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Why Corned Beef Sandwiches — And The 
Rest Of The Universe — Exist
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WHAT’S THE MATTER WITH THE 
UNIVERSE?
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WHAT WE EXPECT

Regular matter Anti-matter

1,000,000,000 1,000,000,000

4



WHAT WE EXPECT

Regular matter Anti-matter

1,000,000,000 1,000,000,000

Annihilation 

Nothing left 
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WHAT WE OBSERVE

Regular matter Anti-matter

1,000,000,001 1,000,000,000
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Regular matter Anti-matter

1,000,000,001 1,000,000,000

Annihilation 

Leftover matter! 
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WHAT WE OBSERVE



Regular matter Anti-matter

1,000,000,001 1,000,000,000

Annihilation 

Leftover matter! 

You and me!
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WHAT WE OBSERVE



9What happened? 
Matter-antimatter asymmetry 

parameter:

𝑁𝐵𝑎𝑟𝑦𝑜𝑛𝑠

𝑁𝛾
≈ 10−10

Sakharov conditions:

1. Baryon number violating process

2. CP violation

3. Universe moves away form thermal 

equilibrium

Sakharov, Soviet Physics Uspekhi. 34 (1967)



10What happened? 

Sakharov, Soviet Physics Uspekhi. 34 (1967)

Not enough CP violation has been observed!

Matter-antimatter asymmetry 

parameter:

𝑁𝐵𝑎𝑟𝑦𝑜𝑛𝑠

𝑁𝛾
≈ 10−10

Sakharov conditions:

1. Baryon number violating process

2. CP violation

3. Universe moves away form thermal 

equilibrium



Symmetry Violation and EDMs

For a composite system, EDM is the first moment of the charge distribution.

The parity symmetry, i.e., the particle wavefunction is symmetric about its 

mass center, requires that the EDM should be zero.

Electric Dipole Moment (EDM):

Ԧ𝑑 = ∫ Ԧ𝑟𝜌 𝑟 𝑑 Ԧ𝑟 = ∫ Ԧ𝑟 𝜓 𝑟 2𝑑 Ԧ𝑟

If parity is conserved:

𝑃𝜓 𝑟 = 𝜓 −𝑟 = ±𝜓 𝑟

And EDM is zero



• Lee and Yang suggest it in 1956

• Chien-Shiung “Madame” Wu and collaborators observe 

it in 1957

• Cobalt nuclei were cooled so that putting them in 

magnetic field “polarized” them.

• For parity conservation, electron emission probability 

should be 50/50 with/against direction of nuclear spin

• Observation→ preferred direction opposite nuclear spin

• Eventually showed that neutrinos are left-handed: 

intrinsic spin is opposite of velocity direction 

Parity Violation Exists



With Parity Violation comes non-zero nEDM

• For a fundamental particle with spin, the EDM, if exists, has to 

align with the direction of its spin, since the spin is the only vector 

in the system. 

• Vectors pointing along other directions would average out to zero 

as the particle “spins”



Electric Dipole Moments
• Permanent asymmetry in the internal charge density distribution.

• The Wigner-Eckart theorem:- For spin-1/2 particle, under isotropic 
space, all tensors of the same rank (e.g. 𝜇𝑚,𝑑𝑒 & Ԧ𝜎) are proportional to 
each other.

• Under the application of static B and E field, the interaction 
Hamiltonian becomes: 

• Under Parity and Time Reversal:

• We have P, T and CP (from CPT theorem) symmetry violations

Different from EDMs of electrically 
polarized atoms and molecules, which 
are caused by the presence of 
degenerate ground state mixing!
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Same story but with pictures

We start with the ground state of:

T

T-odd T-even

The ground state is not a T eigenstate!

0],[  TH

E B
E B

Fundamental particles don’t have degenerate ground state, so Ԧ𝑑 = 𝑑𝐽.

Ԧ𝑑 = 𝑑 መ𝐽

The Hamiltonian violates T symmetry.

𝜀1/2 = 𝑑𝐸 +
1

2

ℎ

2𝑚
𝐵 𝜀1/2 = −𝑑𝐸 + −

1

2

ℎ

2𝑚
(−𝐵)

The physics must violate the time-reversal symmetry, in order for the EDM and the spin to co-exist.
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Looking for CP violation in nEDMs

Suppressed 3-loop effect in the 

Standard Model

dn ~ 10-32 e-cm (Khriplovich & Zhitnitsky 1986)

•Electroweak sector:

• CP violation arises from complex phases in the CKM matrix

• SM estimates |𝑑𝑛| ≈ 10−32𝑒 ⋅ 𝑐𝑚

•Strong sector:

• Allowed term in QCD Lagrangian that does not vanish

ℒഥ𝜃 = −
𝛼𝑠

16𝜋2
ҧ𝜃𝑇𝑟(𝐺𝜇𝜈 ҧ𝐺𝜇𝜈)

• At LE, it can be reduced to a CP-odd quark current.

•  The resulting EDM is about a thousandth of the size of the 
nucleon, with a theta phase on the order one. 

• The results of null EDM requires that the theta-term to be some 
arbitrary small value, and thus the Strong CP problem

• Could be solved by a new gauge field that couples to gluons 
similarly → Axion



Current Limit (PSI):

nEDM<1.8x10-26 e cm
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Theorists 

Slide from Vincenzo Cirigliano



First Neutron

Lifetime Experiment

ORNL Graphite Reactor

1948-1951

First Neutron

EDM Experiment

ORNL Graphite Reactor

c.1950

Archival documents 

courtesy 

V. Cianciolo &  T. Gawn 
19

The measurement was motivated by 

a conversation between Ramsey and 

Rabi to test the parity conservation. 

Their measurement at Oak

 Ridge got a null result, supporting 

parity conservation, so they did not 

bother to publish the result. 
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A particular arrangement that is more advantageous in many cases is one 
in which the oscillating field is confined to a small region at the beginning 
of the space in which the energy levels are being studied and to another 
small region at the end, there being no oscillating field in between.

-- N. Ramsey (1950) 

Slow neutrons

Fast(er) neutrons
Spin 
polarizer Spin 

analyzer

n detector

Pi/2 coil

Pi/2 coil

Smith, Purcell, Ramsey, Phys. Rev. 108, 120 (1957)

Features of the separated oscillatory fields:
1. Narrow fringes
2. Not sensitive to the field uniformity.



Ramsey’s method of separated oscillatory fields with 
UCN ushers in modern nEDM measurements

Nmax

N

Nobel Prize in Physics in 1989  “for the invention of the separated 
oscillatory fields method and its use in the hydrogen maser and other 
atomic clocks” 



“Co-magnetometer” for B-field fluctuations

Data: ILL nEDM experiment with 199Hg co-magnetometer

Polarized 199Hg atoms; EDM of 199Hg < 10-29 e-cm (measured)

A B field of 2 fT would cause a 0.1 Hz 
shift in frequency, equivalent to a  EDM 
signal of 10-26 ecm in a 10kV/cm field.
A “co-magnetometer” 

Uniformly samples the B Field, 
faster than its relaxation time.

( )
S

S
EdBH n




+−= 



How to Measure an EDM

• Particles of interest are placed in a uniform magnetic field 
perpendicular to their spin.

— Spins precess at their Larmor frequency: 𝑓 = −
2

ℎ
(𝜇𝐵 ∙ 𝐵)

• Apply a strong electric field parallel to 𝐵…

• Flip the relative direction of 𝐵 and 𝐸…

• Look for a frequency shift proportional to 𝐸: ∆𝑓 = 4𝜇𝐸𝐸/ℎ

— For 𝜇𝐸 = 10−28e∙cm and 𝐸 = 75kV/cm,

 ∆𝑓 ~ 7.5 nHz. 

23 Slide courtesy of V. Cianciolo

𝛿𝑑𝑛 =
ℏ

2 2𝛼𝐸𝑇𝑓𝑟𝑒𝑒 𝑁



EDMs Worldwide

K. Kirch, Proceedings CIPANP 2012

http://nedm.web.psi.ch/EDM-world-wide/ 

–   @LANSCE

http://nedm.web.psi.ch/EDM-world-wide/


Jaideep Singh, FRIB Theory Alliance Hadronic EDM workshop, August 2019



nEDM@SNS Experiment Sensitivity : |dn| ≈ 10−28 𝑒 ⋅ 𝑐𝑚
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To put this into perspective…

If a neutron were the size of the earth…

1 𝜇𝑚

The separation in charge is only 

An extremely precise measurement!

Sensitivity : |dn| ≈ 10−28 𝑒 ⋅ 𝑐𝑚



SNS@nEDM experiment 
•Plans to measure 𝑑𝑛 ≈ 10−28 𝑒 ⋅ 𝑐𝑚

• Current limit is 𝑑𝑛 < 1.8 × 10−26 𝑒 ⋅ 𝑐𝑚

•Measure 𝑑𝑛 by neutron capture rate with 
polarized 3He

•Uses 4He to produce a high density of 
Ultra Cold Neutrons (UCNs)

• Energies < 165 neV or velocity of 5 m/s

•UCNs can be contained for long periods of 
time 

•An array of SQUID sensors for precision 
measurement/control over magnetic fields.



nEDM@SNS measurement cycle

-E

+E

B

Let the polarized UCN and polarized 3He precess and collect scintillation signal from the n-3He capture 

reaction at the beat frequency.

Polarized 3He 

Polarized UCN 

γ3/γn~1.1

EB EB

n-3He absorption reaction: n+3He→p+t
σ⇅~ 800 kbarns and σ⇈ ~ 0 barns   

WLS fibers to SiPMs

PMMA

d-TPB

Scintillation ∝ 1 − 𝑃𝑛𝑃3 cos 𝜔𝑛3 𝑡

Apply a π/2 pulse.

p,t @765 keV

B = 3μT
E = 75kV/cm

29

Decay products excite SF 4He which scintillates. (80nm UV)

EB



Free Precession Method
From scintillation rate, we can extract the n-3He precession frequency, ωn3 , for both cells.

SQUIDS

Cell 1 (+E)

Cell 2 (-E)

300 live days (~3 years)

30nEDM@SNS Pol./Trans. Measurement | Kavish Imam | LLNL Seminar 2023



nEDM@SNS Apparatus

nEDM@SNS Cryomagnet 
Package

Magnetic Shield Enclosure and Cryogenic Magnet

M.W. Ahmed et al., J. Inst. 14 P11017 (2019).

32nEDM@SNS Pol./Trans. Measurement | Kavish Imam | LLNL Seminar 2023
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ESS (Sweden)
spallation

Facilities for the production 
of extractable UCN

Ultracold neutron sources in the world



Los Alamos Neutron Science Center

Lujan Center

LANSCE Accelerator
(800 MeV, 1mA)

UCN experimental 
area



LANL UCN Experimental Hall

UCNA/UCNB/UCNA+ experiment

UCNτ/UCNτ+ experiment

MSR for LANL
nEDM experiment

UCN source
Helium liquefier



LANL nEDM experiment
• Goal sensitivity: 

• 𝜹𝒅𝒏 = 𝟐 × 𝟏𝟎−𝟐𝟕𝒆 ∙ cm

• Key features

• Ramsey’s separated oscillatory field method

• Demonstrated UCN density*

• Simultaneous spin analysis

• Large MSR

• 4 layers of mu-metal + 1 layer of RF shield

• Outer dimension: 3.5 m x 3.5 m x 3.5 m

• Inner dimension: 2.4 m x 2.4 m x 2.4 m

• Double precession chamber

• Magnetometry

• 199Hg comagnetometer

• 199Hg external magnetometer

• OPMs

*Ito et al. PRC 97, 012501(R) (2018); Wong et al. NIMA 1050, 168105 (2023) 



Estimated statistical sensitivity of an nEDM experiment

Parameters Values

E(kV/cm) 12.0

N(per cell) 39,100

Tfree (s) 180

Tduty (s) 300

α 0.8

σ/day/cell (10-26 e-cm) 5.7

σ/day (10-26 e-cm)
(for double cell)

4.0

σ/year (10-27 e-cm)
(for double cell)

2.1

90% C.L./year (10-27 e-cm)
(for double cell)

3.4

This estimate is based on the following:

• 50 cm diameter cell

• The estimate for E, Tfree, Tduty, and α is based on 
what has been achieved by other experiments.

• The estimate for N is based on the actual detected 
number of UCN from our fill and dump 
measurement at a holding time of 180 s [1]. Further 
improvements have been achieved (new switcher 
and new detector) [2].

* “year” = 365 live days. In practice, it will take 5 calendar years to achieve this with 50% data 
taking efficiency and nominal LANSCE accelerator operation schedule

[1] T. M. Ito, et al., Phys. Rev C 97, 012501 (R) (2018)
[2] D. K.-T. Wong, et al.,  NIMA 1050, 168105 (2023)



Precession chambers

External 
Magnetometers

HV

TOP

BOTTOM

External 
Magnetometers

Ebot

Etop
Central 

magnetometers

UCNs

UCNs

Vacuum chamber

UCNs

UCNs

E = 𝟏𝟐
𝐤𝐕

𝐜𝐦

B0 = 𝟏𝛍𝐓  

HV electrodes

GND electrodes

Hg magnetometers

Hg pump cell

External magnetometers



Electrodes

𝟏𝟎 𝐜𝐦
𝟐𝟓 𝐜𝐦

𝟓. 𝟕 𝐜𝐦

𝟔𝟒. 𝟖 𝐜𝐦

𝟓𝟗. 𝟔 𝐜𝐦

HV 
electrode

PMMA insulator ring

E B
0

GND electrode

UCN 
hole

Hg hole

Insulator ring groove

NiP coated 
for testing



Magnetically shielded room (MSR)

• 4 cubic layers of MuMetal 
and 1 layer of copper for RF 
shield

• Shielding factor of 104 at 0.01 
Hz 

• Residual field < 500 pT

• MSR performance aligns 
with the requirements 

𝒛

𝒚

𝒙



199Hg (co)magnetometer
Successful platform installation

MSR

Platform Optical table will be 
installed here

Development work in progress at 
U. Washington.
To be installed in the experiment 
in early 2026.



LANL nEDM Schedule
Now – June 2025: Maintenance Period
 Continued Magnetic Field Characterization (MSR, B0, STC, etc.)
 Scanning parts for magnetic impurity
 Assemble the Apparatus: UCN Storage Cells, HV, OPM, etc.
 Infrastructure Improvements

June – December 2025: Engineering Run
 Spin Transport Through MSR, Simultaneous Spin Analyzers, etc.
 Commission the Apparatus: UCN Storage Cells, HV, OPM, etc.

January – June 2026: Maintenance Period

 Install 199Hg Co-Magnetometer

June – December 2026

 Commission 199Hg Co-Magnetometer
 Initial Physics Run



LANL nEDM collaboration
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Simply the best…..so far



1. Did this experiment use Ramsey’s Method?

2. Were polarized or unpolarized neutrons used? 

3. How good was the UCN density in the precession chamber? 

4. How did this experiment control for B-field drifts? 

5. Which systematic effect is described in most detail

6. What special measure(s) were taken to convince the community 
everything is accounted for? 

7. How do you interpret eq.7 and the sentence below it? 

8. What is the physics impact of the result? 



A different way to look for T symmetry 
violation (but also with neutrons)



Three scientific goals of NOPTREX: Why Do It?

(1) Search for P-odd/T-odd NN interaction
-Discover new source of P-odd/T-odd interaction

(2) Search for P-even/T-odd NN interaction
-Discover new source of P-even/T-odd interaction
-Aid scientific interpretation of P-odd/T-odd electric dipole moment (EDM) searches

(3) Understand P violation in heavy nuclei
-Quantify weak matrix element in heavy nuclei
-Compare with statistical theory of P-odd N-A
-Success bolsters confidence in (1) and (2)



113In+n

Width ~100meV

113In+n
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High level density

High level density

Neutron-Nucleus Resonancesdense set of resonances just above neutron separation energy

mainly L=0 resonances, but lots of L=1 resonances

P-odd or P-odd/T-odd can mix L=0 and L=1 states
P-even/T-odd can mix different L=1 states



The enhancement of P-odd/T-odd amplitude on p-wave resonance (.[K X I]) is (almost) the same as for 

P-odd amplitude (.K).  Factor is now measured!

Experimental observable: ratio of P-odd/T-odd to P-odd amplitudes 

                              

  can be measured  with a statistical uncertainty of ~1 10-6 in 107 sec at MW-class spallation neutron 

sources. Ratio (T-odd amplitude in nucleon/strong amplitude)~10-13. Statistical sensitivity up to 100X 

better than present neutron EDM limit. 

Forward scattering neutron optics limit is null test for T (no “final state effects”)



Parity Violation in n+ 139La at 0.734 eV  =          
Standard Model P Violation Amplified by ~106 !

Idea is to use the observed enhancement of PV to search for a P-odd/T-odd asymmetry.

Phase 1 of NOPTREX approved at JPARC! Polarized 139La target in progress

Also 103 amplification of  P-even/T-odd 

asymmetry. Needs polarized eV neutron

transmission through tensor-aligned target 

of 127I. Cryogenic R&D+ relevant 

(n, gamma) spectroscopy in progress



Outlook

• A EDM violates both the Parity (P) and the Time-reversal (T) symmetries. 

• A null EDM will rule out electroweak baryogenesis in minimal supersymmetric models, and tightly 

constrain model-independent analyses of P and T violation. If no EDM is discovered, the null EDM results 

will push the limits on the mass scale for new T violation physics above 100 TeV, and it will provide the 

best probe of CP violation in the Higgs sector, exceeding the energy reach of the Large Hadron Collider. 

• On the other hand, discovery of a nonzero nEDM at this level would reveal a completely new source of T 

violation (and thus CP violation), contributing to the development of a unified theory of the fundamental 

forces of nature. In many scenarios, successful baryogenesis leads to strict lower bounds on the nEDM 

within the reach of the ongoing EDM experiments. 
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