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LicHT MESONS: m < 3 GeV/c?

Constituent-Quark Model

> |qq’) system with ¢ = u,d, s

» Quantum numbers JP©

Constituent-
Quark Model H
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LigHT MESONS: m < 3GeV/c?
Constituent-Quark Model QCD Meson -

> |qq’) system with ¢ = u,d, s
J’”(C)

» Quantum numbers on _
€

In unflavoured sector: Spin-exotics

+
» Not possible in Constituent-Quark Model: Multiquarks “ “
JPY =077, (odd)™ T, (even) ™
» Access to exotic states that do not overlap with +

ordinary mesons Glueballs o

Hybrids +
» Excited gluonic flied contributes to Jre ybrids
» Predictions from theory: lightest hybrids have + ...

JPC — (07 1, 2)—("!‘)7 1—(—)
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COMPASS

» COmmon Muon Proton Apparatus for Structure and Spectroscopy
» Data taken for two decades 2002-2022

» Located at the M2 beam line in the north area of CERN

» Part of the Hadron program: Light-Meson Spectroscopy

Setup for Hadron beams Diffractive Resonance Production

(m",K",p)

ECAL2
HCAL2

N

N,

target

N, recoil

Target
Muon Filter 2

» Beam hadrons at 190 GeV/c
— mainly Pomeron exchange

Muon Filter 1

Si Telescope RICH1
m
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PARTIAL-WAVE ANALYSIS

» Analysis in two steps:
1. Partial-Wave Decomposition: Amplitudes of contributing waves are determined
2. Resonance-Model Fit: Extraction of resonance parameters (mg, I'g) and couplings

Partial-Wave Decomposition

» Data arranged into bins of (TZnX t') (m K™ ,p hl
NWSVES h2
I(m) = | > T Walm)
. hs
» Decay Amp.lltudes W, are calculated from Ntarget Necoil
data using isobar model
» Production amplitudes 7; are determined in ( Diffractive Resonance Production and
extended Likelihood fit subsequent two-body decays )
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PARTIAL-WAVE ANALYSIS

» Analysis in two steps:
1. Partial-Wave Decomposition: Amplitudes of contributing waves are determined
2. Resonance-Model Fit: Extraction of resonance parameters (mg, I'g) and couplings

Partial-Wave Decomposition Resonance-Model Fit
» Data arranged into bins of (mx, t') » Measured amplitudes are modeled by sum of
2 resonant and non-resonant components (S)

N,

waves

I(r) =Y To | Walm) X ,
a To(mx, t)ocPp Z Ctjz(t/)pj(va t)

» Decay Amplitudes ¥, are calculated from J€8q

data using isobar model .
» Dynamics of resonant components:

» Production amplitudes 7; are determined in Dyee (mx)
res.

extended Likelihood fit .
» Dynamics of non-resonant component:
Dn—res.(mX7 tl)
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Exotic meson candidate in
unflavoured sector
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LIGHTEST UNFLAVOURED HYBRID MESON

Theory predictions

» Several effective models (e.g. flux-tube, bag model, constituent gluon) expect the lightest hybrid
meson to have spin-exotic QN: JPC =17+

First result from IQCD simulation

» Decay of hybrid meson with T /ey ST
JPC =177 via several mn/%b;nl
channels aoof
> At SU(3) symmetry point: . f,(1285)x
exp. or P
— My,d,s = M P 20 nvn,
— m, ~ 700 MeV/c? ﬁ///J_Jf,g 1420)m
— 3m, pushed to high ‘ = - = gﬂK
energy ' N ’ ’

[PRD 103, (2021) 054502]
» Result: b;™ most dominant
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.054502

EXPERIMENTAL RESULTS T — PTT

COMPASS
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[COMPASS, PRD 98, 2018]
» 46.0 M events

> T+ p— 37+ pat 190GeV/c
» 11 bins )
0.1 <t <1.0(GeV/c)

» Result:
t,-dependence of background
+110 2
m, = 1600145 MeV/c
+100 2
Ir, =590153MeV/c
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092003

EXPERIMENTAL RESULTS T — PTT

COMPASS

x10° 1*1" p(770) TP
0.100 < t' < 0.113 (GeV/c)?

Model curve|
} Resonances|
+ Nonres. comp.

S
T

Intensity / (20 MeV/c?)
\S]
T

0.5 1 15 2 25
m,, [Gev/cy

[COMPASS, PRD 98, 2018]
» 46.0 M events

> T+ p— 37+ pat 190GeV/c

» 11 bins )

0.1 <t <1.0(GeV/c)
» Result:

t,-dependence of background
| = 16007 65" Mev/c

mﬂ'
I, = 5907 55Mev/c?
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092003

EXPERIMENTAL RESULTS T — PTT

COMPASS

x10° 1*1" p(770) TP
1= 0.724 < t < 1.000 (GeV/c)?
Model curve
Resonances |
@ Nonres. comp.
s |
=
&
= 05~
>
]
g
=
05 1 15 2 25

m,. [Gev/cz]

[COMPASS, PRD 98, 2018]
» 46.0 M events

> T+ p— 37+ pat 190GeV/c
» 11 bins )
0.1 <t <1.0(GeV/c)

» Result:
t,-dependence of background
+110 2
m, = 1600145 MeV/c
+100 2
Ir, =590153MeV/c
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092003

EXPERIMENTAL RESULTS T — PTT

COMPASS Freed Isobar Analysis
x10° 1*1" p(770) TP
fro72e<t <1000 (Geviof » In conventional analysis
% siiondi M dynamical shape of isobars
3 are fixed in decay amplitude
f: 05 » Free the dynamics of the
g isobar and fit it with data
05 1 15 T2 as

m,. [Gev/cz]

[COMPASS, PRD 98, 2018]
» 46.0 M events

> T+ p— 37+ pat 190GeV/c
» 11 bins )
0.1 <t <1.0(GeV/c)

» Result:
t,-dependence of background
+110 2
m, = 1600145 MeV/c
+100 2
Ir, =590153MeV/c
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092003

EXPERIMENTAL RESULTS T — PTT

. 105 1.58 < ms, < 1.62GeV/c? 147
COMPASS Freed Isobar Analysis O ooe B — Fodrmoatiia]
x10° 1*1" p(770) TP 0.326 < 1" < 1.000(GeV/c)*
T . > . .
< ¢ 000 (Ceviey » In conventional analysis N !
% siiondi M dynamical shape of isobars L
3 are fixed in decay amplitude s
o
f: 05 » Free the dynamics of the 05
2 isobar and fit it with data
E
. 00=55"""T0 520
I Results: s [GeV /]
05 1 15 2 25 v e
ms, [Gevic] » Same result as conventional 00 D e T ottt
16.0M [COMPASS, PRD 98, 2018] flt 0326 <1 < 1,(»(1\1((5:-‘V7/7«>F
> . events -
b 74 p— 31+ pat 190GeV/c — Spin-exotic wave shows -
» 11 bins . clear p(770) signature IS
’ . =5
0.1 <t <1.0(GeV/c) — Supports assumptions of
» Result: isobar model
!
t -dependence of background 0
11 2 . ‘ .
My = 1600f600MeV/c 200 0 200
+100 2 Re(7ax)
Ie = 590 539MeV/c [COMPASS, PRD 105, 2022]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012005

EXPERIMENTAL RESULTS T — n'T

COMPASS data - 1" "7 P

Final state

» " (= n"

7w’ (= 7))
» No modelation t’

» Precise shower description in
ECALs needed

Results from other Experiments

» BNL, VES and Crystal Barrel
observed two states:

> at 1.4GeV/c* in nr
> at 1.6GeV/c inn'w
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[COMPASS PLB 740, (2015)]

(Gray region: ill defined phases in nm data)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.042002

EXPERIMENTAL RESULTS T — n'T

Final state COMPASS data with JPAC fit - 1~ "n"'7 P
a0 +om 0 2ot -
> T n (*) T T /77(*) ’y’y)) nn P-wave [ sF N P-wave

2.5
. /
» No modelation ¢ 320

» Precise shower description in %
ECALs needed &'

Events/40 MeV

. \ . . . . )
08 1.0 1.2 1.4 1.6 1.8 2
Vs (GeV)

Coupled-channel fit by JPAC

» Performed resonance model fit

250)

using K-matrix formalism 180
. ,\160 200
» Conclusion: one pole is sufficient to S1ao] e
describe both! zg
— m = (1564 + 24 + 86) MeV/c” o 00
2 . . \ N \ . :
— T = (4924 544+ 102) MeV/c %8 10 12 14 16 18 20 i R Sy y
s (GeV) (s (GeV)

[PRL, 122, 042002 (2019)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.042002

EXPERIMENTAL RESULTS T — n'T
COMPASS data with fit from Kopf et al.

Final state
- -0 r
> (= at a7 (= ) b [ rer—won :
» No modelation ¢’ %2()00_ ;fwou;
3 2r [
» Precise shower description in g g I
21000 2 2000
ECALs needed §r 5
53] L = k
g . Tl ek
- 0.75 1.00 1.25 1.50 1.75 2.00 . 2 . . 2
Coupled-channel fit by JPAC VE GV VR (GeVe)
» Performed resonance model fit 100" w'x = Dphase
using K-matrix formalism - %
» Conclusion: one pole is sufficient to ? 05_
describe both! <
— m = (1564 + 24 + 86) MeV/c” E ~100F-
-200H F d
— T'= (492 4+ 54 + 102) MeV/c2 PO R 075 100 125 150 175 200
Vs [GeV/c?] Vs [GeV/e?)

[Kopf et al., EPJ C 81, 1056, (2021)]

Confirmed by Kopf et al. in c.c. fit using
pp, # p and 77 data
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https://export.arxiv.org/abs/2008.11566

EXPERIMENTAL RESULTS T — b

COMPASS data vs. BNL data

Final state
> PWA: wr n°
» Final state: of 7 7 7 7 (yy)7° ()

COMPASS data

> Selected 720k w7 events
— Analysis in t’ possible

» New results from Partial-Wave decomposition

» Clear signal and phase motion in expected
region

Results from other Experiments

» BNL and VES observed spin-exotic 177 state
at ~ 1.6GeV/c’

» BNL observed a second state

David Spiilbeck
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EXPERIMENTAL RESULTS m — f1(1285)1& K*K

f1(1285)7~ at COMPASS

» Final state 7~ 7 7 n(yy)

> Selected 625k 7~ 7 7 1 events
— Analysis in t’' possible

» Next Step: PWA

; 1.230<115y<1.332 (GeVIc?
x10 My (GeVich Preliminary  1.232<m5,<1.332 (GeV/c)
10k P ’ 2
2 T
s | 3
2 s 8
z | -
5 &
m
(\\\\\\\\\\\\\\\\\\\ e b by 1 R
i 2 34 5 6 06 08 I 12 14
Mgy [GeV/c?] me, [GeV¥ct]
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EXPERIMENTAL RESULTS m — f1(1285)1& K*K

f1(1285)7~ at COMPASS K*K at COMPASS
» Final state 7~ Ko(r n )Ka(n n7)
» Selected 240k wagKg events

— Analysis in t" possible

» Final state 7~ 7 7 n(yy)

> Selected 625k 7~ 7 7 1 events
— Analysis in t’' possible

> Next Step: PWA > Next Step: PWA
5 1232 <1y <1.332 (GeV/c?
x10 Mz (GeVich Preliminary  1.232<m,<1.332 (GeV/c)
10— = : 2o 1000
(::: § ‘IY)UU; )Q‘
% z "
x s
s r > o000
s | 3 200
3 7 -
£ & g ]
@ 1000 =
0
[ TN B R RS A L L PR i 2.5
1 2 3 4 5 6 06 08 1 e[GOV /)
Mrtry [GeV/c?] mr, [GeVc'] S
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Exotic meson candidate in
strange sector
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LIGHT STRANGE-MESONS: m < 3 GeV/c?

COMPASS: Data COMPASS: Resonance-Model Fit
> K +p— K ntrpat » Agreement with at least five established states
190 GeV/c » Agreement with at least three not established states
» 720k events
! . . .
> Four t-bins in range PDG: Light Strange Sector
0.1 <t <1.0(GeV/c) ) i . )
Lo . » 25 states listed, nine need further confirmation
» Limited by PID in spectrometer
- of 1- 1+ 9= 9t 3= a9+ 4= 4+ &5
0 150 300 o~ o 17 1f 27 27 3 3" 4° 4" 5
200 Preliminary [ — 251 | —e— 1
- T ==
—t —
150 2071 -+ — g || O
s I e
<. 100 TI5{ M o o .
L % —
& =5 | + COMPASS
50 = 1.0 4 ®  Tstablished
[ ] ¢ I .
Not Established
—— Quark Model
0 T T T 0.5 1—e— [Bbert et al., PRD 79 (2009) 114029]
0 50 100 150 200 | | | | | | ! : ; : :
- [GeV/c] X * X x s *
Pa- [GeV/d] K K K K K, K5 K K K K K
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LIGHT STRANGE-MESONS: m < 3 GeV/c?

COMPASS: Data Exotic state in 0~ sector?
> K +p— K ntrpat » Constituent-Quark Model predicts two excited states
190 GeV/c » Three exited signals are observed
» 720k events
! . . .
> Four t-bins in range PDG: Light Strange Sector
0.1 <t <1.0(GeV/c) ) i . )
Lo . » 25 states listed, nine need further confirmation
» Limited by PID in spectrometer
= o - 0 - o - + - 4t -
0 150 300 o | o 17 1f 27 27 37 3" 47 47 5
200 Preliminary [ — 251 — — 1
- =
—_—
5 i —
150 T 204 g "
= I ke
<. 100 SLT | o o . N
0 2 —
5 8 + COMPASS
50 ~ 1.0 9 ®  Established
 ( Not Established
0 . - 054 T e doen a0k
0 50 100 150 200 | | | | | | ' : : : :
Pa- [GeV/d] K| kK K K K, K5 K, Ky K, K K
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EXOTIC STATE IN 0° SECTOR?

» Only 070" p(770) K P wave is reliable
» Three resonances needed:

1. K(1460) fixed PDG values m = 1482.4 MeV/c” and I' = 335.6 MeV/c”
2. K(1630), m = 1687 + 1073, MeV/c” and I’ = 140 + 2012) MeV/c* (0 = 8.3)
3. K(1830), m = 1893 + 17733 MeV/c® and I' = 160 + 40753 MeV/c”

«10° 00" p(770)K P 900 [0-0% p(770) K P] — [1+0* p(770) K S
0.10 < ' < 0.15 (GeV/c)? ] 010<¢ <0.15(GeV/e)
= 47 COMPASS 14
i
O
>
(5
S
22 \
g
i
04 . ; . —200 1 ; ; ;
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0

Mirn [GeV/c? Mirn [GeV/c?]
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SUMMARY & OUTLOOK

Exotic candidate in unflavoured sector with J©¢ = 17" (71(1600)):

I'/MeV Channel |  Final state Status Outlook
il I -[COMPASS, PRD 98, 2018] -Increase data set
600 b, -[COMPASS, PRD 105, 2022] | - Use new analysis techniques
400 - Increase data set
200 ‘ i - 4+ -0 -[COMPASS PLB 740, (2015)] -~ Improve shower
o 1(1285)x oo /n -[JPAC, PRL 122 (2019)] p ;
E pr reconstruction
20 ’7»’77-' —_ 0 - Partial-Wave - Resonance-Model
10 [’:‘(1_420)” wm Decomposition Fit
K;TK f1(1285)7 7r77r+7r7n - Event Selection - PWA
h;lllc;:iiizg;e\[/PRD 103, KgKgm - Event Selection - PWA

(2021) 054502]
Exotic candidate in strange sector:

» Analysis limited by PID

Outlook:

> K +p—Ker +p& K +p— Ap+p

» Clear evidence for three excited states

in J© =0 sector
— Exotic candidate K (1630)

David Spiilbeck

1000

Apparatus for Meson and Baryon
Experimental Research
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.054502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.054502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.042002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.042002

Back Up
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EXPERIMENTAL RESULTS

Wlﬁpﬂ'

Freed Isobar Analysis

» In conventional analysis
dynamical shape of isobars
are fixed in decay amplitude

» Free the dynamics of the
isobar and fit it with data:

() =
Nyaves N mg bins
7:1,1@‘1’:1,1@(71)
a k
with
Ta — Ta,k =ToTak
» The set T, ; describes the
dynamics of the isobar in wave

(a)

2

David Spiilbeck

Results:

» Same result as conventional
fit

— Spin-exotic wave shows
clear p(770) signature

— Supports assumptions of
isobar model

Im(Tos)

Exotic meson candidates in COMPASS
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012005
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BACKUP: RESULTS m — by

Final state COMPASS data vs. BNL data
— 0 %100 “17[b1(1235)S ]S 171 (12355 35 1] - [2°1* [pT70)PsS 2]
» PWA: wnr™ 7 = O.IOL;LITOlgB;E\F{JA;);} o42<r'<|.og£)0h;¥£;
» Final state: of 7 7 7 7 ()7 () o] +”
Z f % o
= ++ ] = s
zo. e oy
COMPASS data RS P 2y
> Selected 720k wm 7" events ol v, -0
H H ’ H 1.5 20 25 3.0 35 15 2.0 25 3.0 35
— Analysis in t' possible e GeVI] GV
» New results from Partial-Wave decomposition S0 ) .
4000 - \ L S
» Clear signal in expected region 0 A 2 b a) ]
¢ ] 1L ]
w0f f } T e oL r'-“é"l"i-——-
. \ I
Results from other Experiments oo | 7t 1
_ n n P T L ] 2 b ]
» BNL and VES observed spin-exotic 1 * state 12 1.4 16 18 20 22 A
at ~ 1.6 GeV/c’ Mass (GeV/c2) 14 16 18 20 22 24

Mass (GeV/c?)

» BNL observed a second state [BNL, PRL 94, 032002, (2005)]
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.94.032002

BACKUP: RESULTS T — pw 7

Intensity [(GeV/c?)™']

x10° 171%[b1(1235)S 1S 1
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» LQCD: if m; — pw is present, then it is very small
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KINEMATIC DISTRIBUTIONS: X — 1285

<10° 1.232<m77<1.332 (GeV/c?) 113'reliminary 1.232<mz74<1.332 (GeV/c?)
m ; [ 3 o Crood] =
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1 i i 300
B 0.5
~ r = .
< s L
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= L 3 r 200
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EFFEKT OF LIMITED PID

0 150 300
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= 50 2 e
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KINEMATIC DISTRIBUTIONS:

x103

COMPASS K n~

11 22
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