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Motivation for the nEDM search stems from the 
oberved Baryon Asymmetry of the Universe    

Sakharov	criteria	
1.  Baryon	number	

violation	

2.  C	and	CP	violation	
3.  Thermal	non-

equilibrium	

vs.	

SM	expectation:	
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γn
nn BB

Observed*:	
10 10 ~ - - 

γ n 
B n n B 

*WMAP + COBE  
(6.19 ± 0.15 ) x 10-10 
[E.	Komatsu	et	al.	2011	ApJS	192]	

models with additional CP 
violation typically  
also predict (neutron) EDMs 



Motivation: CP violation & nedm 

•  Sensitive to QCD –theta term 
•  Would be first evidence of 

flavor conserving CP-violation 

A non-zero EDM  
violates P, T and, also CP, 

assuming CPT conservation.

eff QCD 8
μνρσ a as

μν ρσ
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π

= + 16
n 10 cmd θ −≈ ⋅ ⋅e

Θ≤ 10↑−9   
“unnaturally small” dn < 3.0 ×10–26 e cm* 

*J.M. Pendlebury et al., PRD 92 (2015) 092003



RAL-Sussex-ILL 
dn < 2.9 x 10–26 e cm (90% C.L.) 
C.A.Baker et al., PRL 97 (2006) 131801 
improved systematics with PSI measurements: 
J.M.Pendlebury et al. PRD 92 (2015) 092003 
limit with different systematic approach: 
A. Serebrov et al PRC 92 (2015) 055501, <5.5 10-26 ecm 

Smith, Purcell, Ramsey 
dn < 5 x 10–20 e cm 
PR 108 (1957) 120 

First limit 

~ 50 years 

the neutron electric dipole moment 
nEDM - 50+ years perspective 

Ramsey's Neutron Beamline 
at Oak Ridge National Lab.  

+     - e cm 
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PSI collaboration aims at sensitivities: 

presently data taking apparatus:  dn < low 10-26 e cm (95% C.L.)  

next phase under construction:  n2EDM  dn < low 10-27 e cm (95% C.L.)  
stepwise improvement towards                dn < 5 x 10-28  e cm (95% C.L.)  

the neutron electric dipole moment 
nEDM - 50+ years perspective 

Apparatus at PSI 

PSI goals 



Ultracold neutrons (UCN)  
can be stored and manipulated 

- storage properties are material 
dependent e.g. Ni, Ni58, Be, DLC, steel  

VF = 150 - 300 neV  
(neutron optical potential) 

Gravity 

Material 

         Magnet  
for polarized UCN 

  60 neV T-1 

magnetic 

Vm = -µB Vg = mngh 

gravitation 

100 neV  m-1 



Paul Scherrer Institute  
-> Switzerland 



Paul Scherrer Institute 

SLS: γ 

600 MeV p cyclotron 
p beam current: 2.2 mA  
1.3 MW: µ, π	

SINQ: n 

Proton cyclotron for 
medical application: p 

SwissFEL: γ	

 UCN: n 



Paul Scherrer Institute  
-> Switzerland 

So akrobatisch sind die Kühe aus dem Fricktal 



 High Intensity Proton Accelerator (HIPA) complex 

UCN Source 

Proton Accelerator 
590 MeV Cyclotron 
2.2/2.4 mA beam current  

nEDM	

2 experimental areas / 3 beamlines	

kicker to UCN	

SINQ 



Sketch of the PSI UCN Source: 
our strategy: check and understand every step 
from neutron production to UCN detection 

pulsed 
1.3 MW p-beam 
590 MeV, 2.2 mA, 
1% duty cycle  

spallation target (Pb/Zr) 
(~ 8 neutrons/proton) 

heavy water moderator 
→ thermal neutrons  3.6m3 D2O 

cold UCN-converter 
5 kg solid D2 at 5 K 

7 
m
 

DLC coated 
UCN storage vessel 
height 2.5 m, ~ 2 m3 
 

UCN guides towards 
experimental areas 
8.6m(S) / 6.9m(W) cryo-pump 



 
Main features: 
 
- operation / failsafe  
 
- continuous UCN 
output increase over 
operating period 
 
- UCN output 
decrease over short 
time and regain of 
UCN output after 
conditioning 
 

UCN monitoring over entire operating period with 
nEDM detector - learned D2 conditioning in 2015 



UCN Operation in 2016 with UCN yield 
measured in the nEDM experiment 

solid D2 conditioning every day during week 
test different parameters for 1 week  

increasing proton pulse length = time 
averaged beam current  
20→40µA in 2015 
in 6/2016 →50µA,  
10/2016 →60µA  



In 2015 we performed a comparison 
of all operating UCN sources 

PF2 = EDM beamline at Institut Laue-
Langevin, Grenoble, France 
 
SUN-2 - suprafluid He source at ILL 
 
TRIGA - solid D2 source at Mainz 
University reactor 
 
LANL - solid D2 source at Los Alamos 
National Lab 
 
PSI - solid D2 source at PSI 

Method published every source has its 
own benefits 



The EDM measurement principle 

Measurement of the difference of neutron precession 
frequencies in parallel/anti-parallel E and B fields: 

1 µTB =
r

11 kV/cmE =
r

2 2n
n

nB d E
h h
µ

ν = ±
r r

( )
4n n n
hd
E

ν ν+ −= −r

µn  dn 

29HzBν ≈ 160nHzEν <

263 10nd e cm−< ×

IMPORTANT: 
High-precision 
measurements of 
frequency and   
magnetic field  
necessary (towards fT level)   

60 neV/Tnµ =



The neutron electric dipole moment experiment 
the present apparatus 

UCN	



𝜎(𝑓)= ℏ/2𝛼𝑇𝐸√𝑁   α  Visibility of resonance 
T Time of free precession 
N Number of neutrons 
E Electric field strength

best results are still 
statistically limited 
 
optimize all parameters 
and most importantly 
UCN intensity ! 
 

The experiment sensitivity 

Ramsey Method 



Hg co-magnetometer 

Hg lamp Photomultiplier 
 

precessing polarized Hg atoms  

8 HzHg Hg Bν γ= ≈
r



𝑅= ⟨𝑓↓UCN ⟩/⟨𝑓↓Hg ⟩ = 𝛾↓n /𝛾↓Hg  (1∓ 𝜕𝐵/𝜕𝑧 Δℎ/|𝐵↓0 | + ⟨𝐵↑2 ↓⊥ ⟩/|𝐵↓0 |↑2  ∓ 𝛿↓Earth + 𝛿↓Hg−lightshift ) 

Analysis: Frequency ratio R = fn/fHg 

UCN 199Hg 𝛾↓Hg /2𝜋 ≈8 Hz/µT 𝛾↓n /2𝜋 ≈30 Hz/µT 

𝑣↓Hg  ≈160 m/s        vs.              𝑣↓UCN  ≈3 m/s 

Measure R as function of dB/dz  

Center of mass offset δh 
Non-adiabaticity -> 
new systematic effects 



extracting the neutron frequency /  
R-curve  

B up 

B down 

EXOTIC  
FORCE 



*S. Lamoreaux 
PRL98(2007)149101 
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R-curve analysis / earth rotation 
Foucault's UCN pendulum 



R-curve analysis /  
earth rotation effect 

*S. Lamoreaux 
PRL98(2007)149101 

checks B-field control ( )Earth Earthn
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First blinded nEDM experiment 

•  Shift the central value by adding an unknown offset 
EDM in the range of -1.5 to 1.5E-25 ecm to the data 

 

•  Keep un-blinded data 
in a safe place  
(encrypted) 

- no simple blinding possible  

less than 1 neutron is moved 
from spin up  to down in  
each run 



Measurement-Sensitivity 9/2016 

𝜎(𝑓)= ℏ/2𝛼𝑇𝐸√𝑁   
recent 4 day run 
online analysis display 



Sensitivity - Status Aug.26,2016 

𝜎(𝑓)= ℏ/2𝛼𝑇𝐸√𝑁   

achieved experimental sensitivity 



First physics results 
n/Hg magnetic moment 



A.Serebrov PLB680(2009) 

Tullney et al PRL111(2013) 

First physics results 
exotic force - Axion 
Like Particles / ALPS 

Zheng et al PRD85(2012) 
Chu et al PRD87(2013) 
 



systematic error for the nEDM results 

in the presence of a B0 gradient 
v x E -> motional B field -> frequency shift 





•  13 Institutions 
•    7 Countries 
•  48 Members 
•  10 PhD students 

The nEDM collaboration 

Collaboration meeting - May 2016 



-  The UCN source at PSI is working well.  
 >30 Mill UCN are provided regularly  

  (every 300s) to the experiments. 
 Further optimizations of operating parameters  

   are under way. 
 
-  The nEDM experiment at PSI has been  
data taking continuously since summer 2015.  

-  New result/limit expected with all 2016 data. 

-  Construction of next phase apparatus  
   - n2EDM -  
   double chamber setup - has started. 

Summary 



thank you 
UCN physics group at PSI 


