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Measuring frequencies

with neutrons (UCN)

The neutron electric dipole 

moment and the Axion

Results from dark matter 

searches with UCN

Summary and conclusion

Outline

http://diabetes.diabetesjournals.org/content/64/4/1105
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Spin precession and magnetic moment

Larmor precession: 𝜔 = −𝛾𝐵

Magnetic moment: Ԧ𝜇 = 𝛾Ԧ𝑠

4

𝛾 Ԧ𝑠

a neutron (fermion)

with spin 1/2

suddenly, turn on

magnetic field 𝐵

𝛾 Ԧ𝑠
𝐵

𝛾 Ԧ𝑠
𝐵

𝜔

spin starts to precess

about 𝐵 with 

frequency 𝜔
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Modified Larmor Frequency in the case of EDM

𝑉mag = −𝛾n Ԧ𝑠 ⋅ 𝐵 Δ𝐸B = ℏ𝜔𝐿 = 2𝜇𝑛𝐵 with: 𝜇𝑛 =
1
2
ℏ𝛾𝑛

𝑉mod = −𝑑n Ԧ𝑠 ⋅ 𝐸 Δ𝐸mod = ℏ𝜔mod = 2𝑑𝑛𝐸

For parallel electric and magnetic fields the precession frequencies add up and for anti-

parallel fields the frequencies have to be subtracted. The precession frequency difference of

the two cases can be measured:

ℏ𝜔⇈ = ℏ 𝜔𝐿 +𝜔𝑒𝑑𝑚 = 2 𝜇𝑛𝐵 + 𝑑𝑛𝐸
ℏ𝜔↿⇂ = ℏ 𝜔𝐿 − 𝜔𝑒𝑑𝑚 = 2 𝜇𝑛𝐵 − 𝑑𝑛𝐸

ℏ 𝜔⇈ − 𝜔↿⇂ = 4 𝑑𝑛𝐸
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The Ramsey technique

Sensitivity:

 Visibility of resonance
T Time of free precession
N Number of neutrons

𝜎 𝜔n =
1

𝛼𝑇 𝑁
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Searching for an additional coupling to the spin

+

Ԧ𝐴

+

Ԧ𝐴

/

Ԧ𝐴

/

Ԧ𝐴

Δf

𝜎 𝑑n =
ℏ

2𝛼𝑇𝐸 𝑁
for 𝑑n and Ԧ𝐴 = 𝐸
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Ultracold neutrons

∼ 8 m ∼ 4 m

∼
1
m

solid deuterium 

(phonon excitation → UCN conversion)

D2O thermal moderator

V

𝑉F =
2𝜋ℏ

𝑚n
𝑏𝑁 ≤ 350neV

(8m/s, 3mK) 

𝑉magn ≅ ± 60 neV/T ⋅ 𝐵
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CP violation & edm

A non-zero particle EDM 
violates P, T

and, assuming  CPT 
conservation, also CP.

𝐻 = −(𝜇 Ԧ𝑠 ⋅ 𝐵 + 𝑑 Ԧ𝑠 ⋅ 𝐸 )

EDM CPV

Time reversal

𝐻 = − 𝜇 − Ԧ𝑠 ⋅ − 𝐵 + 𝑑 − Ԧ𝑠 ⋅ 𝐸

= − 𝜇Ԧ𝑠 ⋅ 𝐵 − 𝑑Ԧ𝑠 ⋅ 𝐸

Baryon asymmetry 

of the Universe

Arises “naturally” in

beyond SM theories

Strong QCD CPV “problem”
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The nEDM spectrometer
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Mercury co-magnetometer

• Average magnetic field (volume and cycle) 

• 𝜎B ≤ 100 fT (CR-limit)

• 𝜏 > 100 s wo HV (with ∼ 90 s)

• 𝑠/𝑛 > 1000

B
0

 ≈
  1

μ
T

τ = 140s

¼ wave plate
linear polarizer

Hg lamps

PM

polarization 
cell

HgO source
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Analysis

Fit central Ramsey fringe for 

each state

 n n

n

Hg

n

i

i

h f f
d

E

f
R

f

 




2
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Status of the nEDM search at PSI

624’364’314 neutrons

𝜎 = 0.94 × 10−26ecm

Analysis ongoing:
Blinded data
Two groups
Result planned for 2018
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A brief history of nEDM searches

1950 1960 1970 1980 1990 2000 2010 2020
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Standardmodel calculations
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Year of Publication

Supersymmetry predictions

RAL-Sussex-ILL 

dn < 3 x 10–26 e cm (90% C.L.)
C.Baker et al. PRL(2006) 131801

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

Smith, Purcell, Ramsey

dn < 5 x 10–20 e cm
PR 108 (1957) 120

First Last

60 years

“n-EDM has killed 

more theories than 

any other single 

experiment”

J.M. Pendlebury
1936-2015

PSI sensitivity 2015/16



P
h

ilip
p

 Sch
m

id
t-W

elle
n

b
u

rg | P
P

C
 –

2
0

1
8

 |2
0

.0
8

-2
4

.0
8

.1
8

The strong CP -problem

𝑑n =
𝑒𝑔𝐴 ҧ𝜃𝑀∗

4𝜋𝐹𝜋
2 log

𝑚n

𝑚𝜋
+⋯
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Standardmodel calculations
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Year of Publication

Supersymmetry predictions

but
𝑑n
ex < 3 × 10−26 𝑒cm*

𝜃 < 1 × 10−10 𝑒cm

*J
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0
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1

𝑑𝑛

𝜃
= −3.8 2 9 × 10−16𝑒cm**

already a surprise

(Weak sector)

𝐿total = 𝐿SM + 𝜃
𝑔𝑠
2

32𝜋2
𝐺𝑏
𝜇𝜈 ෨𝐺𝑏𝜇𝜈
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Axion solution to the strong CP-problem

Page 16

Add an additional global U(1) chiral symmetry*,** to the Standard Model:

𝐿total = 𝐿SM +
𝜃𝑔𝑠

2

32𝜋2
𝐺𝑏
𝜇𝜈 ෨𝐺𝑏𝜇𝜈 −

1

2
𝜕𝜇𝑎𝜕

𝜇𝑎 + 𝐿int
𝜕𝜇𝑎

𝑓𝑎
, 𝜓 + 𝜉

𝑎

𝑓𝑎

𝑔𝑠
2

32𝜋2
𝐺𝑏
𝜇𝜈 ෨𝐺𝑏𝜇𝜈

Axion dynamics Axion interactions chiral anomaly
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Axion solution to the strong CP-problem

Page 17

Hence the CPV term of the QCD is effectively canceled out at the minimum of the

Axion potential.

𝐿total = 𝐿SM +
𝜃𝑔𝑠

2

32𝜋2
𝐺𝑏
𝜇𝜈 ෨𝐺𝑏𝜇𝜈 −

1

2
𝜕𝜇𝑎𝜕

𝜇𝑎 + 𝐿int
𝜕𝜇𝑎

𝑓𝑎
, 𝜓 + 𝜉

𝑎

𝑓𝑎

𝑔𝑠
2

32𝜋2
𝐺𝑏
𝜇𝜈 ෨𝐺𝑏𝜇𝜈

Axion dynamics Axion interaction chiral anomaly

The chiral term also represents an effective potential for the axion field with a 

minimum at 𝑎 = −𝜃 𝑓𝑎/𝜉
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Searching for an oscillating EDM or Axion wind

gluonic fermionic Nick Ayres Michal RawlikG
ra

h
am

 R
aj

en
d

ra
n

P
R

D
8

8
, 0

3
5

0
2

3
 (

2
0

1
3

)



P
h

ilip
p

 Sch
m

id
t-W

elle
n

b
u

rg | P
P

C
 –

2
0

1
8

 |2
0

.0
8

-2
4

.0
8

.1
8

Page 19

Least square spectral analysis

𝑅/𝑑𝑛

courtesy: M. Rawlik

𝑅/𝑑𝑛
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Three periodograms

𝐸 ∦ 𝐵

𝐸 ⇈ 𝐵

𝐸 = 0
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Exclusion limits

First experimental limits
on gluonic coupling

40 times better limit
on fermionic coupling
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https://physrevx.7.041034/
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ALPS: Spin dependent forces 
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𝑉 Ԧ𝑟 = 𝑔𝑠𝑔𝑝
ℏ2

8𝜋m
Ԧ𝑠 ⋅ Ԧ𝑟

1

𝑟𝜆
+

1
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e
−
𝑟
𝜆
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ALPS: Spin dependent forces 

𝑉 Ԧ𝑟 = 𝑔𝑠𝑔𝑝
ℏ2

8𝜋m
Ԧ𝑠 ⋅ Ԧ𝑟

1

𝑟𝜆
+

1

𝑟2
e
−
𝑟
𝜆

𝑏 𝑧 = 𝑔𝑠𝑔𝑝
ℏ𝜆𝑁

2𝛾𝑚
1 − e−𝑑/𝜆 e−𝑧/𝜆

for two electrodes (top and bottom)

𝑏 𝑧 = 𝑏bote
−
𝑧+𝐻/2

𝜆 − 𝑏tope
𝑧−𝐻/2

𝜆

integrate over bulk
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𝑅 =
𝑓UCN

𝑓Hg
=

𝛾n
𝛾Hg

1 ∓
𝜕𝐵

𝜕𝑧

Δℎ

𝐵0
+

𝐵2
⊥

𝐵0
2
∓ 𝛿Earth + 𝛿Hg−lightshift +

ത𝑏

𝐵0

o Center-of-mass offset

o Non-adiabaticity

Frequency ratio 𝑅 = 𝑓n/𝑓Hg

UCN199Hg𝛾Hg

2𝜋
≈ 8 Hz/μT

𝛾n
2𝜋
≈ 30 Hz/μT

ҧ𝑣Hg ≈ 160m/s vs.       ҧ𝑣ucn ≈ 3m/s
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Limit on CP violating light scalar boson
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𝑔𝑠𝑔𝑝𝜆
2 ∝ ത𝑏 = 𝐵0

𝑅↑ − 𝑅↓

𝑅↑ + 𝑅↓
= 0.28 0.53 pT

R 3.8424583(26) 3.8424562(30) 
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Conclusions

In recent years the nEDM spectrometer at the 

Paul Scherrer Institute delivered data for:
• The first laboratory limit on gluonic coupling of a coherent 

oscillating axion background field

• The best limit on a fermionic coupling (axion-wind) with a 

coherent oscillating axion background field

• An update for a spin dependent coupling to bulk nucleons

(analysis in progress)

• An improved limit of the neutron EDM (analysis in progress)

26



The collaboration

15 Institutions

7 Countries

48 Members

14 PhD students
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A new lamp: with 6-layer mu-metal

𝜎 𝑑n < 1 × 10−27
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B0up

λ

Earth rotation correction

 Earth Earthn
Earth

Hg n Hg

6

sin

5.3 10

f fγ
δ λ

γ f f



 
   

 

 
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Ultracold neutrons (UCN)

 σ d
T N

n

1 Storable neutrons

(UCN)

E. Fermi & W.H. Zinn (1946) unpublished,
Y. B. Zeldovich, Sov. Phys. JETP (1959) 389 

Storage properties are

material dependent

350 neV ↔ 8 m/s ↔ 500 Å ↔ 3 mK Magnetic

∼60 neV/T

Gravity

102 neV/m

Strong

VF

V

neV 350 NbVF


