesons

Quenched Lattice QCD

e Lightest glueball expected to have i _ 5
JPY¢ = 0+ and mass 1.3—2 GeV O m—

e Two light scalar mesons are expected 10 2" m— = 4
between 1 and 2 GeV from the a— — " —
Constituent Quark Model 8 . .

@ Three light scalars have been L 2+_1+ - ® E
observed: L6 e 0 ;5

fo(1370)  f5(1500) £ (1710) N— 2

@ Is one of these states the glueball?

@ Is there mixing between two qq 2 1
states and a glueball?

e No consensus on interpretation of the 0 - s . 0
light scalar sector ) - .

[Phys. Rev. D 73, 014516 (2006)]
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Meson Spectrum on the Lattice

e Several hybrid nonets

expected
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[Rev. Mod. Phys. 90, 025001 (2018)]
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Meson Spectrum on the Lattice

e Several hybrid nonets
expected

e Including hybrid vector
mesons

e Expected to mix with
conventional vector mesons

e Would produce an

overpopulation of vector
mesons
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Vector Mesons

m,; = 391 MeV
243 x 128

isoscalar [

isovector

Exotic JF€
|

n;(1855)
m,(1600)

[Rev. Mod. Phys. 90, 025001 (2018)]
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Photoproduction of Vector Mesons

o (yp = Vp) Inbl
S

o Lightest vector mesons have large . ==
photoproduction cross section i}‘: i
i )
e Limited information about excited states 10% 4 . f&fﬁr{’f 3
_ e e H‘f B )
o Mostly from eTe™ annihilation i . .
e Only produce vector mesons 1024 : M”‘*‘**I E
e Photoproduction is complementary to ete™ M, b J Y
annihilation 10 ¢ : Ht i
e Large vector meson cross sections ) . :1 z?:} T(1S)
T Fu Zeus p:nl. E
¢ Zeus pfg\, 1

|
A fixed t:!'get ‘ ‘
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GlueX Experiment

@ Nearly hermetic detector

e Charged and neutral
particle detection

e Tagged photon beam

@ Phase 1 of GlueX now
complete

—— Diamond: PARA
—— Diamond: PERP
— Aluminum

Gux

Photon Flux
(arb. units)
H

g
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g

, ' i 5
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GE
Photon Beam Energy (GeV,

Forward Calorimeter
Time of Flight
Barrel Calorimeter

Start Counter

Target

Photon Beam

Tagging

Magnet Forward Drift

Chamber
Electron
Beam

\

Central Drift
Chamber

Radiator Solenoid

[Nucl. Instrum. Meth. A987, 164807 (2021)]
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Spin Density Matrix Elements

e Full angular distribution of vector meson production
and decay is described by SDME

@ Detailed theory prediction, but previous
measurements limited

@ Sensitive to angular component of detector acceptance

e Multiple decay modes for some channels

e Linear beam polarization provides access to nine linearly independent SDMEs
o Intensity (W) is a function of cos(f), ¢, ® and degree of polarization P,

W (cosl, ¢, @) =WP(cosh, ¢) — Pycos(2®)W*(cost, ¢) — Py sin(2®)W?2(cosh, $))
31 1
=" (=(1=,° Z
o (50— o)+ 5

3
Wl(cos, p) :E(phsinZH + phocos®0 — V2Replysin20cosp — pi_;sin?0cos2¢)

WO(cos, p) (3080 — 1)cos%0 — V2RepYysin20cosd — pd_; sin?0cos2¢)

3
W2(cosh, ¢p) = - (V2Imp3ysin20sing + Imp? _, sin*0sin2¢)
7r
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p(770) Spin Density Matrix Elements

e High precision with 17% of
GlueX-I data

@ Detailed investigation of
systematic uncertainties

e High precision input for further
model development

@ Used to develop high-precision
multidimensional fit procedure
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p(770) Spin Density Matrix Elements

e High precision with 17% of i
0.10F - + 0.10f g l 0.10F —f— SLAC(Balan etal)
GlueX-I data wd 1 Sl B L (v
e Detailed investigation of T '
systematic uncertainties ad o TR

S : 3 : 0.00.1 0203 0405 0607 0809 1.0 00010203 04 0506 0708 09 1.0 0001020304 0506 0708 09 1.0
° ngh precision 1HPUt fOl“ further t(Gevi/c) 4(GevIed) Lcatier
Py Ph Repl

model development
e Used to develop high-precision ‘% ‘H" - "”ﬂ ] i
multidimensional fit procedure ool Phugy L %%?%ﬁrﬂ + ﬂimf{l.\.::f”&‘ e
e Excellent agreement with JPAC | ** ]

"
000102030405 0607 0809 1.0 00010203 040506 0708 09 1.0 000102 0304 0506 0708 09 1.0
- 1 (Gev/c?) -t (Gev?/c?) -t(Gevic?)

model [PRD 97 094003 (2018)] . - .

e Improves and validates our 1] + o
. [ 0.08- == -0.40F +
understanding of data and W?FMJ" P N Jﬂmn 3
X L

I

T

+

Fy | T i
nosT I l‘

acceptance on |

. 035»‘ -010F 058
° Pa’per Submltted tO Phys‘ R‘ev' C 00°6170263°640508676805 10 00016203 0465060768°65" 10 06°0170203°04°0508°67 0805 0
V. “t(Gev?/c?) “t(Gev?/c?) t(Gev?/c?)
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The 7" 7~ Spectrum Beyond the p(770)

e Abundant 77~ data in GlueX data set
e Relative phase between resonances may differ in ete™ and photoproduction
e Dip in ete™ becomes bump in photoproduction?

e Unprecedented detail accessible

3of 5 10
= E S s
g 10°F
¢t ? S 1°E
Q - - =
Si1° - 2 10F \
= *n E . 05 06 07 08 09 1
: / 9 1= T E
o S B g ]
ok ! 510 e T o E
E 102 E  [Phys. Rev. Lett. 103, 231801] T TT T‘E
i LUE i 3 F P R B N P B T B §
- G UX 10 0.5 1 15 2 25 3
10’ E_ Preliminary \s’ [GeV]
U_ * O.IS E— : = 115 = é E— 2.I5 S

w'n Invariant Mass (GeV/c?)
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The 77~ Spectrum Beyond the p(770)

e Abundant 77~ data in GlueX data set

e Relative phase between resonances may differ in ete™ and photoproduction
e Dip in ete™ becomes bump in photoproduction?

e Unprecedented detail accessible
e Must understand target excitation and double-Regge exchange background

K
310°
v f (1270)
o F 2
2 [
s
8105 ==
= E
: Gus’
10¢ |- Preliminary
p(770) GLUExW-
"w E Preliminary
o: B R e e - T2 14 16 18 22
% Invariant Mass (GeV/c?) 7*n Invariant Mass (GeV/c?)
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Strangeness Program: 2-Pseudoscalar Final States

Study the KK Spectrum
e Multiple final states are experimentally accessible
e Each with different challenges and opportunities
o KgKg and KgK select for different physics

(DJTE = (0/1)even*™ (HJ7€ = (0/1)odd
(PN R
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Strangeness Program: 2-Pseudoscalar Final States

Study the KK Spectrum

. ° ° (DJTE = (0/1)even*™ (HJ7€ = (0/1)odd
e Multiple final states are experimentally accessible Ui o) Gobprby-)

e Each with different challenges and opportunities
o KgKg and KgKj select for different physics KKVKIKD é @

Explore Scalar Sector in KgKg

@ f0(980) and ag(980) couple strongly

to KK

o Little information on
photoproduction of:
fo(1370)  fo(1500)  fo(1710)
o What is their connection to
glueballs?
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Strangeness Program: 2-Pseudoscalar Final States

Mesons

Study the KK Spectrum

. ° ° (DJTE = (0/1)even*™ (HJ7€ = (0/1)odd
e Multiple final states are experimentally accessible Ui o) Gobprby-)

e Each with different challenges and opportunities
o KgKg and KgKj select for different physics KKVKIKD é @

Explore Scalar Sector in KgKg Explore Vector Sector in KgK7,

@ f0(980) and ag(980) couple strongly @ ¢(1020) has large cross section
to KK o Two decay modes
e Little information on @ Vector mesons considered
photoproduction of: established by the PDG:
fo(1370)  fo(1500)  fo(1710) p(1450)  w(1420) $(1680)
e What is their connection to p(1700)  w(1650)
glueballs? | @ Understand these states before
searching for hybrid vector mesons )
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»(1020) Spin Density Matrix Elements

@ ¢(1020) forms a nonet with
p(770) and w(782)

@ Described by the same
formalism as p(770)

e Large branching fraction to
KsKp,
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¢(1020) Spin Density Matrix Elements

@ Measure ¢(1020) — KgK
o ) ST 235000 —— Data

@ Reconstruct Kg — 7o~ = — Fit GL%

and recoil proton -, 30000 — Signal Preliminary
e Kinematically fit reaction 525000 Background

. .. . S Purity = 0.98
with missing particle © 20000
constrained to the K; mass ) 15000

iy
gy, w1020 S <

0 Il
0.38 0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54
M(T¢T?) (GeV)
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¢(1020) Spin Density Matrix Elements

@ Measure ¢(1020) = KsKL %24000
@ Reconstruct Kg — ntm™ 328888
and recoil proton 218000

e Kinematically fit reaction 316000
with missing particle ©14000
constrained to the K; mass 12000

y 10000

" 8000

y qomy Ko< 6000
W ©(1020) - 4000
2000

0

GlueX-I Data GL%’

Preliminary

1 1.02 1.04 1.06 1.08 11
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¢(1020) Spin Density Matrix Elements

e Complete GlueX-I data

e Only statistical uncertainties | = o, 8 Re() ng 0 Gui’

0.5}

04 L ol o] o Preliminary
. o~ W
shown R SPOPI S SN T S nd e S ot ™ PP
2.08| 2.08] 20| .>—.—<>_._
e Systematic uncertainties sib [gK.K, - IPAC Model—scHC || 1
under jnvestjgation A S < R A S O it ot

. 02 1 02 1 02 Re(pt
e JPAC model deviates from - Pu e P . e o(P)

205 205 P 205
SCHC due to m/n exchange | . *wesmmgs—| ot s Togity teggm
[PRD 97 094003 (2018)] b o o

T 1T Tz 14
Four Momentum Transfer { (G&V°) Four Momentum Transfer { (GeV°)

: 7 - me) | ¢ me)

Tz 14
Four Momentum Trandfer t (Gev)

11 0.15|

4(1020) _ o L P - S ey
B e T S Y P b 55

03 s, 02| 07

G2 o4 06 08 1 1z 14 0z 04 06 08 1 12 14 52 o4 06 08 1 1z 14
Four Momentum Transfer £ (GV?) Four Momentum Trarsfer{ (GeV?) Four Momentum Transfer £ (GeV?)

Gabriel A. Rodriguez Linera Two-Pseudoscalar Spectroscopy at GlueX


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.094003

The KgK | Spectrum Beyond the ¢(1020)

e Partial Wave Analysis underway
e Same formalism as nm channel

@ Preliminary studies indicate the K¢K spectrum is
predominantly P-wave

@ Two peaks in photoproduction vs. single peak in ete™

Mesons

(1)JFC€ = (0/1)odd~
(p, @, $,p3,...)

V.
x10° “%1000fF T T 7
> F > >t $(1020)
§ 140 |- iZ 2500 Data GLE% 3
o E iR Sideband - b= ete = KKy () 1
S 120 E g 2000 Preliminary 3 750 [Phys. Rev. Lett. Yo, gswsm] T
2 - iS5 PO £ ]
8 80 ; 11000 % 5001 B
60 o +
40 3 w4 $(1680) 1
20 - [ ++ 1
£ [ +++* + +
o | %%, L . " " i L . o L *#ﬁ S
12 14 16 18 2 22 24 28 0 e s
M(KK) m(KK) ) (GeV/c?)

Gabriel A. Rodriguez Linera Two-Pseudoscalar Spectroscopy

't GlueX



The K™K~ Spectrum

e ¢(1020) — KK~ analysis ongoing Mesora
e Important step in understanding charged kaon i U %"C ¢<0/1>0d -
. 0> A0 J25 025 @D, P, P35 ...
reconstruction

@ Charged kaon reconstruction improved with DIRC

upgrade
y
v F 2 3iluywuu“H,L,,,w,H‘wu‘yw‘uu‘wyu
F £ e ete™ = KYK(y) 2 4 o oLva
% o | GI.UE e g 10°€ * [Phys. Rev. D 88, 032013] % wg\ oo
< E B=] F: 2 35 omz
2 F R 5 [ p
s f (p(1020) Preliminary g 107 i s 2§ e
¢ f 2 L =
o 5 10| sty
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0k . 10k T E
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E L[ .
L 107 ¢ Hﬁ“ﬁ% E
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E 103 (AR I ra i RN AR SRR SRR SR | Pl i
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2]

—
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K'K’ Invariant Mass (Gev/c?)
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The KgKg Spectrum

e Many even-spin light mesons may contribute re

o o o o o ()JPE = (0/1)eventt
e Partial Wave Analysis may separate spin contributions Gombfo )

S

£980) £,(1270) £,(1500) £,(1710)
4,(980) a,(1320) £3(1525) a,(1700)

? ? |
v
25000 ? B Data
o ?
§2ooo-
[0) LUEX
g o &
wn 1500+ Preliminary
o~
2
< 1000~
[
>
w
500-
010 1.2

1.4 1.6 1.8
Invariant Mass of KsKs (GeV/
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The KgKg Spectrum

e Many even-spin light mesons may contribute e
. a o . . I = (0/1), had
e Partial Wave Analysis may separate spin contributions offao)

e Same formalism as nm channel
o Begin with a minimal wave set: SJ, Sy D;L

S Wave
2500 — Data i
+ E= + [
32000, boe=-1| 3t
= s
Te) * * Nl
o 1500- op
2 8t
$1000- or
> ﬂ H >
w } i
500: | | -
0 . EL s LIS
1.0 1.5 2.0 1.0 1.5 2.0
m(KsKs) GeV/c? m(KsKs) GeV/c?
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The nn’ Spectrum

e Photoproduction of nn/ e BES-III reported evidence for

o ~2k total events 71 (1855) in J /v — mn'y

e Single reconstructed topology e ~15k total events

e Expect 3-4x increase with GlueX-1I e Two reconstructed topologies
NQ 160: 400_ T T T T
> 140F [ Givi) o [+ x¥dof= 157 ]
= o ) - K 300F -e- Data A
o 120 Preliminar S N it .
A S I ;
2 100 E 2 S0k _ ‘11'* (n,(1855)) ]
%) F = L — i
(l:) 80 N i) N «+«« PWA fit projection (exclude n,) ]
= B < L —_ it projection (baseline fit)
UCJ 60 - g 100L PWA fit projection (basel ft)_

C w C ]

401 C ]
20} 055 2 25 3
ok Mmm')(GeV/c?)
1.5 2 2.5 3 3.5 3
M(m’) GeV/c [Phys. Rev. Lett. 129, 192002]
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Final Remarks on Two-Pseudoscalar Spectroscopy

@ GlueX has collected a large and unique data set on two-pseudoscalar final states J

Spin Density Matrix Elements

e p(770) analysis paper submitted
e ¢(1020) - KgK /K"K~ analysis
ongoing

Photoproduction of Scalar Meson

e Partial Wave Analysis of KgKg
ongoing

Future Opportunities

Beyond the Lightest Vector Mesons

o High statistics 777~ data set

e Two peak structure observed in
KsKp,

Acknowledgements

e Photoproduction of n; — nn’ with GlueX-II oL-A0|

e Expand strangeonium program with DIRC upgrade

@ Search for hybrid vector mesons
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