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Abstract

This paper will cover a brief history of the search for the Neutron Electric Dipole Moment
(nEDM). We will start with a theoretical introduction to the different processes which would
yield an nEDM and the physical implications that it has to CP violation. This is followed by a
survey of past and future experiments measuring nEDM. Specifically, it will cover the simulation
method used to determine the sensitivity of the experiment to be run on the Spallation Neutron

Source at Oak Ridge National Lab.
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1 Introduction

Until 1950, the general belief was that charge conjugation, parity and time reversal were all good
symmetries of nature. In a short letter to the editor of the Physical Review[1], E. M. Purcell and
N. F. Ramsey made the argument that this belief was not based soundly upon experimental data.
They suggested that a precision measurement of the static electric dipole moment of a fundamental
particle would be a good test of these symmetries. Their argument was simple: the dipole moment
must be aligned along its spin axis, since the particle has no other specified direction. However,
spin is parity even, since it is an axial vector, and the electric dipole moment, d=e T, is parity odd.
Thus the dipole moment would be aligned with the spin in one system, while in another it would
be anti-aligned. Therefore the dipole moment must be zero for parity to be conserved. The same
argument applies to time reversal asymmetry. Under time reversal, the spin changes direction,

while the dipole moment remains unchanged. This can been seen in Figure 1.
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Figure 1: Magnetic and Electric Dipole Moments transforming under P and T.

The electric dipole moment of an elementary particle can be defined by a slight asymmetry in
the charge distribution of the particle. In a charged particle this would relate to gmall deviation
in the assumed uniform charge distribution. However, in a neutral particle, it would manifest as
a small amount of positive charge in one half and an equal and opposite negative charge on the
opposite half of the particle.

While there have been many advances in showing that these symmetries are not all good sym-
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metries of different systems (including kaons and B mesons) the combined, CPT, symmetry is still
held to be universal. As David Griffiths says in his book on Elementary Particles, “The [CPT] the-
orem is on extremely firm ground theoretically, and it is relatively secure experimentally. Indeed,

as one prominent theorist put it, if a departure is ever found, ‘all hell breaks loose.” ” [2]

2 Theory of nEDM

2.1 Motivation - Baryon-Antibaryon Asymmetry

One of the large outstanding questions regarding the origin of the universe is the imbalance between
matter and anti-matter. The problem lies in how matter was created in the Big Bang. Normally
baryon and lepton numbers are conserved, so that when you create an electron, you also create a
positron. There must have been a breaking of this symmetry to generate the universe seen today,
with an abundance of matter, and a dearth of antimatter [3]. Sakharov first proposed calculating
the baryon asymmetry. In doing so he noted three requirements to yield a baryon asymmetry from

an initial state of B =0 [4]:
1. Baryon number violation
2. CP violation

3. Departure from thermal equilibrium

If all three criteria are met, then the current asymmetry can be explained. However, although
CP violation has been discovered in certain systems, there is currently not enough to explain the

level of baryon-antibaryon asymmetry in the universe.

2.2 CP Violation in the Standard Model

CP violation was first discovered in the neutral kaon system by Cronin, et al.[5@e experiment
showed that the long-lived component of the neutral kaons, K 2, did, in fact, decay into two charged
pions, thus violating CP. The K has CP = —1 while the charged pions have CP = 1. Cronin and

his colleagues were awarded the Nobel Prize in 1980 for their discovery.
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There are two places where CP violation can be included in the Standard Model Lagrangian.
One is the in the QCD Fhetg term and the other is the phase  in the Cabibbo-Kobayashi-Maskawa

(CKM) matrix which describes flavor mixing in the charged current interaction:

ca s1c3 5183 d
( u c t ) —5109  C1Cac3 — €898 c10983 + €Ps9c3 s (1)
5152 —C182C3 — €i50283 —C15983 — 6i66263 b

Here ¢; = cosf; and s; = sinf; with 6;(i = 1,2,3) are the mixing angles. Working out the

coupling constants and other theory intensive calculation, the Standard Model predicts: @

2 4
M S pon —1)gn K. (2)

. «
dy, = —eG?sind $18953¢a ———— In I B —
V2273 m2 mg(my, + mg) My

Assuming presently determined values for all these constants yields an estimate for the nEDM [6]:

dp ~ 10732 — 1073 ecm. @ (3)
Which is still five orders of magnitude below the current experimental upper limit of nEDM.

2.3 Strong 6 Problem in Quantum Chromodynamics

It is possible to introduce a CP violating term into the QCD Lagrangian by including the term:

Qs ~q a
Ly = —98—WGWGW. (4)

This is the so called “Theta Term.” Working in the chiral limit, m, — 0, we can express the
leading order contribution to the nEDM as seen in Figure 2.

The CP violating, grey, vertex in the diagram is given by:

muyma V2 Mz — My,
9rnn = _9m T de m ~ —0.0276. @ (5)

Where the~m,, mq, ms are the masses of the up, down, and strange quarks; the~Mz and My, are
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Figure 2: The mechanism of generating the nEDM. The grey vertex is the CP Violating mnp
vertex, while the two black circles are the normal CP conserving hadronic vertices [7] @

the masses of the = and ¥ hyperons respectively; and f; is the pion decay constant.

The diagram yields a nEDM of

€ grnngmnn mp
dp = —"——"—1In—+. 6
" my,  4An? My (6)

We can use this equatio mbined with the fact that grp, = 13.6 is well knowns; [8, 9], and

the measured upper limit for d,, to obtain a value for :
] <3 x 1071, (7)

There is no apparent reason for 6 to be so small. The term was expected to be of order unity
when first introduced into the Lagrangian. This is referred to as the “Strong Theta Problem” or
the “Strong CP Problem.” For a full discussion see Rgeferences [6, 7].

There have been efforts to find a broken symmetry that would lead to the fine tuning of thets; In
particular, the Peccei-Quinn symmetry would invoke a global U (1) symmetry that is spontaneously

broken. However, this theory demands axions, which have thus far not been observed [3].
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2.4 Neutron Electric Dipole Moment: Beyond the Standard Model

There have been a number of models looking beyond the Standard Model that have predictions for
the Neutron Electric Dipole Moment. Continued experimental work on the measurement has led
to the elimination of some of these models. Currently, there are Supersymmetric and Supergravity
theories which will be tested by the next generation of experiments. For more on SUSY, specifically
Left-Right Symmetric Models, see references [10, 11]. Similarly, a good overview of Supergravity

can be found in reference [12].

3 Past nEDM Experiments

The past 50 years have seen an improvement of six orders of magnitude in the upper limits placed
upon the neutron electric dipole moment. The progress can be seen in Figure 3. Current ex-

periments are beginning to test Supersymmetric predictions, which has increased interest in the

projects.
10—19
[ ] B ORNL, Harvard

g 107 ® MIT, BNL
3 107 A |NPI
= % v Sussex, RAL, ILL
= 22
g n
— e
— 10% ]
8_ 10% u A
o A
= R A
= 10 A A
D 10—26
w ,, 1 Supersymmetry Predictions
c 10
5 10
§ 10—28
Z 104 Standardmodel Predictions

10

T T T T T T T T T T T T 1
1950 1960 1970 1980 1990 2000 2010
Year of Publication

Figure 3: Upper limits placed on nEDM over the last 50 years.

3.1 Smith, Purcell and Ramsey, 1957

The first direct measurement of the nEDM was made on a thermal neutron beam produced by a

reactor at Oak Ridge National Lab in 1950 by Smith, Purcell and Ramsey. Fhewugh the authors
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felthat any fundamental particle would provide a test of CP and P symmetries, the neutron was
chosen because it lacks charge. The neutrality enabled a large electric field to be applied to the
beam without changing its trajectory. This is one of the biggest advantages of studying the EDM
of the neutron over other fundamental particles.

The resulting measurement was in accordance with ¥arity conservation and Time Reversal
symmetry. Therefore Smith et al. initially decided not to publish their null results due to the
scientific community’s firm belief in C, P and T symmetries)

However, when Lee and Yang hypothesized [13], and Wu et a@bsequently found H4f-evidence
of Parity violation in beta decay, the community began to shift their views on the long held belief
in C, P and T invariance. The results of Smith et al. were first published in the-Physical Review
in 1957- [15] Their uncertainty placed an upper limit on the dipole moment of 5 x 1072 ¢ cm (90%
C.L).

The experiment made use of Ramsey’s Method of Separated Oscillatory Fields [6], a multi-step
procedure for monitoring the precession frequency of neutrons. If the neutron has an EDM, the
Larmor frequency (vz,) — the frequency at which the spin of the neutron precesses in a magnetic field
— will be shifted in the presence of an external electric field. If the Larmor frequency is well-known,
the experiment can be set up to look for anyj deviation from the known frequency.

Ramsey’s Method is paumerated here, heavily borrowed from CP Violation Without Strangeness
by Khriplovich and Lamoreaux [6]. This assumes a coordinate system which places the g axis in

the vertical direction and the g plane in the horizontal direction.

1. Polarize the neutrons in the z direction
2. Apply a m/2 pulse to rotate the spins into the z direction
3. Allow the spin to precess, in the x — y plane, around a weak magnetic field in the z direction.

4. After a set period of time, such that T = %, apply a second m/2 pulse rotating the x
component of the spin into the —z direction. Nete—that—f there is any deviation from the
Larmor frequency, which would be caused by an EDM, there will be some component of the

spin in the y direction. This is lost when the RF pulse is applied. Therefore the spin analyzer
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measures fewer—nentrons—petarized in the 2 direction. This measurement can be taken to

study any Aw caused by an EDM interacting with an electric field.

The radio frequency magnetic field is applied near the resonant frequency of the neutron’s
precession. Scanning frequencies around the resonance shown in Figure 4, Smith et al. were able
to verify that the 7/2 pulse was applied properly. The measurements were then made as close to
the peak as possible.

Smith et al. made use of this method for their beam-based experiment. Their experimental
setup is seen in Figure 5. Since the neutrons are moving, the length of the apparatus is set by their
velocity. The apparatus must be long enough to allow the neutrons to spend a substantial amount
of time in the electric field. However, it must also be tuned to the Larmor frequency, so that the
neutrons will precess by a known angle.

One of the main features of the setup is the neutron polarizer. This experiment is not possible
without a good source of polarized neutrons. To achieve the necessary polarization, Smith et
al. used a highly polished mirror made of iron, and placed it in a strong magnetic field. The
field “saturates” the metal by aligning the gpin of all the iron nuclei. The neutrons have a spin
dependent cross section, so that the beam will parate into two; one that is polarized spin up, and
one that is polarized spin down. The concept is similar to the Stern-Gerlach apparatus, ghetgh
the implementation differs. The neutron mirror was used in a number of beam based experiments
which followed.

As the beam based experiments progressed, some of their limitations became evident. First,
since the beam js from a reactor, not all of the neutrons jare traveling at the same velocity. This

_jmakes timing both 7/2 pulses difficult, since the pulsgis—dependent upon the time spent in the
radio frequency field. Second, the neutrons were thermal, with an average velocity of approximately
2000 m/s. This made precision electronics which could handle the fast switching of fields a priority.
The final result obtained on a neutron beam in 1977 was d,, = (0.4 4+ 1.5) x 10=2*¢ ¢m. This

_pteeed an upper limit of d,, < 3 x 107*'e em (90% confidence level)-on-the-nEDM. After 20 years
of experiments, the systematic errors overwhelmed the counting statistics and a new method was

needed [6].
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Fi16. 2. Resonance curves of the neutron counting rate versus the

frequency of the radio-frequency magnetic field. The upper curve Fic. 1. Schematic diagram of the apparatus. 4, the magnetized
is for a mirror angle of 3.14X1073 radian, and the lower for iron mirror polarizer. A’, the magnetized iron transmission
5.77X1073 radian. A typical root-mean-square counting statistical analyzer. B, the pole faces of the homogeneous field magnet.
error is shown. The lower curve shows a narrower resonance due to Note the horseshoe-like magnets bolted along the bottom. C, C’,
the fact that only slower neutrons are reflected at the larger mirror the coils for the radio-frequency magnetic field. D, the BF; neutron
angles. It also shows more resonance detail since the polarized counter. The magnetic fields in the polarizing magnet and the
neutrons are more nearly monochromatic. The central peak is a homogeneous field magnet are at right angles, and two twisted
minimum in the upper curve and a maximum in the lower curve iron strips were used between them to rotate the neutron spins
since the phase of one of the coils was reversed. adiabatically.
Figure 4: Taken from Smith et al [15]. Figure 5: Taken from Smith et al [15].

3.2 Ultra Cold Neutron Based Experiments

The next big leap forward came with the ability to store neutrons. The idea has been attributed
to Fermi, however the first article to suggest neutron storage was in 1959 by a—Russian—seientist:
Yakov Zeldovich [16]. If the neutrons could be slowed to the point where their energy is less than
the barrier potential from a surface, it could be possible to capture and store neutrons. The typical
potential from a material barrier is Ur = 200 neV, therefore the neutrons peve—e have velocities
around 5 m/s to be stored. Such neutrons are referred to as Ultra Cold Neutrons (UCN).

It was also discovered that a new method of polarization was possible with UCNs. By adjusting
the ratio of Fe to Co in a thin foil, it is possible to only transmit one spin state. By magnetically
saturating the foil, the magnetic and effective potentials cancel for one spin state, while doubling the
other. This leads to one spin state being totally reflected and the other being, effectively, completely
transmitted. By having a higher polarization efficiency, the sensitivity of the experiment can be
improved [6].

JUCNSs jewe become the new standard in nEDM searches. But ghey—sdse have provided new

10
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means to test other properties of the neutron. Currently there are experiments using UCNs to

measure the lifetime of the neutron to greater precision [17, 18], Fhere-has—been—great—interest

Currently there are several collaborations working to make an improved measurement of the
neutron electric dipole moment using UCNs. These include groups at ILL, the Paul Scherrer
Institut in Switzerland and the Spallation Neutron Source (SNS) located at Oak Ridge National
Lab (ORNL). We=wil focus on the ILL and ORNL experiments for-this-paper.

3.2.1 Cryo-nEDM Experiment at Institute Laue-Langevin, Grenoble, France

Four-layer u-metal shield High voltage lead
Quartz insulating o
cylinder Magnetic field
coil
Storage cell Upper
electrode
Hg u.v.
lamp ~,
PMT for
Hg light
Vacuum wall
Mercury
prepolarizing
° cell
RF coil to flip spins———
PP T Hg u.v. lamp
Magnet UCN guide
changeover
UCN polarizing foil
Ultracold
neutrons
f (UCN)
UCN detector Approx scale 1 m

Figure 6: Experimental Apparatus at ILL for most recent nEDM experiment [20].

The current limit placed on the nEDM is from a UCN based experiment at the Institut Laue-
Langevin in Grenoble, France. Their apparatus is shown in Figure 6. Their experiment concluded

in 2006 with a resulting upper limit of d,, < 2.9 x 10726 e em (90% C. L.) [20].
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_Cryo-nEDM gdepends upon separate cells for the Ramsey oscillation and neutron detection. As
shown in Figure 6, The UCNs enter the cell for the Ramsey oscillation where the magnetic field
is monitored by Y?Hg. However, after the set period of time precessing, the neutrons must be
transported out of the magnetic shielding and into a separate polarized *He detector to measure
the number of neutrons in the proper spin state. This provides a possibility for increased errors
due to stray electric and magnetic fields.

The experiment had a few dominant systematic t;ijjs from electric and magnetic field stability

and a v x E effect which can generate a false EDM. jOPne-areavwhere-they-were-particttarlyhampered
s thre-tse-of erenET s aco-tmehetoreter:

They used gaseous ""Hg to continually monitor the magnetic field in the cell. The mercury
atoms experienced the same magnetic field as the neutrons, so with a precise knowledge of their
Larmor frequency, a direct measurement of the magnetic field can be made. Figure 8 shows how
the 9Hg correction adjusts the measured resonant frequency of the neutrons.

Knowing the mercury precession frequency, gsquation 8 shows how ge—eatemtate a measured

dipole moment.

Un Tn

’.)/Hg

Tn
YH g

dp + h’n/')’Hg‘ ng)

d
meas E (8)

VHg

1! E=

VHg

Since the EDM of '%Hg, dp, is known to be (—1.06 £ 0.49 + 0.40) x 1072% e cm [21], "fhis
introduces a new systematic error to the experiment. A linear fit is then performed between dieqs
and the ratio v, /vg,. A sample of this is shown in Figure 7.

Problems with the '%’Hg co-magnetometer method became @arent during the course of the
experiment. Most notably is the introduction of a geometric phase due to a gradient in the magnetic
field in the presence of an electric field. The mercury atoms are mor@scep‘cible to this problem
and so the use of a '"Hg co-magnetometer becomes less desirable. Future experiments at JLL will

use Superconducting Quantum Interference Devices (SQUIDS) to monitor very small fluctuations

=

in the magnetic fields.
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Magnetic Field Drift Correction
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-100 Figure 8: Data from the recent ILL nEDM Exper-
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0 R.-1 (ppm) 10 20 iment. The Blue circles are the measured nEDM
values from the neutron resonant frequency. The
Red circles are the values after being corrected for
magnetic field fluctuations [22, 23].

Figure 7: Data from Cryo-nEDM showing a linear
fit between a measured EDM and the relative fre-
quency shift between 1*’Hg and the neutrons|20]

3.2.2 nEDM at the Spallation Neutron Source, Oak Ridge, Tennessee

%e] SNS search for the nEDM is currently in the research and development stage. The experiment
will be an offshoot of the Fundamental Neutron Physics Beamline. A new building, shown in Figure
9, is being constructed to house the experiment. Construction should be finished in early 2010.
Cold neutrons, approximately 8.9 Angstrom wavelength, enter from the main building at SNS@Ie
neutrons are then passed into the measurement cell, which is filled with high purity liquid *He. The
neutrons down-scatter in the helium through phonon exchange, causing them to cool even further,
becoming UCNs. According to the experiment’s pre-proposal, the UCN production rate at SNS is
estimated to be about 1 UCN/cc/sec [24].

Side and top cutaway views of the apparatus can be seen in Figures 10 and 11. There are two
measurement cells, colored blue in the diagram, which will contain the “He and the UCNs. The cells
are surrounded by High Voltage electrodes. The middle plate is the +HV while the exterior plates
will be ground. The purpose of the two cells is to provide both positive and negative High Voltage

gradient measurements, thereby eliminating certain systematic errors. This is an improvement

13
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Figure 9: Design of the nEDM Building at the SNS [24].

over the experiment at JJLL. The polarity of the electric field js periodically swapped between the
two cells, allowing a measurement of when the electric and magnetic fields are both aligned and

anti-aligned.

Bellows & Bearing Assembly

Dilution Refrigerator “He Polarized Source Q Gain Capacitor
(DR: 1 0f2) . .
T n Light Guide
y / N

_ SQUID

Central LHe Volume Measurement Cell

(300mK, ~1000 Liters) Upper

Cryostat Ground Electrode

DR LHe Volume

450 Liters Re-entrant Insert for HV Generator

Neutron Guide

“He Injection % 56m

Volume

4 Layer y-metal Shield

Figure 11: Cutaway view of the Measurement Cell
Figure 10: Side view of the Measurement Cell [24].  [24].

There will also be a controlled concentration of polarized 3Hg in-the cells. This will act as both

a continual measure of the population of UCNs and a co-magetometer for neutrons. This approach
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has a number of merits over the separate use of a 3He detector and a mercury co-magnetometer.
First, 3He is known to have a significantly smaller EDM than ?Hg. Mercury has a measured

EDM that is the same magnitude as the sensitivity of current nEDM experiments, making it sizable

a contribution to systematic uncertainties [21].

that-issignifeantiysmaterthantheat-of-merenry—Thisis-due to the Z2 dependence of d (25

Secondly, 2He-and neutrons have a _ppin dependent capture cross section, The cross section

when the spins are anti-aligned is roughly 5000 times larger than when the spins are aligned. Thus
the capture rate is dominated by anti-aligned pairs. When the neutron captures with the helium

it undergoes the following process:
n + 3He — t+p+ 762 keV. (9)

The 762 keV is an energetic gamma ray that scintillates in the liquid helium:” Unfortunately, the

scintillation light is in the Ultra-Violet} se-it-must-be-eenverted-to-visibleightthreoughthe-use-of
tetra-phenyl-butadiene{TPB)—The visible light is the signal that is measured.

The measurement procedure, which modifies the Ramsey Method of Separated Oscillatory

Fields, is as follows [22]:

1. Polarized 3He, spin up in the z directionV__, 1S diffused into the measurement cell containing

liquid *He_

2. Cold neutrons pass through a thin foilf which polarizes the neutrons to be spin up in the z

direction

3. The polarized neutrons then flow into the cells, where they down-scatter in the Superfluid

Liquid “He, at about .5 K, and become UCNs

4. A /2 pulse is applied to the cells, which flips the spin of both the *He and the UCNs into

the z — y plane.

5. A weak magnetic field and a strong electric field are applied in the z direction, such that both

the He and the UCNSs precess. A nonzero nEDM, when in an electric field, will cause a shift
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in the neutron precession frequency of

4d, Ey

Av =
v n

(10)

where d,, is the nEDM, Ej is the electric field gradient in kV/cm and h is Planck’s constant.

6. As—the-tweo-partieles, which have slightly different Larmor frequencies, precess, they become
increasingly out of phase. At some point, phe-twe will be anti-aligned, and they will capturg

_feteasinga—762-keV-gamma. There will be a beat frequency in the putput that is proportional

to the difference between the Larmor frequencies of the *He and the neutrons.

7. [Fhe-gamme scintillates, ereating-UV photons that are converted to visible light by [TPB, The

visible light is then transported via light guides, shown in Figure 11, to photomultiplier tubes.

8. Since the storage time of the neutrons is comparable to the neutron lifetime, 885 s, the

remaining helium and neutrons are flushed after 500 s and the whole procedure is repeated.

The signal read out by the tubes over one run will look like an oscillating signal with a decaying
amplitude on a decaying background. This background is caused by neutron 3 decay, which also
produces light. The task will be to measure a difference between the E = 0 oscillation frequency
and the measured F # 0 frequency. The frequency without an electric field is around 3 Hz, while
the Af that is desired to be measured is order Hz. So the measurement jisteekingfor one part in

108. For a further discussion, see > pEDM Experiment Pre-proprosal document, reference [24].

4 Simulation as a Method for Determining the Sensitivity of the
Oak Ridge nEDM Experiment

Due to the large scale nature of both the design and the cost of current nEDM experiments, it is of
great importance to show an experiment’s potential sensitivity. It also provides the experiment with
help in directing research and development goals. If a simulation shows that certain improvements
will greatly impact the overall sensitivity, more effort can be focused on that area. This has been

of major importance to the SNS nEDM Collaboration.
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4.1 Method of Simulation

For this experiment, we developed a method to simulate data, and then perform the actual analysis.
The data stream expected from the real experiment is a series of time stamps when a light pulse is
recorded. This pulse comes from the capture on a neutron on *He. The light output rate can be

expressed analytically as [24]:

1 1
d =P p(t) + Ne tovst | — 4 — {1 — Py3Pye trteos(w,t + gb)} , (11)
T3 T3
where
1 1 1
Powg = —+ + —. 12
“ 3 Teell 73 ( )

The rate equation includes a potentially time-dependent background, ®p(t), which is due to
isetrepie scintillation from cosmic rays and possible activation from jilking. I'q.4 is the average loss
rate of UCN due to beta decay, cell loss and 3He absorption. The P, and P3 are the polarization
of the UCNs and the 3He, with P = 0 being completely unpolarized (50% up and 50% down) and
P =1 being completely polarized. I', is the spin relaxation rate. Finally, ¢ is a phase shift and w,

is the beat frequency between the neutron and 3He precession:

wr = |v3 — vy| =~ 0.3Hz. (13)

This is the base frequency for the light output. A non-zero nEDM provides a frequency shift shown

in Equation g6—Fhwus resulting in a frequency of:

4d, Ey
h

: (14)

w;:|ygfyn|+

Using a reasonable (approximately the desired level of sensitivity) value for the nEDM of 6 x

1072%¢ em, along with the design value for the electric field, 50 kV /cm, yields a frequency shift of:

Av ~ 2.9 uHz. (15)
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Using the full equation, we can use a Monte Carlo method of generating random fimes and
filing—underthe—eurve: The times are sorted and then sent into an analysis code, which does a
Maximum Log Likelihood fit to extract both a frequency and a phase. These two values are then

compared to input values. A sample run is shown in Figure 12.

| Binned Event time distribution I 35 [

3000

l?
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-
1

]

2500
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= lII|I|I||IIII|IIII|IIIJ|I

I I ] ] ]
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Figure 12: Binned time stamps from a single 500 s run. The main figure is with 1-seccond bins,
while the inset is with 0.025-seccond bins.

The data here have been binned in 1-second bins, such that the ~ 0.3 Hz oscillations are not

seen in the full scale. The inset is binned in 0.025-second bins, allowing the oscillations to be seen.

This is for visualization only. The data are not binned in the analysis, aveidingpreblemsstemming

After extracting the frequency and phase from a single run, the process is repeated. Typically,
approximately 1000 cycles are simulated and then-& histogramy of the frequency and phase values
i generated. The histograms are then fit by a Gaussian, with the centroid being compared to the
input values. An example of the frequency histogram is given in Figure 13. Note that the mean

value is 2.7 & juHz, to be compared with the input value of 2.9uHz.

4.2 Use of Simulation for Optimizing Free Parameters

The example histogram in Figure 13 utilizes the proposed set of research and development param-

eters, such as cell loss rate, polarization of both the *He and the neutrong etc.
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Figure 13: Histogram of the frequency shift due an input nEDM of 6 x 10~2%¢ cm.

Using the same set of parameters but varying the length of a single run, we can see how the final

sensitivity depends upon the measurement time. Figure 14 shows the uncertainty in one run for a
given length of measurement cycle. Combining this with the total number of runs gives a measure
of the total uncertainty for the experiment, thus enabling an optimizing choice of the length of the
run.

This work has been helpful in optimizing certain free parameters, such as the runtime. It will
also provide a nice check of the data analysis method well before any “real” data arrives. Any flaws

in the analysis method will be worked out with the simulated data.

5 Conclusion

The search for the Neutron Electric Dipole Moment has been one of the longest standing continuous
measurements of modern nuclear physics. Over the past 50 years, experiments have pushed down
the upper limit over six orders of magnitude. It has become one of the leading tests of physics

beyond the Standard Model and will continue to place strict restrictions of new theories.
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Figure 14: Demonstration of how the uncertainty varies with the length of a single run.

The use of simulated data to determine the overall sensitivity of the experiment has been of
great use to the collaboration. It has helped to guide research and development efforts to focus
on areas which will provide greatest impact to the sensitivity. It has also been used to optimize

certain free parameters, such as the measurement time.
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