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Three fundamental forces

Strong Weak
Electro-

Magnetism

Quantum Chromo
Dynamics

Electro-Weak
theory

Prevailed a multitude of test

Hint of physics beyond SM:

anomalous magnetic moment of the muon aµ ··=
gµ−2

2

aexp
µ =116592091(54)(33)× 10−11

aSM
µ = aQED

µ + aEW
µ + aHad

µ =116591803(1)(42)(26)× 10−11

3.6σ discrepancy → physics beyond the standard model
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Hadron Physics
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Calculations in the lower energy (Q) regime

Q
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Phenomenological models and
Effective Field Theories
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Elementary particles
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This thesis
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The ω meson

I G (JPC ) = 0−(1−−)

mω= 782.65(12) MeV, Γω = 8.49(8) MeV

ω → Γi/Γω

π+π−π0 89.2(7)%

π0γ 8.28(28)%

π+π− 1.53+0.11
−0.13 %
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Thesis outline

Part I:

ω → π+π−π0 Dalitz plot study with
WASA-at-COSY

Theory, WASA experiment, Analysis, Results

Part II:

Additional ω studies

– Search for ω → π+π− signal with
WASA-at-COSY

– Simulation study of π0π0 interference
for ω Dalitz plot measurement using
KLOE data
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Part I: ω → π+π−π0 Dalitz plot study with
WASA-at-COSY

Z

0
0.1

0.2
0.3

0.4
0.5

0.6
0.7

0.8
0.9

1 Φ-3
-2

-1
0

1
2

3
0

0.02

0.04

0.06

0.08

0.1

-6
10×



Introduction Part I: WASA Dalitz plot Part II: WASA ω → π+π− signal Part II: KLOE simulation study

What is a Dalitz plot?
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3-body decay
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L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 6 / 31

3-body decay

0
1

2
3

M given by two independent variables
→ 2D representation, e.g. M(s12, s23)

d2Γ
ds12ds23

= 1
(2π)3

1
32m3 |M|2

sij = |Pi + Pj |2

]2 [GeV12s
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

]2
 [G

eV
23s

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Common choice of variables when m1 = m2

X
-1 -0.5 0 0.5 1

Y

-1

-0.5

0

0.5

1

X =
√

3
T∗1 − T∗2

Q

Y =
(2m1 + m3)T∗3

(m1Q)
−1

Z
0 0.2 0.4 0.6 0.8 1

Φ

-3

-2

-1

0

1

2

3

Z =X 2 + Y 2

Φ = tan−1 X

Y



Introduction Part I: WASA Dalitz plot Part II: WASA ω → π+π− signal Part II: KLOE simulation study

ω → π+π−π0 dynamics - 1
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Dalitz plot density distribution ∼ |M(s12, s23)|2, |M|2 = 1 : Phase space

Restrictions from quantum numbers

ω : I (JP ) = 0(1−) J3π = 1 and J2π = 1
P - wave phase space
|M|2 = P ∝ |p̄i × p̄j |2
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ω → π+π−π0 dynamics - 2

1C. Terschlüsen, B. Strandberg, S. Leupold, F. Eichstädt Eur.Phys.J. A49 (2013) 116
2S.P. Schneider, et al., Eur.Phys.J. C72 (2014) 2012 and Danilkin, et al. Phys. Rev. D91 (2015) 094029
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π − π interactions

Intermediate ρ

π − π rescattering
ω

π

ρ
π

π

|M|2 / P

1 Lagrangian approach1

ω
π

ρ
π

π

2 Dispersion approach2

πV → ππ
↓

V → πππ

Predictions of d2Γ
ds12ds23

Experiment - Theory comparison

Parametrisation F (Z ,Φ)× P

F (Z ,Φ) = 1 + 2αZ + 2βZ 3/2 sin(3Φ) + 2γZ 2 + 2δZ 5/2 sin(3Φ) +O(Z 3)

Fits are performed on theory predictions.
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Why study ω → π+π−π0 dynamics?
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Previous measurement

Largest previous statistics for study of
the dynamics - 4200 events.

Unable to distinguish ρ onset.

Benchmark for meson transition form factors

π0
ω

ρ

γ∗

γ∗

a part of
π0

γ∗

γ∗

Probe of hadron structure

Contribution to HLbL
(muon g-2)
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Experimental setup
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Wide Angle Shower Apparatus

EDDA

PAX

WASA

ANKE

Electron
cooler

St
oc
ha
sti
cc
oo
lin
g

JESSICA

Quadrupole

Dipole

RF cavity

Barrierbucket
cavity

Extraction

TOF
JULIC

COSY at Forschungszentrum

Jülich, Germany

3He

π+

π−

γ
γ

Collected data

p + d → 3He + ω

- π+ + π− + π0

- π0 + γ
- π+ + π−

4 weeks beam time in 2011
Tbeam = 1.45 GeV → 110h
Tbeam = 1.50 GeV → 100h

Trigger on 3He



Introduction Part I: WASA Dalitz plot Part II: WASA ω → π+π− signal Part II: KLOE simulation study

Experimental setup
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Event selection

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 11 / 31

3He

π+

π−

γ
γ

3He candidate



Introduction Part I: WASA Dalitz plot Part II: WASA ω → π+π− signal Part II: KLOE simulation study

Event selection
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Event selection
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Event selection
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Selected sample
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Dalitz plot analysis - Creating the Dalitz plots
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Bin size

Z ∈ [0,1] and Φ ∈ [−π, π]
6×6 bins
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Dalitz plot analysis - Creating the Dalitz plots
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Dalitz plot analysis - Creating the Dalitz plots
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Dalitz plot analysis - Creating the Dalitz plots

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 17 / 31
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Dalitz plot analysis - Parametrisation

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 18 / 31

Parametrisation F (Z ,Φ)× P

F (Z ,Φ) = 1 + 2αZ + 2βZ 3/2 sin(3Φ) + 2γZ 2 + 2δZ 5/2 sin(3Φ) +O(Z 3)

Fit results

Parameters
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Onset of ρ state

1
1

2
1

3
1

4
1

5
1

6
1

1
2

2
2

3
2

4
2

5
2

6
2

1
3

2
3

3
3

4
3

5
3

6
3

1
4

2
4

3
4

4
4

5
4

6
4

1
5

2
5

3
5E

ff
ic

ie
n

cy
 c

o
rr

ec
te

d
 b

in
 c

o
n

te
n

t

0

2

4

6

8

10

310×
=1.45 GeVbeamT

Fitted function

 binΦ
Z bin

N
o

rm
al

is
ed

 r
es

id
u

al
s

-4

-3

-2

-1

0

1

2

3

4

1
1

2
1

3
1

4
1

5
1

6
1

1
2

2
2

3
2

4
2

5
2

6
2

1
3

2
3

3
3

4
3

5
3

6
3

1
4

2
4

3
4

4
4

5
4

6
4

1
5

2
5

3
5E

ff
ic

ie
n

cy
 c

o
rr

ec
te

d
 b

in
 c

o
n

te
n

t

0

2

4

6

8

10

310×
=1.50 GeVbeamT

Fitted function

 binΦ
Z bin

N
o

rm
al

is
ed

 r
es

id
u

al
s

-4

-3

-2

-1

0

1

2

3

4



Introduction Part I: WASA Dalitz plot Part II: WASA ω → π+π− signal Part II: KLOE simulation study

Dalitz plot analysis - Systematical checks

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 19 / 31

Test of fit procedure

“True” data simulated with P-wave

Fit with F (Z ,Φ)× P
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ω → π+π−π0 Dalitz plot - Summary

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 20 / 31

3He

π+

π−

γ
γ

p + d → 3He + ω

Tbeam = 1.45 and 1.50 GeV

→ ∼ 26600(300) events in the Dalitz plots

Fit of parametrisation (1 + 2αZ)× P

→ α > 0 with ∼ 3.5 σ

Theoretical predictions:

Lagrangian approach (Uppsala) and Dispersive
calculations (Bonn,JPAC) 0
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L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 21 / 31

Part II: Additional ω studies

A search for the A simulation study of

ω → π+π− signal in WASA π0π0 interference study with KLOE
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Introduction

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 22 / 31

Why search for ω → π+π−

BR(ω → π+π−) = (1.53+0.11
−0.13)% Isospin violating

ρ− ω mixing assumed → Interference pattern in Mππ

In WASA data ∼ 28000(300) ω → π+π−π0 events

Previous observations

π+p/d → Xπ+π− dip

π−p → Xπ+π− peak

K−p → Xπ+π− peak/“shoulder”

Nγ → Nπ+π− “shoulder”

e+e− → π+π− “shoulder”
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Introduction

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 23 / 31

ρ− ω mixing

Sources of isospin violation: EM interactions, mu 6= md , . . .

Common approach: |ρI 〉 ≡ |1, 0〉 and |ωI 〉 ≡ |0, 0〉 →
|ρ〉 = |ρI 〉 − ε |ωI 〉
|ω〉 = |ωI 〉+ ε |ρI 〉

|ωI 〉 → π+π− often neglected

The role of production

e+e−: known coupling
γ∗ V

hadronic: not known

→ mixing info from e+e−

ρ
Aρ +

ω
Aω + ρ

ω Aω = M2π

|M2π |2 =|W2s−1
ρ |2

{
|Aρ|2 + 2g(1 + ∆m2

0<(s−1
ω ))|Aρ||Aω | cos(α)

−2g∆m2
0=(s−1

ω )|Aρ||Aω | sin(α)
}
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Introduction
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Data analysis

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 24 / 31

Event selection

1 Selection of 3He, π+ and π−

2 Kinematical fit:
choosing final tracks and suppress 3Heπ+π−π0

3 Cut on P(χ2)>0.1
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Data analysis

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 25 / 31

The resulting π+π− mass distribution
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F = {a1 + a2x + a3x2}H2π

No convincing ρ− ω interference
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Data analysis
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Data analysis
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The resulting π+π− mass distribution
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Summary

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 26 / 31

Data collected by WASA, 28000(300)
ω → π+π−π0 events (BR=89%)

Search for ω → π+π− signal (BR=1.53%)

Observe ρ− ω signal in hadronic production
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L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 27 / 31

Part II: Additional ω studies

A search for the A simulation study of

ω → π+π− signal in WASA π0π0 interference study with KLOE
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Introduction

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 28 / 31

Previous study of e+e− → π0ω with KLOE

∼ 600 −1 pb
√

s ∈ [1000,1030] MeV

e+e− → π0ω → π0π+π−π0

1349(2)·103 reconstructed events

Could be used for Dalitz plot study!
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Why care about π0π0 interference?

1 Identify primary π0 in simulation

Needed for ε = Reconstruced
True

No π0
Primary/Decay

in simulation with interference

Can simulation without interference be used?

2 Effect of π0π0 interference in Dalitz plot

Effect in
simulation

Effect in
experiment

?
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Simulation studies
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The reaction model
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The simulation procedure

1 Generate π0π+π−π0 at
√

s = 1 GeV with GENBOD → WPS

2 Calculate |M|2 → W = |M|2 · WPS

Exclude interference |MI |2 = |J+−00

ωπ0
1

|2 → W I = |MI |2 · WPS



Introduction Part I: WASA Dalitz plot Part II: WASA ω → π+π− signal Part II: KLOE simulation study

Simulation studies
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Simulation studies - The results

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 30 / 31

Pion kinematics
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Overall Summary

L. Heijkenskjöld (Uppsala University) Hadronic Decays of the ω Meson 31 / 31

ω → π+π−π0 Dalitz plot
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Thank you for your attention
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