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The Strange-Meson Spectrum %
[SW PhD] 744754

1.0 A ® Established
® Not Established
—— Quark Model

[Ebert et al., PRD 79 (2009) 114029]
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PDG lists 25 strange mesons
» 16 established states, 9 need further confirmation
» Missing states with respect to quark-model predictions

» Many measurements performed more than 30 years ago
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Strange-Meson Spectroscopy with COMPASS %
[COMPASS, Nucl. Instrum. Methods 779 (2015) 69]

COMPASS Setup for Hadron Beams

CEDARs
* beam PID

*191 GeV. * final-state PID
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Strange-Meson Spectroscopy with COMPASS %

Production of Strange Mesons

p p

» Diffractive scattering of high-energy kaon beam
» Strange mesons appear as intermediate resonances X~

» Decay to multi-body hadronic final states
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Strange-Meson Spectroscopy with COMPASS %

Production of Strange Mesons

p p

» Diffractive scattering of high-energy kaon beam

» Strange mesons appear as intermediate resonances X~
» Decay to multi-body hadronic final states
» K~ 7n—n™ final state

» Study in principle all strange mesons

» Study a wide mass range
» Study different decay modes
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Strange-Meson Spectroscopy with COMPASS

The K—7— 7T Data Sample

x 104
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: > World's largest data set of about 720 k events
e
5 » Rich spectrum of overlapping and interfering X~
LE » Dominant well known states
» States with lower intensity are “hidden”
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Partial-Wave Analysis of the K~7~x" Final State

Partial wave: JP M= £ b= L K~

v

J” spin and parity

MF= spin projection

| 2

» ¢ isobar resonance
» b~ bachelor particle
>

L orbital angular momentum yo
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Partial-Wave Analysis of the K~7~x" Final State

Partial wave: JP M= £ b= L K~
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J” spin and parity

MF= spin projection
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Partial-Wave Analysis of the K~7~x" Final State

[ Data: 720k diffractively produced K~ 7~ 7" candidates ]
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Partial-Wave Analysis of the K~7~ 7" Final State

[SW PhD]

[ Data: 720k diffractively produced K™~ 7" candidates }

[ Partial waves: Intensities and relative phases as a function of (mkxr,t’) }
K- K-
Pl X +
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Partial-Wave Analysis of the K~7~ 7" Final State

[SW PhD]

[ Data: 720k diffractively produced K~ 7~ n" candidates }

[ Partial waves: Intensities and relative phases as a function of (mkxr,t’) }
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Partial-Wave Analysis of the K~7~x" Final State

[SW PhD]

[ Data: 720k diffractively produced K~ 7~ 7" candidates }

[ Partial waves: Intensities and relative phases as a function of (mksr,t) }

[ Resonance parameters: Masses and widths of the strange-meson resonances }
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Partial-Wave Analysis of the K~7~ 7" Final State %
[SW PhD] 744754
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Partial-Wave Analysis of the K~7~x" Final State %
SW PhD Ap Dzt

|
> Partial-wave amplitudes in (Mg, t’) bins

+o+
> Inferred wave set from data using regularization-based x10° 170 p(770)KS
model-selection techniques 0.10 < t' < 1.00 (GeV/C)2

» Bootstrap resampling to improve uncertainty estimates — 3 COMPASS
» Detailed Monte Carlo input-output studies I 1 +
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Partial-Wave Analysis of the K~7~x" Final State %
SW PhD Ap Dzt

> Partial-wave amplitudes in (Mg, t’) bins
> Inferred wave set from data using regularization-based

%106 170" p(T70)K S

model-selection techniques 0.10 <t < 1.00 (GeV/C)2
> Bootstrap resampling to improve uncertainty estimates ~ — 3 - COMPASS
» Detailed Monte Carlo input-output studies o]
» Model my,, dependence of partial-wave amplitudes N{
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Partial-Wave Analysis of the K~7~x" Final State %
SW PhD Ap Dzt

|
> Partial-wave amplitudes in (Mg, t’) bins

6 +0+
> Inferred wave set from data using regularization-based x10 170 p(770)KS
model-selection techniques 0.10 < t' < 1.00 (GeV/C)2
> Bootstrap resampling to improve uncertainty estimates ~ — 3 - COMPASS
» Detailed Monte Carlo input-output studies o]
» Model my,, dependence of partial-wave amplitudes N{ 1
> Breit-Wigner amplitudes for K~7~ 7" resonance % 2 i
components O
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Partial-Wave Analysis of the K~7~x" Final State %
SW PhD Ap Dzt

|
> Partial-wave amplitudes in (Mg, t’) bins

+o+
> Inferred wave set from data using regularization-based x10° 170 p(770)KS

model-selection techniques 0.10 < t' < 1.00 (GeV/C)2
» Bootstrap resampling to improve uncertainty estimates 3 COMPASS
» Detailed Monte Carlo input-output studies 1

» Model my,, dependence of partial-wave amplitudes

> Breit-Wigner amplitudes for K~7~ 7" resonance
components

» Coherent non-resonant component parameterizing other
K~—7n~ 7" production mechanisms

Intensity [(GeV/c?)™1]

1.0 1.5 2.0 2.5 3.0
MK [GeV/cz]

S. Wallner

Strange-Meson Spectroscopy — from COMPASS to AMBER


https://cds.cern.ch/record/2802793

Partial-Wave Analysis of the K~7~x" Final State %
SW PhD Ap Dzt

|
> Partial-wave amplitudes in (Mg, t’) bins

6 +0+
> Inferred wave set from data using regularization-based x10 170 p(770)KS
model-selection techniques 0.10 < t' < 1.00 (GeV/C)2
> Bootstrap resampling to improve uncertainty estimates ~ — 3 - COMPASS
» Detailed Monte Carlo input-output studies o]
» Model my,, dependence of partial-wave amplitudes N{ 1
> Breit-Wigner amplitudes for K~7~ 7" resonance % 2 i
components O
» Coherent non-resonant component parameterizing other S
o o +~ 4
K~m~x" production mechanisms 'z ]
» Developed scheme to handle incoherent backgrounds L 4
A=
U
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Partial-Wave Analysis of the K~7~x" Final State %
SW PhD Ap Dzt

|
> Partial-wave amplitudes in (Mg, t’) bins 6 .
> Inferred wave set from data using regularization-based x10 170 p(770)KS

model-selection techniques 0.10 < t' < 1.00 (GeV/C)2
» Bootstrap resampling to improve uncertainty estimates 3 - + COMPASS

» Detailed Monte Carlo input-output studies
» Model my,, dependence of partial-wave amplitudes

> Breit-Wigner amplitudes for K~7~ 7" resonance
components

» Coherent non-resonant component parameterizing other
K~—7n~ 7" production mechanisms

» Developed scheme to handle incoherent backgrounds

Intensity [(GeV/c?)™1]

» Incoherent background from 7w~ diffraction to 7~ 7 7"
explicitly modeled by COMPASS 7~ 7~ 7t analysis
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Partial-Wave Analysis of the K~7~x" Final State %
SW PhD Ap Dzt

|
> Partial-wave amplitudes in (Mg, t’) bins -
> Inferred wave set from data using regularization-based x10° 170 p(770)KS
model-selection techniques 0.10 < t' < 1.00 (GeV/C)2
» Bootstrap resampling to improve uncertainty estimates 3 + COMPASS
» Detailed Monte Carlo input-output studies 1

» Model my,, dependence of partial-wave amplitudes

> Breit-Wigner amplitudes for K~7~ 7" resonance
components

» Coherent non-resonant component parameterizing other
K~—7n~ 7" production mechanisms

» Developed scheme to handle incoherent backgrounds

Intensity [(GeV/c?)™1]

» Incoherent background from 7w~ diffraction to 7~ 7 7"
explicitly modeled by COMPASS 7~ 7~ 7t analysis

» Incoherent effective background component
parameterizing other background processes 1.0 1.5 2.0 2.5 3.0

MK [GeV/cz]
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Partial-Wave Analysis of the K~7~x" Final State %

» Simultaneously included 14 partial waves in resonance-model fit
» Modeled by 13 strange-meson resonance components

» Using measured intensities and interference terms (relative phases)
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Partial-Wave Analysis of the K~7~x" Final State

010 < ¢ < 0.15(GeV/c)?
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Partial-Wave Analysis of the K~7~x" Final State
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= 1.0 ®  Established

©® Not Established
—— Quark Model
05 T [Ebert et al., PRD 79 (2009) 114029]

K K K K K K K K K K K
PDG

> Two near-by states K3(1270) and K;(1400)

» Excited K;1(1650)
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Partial Waves with J© = 1+

x 109 1707 p(770)K S
] 0.10<# <1.00(GeV/c)?
= 31 + COMPASS
P
> Study Kj states in p(770)K decay with M¢ = 0T 3 2]
» Dominated by Ki(1270) i 1
E ¢
()
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Partial Waves with J© = 1+

%106 171+ p(770)K S
0.10 < # < 1.00 (GeV /c)?
= 1.0 1 COMPASS
| NQ
> Study Kj states in p(770)K decay with M¢ = 0T ?‘5 ]
» Dominated by Kj(1270) 0.5 ‘
» Similar spectrum also in M¢ = 17 wave é 4
> Indications for excited K| mainly in M® =11 wave % %ﬁ ¢
- ] 3
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MK [GGV/CZ]

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 10 / 22



Partial Waves with J© = 1+

600 A
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K1(1270)
» Resonance parameters in agreement with previous measurements

» Our estimates from only p(770)K waves yields slightly larger mass and smaller width compared to

PDG average
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Partial Waves with J© = 1+

600
K1 (1270) K}
K1 (1400) COMPASS
. K1(1650) PDG average
NQ 400 4 + _ Prev. exp.
>
)
= = T A
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200 E
—~+ |
1200 1300 1400 1500 1600 1700 1800 1900 2000

mo [MeV/c?]
» Larger mass and width compared to PDG average of K;(1650)

» PDG average from single measurement at CERN Omega spectrometer extracted from fit to only

intensity spectrum [NPB 276 (1986) 667]
» Our estimates consistent with recent measurement in BT — J/1)¢pK™ at LHCb
11/ 22
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Partial Waves with J© = 1+

» Want to study Kj states also in K*(892)7

decays
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Partial Waves with J© = 1+ %

x107 170t K*(892)mS
3] 010<t’<100(GeV/c)
| 1
] = | COMPASS
»> Want to study Kj states also in K*(892)x | 1 s . Main
decays N . N& - R B { Studies
» Very sensitive to systematic effects > 2 k4
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Partial Waves with J© = 1+ %

» Want to study Kj states also in K*(892)7 Tt
decays
» Very sensitive to systematic effects
p p

» Event selection requires to identify one of the
two negative particles
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Partial Waves with J© = 1+

0 150 300
200 Preliminary e —

» Want to study Kj states also in K*(892)7 1E
decays 150 A

» Very sensitive to systematic effects 3
» Event selection requires to identify one of the %
two negative particles O, 100 1
w | imited acceptance due to limited IK
kinematic range of final-state PID )
w Reduced differentiability of certain partial 50 1

waves
w Causes analysis artifacts in affected waves

0 50 100 150 200
Pr- [GeV/d]
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Partial Waves with J© = 1+

%106 170" p(770)K S
0.10 < ¢ < 1.00 (GeV /c)?
_ o ’ COMPASS
» Want to study Kj states also in K*(892)7 1 o Main-
ez . ] NQ f """ Studies
» \Very sensitive to systematic effects > -
» Event selection requires to identify one of the (q_s 9 §
two negative particles = 3
w | imited acceptance due to limited g .8
kinematic range of final-state PID g i s
w Reduced differentiability of certain partial b= l
waves R
w Causes analysis artifacts in affected waves 0 F . N\m poparaspa e rermt

» Only a sub-set of partial waves affected 1.0 I115I | 2.0 I2,5 3.0
Miqr [GeV/c?]
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Searching for Exotic Strange Mesons with J© = 0~ %

0~ ot 1~ 1t 2= 2F 3~ 3t 4~ 4t 5-

1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al, PRD 79 (2009) 114029]

K K K KK, K K K K K K
PDG (2022)
> K(1460) and K(1830)
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Searching for Exotic Strange Mesons with J© = 0~ %

- OF 1~ 1 27 27 37 3F 47 4% 5

1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al., PRD 79 (2009) 114029]

K Iég K* K, K, Ié;‘ K3 K3 KI4 Iéj{ Iég‘
PDG (2022)
> K(1460) and K(1830)

> K(1630)

> Unexpectedly small width of only 16 MeV/c2
> JP of K(1630) unclear
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Searching for Exotic Strange Mesons with J© = 0~ %

x10° 0=0Tp(770)K P
1 010 <t <0.15(GeV/c)?
COMPASS K~ n~n" data 4 - C(OMP{&S)S
> Peak at about 1.4 GeV/c? =
> Established K(1460) §
> But, mkrr S 1.5GeV/c? region weakly affected by C?’D
known analysis artifacts =
2 -
Z
&
g
A=
e

1.0 1.5 2.0 2.5 3.0
Myar [GeV/c?

total resonance model, resonances, non-resonant, 77 7 background, effective background
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Searching for Exotic Strange Mesons with J© = 0~ %

x10° 0=0Tp(770)K P
1 010< ¢ <0.15(GeV/c)?
COMPASS K~ n~n" data 4 - C(OMP{&S)S
> Peak at about 1.4 GeV/c? =
> Established K(1460) §
> But, mkrr S 1.5GeV/c? region weakly affected by C?’D
known analysis artifacts =3
» Second peak at about 1.7 GeV/c? Z
wn
> K(1630) signal with 8.3 o statistical significance g
=
o0 £

1.0 1.5 2.0 2.5 3.0
Myar [GeV/c?

total resonance model, resonances, non-resonant, 77 7 background, effective background
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Searching for Exotic Strange Mesons with J© = 0~

[070F p(770) K P] — [1T0T p(770) K S]

2007 \ 0.10 < ¥ < 0.15(GeV/c)?

COMPASS K—n~nt data 1
100

» Peak at about 1.4 GeV/c?

> Established K(1460) o0

> But, mkrr S 1.5GeV/c? region weakly affected by < ]
known analysis artifacts 3 0 '_‘ |
» Second peak at about 1.7 GeV/c? = ]
> K(1630) signal with 8.3 o statistical significance 100 -
» Accompanied by rising phase ]
o A
1.0 1.5 2.0 2.5 3.0
Mirn [GeV/c?]
total resonance model, resonances, non-resonant, 77 7 background, effective background
14 /22
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Searching for Exotic Strange Mesons with J© = 0~ %

x10° 0=0Tp(770)K P

0.10 < ¥ < 0.15(GeV/c)?
COMPASS

COMPASS K—n—nt data

>~
1

» Peak at about 1.4 GeV/c?
> Established K(1460)

> But, mkrr S 1.5GeV/c? region weakly affected by

known analysis artifacts
» Second peak at about 1.7 GeV/c?
> K(1630) signal with 8.3 o statistical significance
» Accompanied by rising phase
> Weak signal at about 2.0 GeV/c? 1
> K(1830) signal with 5.4 o statistical significance

[}
1

Intensity [(GeV/c?)™!]

[en}
!

1.0 1.5 2.0 2.5 3.0
Myar [GeV/c?

total resonance model, resonances, non-resonant, 77 7 background, effective background
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Searching for Exotic Strange Mesons with J© = 0~ %

K(1460) memenCOMPASS
400 A K(1630) *#** PDG average

— 1= K(1830) +** Prev. exp.
T

> ]

(<)

2. 900 - ,

o —

L( .

1 ~X a
0. &l
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950
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> K(1830) parameters in good agreement with LCHb measurement (pr 118 (2017) 022003
> Expected K(1630) width of about 140 MeV/c?
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Searching for Exotic Strange Mesons with J© = 0~ %

L 4

1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al., PRD 79 (2009) 114029]

K K, K* K K, Kj K K, K, K K
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Searching for Exotic Strange Mesons with J© = 0~ %

+ COMPASS
1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al., PRD 79 (2009) 114029]

D’? -
~

Z -
T 15w
w

£

=

K K, K* K K, Kj K K, K, K K

» Indications for 3 excited K from a single analysis
> Quark-model predicts only two excited states: potentially K(1460) and K(1830)
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Searching for Exotic Strange Mesons with J© = 0~ %

E + COMPASS
1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al., PRD 79 (2009) 114029]
T
K

D’? i
~

= -
O 15w
w

2

=

K K K, K, K3 K K, K, K K
|
» Indications for 3 excited K from a single analysis
> Quark-model predicts only two excited states: potentially K(1460) and K(1830)

= K(1630) supernumerary signal
= Candidate for exotic non-ggq state; other explanations possible (K*(892) w threshold nearby)
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Limitations for Strange-Meson Spectroscopy at COMPASS %

Main limiting factors

» Final-state particle identification

w Analysis artifacts in some partial waves

w Background from reactions like 7= +p — 7 7 7" + p
» Size of the data sample

» Low kaon fraction in the beam (= 2 %)

» Sample for strange-mesons about 150-times smaller than sample for non-strange mesons
> 720k K~ +p — K-~ m" + p events
> 11I5M 7~ +p— 7 7 7" + p events
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Excursion: Non-Strange Light-Meson Spectroscopy at COMPASS %

> High-precision measurement of various final states: 7—7 7", ()7, wr®7~, KSK—, ...

» Most comprehensive analysis of 7~ 7~ 7t:
88 partial waves; fine t’ binning; 11 isovector resonances; novel methods

> Large variety of results: [PLB 740 (2015) 303], [PRL 115 (2015) 82001], [PRD 95 (2017) 032004], [PRD 98 (2018) 092003], [PRD 105 (2022) 012005]
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Excursion: Non-Strange Light-Meson Spectroscopy at COMPASS %

> High-precision measurement of various final states: 7—7 7", ()7, wr®7~, KSK—, ...
» Most comprehensive analysis of 7~ 7~ 7t:
88 partial waves; fine t’ binning; 11 isovector resonances; novel methods

> La rge variety of results: [PLB 740 (2015) 303], [PRL 115 (2015) 82001], [PRD 95 (2017) 032004], [PRD 98 (2018) 092003], [PRD 105 (2022) 012005]

x10?

+ g Al

Spin-exotic 71(1600) v he
n + aawt _'# #
» Certain JP¢ quantum numbers not possible for pure * b(2ss)r l/i&

quark-model state, e.g. 17" ()

<
» COMPASS studied partial waves with JP€ = 1+ 5 ‘7’} f
> Consistent picture of spin-exotic 71(1600) emerging :2 2 + v m \
> Fitting unitary and analytic models to COMPASS data 4 ; ! ”;
on n")w~ final states yields no evidence for ;(1400) } k_ ,
[PRL 112 (2019) 042002],[EPJ C 81 (2021) 1056] 05 o s o0

Mass [GeV/c?|
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High-Precision Strange-Meson Spectroscopy at AMBER

Apparatus for Meson and Baryon
Experimental Research

Phase I: After long shutdown 2 of LHC Phase Il: After long shutdown 3 of LHC
[CERN-SPSC-2019-022] [arXiv:1808.00848]

» Proton charge-radius measurement » Physics with kaon beams

» Drell-Yan and charmonium production > Strange-meson spectroscopy

goal: 10x larger data sample
» Kaon-induced charmonium production
> ..

|

» p-induced p production cross section
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High-Precision Strange-Meson Spectroscopy at AMBER %

Key Requirements for the Experimental Setup

» Upgrade of final-state particle identification

» Cover wide momentum range
> |arge and uniform acceptance

» Dedicated trigger for kaon-induced events
» Efficient beam-particle identification for high-purity sample
» High-resolution track reconstruction

» Efficient photon detection for access to final states with neutral particles

___________________________________________________________________________________________________________|
» Eliminate artifacts caused by limited final-state particle identification

» Increase size of the data sample by increasing acceptance
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High-Precision Strange-Meson Spectroscopy at AMBER

Improve Final-State PID

Pbeam = 190 GeV/c

Various options under study

» New detector for high-momentum particle
identification

Kaon momentum (GeV/c)

» Adjust the momentum range of the existing
COMPASS RICH

» Reduce the beam momentum to better fit the current
momentum coverage

» However, lower fraction of kaons in the beam at
lower momenta

n B
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Negative pion momentum (GeV/c)
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High-Precision Strange-Meson Spectroscopy at AMBER

Improve Final-State PID

Pbeam = 150 GeV/c

Various options under study

» New detector for high-momentum particle
identification

Kaon momentum (GeV/c)

» Adjust the momentum range of the existing
COMPASS RICH

» Reduce the beam momentum to better fit the current
momentum coverage

» However, lower fraction of kaons in the beam at
lower momenta
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Negative pion momentum (GeV/c)
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High-Precision Strange-Meson Spectroscopy at AMBER

Improve Final-State PID

Pbeam = 120 GeV/c

®
=]

Various options under study

@
=]

» New detector for high-momentum particle
identification

N
o

Kaon momentum (GeV/c)
N
o

» Adjust the momentum range of the existing
COMPASS RICH

» Reduce the beam momentum to better fit the current
momentum coverage 60

o
S

» However, lower fraction of kaons in the beam at 40
lower momenta

100 120 140 160 180
Negative pion momentum (GeV/c)
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High-Precision Strange-Meson Spectroscopy at AMBER

Improve Final-State PID

Pbeam = 100 GeV/c

Various options under study § 10F 12
£ 160
» New detector for high-momentum particle 5 ok 1
identification g T
. .. 5 120 08
» Adjust the momentum range of the existing g L
COMPASS RICH 100 06
» Reduce the beam momentum to better fit the current
momentum coverage 04
» However, lower fraction of kaons in the beam at 02

lower momenta

Ll M TN N
20 40 60 80 100 120 140 160 180
Negative pion momentum (GeV/c)
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Summary
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The Strange-Meson Spectrum

» Many strange mesons require further confirmation

» Search for strange partners of exotic non-strange light mesons
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Summary

COMPASS

» World's largest data sample on K~7~ 7" = Most detailed and comprehensive analysis

S. Wallner
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Summary
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» World's largest data sample on K~7~ 7" = Most detailed and comprehensive analysis

» Candidate for exotic strange-meson signal with JP =0~
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AMBER: Proposal for High-Precision Strange-Meson Spectroscopy

» Goal: Collect 10 — 20 x 10® K~7— 7t events using high-energy kaon beam

» AMBER is open for interested collaborators to join
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» World's largest data sample on K~7~ 7" = Most detailed and comprehensive analysis

» Candidate for exotic strange-meson signal with JP =0~
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Outline %

m Searching for Exotic Strange Mesons with J© = 0~

m Partial Waves with JP = 2+
m Partial Waves with JP =2~

m Partial-Wave Decomposition
m Treating the 7~ 7~ 7t and Other Backgrounds

Resonan.ce—l\/lodel Fit . m Partial Waves with JP = 4+
= Modeling the K~n~ 7" Signal B Kinematic Distribution of K~ 7~ mt Events
m Modeling the 7 =7~ 7" Background m Subsystem
m Modeling the Effective Background My
m %2 Fit Procedure m t’' Spectrum
B Wave-Set Selection m Exclusivity
m Regularization: LASSO Systematic Studies of the Partial-Wave Decomposition
m Regularization: Generalized Pareto m 14 Waves
m Regularization: Cauchy m Leakage Waves
m For the K~m— 7" Final State I Leakage Effect
14-Wave Resonance-Model Fit Incoherent # =7~ 7" Background
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Partial-Wave Decomposition %
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1.2 < Mgnnr < 1.4GeV/c? t'
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» JPMe=: Spin, parity, and spin projection of X~
> ¢: Isobar _180
» b: Bachelor particle. Here: Spectator K~ -1.0 -05 0.0 0.5 1.0

» [: Angular momentum between bachelor and isobar
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Partial-Wave Decomposition

Model intensity

2

I(’T, MKrr, tl) = Z th(mKTHT7 t/)Waz(Ta mK7I'7T)

Z | aeW,(mknr,t')

» Model intensity distribution
» in 5D K~ 7~ 7" phase-space
> for a given (M, ., t') cell
» as incoherent sum over coherent sectors z

> “Rank” of the partial-wave model = number of Spin-Density Matrix

coherent sectors

Pab = 27-32 [7732]*
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Partial-Wave Decomposition

Model intensity

2

I(’T, MKrr, tl) = Z th(mKTHT7 t/)Waz(Ta mK7I'7T)

Z | aeW,(mknr,t')

» Model intensity distribution
» in 5D K~ 7~ 7" phase-space
> for a given (M, ., t') cell
» as incoherent sum over coherent sectors z

> “Rank” of the partial-wave model = number of Spin-Density Matrix

coherent sectors

» %7 known, assuming the isobar model I

N - . Pab = E 7-3 [773]
> Wave set W, (mkyr, t') inferred from data using 2
regularization-based model-selection techniques
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Partial-Wave Decomposition

Model intensity

2

I(’T, MKrr, tl) = Z Z‘];z(mKTHT7 t/)Waz(Ta mK7I'7T)

zZ | a€W, (MKrr,t")

» Model intensity distribution
» in 5D K~ 7~ 7" phase-space
> for a given (M, ., t') cell
» as incoherent sum over coherent sectors z
» “Rank” of the partial-wave model = number of
coherent sectors
» %7 known, assuming the isobar model

> Wave set W, (mkyr, t') inferred from data using
regularization-based model-selection techniques

> 77 extracted in maximum-likelihood fit, independently
for each (Mknr,t') cell

Spin-Density Matrix

Pab = 27-32 [7732]*
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

Approach

» Effectively take into account in partial-wave decomposition by incoherently adding additional
coherent sectors z
(Model background by K=7~x™" partial waves)

= [ncreasing the rank of the spin-density matrix p,,
w Signal not separated from background in partial-wave decomposition
= Partial-wave amplitudes include background

» Model signal and background contributions in resonance-model fit using more constrained signal
model

w Separate signal from background

I(7 micrms ) = D | DT (Mg t)E (7, micer) par = » T3 ITET

Z | a€W,(MKnr,t")
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

True physics intensity distribution Experimentally measured intensity distribution

waves 2

T (7_ ): Z 7; y'/a (7' ) Imeasured(T )

n(r)Z ()
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

True physics intensity distribution for process p Experimentally measured intensity distribution

waves 2

()= U ) Tnessurealt ) =D _nP(r )Z°(7 )

p

» Take into account different processes p

» Different model intensities Z”
» Different experimental acceptance 7,°
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

True physics intensity distribution for process p Experimentally measured intensity distribution

2
waves
() = | >0 TP Tmeasurea(7"™") = 3 1P () P (77) S (777 — 77)
& p

» Take into account different processes p

> Different model intensities Z"(7")

> Different experimental acceptance 1)"(7")
» Formulated in terms of different phase-space variables 77

> Jacobian terms J(7K™™ — 7P) from variable transformation
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Partial-Wave Decomposition %

Treating the 7~7— 7t and Other Backgrounds

True physics intensity distribution for process p Experimentally measured intensity distribution

2

waves

P(rP) = | TR UE(eP) Tmessured(TX™™) = > P (7)) IP(rP) J(rK™™ — 7P)

p

» 77" known by COMPASS analysis
» 7™"" from detector simulation
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

True physics intensity distribution for process p Experimentally measured intensity distribution

2
waves
TP = Z TP WP (rP) Tneasured (TX77) = Z 0P (TP) TP (7P) J(K™ — 7F)
a p
» ™" computationally expensive
> I known by COMPASS analysis » Different m3, bins enter one my,, bin

» 7™"" from detector simulation
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

True physics intensity distribution for process p Experimentally measured intensity distribution

2
waves
TP = Z TP WP (rP) Tneasured (TX77) = Z 0P (TP) TP (7P) J(K™ — 7F)
a p
» ™" computationally expensive
> I known by COMPASS analysis » Different m3, bins enter one my,, bin

» Other background channels: K=K~ K, ...

» 7" unknown
» Unknown background channels

» 7™"" from detector simulation
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Partial-Wave Decomposition %

Treating the 7~7— 7t and Other Backgrounds

Approximate model for process p by K~m—x " partial waves

waves 2 waves 2
P32 70| =S TR e
a a
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

Approximate model for process p by K~m—x " partial waves

2
~ UKTF?T(TKT(’/T)

waves 2

Y TRUR()

Total true physics intensity distribution Experimentally measured intensity distribution

2

waves

7])3(7!3) Z tp g/aKﬂrr(TKﬂﬂ’)

waves

I(TKTFTI') _ Z Z 7;13 w:(ﬂ'ﬂ'(TKﬂ'ﬂ')

p

Imeasured(TKﬂﬂ-) = 7/KTW(TKWTF)I(TKWTF)
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

Approximate model for process p by K~m—x " partial waves

2

~ UKTF?T(TKT(’/T)

waves 2

Y TRUR()

a

Total true physics intensity distribution Spin-density matrix with rank N, > 1

waves

N
I(TKﬂ'ﬂ) _ Z WQKTW(TKTrW)Pa,b [WbI(ﬂ‘ﬂ'(TKTrﬂ')]* Pab = 27-;3[7—;;]*
a,b p

waves

Z tp g/aKﬂrr(TKﬂﬂ’)

a

n*(7%)
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

Approximate model for process p by K~m—x " partial waves

waves 2 waves 2

P00 |3 T B =[S T
a a

Total true physics intensity distribution Spin-density matrix with rank N, > 1

waves

N
I(TKmr) _ Z W‘QKT”T(TKT”T)P‘;,b [Wé(ﬂ‘ﬂ'(,rKTrﬂ')]* Pab = 27-;3[7—5]*
a,b p

» How well can K~ 7~ 7" partial waves approximate the distribution of process p
> |s the set of K~ 7~ 7" partial waves sufficient?
= Automatic wave-set selection using model-selection techniques
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

Approximate model for process p by K~m—x " partial waves

waves 2 waves 2

P00 |3 T B =[S T
a a

Total true physics intensity distribution Spin-density matrix with rank N, > 1

waves

Ny
I(TKMT) _ Z WQKTW(TKTMT)P‘;,b [w;(ﬂ‘ﬂ'(TKﬂ‘ﬂ')]* Pab = 27-;[7—;]*
a,b v

» Experimentally measurable quantities are spin-density matrix elements
w Transition amplitudes 7" are only effective parameters

= Cannot determine 7° of individual processes
w Cannot separate different processes
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Partial-Wave Decomposition

Treating the 7~7— 7t and Other Backgrounds

Approximate model for process p by K~m—x " partial waves

2 2

waves

Y TRUR()

Total true physics intensity distribution Spin-density matrix with rank N, > 1

waves

Ny
I(TKMT) _ Z Wfﬂﬂ(TKﬂW)pa,b [wé(ﬂ‘ﬂ'(TKﬂ‘ﬂ')]* Pab = 27-;[7—;]*
a,b v

waves

7])3(,/43) KTHT(TKT(W) Z 7—;3 W;‘(WW(TKWTF)
a

=~

> Large number of fit parameters: Npara = Np(2Nwaves — Nr)
» Sufficient rank of spin-density matrix must be determined

> Rank two needed to describe pure 7~ 7~ 7t Monte Carlo sample using K~ 7~ 7" partial waves
> Used rank three to model K~7~ 7" sample
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Resonance-Model Fit

Data
720 k diffractively produced K 7~ 7" candidates

v

Partial Waves
Intensities and relative phases of the partial waves

v

Resonance Parameters

T )
-1 J

T )
-1

Masses and widths of the meson resonances

T )
-1l J
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Resonance-Model Fit

________________________________________________________________________________________________________|
» Spin-density matrix p,,(Mkrx,t") measured in partial-wave decomposition
» Model spin-density matrix in resonance-model fit

s ~Bkg

Par(MKrrs tl) = Pab " (MK t/) -+ ﬁgz(me‘rr tl) + Pap (MK, tl)
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Resonance-Model Fit
Modeling the K—7— 7+ Signal

Model transition amplitudes as coherent sum over various components

tz(mK‘/rﬂa tl) - Z K(mK7r7ra tl)kcfﬂ-ﬂ(tl) Dk(mKﬂ'T{'; Ck)
keS,

» Dynamic functions Dy (mkr; Ck)
» For resonances: rel. Breit-Wigner
~2
> For non-resonant terms: DkNR(mKM; ak, &) = (MKrn — mthr)ake_b(ck)Qk(mer-rr)
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Resonance-Model Fit
Modeling the K—7— 7+ Signal

Model transition amplitudes as co sum over various components

tz(mK‘/rﬂa tl) = Z K(mKﬂ'ﬂa tl)kcgﬁﬁ(tl) Dk(mKﬂ'T{'; Ck)
k€ES,

» Dynamic functions Dy (mkr; Ck)

» For resonances: rel. Breit-Wigner

> For non-resonant terms: DR ™ (Mkrr; ak, Ck) = (Mknr — mthr)ake—b(Ck)?Jf(me)
» “Coupling amplitudes™ “C7(#/)

» Independent coupling amplitude for each t’ bin
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Resonance-Model Fit
Modeling the K—7— 7+ Signal

Model transition amplitudes as co sum over various components

T2 (Micrm, t') =Y KMk, ') CE7 () Di( e i)
k€ES,

» Dynamic functions Dy (mkr; Ck)

» For resonances: rel. Breit-Wigner

> For non-resonant terms: DR ™ (Mkrr; ak, Ck) = (Mknr — mthr)ake—b(Ck)?Jf(me)
» “Coupling amplitudes™ “C7(#/)

» Independent coupling amplitude for each t’ bin

» Kinematic factor K(mgr, t')
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Resonance-Model Fit
Modeling the K—7— 7+ Signal

Model transition amplitudes as co sum over various components

T2 (Mknms ') = > K (M, ') CE™(t)) Dic( M Cic)
kes,

» Dynamic functions Dy (mkr; Ck)

» For resonances: rel. Breit-Wigner

> For non-resonant terms: DR ™ (Mkrr; ak, Ck) = (Mknr — mthr)ake—b(Ck)?Jf(me)
» “Coupling amplitudes™ “C7(#/)

» Independent coupling amplitude for each t’ bin
» Kinematic factor K(mgr, t')

» Coherently summed over all assumed model components
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Resonance-Model Fit

Modeling the 7= 7~ 7+ Background

37 spin-density matrix

ATCTTTT

P (mier, ) = |

2
T TCTTTT /
c Pab (mKﬂ’TH t )

» "™ (Mkrr, t') obtained from PWD of 7~ 7~ 7" pseudodata sample

» mkr. dependence fixed
> t' dependence fixed
> Rel. strength between partial waves fixed (freed in a study)

» One global real-valued yield parameter}C””|2
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Resonance-Model Fit

Modeling the Effective Background

Background spin-density matrix

> Additional incoherent contribution form other processes: K=K~ K™, ..
» Transition amplitudes modeled by non-resonant parameterizations for each partial wave
TBRE My ') = K(Mirm ') CSPRG () DPEC (M 3k, k)

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Resonance-Model Fit
x?2 Fit Procedure

I ——————
> 2 fit of the real and imaginary parts of the spin-density matrix

» Taking into account correlations between spin-density matrix elements
» Shape parameters (mg, Ip, ...) and coupling amplitudes are free parameters

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER




Resonance-Model Fit %
x?2 Fit Procedure

I ——————
> 2 fit of the real and imaginary parts of the spin-density matrix

» Taking into account correlations between spin-density matrix elements
» Shape parameters (mg, Ip, ...) and coupling amplitudes are free parameters

» For the main fit, we performed 2000 fit attempts with random start-parameter values for the shape
parameters, e.g. mass and width parameters, and the coupling and branching amplitudes.

> Start-parameter ranges for the shape parameters are chosen according to previous measurements
(see note)

» The best result is the one which yielded the smallest x? value

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 13 /57



Wave-Set Selection

I(Ty MKrm, t,) = Z 7;(mKWW7 t’)Wa(T, mK7r7r)

A€W (M, t’)

Challenge: Find the “best” set of waves that describes the data

» If the wave set is too large
w Starting to describe statistical fluctuations
» |f waves that contribute to the data are missing

w |ntensity can be wrongly attributed to other waves
w Model leakage

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 14 / 57



Infer wave set from data

» Systematically construct large set of allowed partial waves

= “Wave pool”
» Fit wave pool to data
> Impose penalty on |T,|° = regularization
> Suppress insignificant waves
» Select waves that significantly contribute to data
w “Best” subset of waves that describe the data

Strange-Meson Spectroscopy — from COMPASS to AMBER
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Wave-Set Selection
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wave index

» 777" Monte Carlo mock data set with 126 partial waves

Courtesy F. Kaspar, TUM
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Wave-Set Selection

wave intensity
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wave index

» 777" Monte Carlo mock data set with 126 partial waves

» Fitting wave pool of 753 waves

w Massive overfitting
w Almost all waves pick up intensity

Courtesy F. Kaspar, TUM

S. Wallner
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Wave-Set Selection

Regularization: LASSO

waves

In [rﬁt =In [’extended + Z ln[’reg(”]; {Cpara})

1 Robert Tibshirani. “Regression Shrinkage and Selection via the Lasso”. In: Journal of the Royal Statistical Society. Series B 58.1 (1996)
Baptiste Guegan et al. “Model selection for amplitude analysis”. In: JINST 10.09 (2015), P09002

S. Wallner from COMPASS to AM




Wave-Set Selection

Regularization: LASSO

waves

In [rﬁt = In Lextended + Z ln[’reg(”-a'; {Cpara})
LASSO/L1 regularization!
In Lreg(I7.1; 2) = =AIT,|

» Maximum at |7,| =0
» Well established?

-2

0
Rz 170

1 Robert Tibshirani. “Regression Shrinkage and Selection via the Lasso”. In: Journal of the Royal Statistical Society. Series B 58.1 (1996)

Baptiste Guegan et al. "Model selection for amplitude analysis”. In: JINST 10.09 (2015), P09002
Strange-Meson Spectroscopy — from COMPASS to AMBER
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Wave-Set Selection

Regularization: LASSO

waves

In Lt = In Lextended + Z In ['reg(|7-a|; {Cpara})

LASSO/L1 regularization!

In Lreg (| 7,]; A) = = AT,

» Maximum at |7,| =0
> Well established?
» “Smoothing” at |7,| =0

|Tal = VIT + ¢

1 Robert Tibshirani. “Regression Shrinkage and Selection via the Lasso”. In: Journal of the Royal Statistical Society. Series B 58.1 (1996)

Baptiste Guegan et al. "Model selection for amplitude analysis”. In: JINST 10.09 (2015), P09002
Strange-Meson Spectroscopy — from COMPASS to AMBER
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Wave-Set Selection

Regularization: LASSO

A=03
104_
. e=10"°
102 2 . .
E o ""-‘"-'- o Lt e
ER . -~ o
= 102
S 10 \
z
=10
10°°
10—8 . . . . |
0 200 400 600

wave index

» Bias also on large transition amplitudes
» Some additional waves

» Some waves missing

Courtesy F. Kaspar, TUM
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Wave-Set Selection

Regularization: Generalized Pareto

Generalized Pareto!

7]
r

—2.5

=5.0

-7.5
—10.0
—12.5
—15.0
—17.5
—20.0

I Lo T 120) = =2 I [1 .

» Wave intensities spread over orders of
magnitudes
» Use logarithmic prior

w Heavy-tailed
w | ess bias on large waves

» LASSO-like for |T,| — 0
» “Smoothing” at |7,| =0

Tal = VITP +¢

1 Artin Armagan, David B. Dunson, and Jaeyong Lee. “Generalized double Pareto shrinkage”. In: Statistica Sinica (2013). doi: 10.5705/ss.2011.048.
Strange-Meson Spectroscopy — from COMPASS to AMBER
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t Selection

Regularization: Generalized Pareto

¢=05
. . r=01
A e=10"

10—8 . . . '\
0 200 400 600

wave index

P Less bias on large transition amplitudes
» Clear kink in intensity distribution to smoothing scale = Selection
» Less additional waves
» Some small waves missing
Courtesy F. Kaspar, TUM
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Wave-Set Selection %

Regularization: Cauchy

InLreg(|To; L) =—In |1+

1"2

a

» |ogarithmic prior
» L2-like for |7, — 0

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Wave-Set Selection

Regularization: Cauchy

F o0 Seey &0 a0 *
2 >
Z 102 S—
()
z
10! \
1076
1078 4= . . .
0 200 400 600

wave index

P |ess bias on large transition amplitudes
» Clear kink in intensity distribution
» Few additional waves

» Few small waves missing

Courtesy F. Kaspar, TUM

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER




Wave-Set Selection %

For the K—m— 7wt Final State

» Spin J <7

» Angular momentum L <7

» Positive naturality of exchange particle
» 12 isobars

> [Kr]5™, [Kx]&", K*(892), K*(1680), K;(1430), K;(1780)
> [rn]s, £(980), £(1500), p(770), £(1270), p3(1690)

= “Wave pool” of 596 waves

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Wave-Set Selection %

For the K—m— 7wt Final State

» Spin J <7

» Angular momentum L <7

» Positive naturality of exchange particle
» 12 isobars

> [Kr]5™, [Kx]&", K*(892), K*(1680), K;(1430), K;(1780)
> [rn]s, £(980), £(1500), p(770), £(1270), p3(1690)

= “Wave pool” of 596 waves

I —
“only” 720 k events

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Wave-Set Selection

For the K—m— 7wt Final State

Regularization

In Locg (T3l 1) = —n

» Use Cauchy regularization

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Wave-Set Selection

For the K—m— 7wt Final State

Regularization

In Locg (T3l 1) = —n

» Use Cauchy regularization

» Scale of |T,| depends on experimental
acceptance

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Wave-Set Selection %

For the K—m— 7wt Final State

COMPASS
f
— 00T K*(892)nP
14 —— 170t K*(892)% S
|7-|2 — 2+ 1t p(770) K D
In Lreg(IT1; 1) = —In |14+ —5 — Flat
I’ ] ~
L 1.2 A
» Use Cauchy regularization S |
» Scale of |T,| depends on experimental
acceptance
> Apply penalty on expected number N, of 1.0 1
observed events 1
I = r = |7-a|2 _ % 1
Vi rz I? 0.8

1.0 1.5 2.0 2.5 3.0
MK [GeV/cz]
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Wave-Set Selection

For the K—m— 7wt Final State

COMPASS
:
— 00T K*(892)nP
14 —— 170t K*(892)% S
|7.|2 — 2+ 1t p(770) K D
In Lreg(IT1; 1) = —In |14+ —5 — Flat
Ir’ ] ~
L 1.2 A
» Use Cauchy regularization S |
» Scale of |T,| depends on experimental
acceptance
> Apply penalty on expected number N, of 1.0 1

observed events

r _ ILP_R -
Vs 2 I T
1.0 15 20 25 3.0

MK [GeV/cz]

L=

P> [ is a universal parameter

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Wave-Set Selection

For the K—m— 7wt Final State

Imposing continuity of the wave set

» Wave-set inferred independently for each (myr,t") cell

» Impose continuity of the wave set in mg,, by adding additional regularization term

J=i3 2
In Leont ({To(Mirns ')} A) = t) (M) = Ta(mirn, t') (M)

)
j=i—3
which suppresses fluctuations among neighboring my . bins

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



Selection

For the K—m— 7wt Final State

COMPASS
75
L ]
N
Z o]
2 50 1
> 5 to 90 waves per (mMkqr,t') cell 3 ]
» Larger wave set for larger binning in My~ § 1
> Larger wave set in t’ bins with more events 25 - X 0 < v <05 Gev /e
: y—— 0.15 ; t' < 0.24 (GeV/c)?
4 — 0.24 < t' < 0.34 (GeV/c)?
E — 0.34 < t' < 1.00 (GeV/c)?
0+

1.0 1.5 2.0 2.5 3.0
Mirr [GeV/c?
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Wave-Set Selection

For the K—m— 7wt Final State

%105 21T K*(892)1D
0.10 < ¢ < 1.00 (GeV /c)?
L5 ] + COMPASS

!

» Selection of large signals

0.5 1

Intensity [(GeV/c?)™!]
5

*
\

e

1.0 1.5 2.0 2.5 3.0
Myar [GeV/c?

Strange-Meson Spectroscopy — from COMPASS to AMBER
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Wave-Set Selection %

For the K—m— 7wt Final State

x10% 3TOT K3 (1780)7S
497010 <t < 1.00(GeV/c)?
* COMPASS

» Selection of large signals
» as well as of signals at per-mil level

Intensity [(GeV/c?)™!]
[\

e,

*
0 L L B B B R R R B
1.0 1.5 2.0 2.5 3.0

Myar [GeV/c?

Strange-Meson Spectroscopy — from COMPASS to AMBER
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14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

0~ ot 1~ 1t 2= 2F 3~ 3t 4~ 4t 5-

1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al, PRD 79 (2009) 114029]

K K K KK, K K K K K K
PDG
> K(1460) and K(1830)
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14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

0~ ot 1~ 1t 2= 2F 3~ 3t 4~ 4t 5-

1.0 1 ® Established
® Not Established
—— Quark Model
0.5 —e— [Ebert et al., PRD 79 (2009) 114029]
K K, K K K, K K K K, K K
PDG (2022)
> K(1460) and K(1830)
> K(1630)
> Unexpectedly small width of only 16 MeV/c2
> JP of K(1630) unclear
S. Wallner
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14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

x10° 0=0Tp(770)K P
0.10 < ¢’ < 0.15(GeV /c)?
COMPASS K~ n~n" data 4 - C(OMP{&S)S
> Peak at about 1.4 GeV/c? =
> Potentially from established K(1460) §
> But, mkrr S 1.5GeV/c? region affected by analysis C?’D
artifacts =3
2
&
g
=
o L

1.0 1.5 2.0 2.5 3.0
Myar [GeV/c?

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

x10° 0~0%p(770)K P
0.10 < ¢’ < 0.15(GeV /c)?
COMPASS K~ n~n" data 4 - CE)MPAS)S
> Peak at about 1.4 GeV/c? =
> Potentially from established K(1460) §
> But, mkrr S 1.5GeV/c? region affected by analysis C?’D
artifacts =3
» Second peak at about 1.7 GeV/c? Z
wn
> K(1630) signal with 8.3 o statistical significance g
=
o0 £

1.0 1.5 2.0 2.5 3.0
Myar [GeV/c?

total resonance model, resonances, non-resonant, 77 7 background, effective background
S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 29 / 57



14-Wave Resonance-Model Fit

Searching for Exotic Strange Mesons with JP = 0~

[070F p(770) K P] — [1T0T p(770) K S]

20T 510 <t <0.15(GeV/c)?
COMPASS K—n~nt data 1
» Peak at about 1.4 GeV/c? 100 -
> Potentially from established K(1460) o0 1
> But, mkrr S 1.5GeV/c? region affected by analysis < ]
artifacts S 0 '_‘ A
» Second peak at about 1.7 GeV/c? 3 ]
> K(1630) signal with 8.3 o statistical significance 100 -
» Accompanied by rising phase |
—200 +——————————
1.0 1.5 2.0 2.5 3.0
Myar [GeV/c?
total resonance model, resonances, non-resonant, 77 7 background, effective background
29 / 57
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14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

x10° 0=0Tp(770)K P
0.10 < ¢’ < 0.15(GeV /c)?
COMPASS K~ n~n" data 4 - CE)MPAS)S
> Peak at about 1.4 GeV/c? =
> Potentially from established K(1460) §
> But, mkrr S 1.5GeV/c? region affected by analysis C?’D
artifacts =3
» Second peak at about 1.7 GeV/c? Z
0
> K(1630) signal with 8.3 o statistical significance g
» Accompanied by rising phase E
> Weak signal at about 2.0 GeV/c? 1
> K(1830) signal with 5.4 o statistical significance 01-0 15 2.0 95 3.0
Myar [GeV/c?
total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit

Searching for Exotic Strange Mesons with JP = 0~

0-0%p(770)K P 150+ p(T70)K S 2+ 1+ p(770) KD
T @/ o | JC ]
R Loo =
2 ' 3
S 4 Ho
= { Q
= * E—90
& ¢ {
g =SB I —180
53 ' T L
E 10 15 20 25 || (@] (@f 180
= f
N 1 y’ r 90
2 100 f Iy
E bl ’:3‘ “ ro
- £n4d b(
= % i 4 E—90
=]
£ ! 1
- ] R F—180
10 15 20 25 (f)
COMPASS A
0.10 < ' < 0.15 (GeVie)? =
Total model é\ 51
Resonance CO]TI]')O!]C]“S \l:/
X()ll-!'(‘S()“a,!lT ('omprm(‘nt +Q b
n- 7T baekground — "
Effective background b A .

o B
1.0 15 20 25 3.0
Micrr [GeV/c?)
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14-Wave Resonance-Model Fit

Searching for Exotic Strange Mesons with JP = 0~

0-0tp(TIOKP 107 p(TT0)KS 271+ p(T70)K D

= (a) ) %y @ 180 ®
&020 ‘ =
< } | 1 9o 3
> i P Y
<} 31 i -4 Lo X
10 It | Y
) & N L —90
&z 'L {
Z L B4 F —180
g 0 T T L
£ 10 15 20 25 @] () 180
= 100 4 1

n il r 90

] 4

= Ll i

2 b i ro

= 504 I e

= L _90

[=] .

£

- b + Foaso

2+ 1+ p(770)

i 4
0, . Y
1o 15 20 25 (f)
COMPASS A
0.15 < ' < 0.24 (GeVie)? =
Total model
Resonance components 51
Non-resOnant component i
n- 7T baekground
Effective background \J .

0 ot
1.0 15 20 25 3.0
Micrr [GeV/c?)
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14-Wave Resonance-Model Fit

Searching for Exotic Strange Mesons with JP = 0~

00+ p(770)K P 150 p(T70) K S 251+ p(770) KD
S (@) Ha op 180 7%
) Foo <
SRR \ g
8 . o T
k) ¢!
L WA
& W
Z | F—180
g 0 T L
£ 10 15 20 25 (f 180
N r 90
=
2 204 oo
~ k)
= [ 90
=]
+
0 : ; r —180
10 15 20 25 (f)
COMPASS A 6
0.24 < ¢ < 0.34 (GeV/e)? =
Total model é\ 44
Resonancé components =
X()ll-l'(‘S()“a,!lT ('Olll])()n(‘ll" U 4
+ 2
7~ bd@kgbround —
Effective background & Py .

0 T T T
1.0 1.5 20 25 3.0
Micrr [GeV/c?]
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14-Wave Resonance-Model Fit

Searching for Exotic Strange Mesons with JP = 0~

00+ p(770)K P 150 p(T70) K S 251+ p(770) KD
T (@) + ‘ L O 180 ¥
Ty < \-Fto s
% S
<} 4 s it Lo <
S 2 it \
= {i ) 4 F—90
=
Z ! H F—180
g 0 T 3 L
£ 10 15 20 25 () (@f 180
N r 90
£ .
g 1 Fo
L)
S 107 F—90
[=]
+
0 y T 180
10 15 20 25 (f)
COMPASS Q 757
0.34 < ¢/ < 1.00 (GeVi/c)? =
Total model é\ 5.0 1
Resonance components =
Non-resonant component = 251
7~ bd@kgbround —
Effective background b o .

10 15 20 25 30
Micrr [GeV/c?]
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14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

K(1460) memenCOMPASS
400 A K(1630) *#** PDG average

— 1= K(1830) +** Prev. exp.
T

> ]

(<)

2. 900 - ,

o —

L( .

1 ~X a
0. &l
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950

mo [MeV /c?]

> K(1830) parameters in good agreement with LCHb measurement (pr 118 (2017) 022003
> Realistic K(1630) width of about 140 MeV/c?

Strange-Meson Spectroscopy — from COMPASS to AMBER
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14-Wave Resonance-Model Fit

Searching for Exotic Strange Mesons with JP = 0~

0~ ot 1~ 1t 2= 2F 3~ 3t 4~ 4t 5-

1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al., PRD 79 (2009) 114029]

K K, K* K K, Kj K K, K, K K
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14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

+ COMPASS
1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al., PRD 79 (2009) 114029]

D’? -
~

Z -
T 15w
w

£

=

K K, K* K K, Kj K K, K, K K

» Indications for 3 excited K from a single analysis
> Quark-model predicts only two excited states: potentially K(1460) and K(1830)

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER



14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

0~ 0f 1- 1f 27 2¥ 37 3% 4 4t 5

E + COMPASS
1.0 1 ® Established
® Not Established

—— Quark Model
0.5 1—e— [Ebert et al., PRD 79 (2009) 114029]

D’? i
~

= -
O 15w
w

2

=

K K K K, K, K K K, K, K K
» Indications for 3 excited K from a single analysis
> Quark-model predicts only two excited states: potentially K(1460) and K(1830)
= K(1630) supernumerary signal
= Candidate for exotic non-ggq state; other explanations possible (K*(892) w threshold nearby)
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Searching for Exotic Strange Mesons with JP = 0~

14-Wave Resonance-Model Fit %

%107 0=0*p(770)K P
64 0.10 <t < 1.00(GeV/c)?
] COMPASS

Intensity [(GeV/c?)™!]
[N}
& =~

1.0 1.5 2.0 2.5 3.0
Miar [GeV/c?]

S. Wallner
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Searching for Exotic Strange Mesons with JP = 0~

14-Wave Resonance-Model Fit %

x10° 0=0*p(770)K P

64 0.10 4 < 1.00(GeV/c)?
— COMPASS
| ]
& K*(892)w
~
> 4
o ]
\U_/ ) H\
3) | N
=, ]
LA
= ]
— + *

18

1.0 1.5 2.0 2.5 3.0
Miar [GeV/c?]

S. Wallner
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14-Wave Resonance-Model Fit

Searching for Exotic Strange Mesons with JP = 0~

0™—pK
ACCMOR

K—n—nT from ACCMOR

> Potential K(1630) signal already in ACCMOR analysis

Events /20 MeV

100,

LA ELED LU L LES G B AL BN AR B B R

OJAAAIAtAJlAAALan_AJA_LAA_x_
0 12 1.40 1.60 1.80

MK’U’I

$=4

WAO03 (CERN), 200 000 events, ACCMOR, Nucl. Phys. B 187 (1981)
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https://doi.org/10.1016/0550-3213(81)90114-0

14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

K~7~ 7" from ACCMOR
> Potential K(1630) signal already in ACCMOR analysis

K- n~ 7t from LHCb 0.4 =
> Measurement of D° — KF¥rr%7F at LHCb 0.2 =114 GeV/e® E
» Study strange mesons in K77 subsystem ' ' ]
> MIPWA of J° =0~ amplitude 0 ]
> Potential signal above 1.6 GeV/c? _ 9

> Limited by kinematic range -0.2 m= 164 QC.V/.C . [ L1

0 0.5 1

Re (A)

LHCb, 893 000 events, Eur. Phys. J. C 78 (2018)
S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 34 / 57


https://doi.org/10.1140/epjc/s10052-018-5758-4

14-Wave Resonance-Model Fit %

Searching for Exotic Strange Mesons with JP = 0~

K~7~ 7" from ACCMOR
> Potential K(1630) signal already in ACCMOR analysis

K—n—7T from LHCb 0.4
» Measurement of D° — KFrExExF at LHCb

0.2 m = 1.14 GeV/c? 5
» Study strange mesons in K77 subsystem
> MIPWA of J° =0~ amplitude 0 .
> Potential signal above 1.6 GeV/c?
> Limited by iinematic range / 02 ErE 1.64 QC-V/-CQ- - -
0 0.5 1
Re (A)

LHCb, 893 000 events, Eur. Phys. J. C 78 (2018)
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https://doi.org/10.1140/epjc/s10052-018-5758-4

14-Wave Resonance-Model Fit

Partial Waves with JP = 2+

2.51
5 2.0 1 -
N e —
~
>
[9)
S 1.5 .
@
=
= 1.0 1 ®  Established
® Not Established
—— Quark Model
05 T [Ebert et al., PRD 79 (2009) 114029]

K K, K* K K, K; K K, K, K K
PDG

> K;(1430) well known resonance
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14-Wave Resonance-Model Fit

Partial Waves with JP = 2+

x10° 271%p(770) K D
0.10 < ¢ < 1.00 (GeV /c)?
3 -

> Signal in K3 (1430) mass region
» In different decays
> p(770) K D

[t
1

Intensity [(GeV/c?)™1]
[\

¢

%) e
0 7 T
1.0 1.5 2.0 2.5 3.0

Micrn [GeV/c?]

# COMPASS

a-__0_"200%000a_ ...

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit

Partial Waves with JP = 2+

%108 2T1T K*(892)7D
0.10 < ¢ < 1.00 (GeV /c)?
L5 ] + COMPASS

!

> Signal in K3 (1430) mass region

Intensity [(GeV /c?)™!]
5

» In different decays 0.5 1
> p(770) K D g *,‘
> K*(892)7 D g N

e
o

1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit %

Partial Waves with JP = 2+

B 701°(K*n)
00
> Tk
* [
PR -
. . . 200
> Signal in K3 (1430) mass region C ; +
» In different decays L ++++ A it
> oli e b b e by gy
p(770) K D
> K*(892) 7 D 1 1.20 140 1.60 1.80 2

. . Mynn GeV
» In agreement with previous measurements

» Cleaner signal in COMPASS data

WAO03 (CERN), 200 000 events, ACCMOR, Nucl. Phys. B 187 (1981)
S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 36 / 57


https://doi.org/10.1016/0550-3213(81)90114-0

14-Wave Resonance-Model Fit %

Partial Waves with JP = 2+

120 + |
C'f 1 it
= Lab
= 100 - % =10 a'&‘/ K3(1430)*
© K3(1430)°
1 & ICOMPASS
80 ] * * PDG average
+ + Prev. exp.

1415 1420 1425 1430 1435 1440 1445 1450
mo [MeV /c?]
|
> K;(1430) parameters consistent with previous observations
> Better agreement with PDG average values for neutral K3 (1430)

Strange-Meson Spectroscopy — from COMPASS to AMBER
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14-Wave Resonance-Model Fit %

Partial Waves with JP =2~

®

8 20 7

> s

c .

S 1.5

0

w0

S

= 1.0 ®  Established

©® Not Established
—— Quark Model
05 T [Ebert et al., PRD 79 (2009) 114029]

K K, K K, K, Kj K, K, K, K K

PDG

> Established K>(1770) and K>(1820)
> K5(2250) need further confirmation

38 /57
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14-Wave Resonance-Model Fit

Partial Waves with JP =2~

2707 K3(1430)7S 270+ o(1270)KS 107 p(770)K'S

I: 15 | ) o 180 E
2 oo =<
Z 10 S
o Lo
; 51 F—90
L I 0 t [ 180
. . . -~ g P L 180
» Simultaneously fit 4 waves with J© = 2 E 10015020 2 )
< 90
> 1.8GeV/c? peak modeled by K»(1770), 3 »
K>(1820) SN
. £ o
» High-mass shoulder modeled by K>(2250) 5 -
o L
» Different intensity spectra and ®
: COMPASS w 1007
large phase motions among 2~ waves 0.15 < ' < 0.24 (GeVi/c)2 2
Total model §
Resonancé components = 504
Non-resonant component J}
7 m " bdekground 2
Effective background + 8

1.0 1.5 20 25 3.0
Micnn [GeV/c?]
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14-Wave Resonance-Model Fit

Partial Waves with JP =2~

20K SOTE 20 p(TT0) K F 107 p(770)K S
TS @ ‘ G
: ) PSS
§ 5.0 1 Lo <
I
= 2.5 90
I - M L _180
] ) ] p f‘;’ 0.0 p 2, 2yr (e)-180
» Simultaneously fit 4 waves with J~ =2— & 10 15 20 25 ]
&, L 90
> 1.8GeV/c? peak modeled by K»(1770), < s
K>(1820 £ 29
2( ) & *  —90
» High-mass shoulder modeled by K>(2250) ¥ ‘ -
0 R ‘ -
» Different intensity spectra and COMPASS o 15 20 25 ' 0
large phase motions among 2~ waves 0.15 < ' < 0.24 (GeVi/c)2 2
Total model §
Resonancé components =~ 504
Non-resonant component J}
7 - baekgground f
Fﬁoctnc hackvlound — 8
1.0 1.5 20 25 30
Micnn [GeV/c?]
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14-Wave Resonance-Model Fit %

Partial Waves with JP =2~

500
] K>(1770) reneisi COMPASS
] K5(1820) *#** PDG average
. 400 1 K2(2250)_“#'#* Prev. exp.
C\‘U 4 - N
~
% 300
=) ] — .
] |
] 1T +
100 4
1700 1800 1900 2000 2100 2200
mo [MeV/c?]

K>(1770) and K>(1820)
» Two states were considered by only three measurements ACCMOR, LASS, LHCb

» Only LHCb measurement could confirm two states (3 o statistical significance)

» We observe two sates with 11 o statistical significance

Strange-Meson Spectroscopy — from COMPASS to AMBER

S. Wallner



14-Wave Resonance-Model Fit %

Partial Waves with JP =2~

K»(1770) retesi COMPASS
] K5(1820) *** PDG average
. 400 7 K2(2250)_“#'#* Prev. exp.
C\‘U 4 - N
=~ ]
2 300
= — e
] |
] 1T +
100 4
1700 1800 1900 2000 2100 2200
mo [MeV/c?]

K»(2250)

> Studied so far mainly in Ap’ final states
» First simultaneous measurement of Ky(1770), K>(1820), and K>(2250)

» Resonance parameters consistent with previous observations
Strange-Meson Spectroscopy — from COMPASS to AMBER

S. Wallner



14-Wave Resonance-Model Fit

Partial Waves with JP =2~

o- ot 1~ 1t 27 2t 37 3t 4 4f 5°
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> o
2 .
3 1.5
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= 1.0 1 ® Established
1 ® Not Established
—— Quark Model
05 ' [Ebert et al., PRD 79 (2009) 114029]
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14-Wave Resonance-Model Fit

Partial Waves with JP =2~

— 2.0

Mass [GeV/c?
n

0.5

+ COMPASS

® [Established

® Not Established
—— Quark Model

[Ebert et al., PRD 79 (2009) 114029]

S. Wallner

K, K, K; K K, K, K, K
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14-Wave Resonance-Model Fit

Partial Waves with JP = 4+

Mass [GeV/c?]
— no
(23 (=]

Ju—
(=)
1

® Established
® Not Established
—— Quark Model

[Ebert et al., PRD 79 (2009) 114029]

<
5
|

K K, K* K K, K; K K, K, K K
PDG

> K;(2045) known resonance
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14-Wave Resonance-Model Fit

Partial Waves with JP = 4+

%104 41T K*(892)7nG
0.10 < ¢ < 1.00 (GeV /c)?
= 6 - COMPASS
\
2
| (%_5) 417 #
> Signal K;(2045) signal in K*(892) 7 and p(770) K \?: + +
decays Z o, ++++
s
£ *+
O MG“.Q"Q...“
1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]
total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit

Partial Waves with JP = 4+

x10% 41T p(TT0)KG

0.10 < ¢ < 1.00 (GeV /c)?
COMPASS

=
1

|
> Signal K;(2045) signal in K*(892) 7 and p(770) K
decays

[N}
1

Intensity [(GeV/c?)™1]

01+
1.0 1.5 2.0 2.5 3.0

Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit

Partial Waves with JP = 4+

[4T1T K*(892)nG] — 1107 p(770) K S]

200 0.10 </t' < 0.15 (GeV /c)?
100 -
o0
()
1
< O T
> Signal K;(2045) signal in K*(892) 7 and p(770) K <«
decays <
—100 A
—200

1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit

Partial Waves with JP = 4+ %

K (2045) COMPASS
| K}(2045) PDG average
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14-Wave Resonance-Model Fit

Partial Waves with J¥ = 4+
|
» Imperfect description of magnitude of intensity,

%104 41T K*(892)nG
0.10 <t < 0.15(GeV /c)?
3] COMPASS

[N}
1

[
1
— o

Intensity [(GeV/c?)™1]

0

1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit %

Partial Waves with JP = 4+
|

» Imperfect description of magnitude of intensity, , I K (892)nG] — [1H0* p(TT0)KS]
TG] — p

while relative phase described well 200 0.10 <17’ < 0.15 [GeV /c)?

100 1
o0
()
=

< 0 A
3
S-
<

—100 1

—200

1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit %

Partial Waves with JP = 4+

» Imperfect description of magnitude of intensity, , R4+ 1* K (92)nG][2- 0+ K (1430} S]")
while relative phase described well 2

T _ x10% 0.10 < ' < 0.15(GeV /c)?
» Also, real and imaginary parts of interference terms 2

described well, including their magnitude

R(pab) [(GeV /)71

1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background
S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 45 / 57



14-Wave Resonance-Model Fit

Partial Waves with JP = 4+

» Imperfect description of magnitude of intensity, ,

hil lati h d ibed I S([4T1H K*(892)7G][27 01 K3 (1430)7S]*)
while relative phase described we
e _ x10° 0.10 < ¢ < 0.15 (GeV /c)?
» Also, real and imaginary parts of interference terms
described well, including their magnitude —T
fe O - Notscescesed
QO
~
>
<) |
2
-2
3
>
&
—4 1
1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]
total resonance model, resonances, non-resonant, 77 7 background, effective background
S. Wallner
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14-Wave Resonance-Model Fit %

Partial Waves with JP = 4+
|

» Imperfect description of magnitude of intensity, ,

S([aT1TK*(892)nG][27 01 K3 (1430)7S]*
while relative phase described well ( Gl LS0mS)

T _ x10% 0.10 <t/ < 0.15 (GeV /c)?
» Also, real and imaginary parts of interference terms
described well, including their magnitude —T
> Intensities and real and imaginary parts of interference &L 07 =
terms not directly related as Rank[p,,] > 1 =
|pab| # V |paa| |pbb| \(q_.;/ ‘
-2 ‘
3
>
&
4

1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 45 / 57



14-Wave Resonance-Model Fit %

Partial Waves with JP = 4+
|

» Imperfect description of magnitude of intensity, ,

S([aT1TK*(892)nG][27 01 K3 (1430)7S]*
while relative phase described well ( Gl LS0mS)

T _ x10% 0.10 <t/ < 0.15 (GeV /c)?
» Also, real and imaginary parts of interference terms
described well, including their magnitude —T
> Intensities and real and imaginary parts of interference &L 07 =
terms not directly related as Rank[p,,] > 1 =
<)
|pab| # V |paa| |pbb| \C_D/ ‘
w Analysis artifacts in intensities of small waves, 92 ‘
which are the least constrained by data §
&
4

1.0 1.5 2.0 2.5 3.0
Micrn [GeV/c?]

total resonance model, resonances, non-resonant, 77 7 background, effective background
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14-Wave Resonance-Model Fit

Partial Waves with JP = 4+
|

» Imperfect description of magnitude of intensity, ,

S([aT1TK*(892)nG][27 01 K3 (1430)7S]*
while relative phase described well ( Gl LS0mS)

o _ x10* 0.10 < # < 0.15(GeV /¢)?
» Also, real and imaginary parts of interference terms
described well, including their magnitude —T
> Intensities and real and imaginary parts of interference &L 07 =
terms not directly related as Rank[p,,] > 1 =
<)
|pab| # V |paa| |pbb| \C_D/ ‘
w Analysis artifacts in intensities of small waves, 92 ‘
which are the least constrained by data §
| 3
» Results validated by Monte Carlo input-output and —4
systematic studies

1.0 1.5 2.0 2.5 3.0

» Imperfections considered in systematic uncertainties
P Y Micrn [GeV/c?]

» Results in agreement with previous experiments

total resonance model, resonances, non-resonant, 77 7 background, effective background
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Kinematic Distribution of K~7~ 7t Events %

Subsystem
x103
6 <« (770
Y
>
= 47
T
- f0(980)
g 24 £2(1270)
[ J2
3 '3
0 T T

0.5 1.0 1.5 2.0
Mu—nt [GeV/c?]

» Also structure in 7~ 7+ and K~ 7T subsystems
w Successive 2-body decay via 77T / K~ 7" resonance called isobar

» Also structure in angular distributions
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Kinematic Distribution of K~ 7" Events

Subsystem

x10%
<« K*(892)

£ 151

~

-

z

2107

~

£ K§(1430)
5 0.5 1 § K3(1430)

0.0 .

1.0 1.5 2.0
M-t [GeV/c?]

» Also structure in 7~ 7+ and K~ 7T subsystems
w Successive 2-body decay via 77T / K~ 7" resonance called isobar

» Also structure in angular distributions

S. Wallner
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Kinematic Distribution of K~7~ 7t Events %

Subsystem
0 90 180

0 150 300
1.2 < mye,, < 1.4Gev/c* SR 1.2 < mye,, < 1.4Gev/c* [SERIT]

180
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o0 o0
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4= =
E 0 e 0
= &
-90 —90 4
—180

-1.0 =05 0.0 0.5 1.0
cos 08T

» Also structure in 7~ 7+ and K~ 7T subsystems
w Successive 2-body decay via 77T / K~ 7" resonance called isobar

» Also structure in angular distributions

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 46 / 57



Kinematic Distribution of K~7~ 7t Events %

Subsystem

0 400 800 0 175 350
3 1.2 < Mgnr < 1.4 GeV/c2i| 3 1.5 < Mgnr < 2.0 GeV/c2i|
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Kinematic Distribution of K~7~ 7t Events %
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Kinematic Distribution of K~7~ 7t Events %

t’ Spectrum

I —
» Exponential shape
» Shallower for larger t/

Events / (0.001 (GeV/c)?)

02 04 06 08 10
t' [(GeV/c)?]
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Kinematic Distribution of K~7~ 7t Events %
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Kinematic Distribution of K~7~ 7t Events %

Exclusivity
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition %
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Systematic Studies of the Partial-Wave Decomposition %
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Systematic Studies of the Partial-Wave Decomposition

14 Waves
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition
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Systematic Studies of the Partial-Wave Decomposition

Leakage Waves
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Systematic Studies of the Partial-Wave Decomposition %
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Systematic Studies of the Partial-Wave Decomposition %

Leakage Waves
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Systematic Studies of the Partial-Wave Decomposition %

Leakage Waves
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Leakage Effect %
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Leakage Effect

|
» Unexpected low-mass enhancement in 3% 1%

K*(892) m D wave
» Similar to dominant 11 wave

x107 170t K*(892)mS
37 010<t’<100(GeV/c)
— 1 - COMPASS
CL\]\ 1 ‘-... e . Main
P B e Studies
> 2]
)
g ]
= 1.
B7 I N B S
= b )
""'
és’ . 1:3‘1.
— “.ﬁ.:.ﬂ.ﬁc.
O"".lgﬁ'l""l""
1.0 1.5 2.0 2.5 3.0

MK [GeV/c2]

Strange-Meson

Spectroscopy — from COMPASS to AMBER



Leakage Effect

» Unexpected low-mass enhancement in 3% 1%
K*(892) m D wave

» Similar to dominant 11 wave

> Sensitive to systematic effects
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Leakage Effect %

oo = J diga(r) o(r)F5(7)

» Unexpected low-mass enhancement in 37 1+
K*(892) w D wave

» Similar to dominant 1+ wave
» Sensitive to systematic effects
» Decay amplitudes of different J are orthogonal 1t

0~ 1t 17 27 3t3 5t
2t 4=
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Leakage Effect

| K_
» Unexpected low-mass enhancement in 3% 1%
K*(892) w D wave X
» Similar to dominant 17 wave p

> Sensitive to systematic effects

SEERAE le

» Decay amplitudes of different J are orthogonal yo

» Event selection requires to identify one of the
two negative particles
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Leakage Effect %

0 150 300

| ..
Preliminary [ —

» Unexpected low-mass enhancement in 3% 1% 2
K*(892) m D wave

» Similar to dominant 11 wave

> Sensitive to systematic effects < 150 7
» Decay amplitudes of different J are orthogonal ;
» Event selection requires to identify one of the 8 100 -
two negative particles —
> Limited acceptance due to limited kinematic Ig
range of final-state PID &
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Leakage Effect %

b= [ dps(7) 1(7) Ta(T) P (1)
|
0.00 0.07 0.14

» Unexpected low-mass enhancement in 37 1+ I(%)
K*(892) 7 D wave | [T | —

» Similar to dominant 1" wave U TR
> Sensitive to systematic effects
» Decay amplitudes of different J are orthogonal 1t
» Event selection requires to identify one of the
two negative particles L1
> Limited acceptance due to limited kinematic 2 3
range of final-state PID 2" .
» Loss of orthogonality taking acceptance into 3+
account 3-
477
5t ‘ f
0~ 1t 17 27 3t375F
2+ 4=
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Leakage Effect %
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» Unexpected low-mass enhancement in 3% 1% 4 0.10 <t < 1.00 (GeV/C)2
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Sensitive to systematic effects
Decay amplitudes of different J* are orthogonal

Event selection requires to identify one of the
two negative particles
> Limited acceptance due to limited kinematic
range of final-state PID
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Leakage Effect %

|
» Unexpected low-mass enhancement in 3% 1%
K*(892) m D wave

Similar to dominant 17 wave
Sensitive to systematic effects
Decay amplitudes of different J* are orthogonal

vvyyvyy

Event selection requires to identify one of the
two negative particles

> Limited acceptance due to limited kinematic
range of final-state PID
» Loss of orthogonality taking acceptance into
account
w Reduced differentiability of certain partial
waves

» Only a sub-set of partial waves affected
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Incoherent 7~ 7~ 7w+ Background %

» K—m— 7" and 7~ 77t similar experimental footprint

K- K~
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Incoherent 7~ 7~ 7w+ Background %

» K—m— 7" and 7~ 77t similar experimental footprint

T T
J— ﬂ-i
P X Tt

p p
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Incoherent 7~ 7~ 7w+ Background %

» K—m— 7" and 7~ 77t similar experimental footprint

K- K~
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Incoherent 7~ 7~ 7" Background %

|
» K—m— 7" and 7~ 77t similar experimental footprint
» Distinguishable only by

» Beam particle identification
» Final-state particle identification

» Excellent beam PID:

» Expect small contamination from beam 7~

» Final-state PID does not suppress 7~ 7~ 7+
background

w Non-negligible 7=7~ 7" background in
K~—n~7t sample of about 7%
w Dominant background in K~ 7~ 7" sample

S. Wallner Strange-Meson Spectroscopy — from COMPASS to AMBER 54 / 57



[Phys. Rev. D 95 (2017) 032004]

» Well established model for 7= +p -7 7 7t +p X108
» From very same data set “‘§> 0_4} laz(1320)
» Measured with high precision 2 i al(1260)i
» Acceptance corrected 2 40
o
g [
= 0
@ oo | TE{1670)
0.1-
L o fl nnn o flnnnnllonos
85 1 15 2 25
m,,, [GeV/c]
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[Phys. Rev. D 95 (2017) 032004]

» Well established model for 7= +p -7 7 7t +p X108
> From very same data set N§ 0.4 12(1320)
> Measured with high precision < 3 a1(1260)i
» Acceptance corrected 2 40
» Generate 7~ 7 7w Monte Carlo sample g
@ oo |7%(1670)
0.1-
L o fl nnn o flnnnnllonos
85 1 15 2 25
m,,, [GeV/c]
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Incoherent 7~ 7~ 7w+ Background %
[Phys. Rev. D 95 (2017) 032004] 74475+

» Well established model for 7= +p -7 7 7" +p ol
> From very same data set N§ 0.4 12(1320)
> Measured with high precision < 3 a1(1260)i
» Acceptance corrected 2 40
» Generate 7~ 7 7w Monte Carlo sample g
o > L
» Mis-interpret 77~ 7" Monte Carlo events as K~ 7~ 7" O ook | TH{1670)
» Apply wrong mass assumption r
»> Same event reconstruction and selection as for K~ 7~ 7" 01k
C AN T T
8s 1 15 2 25
m,,, [GeV/c]
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[Phys. Rev. D 95 (2017) 032004]

» Well established model for 7= +p -7 7 7t +p *10°
> From very same data set N§ 04f 12(1320)
> Measured with high precision < 3 a1(1260)i
» Acceptance corrected L a0
» Generate 7~ 7 7w Monte Carlo sample g
. > [
» Mis-interpret 77~ 7" Monte Carlo events as K~ 7~ 7" O ook | TH{1670)
» Apply wrong mass assumption r
> Same event reconstruction and selection as for K 7~ 7t 01k
» Perform partial-wave decomposition of mis-interpreted 7~ 7~ 7+
Monte Carlo sample Lo
> Using the same PWA model as for measured K~ 7~ 7™ sample 8 1 15 2 25
g 2 m,,, [GeV/c]

w Study 7~ 7 7" background in individual K~ 7~ 7" partial waves
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Incoherent 7~ 7~ 7w+ Background %

> Signif buti o <ob x10° 2717 p(770)KD
ignificant contribution to waves with p(770) isobar [ 010<¢ < 1.00(GeV/c)?
> 77 7T produces peaking structures — 1 # COMPASS
]
. . . —~ 34
> Largest relative contribution to 2+ 17 p(770) K D EREl +
wave =]
[
9 21 M
z ] + #
E1] g%
Z ] #% %)
I::"' / - A, .
0 _ o,

1.0 1.5 2.0 2.5 3.0
MKrr [GEV/CQ]

K—n— 7t data, 7 7 7' pseudo data
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Incoherent 7~ 7~ 7w+ Background %

- . . . x106 2717 K*(892)mD
» Significant contribution to waves with p(770) isobar 1 010 < < 1.00 (GeV /)2
> 77 7T produces peaking structures =151 + COMPASS
| .
> Largest relative contribution to 2+ 1* p(770) K D < 1 ¢
wave = }
» Small contribution to waves with K*(892) isobar @ 1.0 + i
- L
£ 0.5
‘QE') ] J i
= IR
0.0 e

1.0 1.5 2.0 2.5 3.0
MKrr [GEV/CZ]

K—n~ 7t data, 7 7 7 pseudo data
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Incoherent 7~ 7~ 7w+ Background

> Signif buti S <ob x10° 270" f,(1270)K'S
ignificant contribution to waves with p(770) isobar 010 < ¢ < 1.00 (GeV /o)?
> 77 7T produces peaking structures — COMPASS
|
> Largest relative contribution to 2+ 17 p(770) K D 47
wave =] #
» Small contribution to waves with K*(892) isobar @ #H +
» Also significant contribution to waves with £(1270) 221 + ﬂ
isobars g ﬁ# ¥
=] *‘..._“
w L) ®,
0 — ‘\,' St Sesersesatas
1.0 1.5 2.0 2.5 3.0
MKrr [GEV/CZ]
K—n— 7t data, 7 7 7' pseudo data
56 / 57
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Incoherent 7~ 7~ 7w+ Background %

> Cigni o . . x10° 270" K3(1430)7S
Significant contribution to waves with p(770) isobar 010 < ¢ < 1.00 (GeV /)2
> 77 7T produces peaking structures =4 ﬁ COMPASS
|
> Largest relative contribution to 2+ 17 p(770) K D BN ;M‘
wave = ; t
» Small contribution to waves with K*(892) isobar @ ' 1
> Also significant contribution to waves with £(1270) 2 27 N¥
and K3(1430) isobars g : ++¢
E | ‘ ﬂ# ““a...
0 ——ﬁm

1.0 1.5 2.0 2.5 3.0
MKrr [GEV/CZ]

K—n~ 7t data, 7 7 7 pseudo data
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Incoherent 7~ 7~ 7w+ Background %

> Signifi o h . x10° 270" K3(1430)7S
ignificant contribution to waves with p(770) isobar 010 < ¢ < 1.00 (GeV /)2
> 77 7T produces peaking structures =4 ﬁ COMPASS
|
> Largest relative contribution to 2+ 17 p(770) K D BN ;M‘
wave = ; t
» Small contribution to waves with K*(892) isobar @ ' 1
> Also significant contribution to waves with £(1270) 2 27 N¥
and K3(1430) isobars 2 4 %
2 2 ) ¢‘
» No contribution to flat wave N uﬁ' “‘...
R R P ... S

1.0 1.5 2.0 2.5 3.0
MKrr [GEV/CZ]

K—7n~ 7t data, 7 7 7 pseudo data
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Incoherent 7~ 7~ 7w+ Background

x10° COMPASS x10° COMPASS
1.50 < mgzr < 2.00 GeVi/c? 1.00 < micrr < 1.50 GeVy/c?
21 f & 1.5
~ ~
z g 1.0
~ 11 ~
£ £ 051
| & a
> L i i 04—~ . . , 0.0 . ; ; ;
238-wave set_cai dﬁscrlbe {naln 05 10 15 20 L0 15 20 25
features of ™7~ 7 Mot [GeV /] Mgt [GeV/c?]
2 o 5 IPASS 5 COMPASS
ﬂ:l ien I w ” %10’ COMPASS x 10’
pseUdOdata Sz y e 1.50 < Mpenn < 2.00 GeVi/c? 1.50 < mgrr < 2.00 GeVi/c?
» Largest deviation for K~ 7" 10 % 101
. . = =
isobar system at thigh my 2 %
=] =
S :
«UE) 0.5 1 ~ 0.5
3] 2
5] z
2
<3}
m~rn~wt pseudo data, 00 00
prediction (weighted-MC) of K~ 7~ 7+t PWD ~—10 —05 00 05 L0 ‘ 10 15 20 25
to 7~ 7w 7w pseudo data cos 0 my-q+ [GeV/c?]
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