




dd →4Heπ0 reaction Electric dipole moment of p,d
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Electromagnetic interaction (Q
u
 ≠ Q

d
)

Strong interaction (M
u
 ≠ M

d
)   window for probing quark mass effects

Access to ∆M
str 

from dynamic ISB using Chiral Perturbation Theory

πN scattering length, a(π0p) – a(π0n) = f(∆M
str

) [2]

However:

 – No direct measurement of π0N

 – Large electromagnetic corrections in π±N
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Parameter-free prediction of 

the p-wave contribution in dd → 4Heπ0 

Result at threshold 

consistent  with s-wave
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CSB program with WASA-at-COSY:

2007: Measurement of dd→3Henπ0  

   goal: description of main background, input for initial-state-interaction calculations 

2008: First measurement of dd →4Heπ0  (2 weeks) @ Q = 60 MeV

   goal: σ
total

     

2014: New measurement of dd →4Heπ0  (10 weeks) @ Q = 60 MeV with modified detector 

   goal: angular distribution



Background
 dd→ (pnd,pnpn,tp) + π0

 dd→3Henπ0 (3 105 higher σ)
 dd→4Heγγ (physics bg)

 

Overall kinematic fit 
→ 2 hypotheses fitted:  
dd → 4Heγγ and  dd → 3Henγγ 

→ Optimized cuts on cumulated probability distribution (p-value)
→ Suppresion of dd→3Henπ0  about 104

Status after calibration:



ToF Calibration

Offset adjustment for every FWC and FVH element

dd → 3Hen time peak position used  

Calibrate the data to the MC values for every detector 

element as a function of θ

adjustment

Kinetic Energy Reconstruction

Based on E
kin
(ToF), E

kin
(dE)

χ 2  fit used to obtain the best matching E
kin

dE[GeV](ToF)

Analysis
Detector Calibration



3 weeks laterBeginning of the beamtime

Before correction After correction

Analysis
Detector Calibration



Results
Missing mass of dd → 4HeX



Common systematic uncertainty of 10% from 

external normalization

Identical particles in the initial state 

→ forward-backward symmetric cross section

                                       fit result:

Results



Common systematic uncertainty of 10% from 

external normalization

Identical particles in the initial state 

→ forward-backward symmetric cross section

                                       fit result:

p-waves contribute with a negative sign → maximum at 90o in angular distribution

Observed minimum at 90o → explained only with d-waves in the final state

Data establish for the first time presence of sizable contribution of d-waves

Results



Full fit with 4 amplitudes and 1 relative phase (between A
0
 and A

2
)

→ outside the scope of the presented data

 

Including d-waves, terms up to fourth order in pion momentum has to be considered:



Full fit with 4 amplitudes and 1 relative phase (between A
0
 and A

2
)

→ outside the scope of the presented data

 

Quantitative results - only using additional constraints:

1)Assuming that amplitudes do not carry any momentum dependence: A
0
 = A

thr
 from [1]

Including d-waves, terms up to fourth order in pion momentum has to be considered:
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A
0
 = A

thr
 from [1], B – fixed to 0, phase 

Including d-waves, terms up to fourth order in pion momentum has to be considered:

Momentum dependence of total cross section



First measurement of contributions of higher partial waves in the 

charge symmetry breaking reaction dd → 4Heπ0

Angular distribution with a minimum at θ*= 90o can be understood only 

by the presence of a significant d-wave contribution in the final state

Data are consistent with vanishing p-wave contribution

Role of the ∆ isobar ?

Deep insights not only into the dynamics of the nucleon-nucleon 

interaction but also the role of quark masses in hadron dynamic



Preconditions needed to explain it:

Baryon number violation

C and CP violation

Thermal non-equilibrium in the early Universe

Sakharov (1967)







The observable quantity: 

Energy of electric dipole in electric field 

Energy of magnetic dipole in magnetic field 









For charged particles: 
→ apply electric field in a storage ring

Simplified case:

Build-up of vertical polarization 

by slow precession









E* field tilts spin due to EDM 
50% of time up and 
50% of time down



Lorentz force vanishes: no effect on EDM rotation

Effect: Adds extra horizontal precession



R&D with deuterons
p = 1 GeV/c
G = -0.14256177(72)
ν

s
≈ -0.161  →  f ≈ 120 kHz



Precise measurement of the precession frequency (spin tune)

→ also time dependent within one cycle

Phys. Rev. Lett. 115, 094801 (2015)



Maximizing the spin coherence time (goal: ≈1000 s)



Maintaining the spin direction

→ keep precession frequency stable

→ match frequency and phase to Wien filter radio frequency



Reaction: dC elastic scattering  

Up/Down asymmetry     horizontal component of polarization P
x

Right/Left asymmetry    vertical component of polarization P
y











→ Full φ coverage

→ θ range 4° - 17°









EDMs of elementary particles key for understanding 
sources of CP violation 
→ explanation of matter – antimatter imbalance 

Principle of experiments – measurements of spin 
precession in magnetic field
EDM of charged particles measured in storage rings

COSY: ideal starting point for R&D and a pre-cursor 

experiment with Wien Filter method



Symmetries: 
Tool to address the most striking questions of modern science

Investigations at the Research Center Jülich:
From hadronic reactions to EDM with WASA





Discrete

A physical model is symmetric under a certain operation 

→ if its properties are invariant under this operation

T-symmetry: t → -t

P-symmetry: r → -r

C-symmetry: particle-antiparticle interchange

CPT conserved





No direct measurement
Disentangle the fundamental source(s) of EDMs







Lorentz force vanishes:

no effect on EDM rotation

Effect: Adds extra 

horizontal precession



1. inject and accelerate 

vertically polarized 

deuterons to p=1GeV/c

2. bunch and (pre-)cool 

3. turn spin by means of a 

RF solenoid into horizontal plane

4. extract beam slowly (within 100-1000 s) 

onto a carbon target, measure asymmetry 

and precisely determine spin precession

spin tune:  



PRL 115, 094801 (2015)







Maintain resonance frequency and phase between spin precession and Wien filter

→ keep precession frequency stable
→ match frequency and phase to Wien filter

PRL, 119, 014801 (2017)

Test at COSY:

control spin tune via COSY rf: 

control phase to external frequency 

by accelerating/decelerating spin precession



Proton-Neutron mass difference 

Neutron (ddu)

939.5654133(58) MeV/c2

∆M
np

 = 1.29333217(42) MeV

∆M
np

 / 〈M
np

〉 = 0.14 %

Proton (uud) 

938.2720813(58) MeV/c2

〈 〉

〈 〉



dd →4Heπ0

np→dπ0





Measurements of CSB observables

np dπ0 forward-backward asymmetry A
fb

leading CSB term: πN rescattering

Opper et al., A
fb
 = (17.2 ± 8.0 ± 5.5) · 10 -3 

     (PRL 91 (2003) 212302)

Pion production in dd 4He π0

CSC 

CSB σ |M
CSB

|2

Complementary to np dπ0:

different strength of CSB terms

dd initial state more demanding

Result: Stephenson et al. 

     (PRL 91 (142302) 2003)

tot
 (Q=1.4 MeV) = 12.7 ± 2.2 pb

tot
 (Q=3.0 MeV) = 15.1 ± 3.1 pb

Result consistent with s-wave production





First measurement with WASA

2008: First measurement of dd →4Heπ0  (2 weeks) at Q = 60 MeV, goal: total cross section

γγ

Result consistent with s-wave

Due to limited statistics not decisive 

to identify higher-wave contribution

 Parameter b of the dσ/dΩ fit a + b (cos

consistent with 0



Background
 dd→ (pnd,pnpn,tp) + π0

 dd→3Henπ0 (3 104 higher σ)
 dd→4Heγγ (physics bg)

Main challenge
dd→3Henπ0 suppression

3He/4He separation in Forward Detector
 

2014: 10-week-long beamtime dedicated to measurement of dd →4Heπ0  at Q = 60 MeV 

          with modified detector, goal: angular distribution

Advantages

→ Access to Time-of-Flight (ToF)

Better 3He/4He separation

Independent energy reconstruction

Beamtime summary

Beam momentum: 1.2 GeV/c2

Main trigger: high threshold in Forward Detector, 

≥1 neutral candidate in Central Detector

Integrated luminosity: (35.4 ± 3.7) pb-1

New Experiment with Improved Setup

Disadvantages

→ Smaller acceptance 

Slow 4He stops in air before FVH

Challenges

ToF calibration first time in WASA 

Dropping gain of FWC and FVH 







Minimization of 2 :

E
kin
(ToF

1
), E

kin
(ToF

2
), E

kin
(dE

FWC1
), E

kin
(dE

FWC2
) dependence from MC

Uncertainties from data ( )



Cuts used in the analysis



Status after calibration
Cuts on ∆E-∆E not enough for effective suppression of background

Overall kinematic fit used

Constraint on energy and momentum conservation

2 hypotheses fitted:  dd → 4Heγγ and  dd → 3Henγγ

Cut on cumulated probability distribution (p-value)

Optimized to maximal statistical significance of signal peak 

Suppression of dd→3Henπ0  more than 103

dd→4Heπ0 simulation dd→3Henπ0 simulationdd→4Heπ0 simulation data data



dd→3Henπ0 

dd→3Henπ0




