
Brendon Oleary 
ACME Collaboration 

WIDG@Yale 
March 4, 2014  

The ACME Experiment 

(an improved limit 
on the electric 

dipole moment of 
the electron) 



Open questions 
drive our quest 

How did that 
matter-antimatter 
asymmetry come 
about? 



Open questions 
drive our quest 

What is that 
dark matter and 
dark energy? 



Open questions 
drive our quest 

There is new 
physics, but what 
is it? 



Possible Solutions 
(new particle theories beyond the standard model) 

• What is that dark matter? 

•How did that matter-antimatter asymmetry come about? 
   



Possible Solutions 
(new particle theories beyond the standard model) 

• What is that dark matter? 
     -heavy particles that we haven’t discovered yet that interact weakly 

with known particles (WIMPs)? 

ATLAS 
Massive Particle Creation 

LUX 
Dark Matter Detection 



Possible Solutions 
(new particle theories beyond the standard model) 

•How did that matter-antimatter asymmetry come about? 
      -Sakharov’s conditions say that CP violating interactions are required 

for this to happen. New particles would mean new CP violating phases in 
weak mixing matrix. 

ACME 
EDM Experiment 

LHCb 
CP-Violating Decays 

ACME apparatus
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Electric Dipole Moments 
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Order of Magnitude Smaller Limit on the Electric 
Dipole Moment of the Electron 
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Motivation for eEDM Search 

Parameter Switches 

ThO Level Diagram 

H-State Level Diagram 
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Fundamentals of eEDM Measurement 
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ACME Apparatus 
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Violate Time  
Reversal Symmetry 

(equivalent to CP if 
you believe in the 
CPT theorem) 

   

Measure via the 
effective 
Hamiltonian: 
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Aim for 60 slides:

Outline:

• EDMs T-violation and Motivation-6 (make better)

• Idea behind the measurement-15 (make shorter)

• Photographs of the experiment-5

• Spin precession mesurement-9

• Experiment Switches-8

• Data Analysis-5

• Systematic Errors-15 (make shorter and better)

• Results-3

• Next Generation-2
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EDMs in Particle Theory 
1-loop 
MSSM 
(minimal 
supersymmetric 
extension to the 
standard model) 

   

2-loop 
SSUSY 
(split-
supersymmetry) 

   

4-loop 
SM 
(standard 
model) 

   

10-25-10-27 e cm 
(ruled out or fine tuned) 

10-27-10-29 e cm 
(probing this range) 

10-40 e cm 
(negligibly small: 
no SM background) 
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ẽL

X

3

eR

eL

γ

W

γ̃

ẽR
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Aim for 60 slides:
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EDMs T-violation and Motivation-6 (make better)

Idea behind the measurement-15 (make shorter)

Photographs of the experiment-5

Spin precession mesurement-9

Experiment Switches-8

Data Analysis-5

Systematic Errors-15 (make shorter and better)

Results-3

Next Generation-2
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Our EDM sensitivity is at the level of  
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Any measured EDM must come from New Physics! 



EDMs in Particle Theory 
typical EDM diagram scaling:

   

ACME experiment is sensitive to  
supersymmetric particles with ~TeV scale masses 

(with certain commonly made assumptions)  
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coupling between SM  
and new particles 
(assume g2~.01) 

new particle mass scale 

CP violating phase 
(assume ~.1-1) 

number of loops 
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The Measurement 



Lets use a molecule 
• Diatomic Molecules have large internal electric fields*:  
              the molecule is our laboratory. 

• Internal Co-magnetometer (omega doublet structure) 

• Easily Polarized 

• Reduced sensitivity to magnetic field imperfections   

e−

O2−

Th3+ !Eeff

Can spectroscopically flip the molecule with 
respect to applied fields, 
N=+1  is aligned,  N=-1  is anti-aligned 

Can align the molecules with small laboratory 
electric fields. 
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E. R. Meyer and J.L. Bohn, Phys. Rev. A 78, 010502(R) (2008). 
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T. Fleig, M.K. Nayak, arXiv:1401.2284v2 (2014) 

Talk Outline:

• What is an EDM?

– It is a property of a fundamental particle that violates P and T symmetries

∗ Theories that include new particles allow for CP violating phases in particle interactions.

∗ We know of 2 such phases: one is extremely small and consistent with zero, but we dont know why.

∗ The other is of order unity.

∗ Since we dont have any good reason why these phases should vanish, then shouldn’t they be near

order unity?

∗ These CP violating phases give rise to EDMs and since no one has seen any EDMs, our experiment

puts pretty heavy contraints on models of new physics with new sources of T -violation

• How do we look for an EDM?

• What did we find out?

• What are we doing now?

The ACME Experiment: An Improved Limit on the Electron’s Electric Dipole Moment

Searches for violations of discrete symmetries can be sensitive probes of physics beyond the Standard Model.

Many models introduce new particles at higher masses that generally include new CP-violating phases which are

thought to be of order unity. Such phases could generate measurable electric dipole moments (EDMs) of fundamental

particles. The ACME collaboration has measured the electron’s EDM to be consistent with zero with an order of

magnitude improvement in precision compared to the previous best sensitivity. This limit constrains T-violating

physics for particle with masses well into the TeV scale. This talk will describe the ACME experiment, systematic

errors, and upgrades that are in progress.

θ

X̂

Ŷ

Eeff ≈ 85 GV/cm

1



*Schiff’s Theorem 

Voffset ∼ (0± 5) mV
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Classical Dipole Hamiltonian 

Energy shift must be zero or else 
the electron would fly away! 

Include relativistic length 
contraction 

EDM shift comes from length contracted bit of EDM interacting with the internal 
electric field  

 L. I. Schiff, Phys. Rev. 132, 2194 (1963) 
P. G. H. Sandars, Phys. Lett. 14, 194 (1965) 
E. D. Commins, J. D. Jackson, and D. P. DeMille, Am. J. Phys. 75, 532(2007) 
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N
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Ñ = +1

!E !B

DH |Ez|

µBgH |Bz|

+10−1

〉

M =

∣∣H3∆1, J = 1
〉



Th

O

e-

Th

O

e-

Th

O

e-

Th

O

e-

E
(
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=− ÑDH |Ez|−MµBgH B̃ |Bz|−MÑ ẼdeEeff
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=− ÑDH |Ez|−MµBgH B̃ |Bz|

E

�
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Ŷ .

X̂

θ

x̂

ŷ

ẑ

−V

+V

.
L = 22 cm, τ ≈ 1.1 ms

!E !BSpin PrecessionElectric Field Plates

Beam of ThO Optical Pumping

State Preparation

State Readout

Fluorescence
Collection

x̂

25 mm25 mm

L ≈ 22 cm, τ ≈ 1.1 msA B

State preparation: 
•Choose molecule alignment with frequency 
•Choose electron spin alignment with polarization 
(optically pump out wrong electron alignment) 



Molecule aligned 
aligned  

with 
or 

against 
the applied  
electric field 

∣∣∣H; M, Ñ
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Ñ = −1
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Ñ = +1

P̃ = −1

P̃ = +1

1

∣∣∣H; M, Ñ
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Ñ = −1
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〉

∣∣∣C; P̃
〉

M =− 1 0 + 1
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Preparation/
    Readout Lasers

Signs of Everything
I am going to assume the dipole sign convention such that

Uµ =− µ · B = −mµBgB̃ |Bz|
UD =−D · E = −ÑD |E|
Ud =− de · Eeff = −2deS · Eeff = −mÑ ẼdeEeff

So, the overall energy splitting is:
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The overall sign, −P̃prepP̃read does not enter into the calculation, so I must conclude that everything is fine here.
So, since we see for B > 0, φ < 0, then that implies that g > 0, however we are pretty sure that g < 0.
The problem could also lie in the rotation sense of the waveplate. So I dont seen any problem there.
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Ñ = −1
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Ñ = −1
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Signs of Everything
I am going to assume the dipole sign convention such that

Uµ =− µ · B = −mµBgB̃ |Bz|
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Electron spin aligned with or against the ‘internal 
electric field’ 

We prepare a superposition of these two using 
linear laser polarization (electron spin in xy plane) 
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The electrons spins precess around the applied magnetic field 
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ẑ

−V

+V

.
L = 22 cm, τ ≈ 1.1 ms

!E !BSpin PrecessionElectric Field Plates

Beam of ThO Optical Pumping

State Preparation

State Readout

Fluorescence
Collection

x̂

25 mm25 mm

L ≈ 22 cm, τ ≈ 1.1 msA B

•We project the molecule spins onto the X and Y directions (set by our laser 
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Photograph of the Experiment 
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Vacuum Chamber and Magnetometers 
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Ẽ
θ̃

B̃

±

P̃
R̃
L̃
G̃

1

Enr (mV/cm)

Ñ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of

Switches and Timescales	
  
Switches =  Changing the 

experimental 
configuration in a 
controlled way 

Most of our switches are naturally 
binary (have two states) – 

Look at effects that are even and odd 
with respect to these switches 

Necessary to: 
•Distinguish the EDM from background 
phases or fluorescence effects. 
•Search for Unknown Systematic Errors and 
Monitor known ones. 
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- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P
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- Ñ correlated laser pointing
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Ñ
Ẽ
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Ẽ
θ̃

B̃

1

+
-
+
-
+
-
+
-

+
-
+
-
+
-
+
-

Enr (mV/cm)

Ñ
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Ẽ
θ̃

B̃

±

P̃
R̃
L̃
G̃

1

Enr (mV/cm)

Ñ
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Ẽ
θ̃

B̃

±

P̃
R̃
L̃
G̃

1

20 s

.5 s

640 s

(C) block
(D

) superblock
(E) runnormal IPV

(F) full dataset

data
type

Think more about the minus sign in equation 1 (how do we define ŷ?)
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of

Switches and Timescales	
  
Switches =  Changing the 

experimental 
configuration in a 
controlled way 

Most of our switches are naturally 
binary (have two states) – 

Look at effects that are even and odd 
with respect to these switches 

Necessary to: 
•Distinguish the EDM from background 
phases or fluorescence effects. 
•Search for Unknown Systematic Errors and 
Monitor known ones. 
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Do a statistical simulation to try to get the effect of a theory errorbar.

z = x · y

Finish the timescales figure.

Enr

ΩNE
r

∆prep

|Bz|

|Ez|

k̂ · ẑ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of

• Switch between read-out polarizations on the 
microsecond timescale. 
(to normalize out molecule number fluctuations) 

The relevant shifts are:

C J = 1, M = 0 − 1

20

(µCE)
BC

2

X J = 0M = 0 − 1

6

(µXE)
BX

2

X J = 2M = 0 +
1

42

(µXE)
BX

2

So the detuning would be:

∆ =∆0 −
1

20

(µCE)
BC

2

+
1

14

(µXE)2

BX

δ =δ0 +
2

21

(µXE)2

BX

Ω0 =− 1√
3
Ω

Ω2 =
1√
15

Ω

A =
SX − SY

SX + SY
= C cos (2 (φ− θ)) ≈ 2C (φ− θ)

3
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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Ŷ

1

SX

SY

X̂

Ŷ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of

Switches and Timescales	
  

    : Molecule alignment with respect to applied E-field 
    : Direction of applied electric field in laboratory 
    : Dither state of the Read-out laser polarization basis 
    : Direction of applied magnetic field in laboratory 
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• Extract contrast using       switch to compute phase: 

• Use the      switch to extract the precession time and 
compute energy shifts: 

• Use the          switches to distinguish between the 
energy shift from an EDM: 
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Ẽ
θ̃

B̃

±

P̃
R̃
L̃
G̃

1

Enr (mV/cm)

Ñ
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Ŷ

1

SX

SY

X̂

Ŷ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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Ñ
Ẽ
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Ẽ
θ̃

B̃

±

P̃
R̃
L̃
G̃

1

Enr (mV/cm)

Ñ
Ẽ
θ̃

B̃

±

P̃
R̃
L̃
G̃

1

20 s

.5 s

640 s

(C) block
(D

) superblock
(E) runnormal IPV

(F) full dataset

data
type

Think more about the minus sign in equation 1 (how do we define ŷ?)
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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Ñ

Ẽ
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Ẽ
θ̃

B̃

1

Enr (mV/cm)

Ñ
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Ẽ
θ̃

B̃

1

+
-
+
-
+
-
+
-

+
-
+
-
+
-
+
-

Enr (mV/cm)

Ñ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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Ñ
Ẽ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.
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- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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    : Parity of the Excited State 
    : Reversal of Electric field leads 
    : Reversal of X and Y read-out laser beams 
    : Rotation of all laser polarizations in sync 

• Systematic errors that depend on differences between X and 
Y read-out beams are odd under  
• An offset voltage in the E-field power supply is canceled by 
•    states are chosen to minimize a systematic error coupling 
to ellipticity of the laser light 
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�
=

1√
2

����M = +1, Ñ
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��

���ψ (τ) , Ñ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By
∂x ,

∂By
∂y ,

∂By
∂z , ∂Bz

∂x , ∂Bz
∂z (even and odd under B̃)

- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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Ŷ

1

SX

SY

X̂

Ŷ
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
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- Readout laser X̂/Ŷ dependent pointing
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Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of

Switches and Timescales	
  

    : Magnetic field magnitude 
    : Electric field magnitude 
    : Propagation direction of lasers 

EDM data is interwoven with Intentional Parameter 
Variations to carefully monitor quantities that couple to 
known systematic errors. 
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��

���ψ (τ) , Ñ
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Data Analysis	
  

•Computation of 
Uncertainty 

•Uncertainty 
propagation 

•Statistical Distribution 

• Blind Offset 

• Feldman-Cousins 
Confidence Intervals 
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woohoo! which is in agreement.

di − �d�
σdi

A =
Sx − Sy

Sx + Sy

3

signal 
threshold cut 
ensures 
gaussian 
asymmetry 

binning of 
asymmetries 
(18-30 pts) 

compute the standard error in the mean, and 
use standard error propagation to obtain the 
result. 
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•Computation of 
Uncertainty 

•Uncertainty 
propagation 

•Statistical Distribution 

• Blind Offset 

• Feldman-Cousins 
Confidence Intervals 

the statistical distribution is 
consistent with gaussian, and the 
reduced X2 is consistent with 1 

the uncertainty is limited by photon 
shot noise in the photodetectors, 

The relevant shifts are:

C J = 1, M = 0 − 1
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Visualization of the Statistics	
  

histogram measurements 

cumulative uncertainty 



Data Analysis	
  

•Computation of 
Uncertainty 

•Uncertainty 
propagation 

•Statistical Distribution 

• Blind Offset 

• Feldman-Cousins 
Confidence Intervals 
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Blind Offset was a randomly chosen 
number selected from a Gaussian 

distribution  

•centered on zero  
•1 sigma width equal to the previous best 
limit (at 90% confidence) 



Data Analysis	
  

•Computation of 
Uncertainty 

•Uncertainty 
propagation 

•Statistical Distribution 

• Blind Offset 

• Feldman-Cousins 
Confidence Intervals 
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measured center value for EDM 
(corresponds to an upper limit in this case 

for all reasonable confidence levels) 

Avoids overconfidence that results from 
flipping between reporting a center value or 

upper limit contingent on the result. 



How to Perform a Systematic Search 

1.) Vary some experiment parameter 

(in this case an offset voltage of 

field plates relative to vacuum 

chamber) 

2.) Measure the EDM channel 

3.) Choose a model for a systematic 

to enter into the EDM channel 

(usually we fit to a line) 

4.) Measure the value that was varied 

under normal conditions 

(in this case with a volt-meter) 

5.) Derive a systematic errorbar 
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NEB parity φp (N , E ,B)
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++− µgδB0τ + β∆2
0B0 + . . .

+−+ µgBEτ + β∆2
0BE + . . .

+−− β∆0B0DHEnr + . . .

−++ µ∆g

2 Bnrτ + α∆N + β∆0∆NBnr + . . .

−+− µ∆g

2 B0τ + β∆∆NB0 + . . .

−−+ deEmolτ + αDHEnr + µ∆g
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FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters

Magnetic Fields
- Non-Reversing B-Field: Bnr

z

- Transverse B-Fields: Bx,By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx
∂x ,

∂By

∂x ,
∂By

∂y ,
∂By

∂z , ∂Bz
∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of
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Ẽ
θ̃

B̃

±

P̃
R̃
L̃
G̃

1

Enr (mV/cm)

Ñ
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Do a statistical simulation to try to get the effect of a theory errorbar.

z = x · y

Finish the timescales figure.

Enr

ΩNE
r

∆prep

|Bz|

|Ez|

k̂ · ẑ
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Ŷ

1

SX

SY

X̂

Ŷ
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Ŷ

1

(A) polarization 
sw

itching cycle
(B) m

olecule 
pulse

x25 averages

40 s

30 min

FIG. S1. Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched off.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to read-
out laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alter-
nate between a (−++−) and (+−−+) pattern, and the B̃ switch alter-
nates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned ran-
domly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
monitor systematic effects. The IPVs are a=Enr, b=ΩNE

r , and c=∆prep

(which was used to monitor the value of Enr by exaggerating its effect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.
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- Transverse B-Fields: Bx,By (even and odd under B̃)
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∂x , ∂Bz

∂z (even and odd under B̃)
- Ẽ correlated B-field: BE (to simulate
�v × �E/geometric phase/leakage current effects)
Electric Fields
- Non-Reversing E-Field: Enr

- E-Field Ground Offset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep, ∆read

- P̃ correlated Detuning: ∆P

- Ñ correlated Detunings: ∆N , ∆∆N

Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep, Pread

- Ñ Ẽ correlated power, PNE (simulating ΩNE
r )

- Ñ correlated power, PN

- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy�,�vz�,�y�,�z� for molecule ensemble)

Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Difference between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these param-
eters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ ,M = +1�↔|C, P̃,M = 0�↔|H, Ñ ,M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃,M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of

We looked at many things 

EDM Measurement= 
(1 year of systematic checks)+ 
(2 weeks of EDM data) 
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)

|Bz|
(
k̂ · ẑ

)

|Ez|
(
k̂ · ẑ
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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·ẑ

)

|E
z
|

|B
z
|

|B
z
||
E z
|

|B
z
||
E z
|( k̂

·ẑ
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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histogram of channels
that are consistent with zero
for fit of data to zero:

2=(1.162±0.022)
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·ẑ
)

|B
z
|( k̂

·ẑ
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·ẑ
)

|E
z
|( k̂

·ẑ
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·ẑ

)

|E
z
|

|B
z
|

|B
z
||
E z
|

|B
z
||
E z
|( k̂

·ẑ
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Phase Dependence on     ,      ?       

What if…. 
The measured phase depends on the laser parameters? 

• Outline for my talk on wednesday:

– Brief overview of the Light Shift Effects.

– Talk about Detuning and Rabi Frequency Correlations

– Enr and ΩNE
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Talk Outline:
What is an EDM?

– It is a property of a fundamental particle that violates P and T symmetries

∗ Theories that include new particles allow for CP violating phases in particle interactions.
∗ We know of 2 such phases: one is extremely small and consistent with zero, but we dont know why.
∗ The other is of order unity.
∗ Since we dont have any good reason why these phases should vanish, then shouldn’t they be near

order unity?
∗ These CP violating phases give rise to EDMs and since no one has seen any EDMs, our experiment

puts pretty heavy contraints on models of new physics with new sources of T -violation

How do we look for an EDM?

What did we find out?

What are we doing now?

The ACME Experiment: An Improved Limit on the Electron’s Electric Dipole Moment
Searches for violations of discrete symmetries can be sensitive probes of physics beyond the Standard Model.

Many models introduce new particles at higher masses that generally include new CP-violating phases which are
thought to be of order unity. Such phases could generate measurable electric dipole moments (EDMs) of fundamental
particles. The ACME collaboration has measured the electron’s EDM to be consistent with zero with an order of
magnitude improvement in precision compared to the previous best sensitivity. This limit constrains T-violating
physics for particle with masses well into the TeV scale. This talk will describe the ACME experiment, systematic
errors, and upgrades that are in progress.
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∗ We know of 2 such phases: one is extremely small and consistent with zero, but we dont know why.
∗ The other is of order unity.
∗ Since we dont have any good reason why these phases should vanish, then shouldn’t they be near

order unity?
∗ These CP violating phases give rise to EDMs and since no one has seen any EDMs, our experiment

puts pretty heavy contraints on models of new physics with new sources of T -violation

How do we look for an EDM?
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Many models introduce new particles at higher masses that generally include new CP-violating phases which are

thought to be of order unity. Such phases could generate measurable electric dipole moments (EDMs) of fundamental

particles. The ACME collaboration has measured the electron’s EDM to be consistent with zero with an order of

magnitude improvement in precision compared to the previous best sensitivity. This limit constrains T-violating

physics for particle with masses well into the TeV scale. This talk will describe the ACME experiment, systematic
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Comes from interference 
between the E1 and M1 
amplitudes on the H to C 
transition 
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��

OM1 = −i
ω

2c

�
k̂p × �̂p

�
·
�
gL

�L+ gS
�S
�

2

E1/M1 Interference 

Rabi Frequency Correlation 

Th

O

!E!

!B!

!k!

n̂

!E

1

!E!

!B!

!k!

n̂

!E

1

φ (Ωr,∆) =
{
α∆∆+ α∆dΩr∆dΩr + α∆2∆2 + αdΩrdΩr

}

+ BzB̃
{
β∆2∆2 + βdΩrdΩr

}
+O

(
∆3, dΩ2

r

)

ε̂p =cosΘpe
−iθp ε̂+1

+sinΘpe
+iθp ε̂−1

|D〉 =sinΘpe
+iθp |M = +1〉

− cosΘpe
−iθp |M = −1〉

∆NE =DHEnr

∆NE (x) (kHz)

x (L)

read

prep

OE1 =− imω (ε̂p · &r)

OM1 =− i
ω

2c

(
k̂p × ε̂p

)
· &L

∣∣∣ψi, Ñ
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∣∣∣ÔE1 + ÔM1
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• For this geometry, the E1 and M1 operators connect the to the same 
superposition state. Relative sign is correlated like an EDM. 
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��

OM1 = −i
ω

2c

�
k̂p × �̂p

�
·
�
gL�L+ gS �S

�

Aim for 60 slides:

Outline:

• EDMs T-violation and Motivation-6 (make better)

• Idea behind the measurement-15 (make shorter)

• Photographs of the experiment-5

• Spin precession mesurement-9

• Experiment Switches-8

• Data Analysis-5

• Systematic Errors-15 (make shorter and better)

• Results-3

• Next Generation-2

•

Ωr =
���
�
C, P̃ |OE1 +OM1|H, Ñ
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�

2

measured from from its coupling to the 
B-field in another channel,  

ΩNE
r /Ω(0)

r

�̂eff =

�
�̂− i

cM1

cE1
n̂×

�
k̂ × �̂

��
≈

�
1− i

cM1

cE1

�
k̂ · n̂

��

n̂ =Ñ Ẽ ẑ
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��

OM1 = −i
ω

2c

�
k̂p × �̂p

�
·
�
gL�L+ gS �S

�

Aim for 60 slides:

Outline:

• EDMs T-violation and Motivation-6 (make better)

• Idea behind the measurement-15 (make shorter)

• Photographs of the experiment-5

• Spin precession mesurement-9

• Experiment Switches-8

• Data Analysis-5

• Systematic Errors-15 (make shorter and better)

• Results-3

• Next Generation-2

•

Ωr =
���
�
C, P̃ |OE1 +OM1|H, Ñ
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Constructing the Systematic Error	
  
4

Parameter Shift Uncertainty

Enr correction −0.81 0.66
ΩNE

r correction −0.03 1.58
φE correlated effects −0.01 0.01
φN correlation 1.25
Non-Reversing B-field (Bnr

z ) 0.86
Transverse B-fields

�
Bnr
x ,Bnr

y

�
0.85

B-Field Gradients 1.24
Prep./Read Laser Detunings 1.31
Ñ Correlated Detuning 0.90
E-field Ground Offset 0.16
Total Systematic −0.85 3.24
Statistical 4.80

Total Uncertainty 5.79

TABLE I. Summary of systematic errors. Systematic and statis-
tical errors for ωNE , in units of mrad/s. All errors are added in quadra-
ture, and are derived from Gaussian 1σ (68%) confidence intervals. In
EDM units, 1.3 mrad/s ≈ 10−29 e cm.

detunings and E-field ground offsets5. We obtained direct ωNE

systematic limits of � 1 mrad/s for each. We simulated the effects
that contribute to φE by correlating Bz with Ẽ , which allowed us
to place a ∼ 10−2 mrad/s limit on their combined effect. Because
of our slow molecular beam, relatively small applied E-fields, and
small magnetic dipole moment, we do not expect any of these ef-
fects to systematically shift ωNE above the 10−3 mrad/s level10,11.

The result of this first-generation ThO measurement,

de = (−2.1± 3.7stat ± 2.5syst)× 10−29 e cm, (4)

comes from de = −�ωNE/Eeff using Eeff = 84 GV/cm8,9 and
ωNE =(2.6 ± 4.8stat ± 3.2syst) mrad/s. This sets a 90 percent
confidence limit,

|de| < 8.7× 10−29 e cm, (5)

that is 12 times smaller than the previous best limit4,5, an im-
provement made possible by the first use of the ThO molecule
and of a cryogenic source of cold molecules for this purpose. If we
were to take into account the roughly estimated 15 percent uncer-
tainty on the calculated Eeff8, and assume that this represents a
1σ Gaussian distribution width, the de limit stated above would
increase by about 5 percent. Because paramagnetic molecules are
sensitive to multiple T-violating effects24, our measurement should
be interpreted as �ωNE = −deEeff − WSCS , where CS is a T-
violating electron-nucleon coupling, and WS is a molecule-specific
constant8,25. For the de limit above we assume CS = 0. Assuming
instead that de = 0 yields CS = (−1.3±3.0)×10−9, corresponding
to a 90 percent confidence limit |CS | < 5.9× 10−9 that is 9 times
smaller than the previous limit26.

A measurably large EDM requires new mechanisms for T viola-
tion, which is equivalent to charge conjugation-parity (CP) viola-
tion given the CPT invariance theorem2. Nearly every extension
to the SM27,28 introduces new CP violating phases φCP. It is diffi-
cult to construct mechanisms that systematically suppress φCP, so
model builders typically assume sin(φCP) ∼ 129. An EDM arising
from new particles at energy Λ in an n-loop Feynman diagram will
have size de/e∼κ(αeff/4π)

n(mec
2/Λ2)sin(φCP)(�c)−1, where αeff

(about 4/137 for electroweak interactions) encodes the strength
with which the electron couples to the new particles, me is the
electron mass, and κ ∼ 0.1-1 is a dimensionless prefactor2,30,31.
In models where 1- or 2-loop diagrams produce de, our result typ-
ically sets a bound on CP violation at energy scales Λ ∼ 3 TeV

or 1 TeV, respectively27–29,31. Hence, within the context of many
models, our more precise EDM limit constrains CP violation up
to energy scales similar to or higher than those explored directly
at the Large Hadron Collider.
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Slopes of Superblock Parity Sums vs. IPOs

! Parity Sums IPO Slopes
Red Dots: > 3.39". Expect 0.5 by chance
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(Our Method for) Constructing the Systematic Error Budget	
  

• What is a systematic error? 

a quantification of the offset in the measurement channel 
caused by spurious effects… 

1. that exist, that we understand and that we can quantify 
well. 

2. that may or may not exist but we are paranoid that such 
a thing might exist because of: 

 a. some unexplained behavior in the data 

 b. past experience 

To what extent do we trust our result? A systematic error budget can help quantify the answer. 

Un-included errors can still be present.  
Including more effects in the error budget increase our personal estimate of the probability that 
we missed a systematic error above our level of sensitivity. 





Order of Magnitude Smaller
Limit on the Electric Dipole
Moment of the Electron
The ACME Collaboration,* J. Baron,1 W. C. Campbell,2 D. DeMille,3† J. M. Doyle,1†
G. Gabrielse,1† Y. V. Gurevich,1‡ P. W. Hess,1 N. R. Hutzler,1 E. Kirilov,3§ I. Kozyryev,3||
B. R. O’Leary,3 C. D. Panda,1 M. F. Parsons,1 E. S. Petrik,1 B. Spaun,1 A. C. Vutha,4 A. D. West3

The Standard Model of particle physics is known to be incomplete. Extensions to the Standard
Model, such as weak-scale supersymmetry, posit the existence of new particles and interactions that
are asymmetric under time reversal (T) and nearly always predict a small yet potentially measurable
electron electric dipole moment (EDM), de, in the range of 10−27 to 10−30 e·cm. The EDM is an
asymmetric charge distribution along the electron spin (S→) that is also asymmetric under T. Using the
polar molecule thorium monoxide, we measured de = (–2.1 T 3.7stat T 2.5syst) × 10−29 e·cm. This
corresponds to an upper limit of jdej < 8.7 × 10−29 e·cm with 90% confidence, an order of magnitude
improvement in sensitivity relative to the previous best limit. Our result constrains T-violating physics
at the TeV energy scale.

Theexceptionally high internal effective elec-
tric field Eeff of heavy neutral atoms and
molecules can be used to precisely probe

for the electron electric dipole moment (EDM),
de, via the energy shift U ¼ −d

→
e ⋅

→
Eeff , where

d
→

e ¼ deS
→
=ðℏ=2Þ, S

→
is electron spin, andℏ is the

reduced Planck constant. Valence electrons travel
relativistically near the heavy nucleus, making Eeff

up to a million times the size of any static lab-
oratory field (1–3). The previous best limits on
de came from experiments with thallium (Tl)
atoms (4) (jdej < 1.6 × 10−27 e·cm) and ytterbium
fluoride (YbF) molecules (5, 6) (jdej < 1.06 ×
10−27 e·cm). The latter demonstrated that mole-
cules can be used to suppress the motional electric
fields and geometric phases that limited the Tl
measurement (5) [this suppression is also present

in certain atoms (7)]. Insofar as polar molecules
can be fully polarized in laboratory-scale electric
fields, Eeff can be much greater than in atoms. The
H3D1 electronic state in the thorium monoxide
(ThO) molecule provides an Eeff ≈ 84 GV/cm,
larger than those previously used in EDM mea-
surements (8, 9). This state’s unusually small mag-
netic moment reduces its sensitivity to spurious
magnetic fields (10, 11). Improved systematic er-
ror rejection is possible because internal state se-
lection allows the reversal of

→
Eeff with no change

in the laboratory electric field (12, 13).
To measure de, we perform a spin precession

measurement (10, 14, 15) on pulses of 232Th16O
molecules from a cryogenic buffer gas beam source
(16–18). The molecules pass between parallel plates
that generate a laboratory electric field Ezz% (Fig.

1A). A coherent superposition of two spin states,
corresponding to a spin aligned in the xy plane, is
prepared using optical pumping and state prep-
aration lasers. Parallel electric (

→
E ) and magnetic

(
→
B ) fields exert torques on the electric and mag-
netic dipole moments, causing the spin vector to
precess in the xy plane. The precession angle is
measured with a readout laser and fluorescence
detection. A change in this angle as

→
Eeff is reversed

is proportional to de.
In more detail, a laser beam (wavelength

943 nm) optically pumps molecules from the
ground electronic state into the lowest rotational
level, J = 1, of the metastable (lifetime ~2 ms)
electronic H3D1 state manifold (Fig. 1B), in an
incoherentmixture of the Ñ ¼ T1,M= T1 states.
M is the angular momentum projection along the
z% axis. Ñ refers to the internuclear axis, n%, aligned
(+1) or antialigned (–1) with respect to

→
E , when

j→E j ≳ 1 V/cm (11). The linearly polarized state
preparation laser’s frequency is resonant with the
H→C transition at 1090 nm (Fig. 1B).Within the
short-lived (500 ns) electronicC state, there are two
opposite-parity P̃ =T1 stateswith J =1,M=0. For
a given spin precession measurement, the laser
frequency determines the Ñ and P̃ states that are
addressed. This laser optically pumps the bright

1Department of Physics, Harvard University, Cambridge, MA
02138, USA. 2Department of Physics and Astronomy, Univer-
sity of California, Los Angeles, CA 90095, USA. 3Department of
Physics, Yale University, New Haven, CT 06511, USA. 4Depart-
ment of Physics and Astronomy, York University, Toronto,
Ontario M3J 1P3, Canada.

*The collaboration consists of all listed authors. There are
no additional collaborators.
†Corresponding author. E-mail: acme@physics.harvard.edu
(D.D., J.M.D., G.G.)
‡Present address: Department of Physics, Yale University, New
Haven, CT 06511, USA.
§Present address: Institut für Experimentalphysik, Universität
Innsbruck, A-6020 Innsbruck, Austria.
||Present address: Department of Physics, Harvard University,
Cambridge, MA 02138, USA.

Fig. 1. Schematic of the apparatus and energy level diagram. (A) A
collimated pulse of ThO molecules enters a magnetically shielded region (not
to scale). An aligned spin state (smallest red arrows), prepared via optical
pumping, precesses in parallel electric and magnetic fields. The final spin
alignment is read out by a laser with rapidly alternating linear polarizations,
X% and Y%, with the resulting fluorescence collected and detected with photo-
multiplier tubes (PMTs). (B) The state preparation and readout lasers (double-lined

blue arrows) drive one molecule orientation Ñ ¼ $1 (split by 2DE ~ 100 MHz,
where D is the electric dipole moment of the H state) in the H state to C,
with parity P̃ = T1 (split by 50 MHz). Population in the C state decays via
spontaneous emission, and we detect the resulting fluorescence (red
wiggly arrow). H state levels are accompanied by cartoons displaying the
orientation of

→
Eeff (blue arrows) and the spin of the electron (red arrows)

that dominantly contributes to the de shift.
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AC Stark Shift Systematic Errors	
  
Non-adiabatic polarization changes in the laser can lead to a small bright state 

component in the prepared state. This bright state component acquires an AC stark shift  
phase that depends on laser detuning and laser power. 

couples residual 
electric field to  
to contribute 
as a systematic 
error. 

couples to E1/
M1 interference  
to contribute 
as a systematic 
error. 



AC Stark Shift Systematic Errors	
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We were able to 
verify the model 
and were able to 
suppress the 
systematic error 
by tuning the 
laser 
polarization 

We were also able 
to very precisely 
measure the 
residual electric 
field and its 
spatial variation 
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Talk Outline:

• What is an EDM?

– It is a property of a fundamental particle that violates P and T symmetries

∗ Theories that include new particles allow for CP violating phases in particle interactions.

∗ We know of 2 such phases: one is extremely small and consistent with zero, but we dont know why.

∗ The other is of order unity.

∗ Since we dont have any good reason why these phases should vanish, then shouldn’t they be near

order unity?

∗ These CP violating phases give rise to EDMs and since no one has seen any EDMs, our experiment

puts pretty heavy contraints on models of new physics with new sources of T -violation

• How do we look for an EDM?

• What did we find out?

• What are we doing now?

The ACME Experiment: An Improved Limit on the Electron’s Electric Dipole Moment

Searches for violations of discrete symmetries can be sensitive probes of physics beyond the Standard Model.

Many models introduce new particles at higher masses that generally include new CP-violating phases which are

thought to be of order unity. Such phases could generate measurable electric dipole moments (EDMs) of fundamental

particles. The ACME collaboration has measured the electron’s EDM to be consistent with zero with an order of

magnitude improvement in precision compared to the previous best sensitivity. This limit constrains T-violating

physics for particle with masses well into the TeV scale. This talk will describe the ACME experiment, systematic

errors, and upgrades that are in progress.
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physics for particle with masses well into the TeV scale. This talk will describe the ACME experiment, systematic

errors, and upgrades that are in progress.
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Report Card"
Model	
  Name:	
  Standard Model! Term:	
  Spring 2014!
Subject! Comments!
Explaining	
  	
  
Physical	
  
Phenomena!

Grade!

Performing	
  Well	
  	
  
in	
  Experimental	
  	
  
Tests!

Gedng	
  Along	
  	
  
with	
  Peers!

B!

A!

C!

Generally does an excellent job.!
Has difficulty with dark matter/energy problems.!
Needs improvement in explaining Matter/Antimatter 
asymmetry.!

Does not get along well with gravity.!
Is generally disliked by peers.!

Has answered every question correctly.!
Outstanding job on the prediction of the electron 
g-2.!



Report Card"
Model	
  Name:	
  SUSY! Term:	
  Spring 2014!
Subject! Comments!
Explaining	
  	
  
Physical	
  
Phenomena!

Grade!

Performing	
  Well	
  	
  
in	
  Experimental	
  	
  
Tests!

Gedng	
  Along	
  	
  
with	
  Peers!

A!

C!

B!

Has a witty answer for everything.!
Invented New Particles to account for Dark Energy 
and Dark Matter.!
New particles have CP violating phases that help 
explain Matter/Antimatter asymmetry !

One of the most popular models in class.!
Maybe falling from popularity due to poor behavior 
in experimental tests.!

Needs improvement.!
Answers are not explicitly wrong, but are not 
explicitly right either.!


