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Electric Dipole Moments 
• permanent EDM of a particle/atom/molecule violates T and P

• with CPT theorem → implies CP violation
• Standard Model EDM predictions are vanishingly small

• any nonzero measurement is a background free signal of CP violating new physics!
• SM CP violation is too small to account for baryogenesis

• BSM extensions preferably allow for new sources of of CP violation = measurable EDMs

• EDM experiments have an excellent potential for BSM discovery

2W. Clark Griffith, 2018 PPAP meeting, EDMs



neutron EDM - history
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|dn| < 3 ×10-26 e cm
2006 result – Sussex/RAL/ILL
reanalysed in 2015 accounting for gravitational 
depolarisation systematic

UK has had world lead since 1999
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PSI nEDM
• UK conceived apparatus from ILL result

• NMR on ultracold neutrons (UCN) stored in 
same volume as a Hg comagnetometer

• moved to PSI superthermal UCN 
source
• world leading UCN source
• added Cs magnetometer array

• extremely important for controlling systematics
• also: additional external field compensation, 

better UCN detectors...
• first blinded nEDM measurement

• based on Sussex developed algorithm
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nEDM: dark matter detector
• Axion like particles (possible DM candidate) 

generate a time varying EDM
• Existing neutron EDM data analysed for 

oscillating signals
• co-led by Sussex PhD
• Sussex-RAL-ILL: long-time base
• PSI: short-time base
• gives best constraints on axions over a range of 

axion masses
• through an axion-quark coupling
• first laboratory based constraints!
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A nonstatistical excess in a periodogram of R may be
caused not only by a coherent oscillating signal; for example,
fluctuations of a higher-order term in the magnetic field, not
compensated by either the mercury or cesium magnetome-
ters, may cause broadband elevations in LSSA power. We

define strict requirements for an excess to be considered as
one induced by axion DM as follows. Firstly, a significant
(>3σ) excess in amplitudehas to be observed in both sensitive
data sets at the same frequency, but not in the control set.
Secondly, the signals must be in antiphase in the parallel and
antiparallel data sets. Lastly, we require high coherence (a
narrow peak) equal to the spectral resolution of the data set.
None of the significant excesses pass our discovery criteria.
We deliver a limit on the oscillation amplitude similarly

to the long-time-base analysis, with the exception that we
require the product of the two sensitive sets’ CLs statistics
to be 0.05. The limit is shown as the blue curve in Fig. 2.
With the short-time-base analysis, we are most sensitive to
periods shorter than the time span of a sequence (2–3 days),
and lose sensitivity to periods shorter than the cycle
repetition rate (≈5 min). The PSI data set has a higher
accumulated sensitivity than the ILL data set, so the limit
baseline in the sensitive region is slightly better in the case
of the PSI data set.
Following Eq. (2), we can interpret the limit on the

oscillating neutron EDM as limits on the axion-gluon
coupling in Eq. (1). We present these limits in Fig. 4,
assuming that axions saturate the local cold DM energy
density ρlocalDM ≈ 0.4 GeV=cm3 [55]. Our peak sensitivity is
fa=CG ≈ 1 × 1021 GeV for ma ≲ 10−23 eV, which probes
super-Planckian axion decay constants (fa > MPlanck ≈
1019 GeV), that is, interactions that are intrinsically feebler
than gravity.

IV. AXION-WIND EFFECT

We also perform a search for the axion-wind effect,
Eq. (4), by partitioning the entire PSI data set into two
sets with opposite magnetic-field orientations (irrespective
of the electric field) and then analyzing the ratio R ¼
νn=νHg similarly to our oscillating EDM analysis above.
The axion-wind effect would manifest itself through
time-dependent shifts in νn and νHg (and hence R) at three
angular frequencies: ω1 ¼ ma, ω2 ¼ ma þ Ωsid, and
ω3 ¼ jma − Ωsidj, with the majority of power concentrated
in the ω1 mode. Also, the axion-wind signal would have an
opposite phase in the two subsets. We find two overlapping
3σ excesses in the two subsets (at 3.429 69 μHz and
3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (4), we
derive limits on the axion-nucleon coupling in Eq. (1). We
present these limits in Fig. 4, assuming that axions saturate
the local cold DM energy density. Our peak sensitivity is
fa=CN ≈ 4 × 105 GeV for 10−19 ≲ma ≲ 10−17 eV.

V. CONCLUSIONS

In summary, we perform a search for a time-oscillating
neutron EDM in order to probe the interaction of axionlike
dark matter with gluons. We also perform a search for an
axion-wind spin-precession effect in order to probe the

FIG. 4. Limits on the interactions of an axion with the gluons
(top) and nucleons (bottom), as defined in Eq. (1), assuming that
axions saturate the local cold DM content. The regions above the
thick blue and red lines correspond to the regions of parameters
excluded by the present work at the 95% confidence level (C.L.).
The colored regions represent constraints from big bang nucleo-
synthesis (red, 95% C.L.) [36–38], supernova energy-loss bounds
(green, order of magnitude) [35,39,40], consistency with obser-
vations of galaxies (orange) [15,25–27], and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) [41]. The
nEDM, νn=νHg, and big bang nucleosynthesis constraints scale as
∝ ffiffiffiffiffi

ρa
p

, while the constraints from supernovae and laboratory
searches for new spin-dependent forces are independent of ρa.
The constraints from galaxies are relaxed if axions constitute a
subdominant fraction of DM.We also show the projected reach of
the proposed CASPEr experiment (dotted black line) [86], and
the parameter space for the canonical QCD axion (purple band).

C. ABEL et al. PHYS. REV. X 7, 041034 (2017)

041034-6

Phys Rev X, 7, 041034 (2017)



PSI nEDM – current status
• Data taking complete in Oct. 2017
• Analysis in progress

• major contributions from Sussex:
• magnetic field mapping of the apparatus and 

analysis of the maps
• studies of systematic HV correlated shifts in Cs 

magnetometer readings 
• Sussex PhD currently co-leading one of two 

analysis teams
• unblinding expected in the next few months

• 1𝜎 sensitivity at 10–26 ecm

• As of early 2018, apparatus 
disassembled to make way for n2EDM
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nEDM@ILL
2006

nEDM@PSI 
2016

n2EDM@PSI
2020

Chamber 1 1 2

Diameter (cm) 47 47 80

Neutron/cycle 14 000 15 000 121 000

E(kV/cm) 8.3 11 (15) 15

T(s) 130 180 180

α 0.45 (0.6) 0.75 (0.80) 0.8

Sens/day(e.cm) 30*10-26 11*10-26 2.6*10-26

Sens (500 days) 1.3*10-26 5.0*10-27 1.2*10-27

nEDM sensitivity: looking backward and going forward —24—

See poster by D. VICENTE PAIS

See poster by 
G. ZSIGMOND

1.5*10-27

  

nEDM@ILL
2006

nEDM@PSI 
2016

n2EDM@PSI
2020

Chamber 1 1 2

Diameter (cm) 47 47 100

Neutron/cycle 14 000 15 000 400 000

E(kV/cm) 8.3 11 (15) 15

T(s) 130 180 180

α 0.45 (0.6) 0.75 (0.80) 0.8

Sens/day(e.cm) 30*10-26 11*10-26 1.4*10-26

Sens (500 days) 1.3*10-26 5.0*10-27 6.4*10-28

Statistical sensitivity

nEDM sensitivity —18—

World record for sensitivity

Pushing the limit of the technique 
at room temperature



PSI – transition to n2EDM

• First installation: magnetic shield
• 5x5x5 m3 external dim., 6 layers mu-metal, ~105 shielding factor
• large internal space, 3x3x3 m3 for B field coils and vac. tank
• first mu-metal panels delivered to PSI in past month
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Sept 2017 June 2018

...Nov 2018



PSI – n2EDM

• based on well established techniques/technology
• mostly previously tested in PSI-nEDM

• large double precession chambers, 80 cm diam.
• Hg comagnetometer with 254 nm laser readout 
• > 50 Cs magnetometer array
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3 Conceptional layout of the n2EDM apparatus

Independent of possible future improvements of the yield of the PSI UCN source, the guideline
for the design of the new apparatus is to maximize the neutron counting statistics. This will be
achieved with a large UCN storage volume and an optimized UCN transport system, while keeping
the systematic e�ects under control.
The n2EDM apparatus will be based on two key features: a double-chamber concept inspired from
the Gatchina spectrometer [5] and the use of a combined mercury/cesium atomic magnetometry
successfully exploited in the previous apparatus [6]. The double-chamber arrangement doubles the
storage volume, and permits the simultaneous measurement of the neutron precession frequencies
for both electric-field directions. The positioning of the Cs magnetometers at electrical ground will
permit a sizable increase of the electric field strength in comparison to the present setup.

Cs magn..

UCN
guides 

UCN
top 
chamber

bottom
chamber

Hg polarization
chamber

Hg shutter

HV! "

"
Z

X

Y

ground

ground

UCN shutter

insulator

insulator

HV

Figure 1: Sketch of the central part of the new apparatus with two UCN precession chambers
embedded in the same magnetic field, ( �B) but with opposite electric-field directions ( �E). Possi-
ble positions of Cs magnetometers are sketched together with the 199Hg polarization chambers.

The important sub-systems of the new spectrometer are the following:
• A large magnetically-shielded room (MSR) with a very high magnetic shielding factor will be

installed inside a temperature and magnetic-field controlled environment. The MSR will be
the first experiment subsystem to be installed, starting Feb. 26, 2018.

• A set of coils will produce a uniform vertical magnetic field B0
• A centrally positioned, large, non-magnetic vacuum tank will provide an experiment vacuum

below 10−5 mbar, a clean He atmosphere of around 10−3 mbar, or a clean O2 atmosphere for
discharge cleaning of the precession chamber.

• Two vertically stacked precession chambers will be installed in the center of the shielded room.
They will be embedded in the same magnetic field, with opposite electric fields, and will have
an increased chamber diameter in comparison to the previous apparatus. The upper and
lower chambers are separated by the high voltage electrode. Neutron filling and emptying is
realized with two UCN valves: one on the top of the upper chamber, the other below the lower
chamber, connected to horizontal neutron guides. Each chamber is emptied into a separated
detection system which counts the spin up and spin down neutrons separately, at the same
time.
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• Plan to have first data in 2020
• Designed to reach ~1x10–27 ecm stat. sensitivity in 

a few years 
• Further upgrades can push this to 6 x 10–28 ecm

• larger precession chambers, improved wall coatings to 
store higher energy UCN



PSI–n2EDM
• under current funding limitations, UK/Sussex can still make scaled back, but 

substantial contributions
• leakage current monitors, 3He magnetometry for accuracy calibration of Cs sensors
• intellectual leadership in systematics, reviewing/determining overall magnetometry system, CB chair

• n2EDM is well positioned to reach 10–27 ecm first and maintain world limit (or reach 
discovery)
• well established, dedicated collaboration with extensive experience running an nEDM 

measurement
• unique in the world currently

• well supported UCN source facility with demonstrated (and improving) performance over multiple 
years

The UK has been recognised world leaders in nEDM for several decades – continued 
leadership on n2EDM keeps this role for years to come
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Neutron EDM – worldwide efforts 2018 external review panel for 
PSI findings: 

• PSI-n2EDM uniquely placed 
to reach 1e-27 sensitivity 

• no clear competitor in 5-year 
time-scale 

• nEDM gives collaboration 
unique expertise and 
understanding of systematics 
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TRIUMF
TUCAN

LANL
LANL-nEDM

ORNL
SNS-nEDM (cryo)

PSI
nEDM (world leading sensitivity)
n2EDM

PNPI
PNPI-nEDM

ILL
Sussex-RAL-ILL (current best limit) 
PNPI-ILL
PanEDM (cryo)Current UK involvement



The future
n2EDM (and other double chamber experiments) will likely reach the limits of the room 

temperature stored UCN approach in the next decade
• Cryogenic

• superfluid He has its benefits
• higher E fields (10 kV/cm →100 kV/cm)
• potentially high UCN density (for in-situ production *transport losses a big issue*)
• longer UCN storage times
• superconducting mag. shields and persistent currents for B generation

• CryoEDM demonstrated the daunting technical challenges of a cryogenic experiment
• US SNS cryogenic experiment has been difficult to realise as well

• delayed start date (2012 → 2023)

• Beam nEDM revisited
• beam experiments abandoned previously due to 𝑣⃗×𝐸 systematic
• use pulsed beam (ESS) for velocity dependence, potential for ~5x10–28 ecm stat. sens. (100 days)

• F. Piegsa, U. Bern, Phys Rev C 88 045502 (2013)

W. Clark Griffith, 2018 PPAP meeting, EDMs 11



Cryogenic nEDM R&D
• while room temperature experiments expected to lead the 

field well into the next decade...
• UK groups maintaining small cryogenic R&D efforts

• RAL: cryogenic UCN guide and source development
• involvement in the PanEDM collaboration

• Sussex: electric fields in cryogenic liquids
• have demonstrated > 60 kV/cm E fields in LHe in a mock cryogenic 

nEDM precession chamber
• storage volume: 24 cm diam, 1.6 cm height 
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Cryogenic nEDM R&D at ILL
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EDM chambers
Design - Manufacture

PanEDM – two stage programme towards a cryogenic nEDM
(ILL/TUM/RAL/PNPI+US institutes)

• Aims to provide a next generation nEDM experiment following 
the room temperature era

• Super-thermal LHe UCN source coupled to nEDM:
o room temperature – first tests w/UCN planned early 2019
o fully cryogenic experiment to follow



Cryogenic nEDM R&D at ILL
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• Higher neutron densities
• Higher electric field PanEDM

• Dedicated beamline at ILL being installed
• UCN source Cryostats being finalised
• EDM components (Ramsey chamber, magnetic 

shielding, …) being installed at ILL
• UCN technologies being advanced at RAL –

UCN guides & super-thermal UCN source 
components

• RT stage aims to reach ~10–27 e·cm, cryogenic 
experiment ~10–28 e·cm

Magnetic shielding chamber being installed at ILL:
5 fT/100 sec stability, 10–10 T/m gradient over 1 m3.



Electron EDM – current status
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Extensions to Standard Model

YbF beam (Imperial, 2011)

ThO beam (ACME, 2014)
Trapped HfF+ (JILA, 2017)

MSSM, f ~ 1
MSSM, f ~ a/p
Left-right
Multi-Higgs

Imperial projected sensitivity

n-loop 
diagram CP-violating 

phases

Energy scale for 
new particles

𝑑( = 10,-. e.cm corresponds to Λ ≈ 100
TeV

When 𝑛 = 1 and sin(𝜙78)~1:

All current competitive experiments are done using 
polar molecules



Current eEDM experiment at Imperial
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Supersonic YbF beam
Temperature: 4 K
Speed: 590 m/s

RF spin 
polarizer

RF spin 
analyzer

B

Spin precession region

To increase precision:
(1) Increase number of detected molecules
(2) Reduce magnetic noise
(3) Increase spin-precession time



More molecules and reduced magnetic noise
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Ø x20 improved eEDM sensitivity relative to 2011 result
Ø 2019: aim for new measurement with uncertainty of 5 x 10–29 e.cm
Ø 2020: improve limit to 2 x 10–29 e.cm
Ø This is limit of current method - to go further, must increase spin precession time

20x improved 
detection

Prepares 6x 
more molecules

New plates 
reduce Johnson 

noise

New magnetic 
shields New 

magnetometer 
array



Proposed new experiment
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> 300x improvement

Ø Spin precession time limited by thermal expansion of beam – need ultracold molecules
Ø Have recently demonstrated laser cooling of YbF molecules to 100 µK

Ø 2019-2022: build this apparatus and demonstrate eEDM sensitivity at 10–30 e.cm level 
Ø Longer term: use the apparatus to measure eEDM with uncertainty below 10-31 e.cm
Ø PPRP funding decision pending; additional funding from Templeton Foundation secured



EDMs and European strategy
• EDMs will continue to be an extremely important background free probe for 

new CP violating physics at ≫ TeV energy scales.
• Critical to keep pushing sensitivity in multiple systems

• neutron, electron, proton, muon, nuclear (199Hg, 225Ra, 129Xe, deuteron)       storage rings
• allows deciphering of underlying CP violation in case a signal is found

• e.g. QCD 𝜃 or SUSY
• requires support of university based (atoms/molecules) and at larger facilities:

• n,p,𝜇,D →	ILL, PSI, CERN, ESS...
• neutron

• room temperature stored UCN experiments (n2EDM) will continue to dominate well into 
next decade, but will then likely reach their limit

• next generation will require a change in approach: cryogenic, pulsed beam
• electron

• polar molecules will continue to be most sensitive – key for advances is ultracold molecules 
(Imperial has pioneered these techniques!)
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Thank You!
• Sussex nEDM collaborators: Chris Abel, Nick Ayres, Mike Hardiman, Phil Harris, 

Jacob Thorne, Ian Wardell.
• PSI collaboration
• PanEDM slides: Maurits van der Grinten (RAL).
• YbF slides: Michael Tarbutt (Imperial College).

http://www.imperial.ac.uk/centre-for-cold-matter/research/edm/ 
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