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Constituent Quark Model

® |g7) quantum states, with g = u, d, or s

@ Organized in SU(3)ay0r NONEts

Boris Grube, TU Miinchen Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments



Constituent Quark Model

Light mesons

® |g7) quantum states, with g = u, d, or s

@ Organized in SU(3)gayor NONetS

<

@ Quark spins couple to

total intrinsic spin S = 0 or 1 S1 * I S *
@ Relative orbital angular Momentum L

and S couple to meson spin

J=L+S§
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Constituent Quark Model

Light mesons

® |g7) quantum states, with g = u, d, or s

@ Organized in SU(3)gayor NONetS

<

Quantum numbers

@ Quark spins couple to .

total intrinsic spin S = 0 or 1 51 * LA 5 *
@ Relative orbital angular Momentum L

and S couple to meson spin

J=L+S§
@ Parity: P = (—1)L1!

@ Charge conjugation: C = (—1)15
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Constituent Quark Model

Light mesons

® |g7) quantum states, with g = u, d, or s

@ Organized in SU(3)gayor NONetS

<

Quantum numbers

@ Quark spins couple to .

total intrinsic spin S = 0 or 1 51 * LA 5 *
@ Relative orbital angular Momentum L

and S couple to meson spin

J=L+S§
@ Parity: P = (—1)L1!

@ Charge conjugation: C = (—1)15

@ Forbidden JP€ combinations: 0~ —, even™—, odd—t
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Spectrum of Light Non-Strange Mesons

Light-Meson Frontier
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Spectrum of Light Non-S

Light-Meson Frontier

@ Rich spectrum
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Spectrum of Light Non-Strange Mesons

Light-Meson Frontier

@ Rich spectrum
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Spectrum of Light Non-Strange Mesons

Light-Meson Frontier

@ Rich spectrum
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Spectrum of Light Non-Strange Mesons

Light-Meson Frontier

@ Rich spectrum
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@ Advancements in analysis
techniques

[Courtesy K. Goétzen, GSI]

@ More rigorous theoretical
PWA models
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Beyond the Constituent Quark Model

Exotic Mesons

mesonic configurations

o QCD permits additional color-singlet J

Quarkonia :. |q67 >

+

Hybrids e@A@ ‘ qq g>
+

Glueballs © ‘ g9 >

+
Mult- 0—@ e— |7%4°)
quarks +

Boris Grube, TU Miinchen Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments



Beyond the Constituent Quark Model
Exotic Mesons

o QCD permits additional color-singlet J

mesonic configurations

Quarkonia @—@ |qq_ >
N

Hybrids @A@ ‘ q 57 g> @ Linear superpositions of all al-

+ lowed basis states

Glueballs o ‘ g g> @ “Configuration mixing”
+ @ Disentanglement of contributions
. 22 iffi
Multl_ ._. ._. ‘ q q > difficult
uarks + @ Detailed information about
q . couplings to production and
decay channels required
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Exotic Mesons

So far clearest experimental evidence in heavy-quark sector
Tetraquark candidates Zj,
@ Charged |cc)- and
|bb)-like states
@ E.g. ZF(3900) — J/p +
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Exotic Mesons

So far clearest experimental evidence in heavy-quark sector

Tetraquark candidates Zj, Pentaquark candidates P;"
o Charged |cc)- and @ Heavy baryon
|bb)-like states @ Decay mode 2" — [/ +p

@ E.g. ZF(3900) — J/p +
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Exotic Mesons

So far clearest experimental evidence in heavy-quark sector

Tetraquark candidates Zj, Pentaquark candidates P;"
o Charged |cc)- and @ Heavy baryon
|bb)-like states @ Decay mode 2" — [/ +p

@ E.g. ZF(3900) — J/p +

Light-quark sector

@ Model calculations suggest some states to be tetraquarks, hy-
brids, or glueballs
@ Also lattice QCD calculations predict hybrids
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Light-Meson Spectrum from Lattice QCD

State-of-the-art calculation with m,; = 391 MeV /c? Dudek et al. [HadSpec], PRD 88 (2013) 094505
3000 P=— P=+1 Exotics
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@ High towers of excited states
@ Essentially recovers quark-model pattern
@ Additional hybrid-meson super-multiplet
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Spin-Exotic Mesons

@ States with J’¢ = 0, even',

o or odd " forbidden for |47)
o @ Finding them would be unam-
_ —> biguous proof for configurations

Quar beyond [47)

+
Hybrids @A@ ‘qq‘g>

+
Glueballs | g9 >
- y 22
Mult- @—@ —@ |7°7°)
quarks +
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Spin-Exotic Mesons

@ States with J’¢ = 0, even',

o or odd " forbidden for |47)
o @ Finding them would be unam-
_ —> biguous proof for configurations

Quar beyond [47)

+
Hybrids  ene  [978)

+ .
Q 71(1400): seenin 7
Glueballs € |gg> Q@ 11(1600): seenin p(770) 7, n'm,

T
. 2-2 b1(1235) 7, and f7(1285)7

Multi- o—@ —@

ul ‘q q > Q@ 711(2015) (needs confirmation):

quarks + seen in by (1235)7t, and f1(1285)7
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Spin-Exotic Mesons

@ States with J’¢ = 0, even',

o or odd " forbidden for |47)

@ Finding them would be unam-

= biguous proof for configurations
Quar N > beyond |q7)
fybrids - ene  [q43)
+ .
Q 71(1400): seenin 7
Glueballs - O |gg> Q 711(1600): seen in p(770) 7, ' 7t
+ 1( ) d f: 51285) o
. — b1(1235) 7, and f; T
Multi- o—@ —@ 252
uarks + ‘q q > Q@ 711(2015) (needs confirmation):
9 : seen in by (1235) 7, and f;(1285)7
@ Allhave JP€ =1+
@ Some claims are controversial
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JP€ = 1= Spin-Exotic Mesons
The Checkered History of 771 (1600) — p(770) 7

BNL E852 analyses: 18 GeV /c 7t~ beam on p target

PRL 81 (1998) 5760
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} } ’ m.H.i“df +,
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@ 2.5 x 10° events

@ 0.1 <t <1.0(GeV/c)?

@ PWA: 21 waves
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JP€ = 1= Spin-Exotic Mesons
The Checkered History of 771 (1600) — p(770) 7

BNL E852 analyses: 18 GeV /c 7t~ beam on p target

PRL 81 (1998) 5760 PRD 7|3 (2006)|072001
+\1—+ N A high
1500} (1 )1 I i wvavee% I
(]
1(1600)” o % %
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| il H %
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by bt Moty © no eak 51;
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M(r*rr) (GeV) M3n] GeV/c?
@ 2.5 x 10° events @ 2.6 x 10° events
@ 0.1 <t <1.0(GeV/c)? @ 0.1 <t <05(GeV/c)?
@ PWA: 21 waves @ PWA: 21 and 36 waves
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The COMPASS Experiment at the CERN SPS

Experimental Setup Adolph et al., NIMA 779 (2015) 69

RPD + Target

/Beam
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The COMPASS Experiment at the CERN SPS

Experimental Setup Adolph et al., NIMA 779 (2015) 69
190 GeV/c t~ beam on p target
T X~ T
+
/ ¢ T
Pt -
p P

@ 46 x 10° events
@ 0.1 <t <1.0(GeV/c)?
@ PWA: 88 waves

RPD + Target

Arem "
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Events/ (5 MeV/c?)

Entries/ (5 MeV/c?)

Kinematic Distributions for 7t~ 7t~ 7t Final State

x10°

COMPASS, PRD 95 (2017) 032004

@ PWA input: 6 variables that define kinematics of 3-body decay

o
w

o
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0.1

oo <
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15 2
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Kinematic Distributions for 7t~ 7t~ 7t Final State

COMPASS, PRD 95 (2017) 032004

@ PWA input: 6 variables that define kinematics of 3-body decay

x10°

0.3

Events/ (5 MeV/c?)

0.2
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. . .
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T
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S
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Spin-exotic 1_+ — p(770)77fp Wave COMPASS, PRD 98 (2018) 0920
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@ Shape of inten-
sity distribution
changes dramati-
cally with #/

@ Low t": mostly non-

resonant
@ High t': mostly
11 (1600)

Intensity / (20 MeV/c?)

Intensity / (20 MeV/c?)
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lowest ’ bin
x10°

11" p(770) TP

0.100 < t' < 0.113 (GeV/c)?
Model curve
L { Resonances|
4 }l Nonres. comp.
o
05 1 25
x10% 1I*1" p(770) mP
3 0449 < t <0.724 (GeV/c)?
Model curve
Resonances
Nonres. comp. * |
o
05 1 15 2 25

m,, [GeV/c?]

Intensity / (20 MeV/c?)

Intensity / (20 MeV/c?)

Spin-exotic 1_+ — p(770)7TP Wave COMPASS, PRD 98 (2018) 0920

5

I*1 p(770) TP

0.326 < t' < 0.449 (GeV/c)?
Model curve|
Resonances|

* Nonres. comp.

x10°

2 25

05 1 15
my, [GeV/cY
. / .
highest ' bin
«10° 171 p(770) 7 P
1IF0.724 < 1' < 1.000 (GeV/c)*
L Model curve

Resonances
[ Nonres. comp.

05 1

15 25
my, [GeV/c?]
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Spin-exotic 1_+ — p(770)7TP Wave COMPASS, PRD 98 (2018) 0920

@ Shape of inten-
sity distribution
changes dramati-
cally with #/

@ Low t": mostly non-
resonant

@ High t': mostly
71(1600)

Resonance parameters

@ 711(1600)
my = (1600 731°) MeV/c*
Iy = (580 73%) MeV />

@ Large systematic
uncertainties

Boris Grube, TU Miinchen

Intensity / (20 MeV/c?)

Intensity / (20 MeV/c?)
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Model curve
Resonances
Nonres. comp. }
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Spin-exotic 1_+ — p(770)77fp Wave COMPASS, PRD 98 (2018) 0920

lowest ' bin

<10° 1*1* p(770) P
0.100< t' < 0.113 (GeV/c)?

Model curve

B + Resonances|
4 }[ Nonres. comp.

Intensity / (20 MeV/c?)
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Spin-exotic 1_+ — p(770)71' P Wave COMPASS, PRD 98 (2018) 092003

Intensity / (20 MeV/c?)
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&

N
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Model curve
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(dashed curves)
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@ Data at high ' cannot be described without 711 (1600) ComponentJ
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Spin-exotic 1= — p(770)7 P Wave

Intensity / (20 MeV/c?)

lowest ' bin

<10° 1*1* p(770) P
0.100< t' < 0.113 (GeV/c)?

Model curve

+ Resonances|

}[ Nonres. comp.

Intensity / (20 MeV/c?)

(dashed curves)

highest ¢’ bin
“10° 1*1 p(770) TP
1~ 0.724 < t' < 1.000 (GeV/cy
Model curve
Resonances }
Nonres. comp. |
0.5
05

COMPASS, PRD 98 (2018) 092003

[17*1* p(770) 71 P] - [1*0" p(770) TS
r ' V24 < t' < 1.000 (GeV/c)y

1 15 2 25

m,, [Gevic]

@ Data at high ' cannot be described without 711 (1600) ComponentJ

@ t'-resolved analysis solves long-standing puzzle of seemingly
contradictory BNL E852 results
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Model Dependence of the 711(1600) Signal?

@ Conventional PWA requires complete
knowledge of ¢® — 7~ 7" amplitude
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Model Dependence of the 711(1600) Signal?

@ Conventional PWA requires complete
knowledge of ¢® — 7~ 7" amplitude

04 06 08 10 12 14
Myt [GeV/c2]

o Employed parametrization for am-
plitudes of p(770) isobar might
deviate from data
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Model Dependence of the 711(1600) Signal?

Lo}
0.8
Z o6l
S
04}
02
@ Conventional PWA requires complete 00D
knowledge of ¢® — 7~ 7" amplitude o408 ?‘?[Gel\,’?vzl 2o
o Employed parametrization for am-
plitudes of p(770) isobar might
deviate from data 10}
@ Novel technique: “freed-isobar” PWA 08F
Krinner et al., PRD 97 (2018) 114008 NE 0.6f
S
@ Replace fixed isobar parametriza- 04f
tions by step-like functions
02
o Extract isobar amplitude from data HHHHHHHHHHHHHHI
o Reduced model dependence 0080406 08 10 12 14
- Myt [GeV/c2]
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Model Dependence of the 711(1600) Signal?

Lo}
08}
Z o6l
S
04f
02f
@ Conventional PWA requires complete 00D
0 = 3 04 06 08 10 12 14
knowledge of ¢’ — 7w~ 71" amplitude e[ GoV/ ]
o Employed parametrization for am-
plitudes of p(770) isobar might
deviate from data Lo} .
@ Novel technique: “freed-isobar” PWA 08F
Krinner et al., PRD 97 (2018) 114008 NE 0.6f
S
@ Replace fixed isobar parametriza- 04f
tions by step-like functions oal
o Extract isobar amplitude from data
o Reduced model dependence 000406 08 10 T2 id
- Myt [GeV/c2]

Boris Grube, TU Miinchen Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments



7t~ Amplitude in 1+ — [77t];—- + 7t~ P Wave

0.326 < t < 1.000 (GeV/c)?

1717 [#x],- 7P

Preliminar,
0326 < ' < 1.000(GeV /c)*

200 71(1600)

100000

80000

60000

40000

20000

05 K 15
mse [GeV/c?]

@ Intensity peak at 13, ~ 1.6 GeV/c? and Myt ~ 0.8 GeV/c?
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7ttt Amplitude in 1" — [rtt];—- + m~ P Wave

0.326 < t < 1.000 (GeV/c)?

Preliminar, 1= 1* ] - P X105 1.58 <my, < 162GeV/c* 11" [an], P X10° 158 < my, < 162GeV/c? 11" ), —P
22590326 < ¢ < 1.000(GeV/c? 100000 B Corrected zero mode Fixed shape 2 [ Corrected zero mode Fixed shape
3 2 >
0.326 < 1" < 1.000(GeV/c)* 6.0% 0.326 < 1 < 1.000(GeV/c)* 6.0%
200 711(1600) i
175 80000 =
150 it Z
z 60000 S
S 125 3 { t Z
x & 5
M = f a
& 100 40000 E ) { =
- § H
075 z ¥ S
20000 ) " £ 0
0.50 .
- .
0 ol LI
05 . 15 05 10 L5 20 -1 0 1
s s
mye [GeV/c?) e re [GeV/] Re(Tiu [(Bvems/Gevyen) | 1

@ Intensity peak at 13, ~ 1.6 GeV/c? and Myt ~ 0.8 GeV/c?

@ Clear p(770) signal: peak in intensity + circular structure in
Argand diagram
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7ttt Amplitude in 1" — [rtt];—- + m~ P Wave

0.326 < t < 1.000 (GeV/c)?

Preliminar, 1= 1* ] - P X105 1.58 <my, < 162GeV/c* 171 [an)y 2P X10° 158 < my, < 162GeV/c? 17 1*[n) P
22590326 < ¢ < 1.000(GeV/c? 100000 B Corrected zero mode Fixed shape 2 [ Corrected zero mode Fixed shape
3 > s
0.326 <7 < 1.000(GeV/c)® 6.0% 0.326 < ' < 1000 (GeV/c)* 6.0%
200 71(1600)
175 80000 #
% 150 2 ft .
= 60000
S s { t
£ 0 40000 N
| }
t
075 @
20000 y % 0
0.50 3
" .
o 4 e
0.5 X 15 05 10 15 20 -1 0 1
2 s
mye [GeV/c?) e re [GeV/] Re(Tiu [(Bvems/Gevyen) | 1

@ Intensity peak at 13, ~ 1.6 GeV/c? and Myt ~ 0.8 GeV/c?

@ Clear p(770) signal: peak in intensity + circular structure in
Argand diagram

@ p(770) parametrization used in conventional PWA agrees fairly
well with measured amplitude of 7~ 7" subsystem
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7t~ Amplitude in 1+ — [77t];—- + 7t~ P Wave

0.326 < t < 1.000 (GeV/c)?

Preliminary 1 ¥ [ 2P X100 094 <ms; < 0.98GeV/c* 141" )y 7P x10° 094 < m3, < 0.98GeV/c> 141" )y 2P
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S
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Comparison with Conventional PWA

0.326 < t' < 1.000 (GeV/c)?
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@ Freed-isobar PWA confirms 711 (1600) — p(770) 7
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Comparison with Conventional PWA

0.326 < t' < 1.000 (GeV/c)?

Preliminary
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B Freed isobars
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@ Freed-isobar PWA confirms 711 (1600) — p(770) 7

See talk by Fabian Krinner, Sat at 14:30
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JPAC Coupled-Channel Analysis of 77t and 1’7t

Rodas et al. [JPAC], PRL 122 (2019) 042002
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JPAC Coupled-Channel Analysis of 77t and 1’7t

Rodas et al. [JPAC], PRL 122 (2019) 042002
nrT: 2+t 1—+ A(j)(l”r — 2**)

x10° x10° =
120F. MD-wave 3 220F 1p0 ph.
. ;, 200 T
1008 E 180
E 80F £ 160k |1
Ly r (>
3 eob 1515 17 T8 1o £ 5140 |
g F
% a0F 3 120| ]
- 100
20 = 80
Op g \ , , \ ! L , ) . , \ ! , , \ i , , \
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/ — —
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% 1.5 5 £
1.0 i 100
0.5/ £
0.0; L L : I L L o L L 501 L
0.8 1.0 1.2 14 16 1.8 20 0.8 1.0 0.8 1.0
Vs (GeV)
@ Partial-wave amplitudes from COMPASS PLB 740 (2015) 303

@ Analytical and unitary model based on S-matrix principles
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JPAC Coupled-Channel Analysis of 77t and 1’7t

Resonance Pole Parameters Rodas et al. [JPAC], PRL 122 (2019) 042002
0.0 =
01— e 2,(1320)
E / ~~
E / ~_ a,(1700)
0.2 = / ~ 2
< E 0.108 m @
3 03" o0
= - 0.112
% 04 E~ ou
2 £ ous
05 —
E ous
06 E o1
E 012273557307 1306 1308 1310
e I I 1 1 1 1 !
12 13 14 15 16 17 18 19 2.0
Mass (GeV)

@ Only single 1~ "-wave pole required to describe peaks at
1.4 and 1.6 GeV/c?
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JPAC Coupled-Channel Analysis of 77t and 1’7t

Resonance Pole Parameters Rodas et al. [JPAC], PRL 122 (2019) 042002

., 8,(1320)

a,'(1700)

0.108 m @
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0.2
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0.7
1 1 1 1
13 14 15 1.6 1.7 18 1.9 2.0
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*"IllIIII|IIII|IIII|IIII|IIII|IIII|IIII

-

@ Only single 1~ "-wave pole required to describe peaks at
14 and 1.6GeV/c?
o my = (1564 + 24t & 864y ) MeV/c?
o Iy = (492 £ 544t £ 102ys.) MeV/c?
e Consistent with 711 (1600)
o First measurement of pole parameters of 711 (1600)
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JPAC Coupled-Channel Analysis of 77t and 1’7t

Resonance Pole Parameters Rodas et al. [JPAC], PRL 122 (2019) 042002
0.0 =
01— e 2,(1320)
E / ~~
E / ~__ a,(1700)
0.2 = / ~ 2
< E 0.108 m @
3 03" o0
= - 0.112
% 04 E~ ou
2 £ ous
05 —
E ous
06 E_ 0120
E 0122735 1304 1.306 1308 1310
07 —
E 1 I I 1 I I I
12 13 14 15 16 17 18 19 2.0
Mass (GeV)

@ Only single 1~ "-wave pole required to describe peaks at
1.4 and 1.6 GeV /c?

my = (1564 & 24 tar, =+ 865ys.) MeV /c?

Ty = (492 + 54 gar, £ 102y ) MeV/c?

Consistent with 71 (1600)

First measurement of pole parameters of 711 (1600)

@ Raises doubts about existence of 711 (1400)
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The 71;(1600): Three Sides of the Same Coin

g 01 <t < 1.0(GeV/c)? 37r: 0.449 < t' < 0.724 (GeV/c)?
3020 %10 1 p(770) TP
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0; L L L L L L L
08 10 12 14 16 18 20
(s (GeV)
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The 71;(1600): Three Sides of the Same Coin

g 01 <t < 1.0(GeV/c)? 37r: 0.449 < t' < 0.724 (GeV/c)?
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The 771(1600) Resonance
my = (1660 713) MeV /c?

Weighted Average
1660 |; MeV/c? (Error scaled by 1.2) 257 = 60 MeV/c” (Error scaled by 1.9)

Iy = (257 + 60) MeV /2

Weighted Average

x x2
ROD2019 JPAC 1.1 ROD2019 JPAC 441
AGH2018 COMP AGH2018 COomMmP
LU2005 B852 0.1 —+ LU2005 B852 37
KUH2004 B852 1.1 KUH2004 Bgs2 1.1
IVA2001 B852 1.8 —— IVA2001 B852 1.7
Tz 106
(Confidence Level = 0.014)

Confidence Level = 0.242)
| 1 1 1 1 1 1 1 1 |

0 100 200 300 400 500 600 700 800 900 1000
7,(1600) Width [MeV/c?]

1450 1500 1550 1600 1650 1700 1750 1800 1850 1900
,(1600) Mass [MeV/c?]

@ Most measurements prefer width > 300 MeV /c?
@ Breit-Wigner parameters in fair agreement with pole parameters

@ Still large uncertainties, mostly systematical

Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments
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A Remaining Puzzle

Spin-exotic 1~ 17 p(770) 7r P Wave from 7ty Interactions

% a0F 1 (pm)
= 35p 7,(1600)?
o 30} <=
S o5t
£ 20f
o 15F
>
w 10f %
0 H‘H‘Ui‘»ﬂ‘“m“‘
14 16 18 2
M(Tc*n*n‘) (GeV)

PRL 102 (2009) 102002
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A Remaining Puzzle

Spin-exotic 1~ 17 p(770) 7r P Wave from 7ty Interactions
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PRL 102 (2009) 102002
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A Remaining Puzzle

Spin-exotic 1~ 17 p(770) 7r P Wave from 7ty Interactions

COl;(/[PASS
- [1+14] .
7-[+
.
A A
x10°
< 511*1* priP COMPASS 2004
-+ S 18F TTPb - T Ph
% 40F 1 (PTE) % 16 t'<0001 Gevi/
= 35 7(1600)? g 140 | |
o 30f <7 — 3 12-
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PRL 102 (2009) 102002
@ We observe 71(1600) — p(770) 7 but not 7ty — 711 (1600)? |
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The GlueX Experiment at the JLab CEBAF

Experimental Setup Al Ghoul et al. [GlueX], AIP Conf. Proc. 1735 (2016) 020001

barrel time-of
start calorimeter -flight
L U E counter

target

forward calorimeter

photon beam

diamond forward drift

wafer chambers

central drift
chamber
electron superconductin

electron tagger magnet beam P magnet g

beam tagger to detector distance

is not to scale

2T
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The GlueX Experiment at the JLab CEBAF

Experimental Setup Al Ghoul et al. [GlueX], AIP Conf. Proc. 1735 (2016) 020001

Lin. polarized y beam on p target

7

forward calorimeter

(@)
- -~ Diamond: PARA
— Diamond: PERP
Aluminum

barrel time-of

start calorimeter -flight

counter

Measured PS Flux (arb. units)

= PERP

Polarization

éi‘* #t%‘,i*%**?*

E T R TR 1

s ') EYRTYRYRRY RPN RVRTY ¥R

70405 1 i1
Photon Beam Energy (GeV)

GlueX, PRC 95 (2017) 042201 forward drift
v

chambers

central drift

chamber
electron superconducting
electron tagger magnet beam o
. gnet
beam tagger to detector distance
is not to scale 2 T
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The GlueX Experiment at the JLab CEBAF

Experimental Setup Al Ghoul et al. [GlueX], AIP Conf. Proc. 1735 (2016) 020001

Lin. polarized y beam on p target

0, w, ¢

X forward calorimeter
barrel  time-of
calorimeter -flight

I8, 70, (0 000 start
counter

p.n, N, A, ...

@ Wide variety of I G JPC accessi-
ble

@ 1 polarization constraints pro-
duction processes

@ Complementary to 7t beam

(COMPASS, VES) forward drift
chambers
central drift
chamber
electron )
electron tagger magnet beam superconducting
magnet
beam tagger to detector distance 9

2T

is not to scale
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The GlueX Experiment at the JLab CEBAF

Experimental Setup Al Ghoul et al. [GlueX], AIP Conf. Proc. 1735 (2016) 020001

Lin. polarized y beam on p target

@ Study light-meson spectrum in forward calorimeter

range m < 3GeV/c? barrel  time-of

. flight
start calorimeter -flig

@ Search for hybrid mesons counter

@ “Low-intensity” phase-I pro-
gram completed

e 2016-2018: 110 pb !

get

@ “High-intensity” phase-II pro-
gram starting fall 2019

diamond
wafer

forward drift
chambers

central drift

chamber
electron superconducting
electron tagger magnet beam magnet
beam tagger to detector distance
is not to scale 2 T
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The GlueX Experiment at the JLab CEBAF

Al Ghoul et al. [GlueX], AIP Conf. Proc. 1735 (2016) 020001

Experimental Setup

Lin. polarized y beam on p target

@ Study light-meson spectrum in
barrel time-of

range m < 3GeV/c?
start calorimeter -flight
@ Search for hybrid mesons counter

forward calorimeter

@ “Low-intensity” phase-I pro-
gram completed

e 2016-2018: 110 pb !

@ “High-intensity” phase-II pro-
gram starting fall 2019

get

See talks
@ “Overview of the GlueX physics program”
by Matthew Shepherd, today at 14:00

@ “Overview of Light Meson Results from the GlueX Experiment”
by David Mack, today at 16:15

Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments

Boris Grube, TU Miinchen



n7t and r’' 7t Final States at GlueX
COMPASS t~p — nrt—p, n — mr % 116 x 10° events
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n7t and r’' 7t Final States at GlueX
COMPASS t~p — nrt—p, n — mr % 116 x 10° events

N 2000 1
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Z 1200 12 O 0.2
= E 10} & D 0
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GlueX yp — n~AT*, 7 — 7: 10° events expected (phase I)
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n7t and r’' 7t Final States at GlueX

COMPASS t~p — 't p, ' — mHmn: 39 x 10° events
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n7t and r’' 7t Final States at GlueX

COMPASS t~p — 't p, ' — mHmn: 39 x 10° events
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GlueX yp — '~ A, ' — wHmn: 40 to 45 x 10° events expected (phase I)
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n7t and r’' 7t Final States at GlueX

COMPASS t~p — 't p, ' — mHmn: 39 x 10° events
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See talk by Colin Gleason, Wed at 11:10
Y
3 | S Yy P o F
° [/ NW“’ W‘WQ’W mw ) m:: t“‘*’"., E v ;
o — F
1 1
M(n'r) [GeV/cZ]

Boris Grube, TU Miinchen Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments



Search for ¢ = 1-F and 2*~ Spin Exotics at GlueX

Example: y+p — nutn~ +p

beam energy £, > 7 GeV

o
' C
%12000— 3101(1285) G
= N K LUE
[fe] C Y -
£ 10000~ : /*\ Preliminary
§2} - ) ‘.“ \%
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g s "y "M
] r . {
- . i
6000[— v o,
B H
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N L A
C / N
2000{— ! .
C Y
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NN A T RN R RS B
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@ =~ 20 % of phase-I data
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Search for ¢ = 1-F and 2*~ Spin Exotics at GlueX

Example: y+p — nutn~ +p

beam energy E, > 7 GeV and 1.8 GeV/c? < M(yn*z™) < 2.2 GeV/c?

4.0

a5 e GL%

3.0 Preliminary

25

M(nr*) [GeV3/c]

2.0
: a,(1320)

15 i E 2 100
1.0 =) = - a(980)

- 3 - ot = 50
0.5 e
0 :.../.}g7.7.0.).|....|....|....|....|....|.... o
'8.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

M) [GeVZc

@ =~ 20 % of phase-I data

@ Search for
o Isoscalar partner of 711 (1600): 777 — 1 f2(1270) and a,(1320) 7
e by — np(770)
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The VES Experiment at the IHEP U-70

Experimental Setup Khokhlov et al., EPJ Web Conf. 37 (2012) 01029

EM calorimeter
shashlik technology,
high granularity structute.

Cherenkov counter

beam Cherenkov counters
3 counters with different threshold

beam line

magnet yoke
magnetic fieldof 1 T

drift tubes stations

target

Be, @4cm x 4cm
wired chambers

Boris Grube, TU Miinchen
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The VES Experiment at the IHEP U-70

Experimental Setup Khokhlov et al., EPJ Web Conf. 37 (2012) 01029

EM calorimeter o X T

shashlik techrﬁology, Cherenkov cot ot

{Lgh granularity structute./— P ¢ ¢ o
Be Be

bei @ 87 x 106 7~ 7~ 7+ events
3 counte

@ 32 x 10° 7~ %70 events
@ 0<t <1.0(GeV/c)?

beam line

magnet yoke
magnetic fieldof 1 T

drift tubes stations wired chambers

target
Be, @4cm x 4cm

Boris Grube, TU Miinchen Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments



@ “Further state” seen by BNL E852 in p(770) 7, f,(1270) 7, and
03(1690) BNL E852, PRD 65 (2002) 072001
o my = (1874 + 43 star, & 965ys.) MeV /2
o Iy = (385 + 121 g, + 11455 ) MeV/c2
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0.000 < t' < 0.015 (GeV/c)?

3450+ RHOZ 00015

HitE

[BREBZE,

3050+ RHOZ 001500

HITE

[BREBZE,

0.015 < #' < 0.033 (GeV/c)?

0.033 < #' < 0.060 (GeV/c)?

3050+ RHOZ 003300

0
i

34504 RHO? D060

+
e

B
3

List
)
wan
e

[BREBZE
it

3450+ RHOZ D000

L

[BREBZE

2151
D91 501653
s 00773

0.060 < ' < 0.090 (GeV /c)?

Resonance-model fit

0.090 < £ < 0.200 (GeV /c)?

0.200 < # < 1.000 (GeV /c)?

Kachaev et al. [VES], EPJ Web Conf. 199 (2019) 02025

@ 13(1875) confirmed by VES with parameters consistent with
BNL E852 (combined 71~ 7t~ 7r+ and 7w~ %70 data)
o my = (1905 =+ 15) MeV /c?
o Iy = (250 + 30) MeV /c?
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Kaon Spectroscopy
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(Ebert et al, PRD 79 (2009) 114029)
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[Courtesy S. Wallner, TUM]

PDG 2019: 25 kaon states below 3.1 GeV//c?
@ Only 13 kaon states well established, 12 need confirmation

@ Many predicted quark-model states still missing

@ Little progress in past 30 years
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Diffractive Production of K~ 7t~ 7t at COMPASS

190 GeV/c K~ beam on p target

@ 2.4% K~ in beam
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Diffractive Production of K~ 7t~ 7t at COMPASS

190 GeV/c K~ beam on p target
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Diffractive Production of K~ 7t~ 7t at COMPASS

190 GeV/c K~ beam on p target

WAO03 (CERN)
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@ = 3.5x larger data sample than e Ry
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Diffractive Production of K~ 7t~ 7t at COMPASS
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PWAof K~ +p > Kt nnt +p

Example: 2 1T K*(892) = D Wave
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@ Clear signal from K; (1430)
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PWAof K~ +p > Kt nnt +p

Example: 2 1T K*(892) = D Wave
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@ Clear signal from K; (1430)
@ In agreement with WA03 result
@ Cleaner signal in COMPASS data

@ Work in progress: resonance-model fit
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PWAof K~ +p > Kt nnt +p

Example: 2 1T K*(892) = D Wave

COMPASS WAO03
%106 2+ 1T K*(892)7D
5] 0g0s< ' <1.00 (Ge\Q//?’c); F oK)
&y . /0 -
< ¢ 600
> U
[5) =
o 4 ¥ r
S 1.0 14 & b
— = L00—
= i T J
See talk by Stefan Wallner, Wed at 08:55 J
é DN F +1’ T t o
- oS AR AT s
0.0 B . 1 120 w18 8 2
L0 15 20 25 3.0 M GV
Mirr [GeV/c? ACCMOR, NPB 187 (1981) 1

@ Clear signal from K; (1430)
@ In agreement with WA03 result
@ Cleaner signal in COMPASS data

@ Work in progress: resonance-model fit
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Summary

Light-meson spectroscopy enters era of high-precision data

@ Hadroproduction
o COMPASS: finished data taking
e VES: running
@ Lepto/photoproduction
o GlueX: finished phase-I campaign, starting phase II
o CLAS12: MesonEx program
@ Further future

o ppat PANDA
o COMPASS++/AMBER Lol: kaon spectroscopy [arXiv:1808.00848]
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http://arxiv.org/abs/1808.00848

Light-meson spectroscopy enters era of high-precision data

@ Hadroproduction
o COMPASS: finished data taking
e VES: running
@ Lepto/photoproduction
o GlueX: finished phase-I campaign, starting phase II
o CLAS12: MesonEx program
o Further future

o ppat PANDA
o COMPASS++/AMBER Lol: kaon spectroscopy [arXiv:1808.00848]

Common challenges

@ Analyses dominated by systematic model uncertainties

@ Requires

@ Refined analysis techniques
@ More accurate PWA models = tight collaboration with theory
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