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A New Search for the Neutron Electric Dipole M oment

Summary

The possible existence of anonzero electric dipole moment of the neutron is of great
fundamental interest initself and directly impacts our understanding of the nature of
electro-weak and strong interactions. The experimental search for this moment has the
potential to reveal new sources of T and CP violation and to challenge cal cul ations that
propose extensions to the Standard Model. 1n addition, the small value for the neutron
EDM continues to raise the issue of why the strength of the CP violating termsin the
strong Lagrangian are so small. Thisresult seems to suggest the existence of a new
fundamental symmetry that blocks the strong CP violating processes.

The goal of the current experiment isto significantly improve the measurement
sensitivity to the neutron EDM over what is reported in the literature. The experiment
has the potential:

a) to measure the magnitude of the neutron EDM; or

b) to lower the current experimental limit by one to two orders of magnitude.
Achieving these objectives will have magjor impact on our understanding of the physics of
both weak and strong interactions.

The experiment is based on the magnetic resonance technique of rotating a magnetic
dipole moment in amagnetic field. We describe in this report a new method to make a
precision measurement of the neutron precession frequency under the influence of an
electric field. The strategy isinnovative and unique. It features:

a) using adilute mixture of polarized 3He in superfluid 4He as aworking
medium for the very high electric field environment;
b) determining in situ the magnetic field experienced by the neutrons, using a

direct SQUID measurement of the precession frequency of the 3He magnetic
dipoles; and, finaly,

¢) making a comparison measurement of changesin the precession frequency,
under E field reversal, of the neutron and 3He components of the fluid, where

the neutral 3He atom does not have an EDM.
Additional innovative features include loading the neutron trap with UCNs through a

superfluid 4He phonon recoil process, introducing highly polarized 3He atoms into the
trap in order to align the trapped UCN spins, operating the trap at extremely cold
temperatures (~300 mK) to minimize UCN losses at the walls, and, finally, detecting the

n-3He precession frequency difference, independently of the SQUID detectors, by

viewing the induced 4He scintillation light with photomultipliers. The process of
validating these techniques and determining their l[imitsiswell started, but realization of
the experiment requires the resources requested here in order to fully exploit this new
approach. A two-year study of this measurement strategy has not revealed any fatal
problems.



This search for the neutron electric dipole moment is amajor technical challenge and
requires a research team with a broad base of technical knowledge and extensive research
experience. We have assembled a growing group of research physicists (currently over
30 physicists from fourteen institutions), who are committed to taking on this challenge.
Indeed, some are world expertsin their specialties. A number have experience with
previous EDM experiments. In addition, we anticipate that the fundamental and
innovative character of this physics research will attract outstanding postdoctoral
physicists and graduate students from the research institutions in the collaboration, and
will generate a set of significant thesis projects.

This project is challenging at both small and large scales. It requires, for example,
development of specia low noise SQUIDs, laser techniques to measure high electric

fields, and hardware to generate highly polarized 3He beams. It also requires operation
with very high electric fields and construction of large scale vacuum and cryogenic

systems capable of handling over 1500 L of superfluid 4He. Inthe UCN traps, we
require a?He purity with respect to 3He, that can be controlled at the level of one part in
1014,

The equipment to achieve all of thiswill require three years to manufacture, assemble
and commission aswell as $11M of construction funds that include 40% contingency,
institutional burden, and escalation. We regard this effort as aten year project for which
we are now in about the third year. The seed money (~$5M of salaries and equipment)
for preliminary design and initial validation tests of the experiment, has come from
discretionary funds at LANL. The development work, described throughout the pre-
proposal, has removed the most serious concerns of feasibility, and at its conclusion at
the end of FY’04, should remove the technical risks summarized in Appendix A. We are
now seeking DOE funds for construction of the full project in FY05-07. Though we will
seek support from other agencies at a future time as an offset of the burden on DOE, until
these funds are secure, we ask DOE for the full amount.

The physics goals of this experiment are timely and of unquestioned importance to
modern theories of electro-weak and strong interactions. The technique builds on 30
years of experience with neutron EDM experiments and seeks to improve the current
EDM limit by a factor of 50 t0100. The collaboration includes researchers with expertise
developed in previous neutron EDM searches and in the new technologies required for
this innovative technique. We request funds to construct this important and ambitious
project during the period FY05-FYQ7.



Chapter I. INTRODUCTION

Precision measurements of the properties of the neutron present an opportunity to search
for violations of fundamental symmetries and to make critical tests of the validity of the
Standard Model (SM) of Electro-Weak (EW) Interactions. These have been pursued with
great energy and interest since Chadwick [1] discovered the neutron in 1932. The
currently accepted values for the properties of the neutron, and related particles, from the
Particle Datagroup [2] arelisted in Tables|.A and I-B. In the past few years, the
development of more intense sources of cold and ultracold neutrons and the invention of
new trapping and detection techniques have sparked a new attack on these fundamental
measurements. Examples of these are the new measurement of the neutron lifetime being
developed with a“He based ultra-cold neutron (UCN) trap at the NIST reactor [3] and the
new proposed measurement of the neutron beta decay asymmetry parameter, A, using a
solid deuterium based UCN moderator at LANSCE [4].

In this proposal we discuss a new technique for searching for the electric dipole moment
(EDM) of the neutron which offers unprecedented sensitivity. It is based on the
traditional magnetic resonance technique in which a neutron’s magnetic dipole moment is
placed in a plane perpendicular to parallel magnetic and electric fields, By and Ep. It
will precess with a Larmor frequency, V p, (Hz),

hv,=2u,B, +2d,E,] , (1.1)

Here t, (dp) is the magnetic (electric) dipole moment of the neutron, (see Table I-B),
where Lnudear 1S the nuclear magneton.

Table I-A. Experimental limits on the EDM of fundamental particles, [2].

Particle Experimental EDM Value/ Limit (eldm)
Electron, e 0.18 +0.16 +0.10 x 10
Neutron, n <0.63x 10 °[90% C.L.]
Proton, p 3.7+63x107°
Lambda Hyperon, A <15x 10 °[95% C.L.]
Tau Neutrino, v, <52x10" [95% C.L]
Muon, i 3.7+34%x107"
Tau, 7 <31x10°[95% C.L]

The impact of the E field on the precession of the neutron is characterized by the first
moment of the neutron charge distribution, d,, its EDM. All experiments to date have
assigned a zero value to the neutron EDM.



Table1-B. Fundamental properties of the neutron, atomic *He, and superfluid “He, [2].

The Neutron
Intrinsic Spin, S 1/2h
Mass, mp, 939.565330 + 0.000038 MeV
1.00866491578 a.m.u.
Mean Life, 1, 886.7+1.9s
Magnetic Moment, -1.91304272 + 0.00000045 Lnuclear
Electric Dipole Moment, dp, <0.63x10 " [90% C.L.]
Electric Polarizability, ap, 0.98 +0.21 x 10~ fm’
Charge, q 04+11x10%e
Atomic *He
Intrinsic Nuclear Spin, S 1/2h
Mass, Mz 3.016030 am.u.
Mean Life, T3¢ stable
Magnetic Dipole Moment, (3o —2.12762486 Linuclear
Uspe/ Hn 1.11217
Electric Dipole Moment, ds}ye ~0
Superfluid ‘He
Density at 3.5°K 0.14 gm/cm®
Dielectric Constant, € 1.05 &g

Searches for the EDM of the neutron date back to a 1957 paper of Purcell and Ramsey [5].
This led to an experiment using a magnetic resonance technique at ORNL, where they
established a value of dy, =—0.1 + 2.4 x 10 eldm [6]. Using Bragg scattering, an
MIT/BNL experiment used neutron scattering from a CdS crystal to search for the neutron
EDM [7], and obtained avalue of d, =2.4 £3.9 x 10 eldm. Inthe intervening 30 years,
a series of measurements of increasing precision have culminated in the current best limit
of dy <0.63x 10" eldm [90% C.L.] obtained in measurements at the ILL reactor at
Grenoble [8]. Thus there has been an impressive reduction with time of the experimental
limit for d, asillustrated in Fig I-1 and reviewed in Chapter I11.



We describe here a new technique [9] that promises atwo order of magnitude
improvement over the ILL result [8]. An overview of this new technique is presented in
Section IV of thisproposal. A detailed and quantitative analysis of the method is
presented in Section V.
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Fig. I-1. Upper limits of neutron EDM plotted as a function of year of publication. The solid circles
correspond to neutron scattering experiments. The open squares represent in-flight magnetic
resonance measurements, and the solid squares signify UCN magnetic resonance experiments.

The physics motivation for these measurements has been widely discussed. A search for
anon-zero value of the neutron EDM isasearch for aviolation of T invariance. To date
there is only one measurement (a comparison of neutral K and K meson decay) in
which T violation has been seen directly [10]. The asymmetry in these ratesis found to
be 6.6 +1.3+1.0 x 10". Inthe EW sector, one has astrong prejudice that the combined
symmetry operation, CPT, isinvariant in all processes. However, examples have been
known for several decades where both P and C invariance are separately violated. Thus



observation of aviolation of T invariance through measurement of the neutron EDM
would be of fundamental significance.

The SM prediction for the neutron EDM, as characterized by the CKM matrix, is at the
10" edm level, below the reach of current measurements by six orders of magnitude
[11]. Although no violation of the SM has been observed (except perhaps for recent
measurements of the neutrino mass), there are many proposed models of the EW
interaction which are extensions beyond the SM and which raise the predicted value of
the neutron EDM by up to seven orders of magnitude (see Chapter I1). Some of these
are already excluded by the current limit on the neutron EDM. The proposed
experiment has the potential to reduce the acceptable range for predictions by two orders
of magnitude and to provide a significant challenge to these extensions to the SM.
Conversdly, if anew source of CP violation is present in nature, beyond the CKM
matrix description in the SM, and which is relevant to this hadron system, this
experiment offers an intriguing opportunity to measure a non-zero value of the neutron
EDM.

Our understanding of the origins of baryogenesis provides one reason for thinking that
other sources of CP violation might exist beyond that found in the K-Kbar and B-Bbar
systems. In the Big Bang one expects the generation of equal populations of particles and
anti-particles. Current experimental observations yield the predominately particle
universe and we have no mechanism that would push the anti-particle universe away to a
different region of space. Thusit istempting to assume that in some unknown reaction
process, occurring early in the life of the universe and involving CP violation, the anti-
particles were largely consumed. The required character of this unknown process has
been analyzed by Sakharov [12] as discussed in Chapter 1. Recent cal culations suggest
that the strength of the CP-violating mechanism required to produce the observed baryon
asymmetry, would have to be much stronger than that required to explain the &
measurements in theKK system [13]. This observation provides a hint that the SM
calculation may not be complete and invites investigation of extensionsto the SM. Thus
predictions that the EDM of the neutron may be larger than the predictions in the SM
need to be taken seriously.

The current experimental limits on the EDM of other fundamental particles, are
compared with the neutron in Table I-A. We believe the EDM of the neutron and the
electron provide the most sensitive tests of the SM. In theories of the weak interaction,
the EDM of the electron is zero in first order. There have been a number of precision
measurements of the EDM of paramagnetic atomic systems, from which limits for the
EDM of the electron can be inferred. For example, the measurementsin Tl by Commins
et al [14] suggest a value of 0.18 + 0.12 + 0.10 x 10° el@m. This experimental limit is
about 13 orders of magnitude above the SM predictions. The electron EDM is discussed
further in Chapter I1.



Thus a neutron EDM measurement, with two orders of magnitude improvement over the
current experimental limits, presents an excellent opportunity to challenge the extensions
beyond the SM and to search for new physicsin the CP sector. It also provides an
opportunity to search for T violation in non-strange systems. A review of the physics
implications of neutron EDM measurements is presented in Section |1 followed by a
discussion of previous EDM measurementsin Section I11. After a description of the
proposed technique in Sections |V and V, we discuss the collaboration, schedule, and
costs associated with this project in Chapters VI and VII. Some outstanding technical
issues are discussed in Appendix A.
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models. The models allow for effects that might be observed in avariety of experiments
including the new searches for d, and de, B-meson decay, transverse polarization of
muonsin K3 decay; decays of hyperons; decays of rleptons,; and CP violation in
charmed hadron decays.

If the origin of CP violation is essentially correctly described in the SM throughdckm ,
large characteristic CP asymmetries are predicted for B-decay [2]. Recent results from
the Belle and BaBar collaborations present compelling evidence for CP violation in the
neutral B meson system roughly consistent with these expectations [17a]. However, the
large, CP violating effectsin B decay arising in the SM could be obscuring signals of
New Physics that would be manifest otherwise in these decays. In this case, the fact that
CP violation arising from the CKM matrix is very small in dy, leaves open the possibility
that measurable effects will be found in d,, even if further analysis finds no deviation
from the SM in B decays.

More generally, models of New Physics contain sources of CP violation that affect both
flavor-changing and flavor-conserving sectors with arelative weighting characteristic of
the model. Correlations between flavor-changing and flavor-non-changing observables
(such as between B decay and EDMs) can provide important clues to distinguish among
competing theories. Of course, if no CP asymmetries had been found in B decays on a
measurable level, we would know immediately that the CKM ansatz is not a significant
factor in neutral kaon decays and that physics beyond the SM drives these reactions.
Here again, measurement of d, would narrow the possible sources of New Physics.

C. CPViolation and the Baryon Asymmetry of the Universe (BAU)

One of the great puzzles of physicsisthe fact that the Universe contains any matter at all.
The naive expectation is rather that matter and antimatter in the universe should balance
out, i.e. that the baryon asymmetry Ang_ /(ng, +n=z), whereAng, =ng, —n— is the
difference in the abundances of baryons and antibaryons, should have vanished in the
creation of the Universe.

The baryon asymmetry can be quantified in terms of estimates of the number of baryons
in the Universe today, Ng, |, » and the number of photons in the cosmic background
n,. One observes that the ratio ry, =Ny, by /N, is just a few 107, i.e.é that the
Universe is strikingly dilute, containing just a single baryon for every 10 or so photons.



Of course, ng, changesover time. During an earlier epoch, when the temperature was
above the threshold for production of nucleons and anti-nucleons (T ~ 10°K ), both
species were plentiful and were in thermal equilibrium with the photons. At thistime,
Ang, = Ngy |ogey» @ N, + N5z L0, (N, isroughly constant intime) [18]. The baryon
asymmetry at this earlier epoch is therefore approximately equal to the value of ry,,,

An -
—Ser o = ~few10 . (11.4)
Ngy + N

ar Bar

The basic question is: how could this BAU result from physical processes happening
since the birth of the Universein the Big Bang some 1y ~ 10" years ago?

In aseminal paper, A. Sakharov [19] raised the definite possibility of calculating the
BAU from basic principles. Heidentified three criteriathat, if satisfied simultaneoudly,
will lead to a baryon asymmetry: (1) reactions that change baryon number have to occur;
(2) these reactions must be CP violating; and (3) they must occur in non-equilibrium
processes. Attempts to understand the BAU from this point of view has focused on two
distinct eras of Big Bang evolution. One, the era of grand unified theory (GUT)
baryogenesis, occurred when the temperature of the Universewas T =107K |
corresponding to the mass My =10 GeV expected of a GUT gauge particle. The other,
the era of electroweak baryogenesis, correspondsto T =10"K or energies of about 100
GeV comparable to the mass of a W or Z gauge boson. For us, the important point is that
a quantitative characterization of CP violation is an essential element for achieving an
understanding of r,, aong the lines suggested by Sakharov.

Electroweak baryogenesis[20] is currently one of the most actively pursued scenarios
since electroweak dynamicsisfairly well understood. Shaposhnikov [21] has analyzed
thisin the SM. Inthe SM and other non-Abelian gauge theories there exist multiple and
topologically distinct vacuum states distinguished by their baryon number B (and lepton
number L). Although baryon current conservation strictly forbids transitions among
states of different B at the classical level, one finds quantum mechanically that the
divergence of the baryon current is subject to triangle anomalies that signify symmetries
broken at a quantum mechanical level but conserved classically. Thus, B-violating
transitions are no longer forbidden, and the corresponding probability may be expressed
in terms of instanton-like gauge field configurations [22], sometimes called sphalerons.
This probability is extremely small for T =0 asin the Universe today (the proton
lifetime 7, (> 10™ yr.) >>1y); however, when T > 107K , sphalerons are easily excited,

10



in which case anomalous B violation may be extremely rapid [23]. Inthisway thefirst
Sakharov condition is satisfied in the SM. The second Sakharov condition is satisfied in
the SM through the explicit CP violation present in the CKM matrix. Finaly, if
conditions of supercooling prevail at el ectroweak-scal e temperatures, then the third
Sakharov condition would be satisfied in the first-order transition, occurring as dropl ets
of the broken phase began to nucleate out. Supercooling refers to the situation where the
universe cools (through expansion) beyond the point at which a phase change would
aready have occurred under equilibrium conditions.

However, Shaposhnikov [21] was unable to describe r,, quantitatively in the SM. The
SM has two shortcomings. First, the SM does not supply enough CP violation.

Secondly, it is now believed that a single Higgs doublet as incorporated into the SM
would not support afirst-order electroweak phase transition. Thisis because asingle
Higgs doublet with mass, M, greater than 70 GeV is known, from Lattice Gauge
calculations [24], to be insufficient for supercooling and because L EP measurements
suggest that M,, exceeds 100 GeV. Clearly, some physics beyond the SM, including new
sources of CP violation that may lead to a measurable value for d,, , must exist if the
observed BAU isto be understood.

One such source might be found in the minimal supersymmetric extension of the SM
(MSSM). It has been shown recently [25] that small values of the CP violating phases
(consistent with constraints from d,, ) can provide values of r,, comparable to the
empirical value givenin Eq. (11.1).

Another such source could be GUT physics. It isgenerally believed that GUT physics
would easily satisfy the three Sakharov conditions, with baryon number being generated
in most GUTs through C- and CP-violating asymmetries in the decays of particles of
masses near My. However, the following concerns have been raised about GUT
baryogenesis[23,26]. Thefirst problem isthat the physicsinvolved, isnot likely to be
directly testable in the foreseeable future. The second is the erasure of symmetry,
meaning that the thermal sphal eron-mediated B-changing reactions discussed in
connection with baryogenesis during the el ectroweak era, would be capable of undoing
any B + L production having arisen prior to or during Grand Unification.

However, thereis yet another possibility for generating BAU. If at some temperature,
well above the electroweak phase transition, an excess of leptons over anti-leptonsis
generated, sphaleron mediated processes, which conserve B — L, can communicate this
asymmetry to the baryon sector [27]. The simplest way this can berealized is by adding

11



