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Abstract
A partial screening of nucleon electric dipole moments (EDMs) in nuclear systems, which is
related to the Schiff mechanism known for neutral atomic systems, is discussed. It is shown that

the direct contribution from the neutron EDM to the deuteron EDM is partially screened by about

1% in a zero-range approximation calculation.
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I. INTRODUCTION

The possible observation of permanent electric dipole moments (EDMs), which violate
both time-reversal invariance and parity [1], can be important evidence of physics beyond the
Standard Model, and EDMs have been the subject of intense experimental and theoretical
investigations for more than 50 years (see, for example, recent reviews [2-5] and references
therein).

The Schiff theorem (see [6] and its extensions [7-11]) states that in a neutral system of
non-relativistic point-like particles with Coulomb interactions, the particles’ intrinsic electric
dipole moments are completely screened. As a consequence, in a neutral atomic system the
nuclear EDM is screened and only the residual EDM of the nucleus after screening, known
as the nuclear Schiff moment, can be observed. Though the measurement of the nuclear
EDM without electrons would have less uncertainty from a theoretical point of view, the
acceleration of the charged nucleus in an electric field made this approach impractical and
most EDM searches have focused on neutral systems. However, with the recent advance in
using the fine-tuned momentum technique in storage rings, direct measurements of nuclear
EDMs will be feasible in the near future [12-15].

The value of the nuclear EDM can be defined (see, for example [16, 17] and references

therein) as
d'= (JJ| Dyl J), (1)

where |JJ) is a nuclear state with total spin J and its projection also equal to J. The EDM
operator ﬁTP contains direct contributions from the intrinsic nucleon EDMs,
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and contributions from the nuclear EDM polarization operator,
~pol
D%;o = ZQﬂ“u (3)

which describes the polarization of the nucleus due to time reversal invariance violating
(TRIV) potentials. Here, d,, and d, are the neutron and proton EDMs, and @); and r;
are the charge and position of the i-th nucleon in center-of-mass coordinates. A non-zero

nuclear EDM results in an energy shift of the system in an external electric field. Usually,



contributions from the polarization operator are larger then contributions from the intrinsic
nucleon EDMs, however both contributions are important.

In this paper we show that a partial screening of intrinsic EDMs, similar to the one con-
sidered in the Schiff theorem, can occur in a charged system of particles which also interact
by strong interactions. The origin of this effect lies in the interactions of the individual
EDMs with the electric field created by the charged particles in the system. While there
has been recent work to calculate the EDMs of light nuclei [16-22], this effect has not been
considered. A one-photon exchange contribution to the nucleon-nucleon potential in which
one of the vertices is the nucleon EDM was derived in an effective field theory framework
in Ref. [23], but its effects have not been explicitly considered in subsequent calculations.
We will estimate the magnitude of this screening in the simple case of deuterons, using
first a zero-range approximation, and then a square well potential. Finally, we discuss the

generalization to the case of larger nuclei, where this screening effect also exists.

II. SCHIFF THEOREM

For completeness we present a short proof of the Schiff theorem that applies to neutral
systems, and can be adapted to charged systems (see [11] for an example of the Schiff
theorem applied to ions). The total Hamiltonian of non-relativistic particles in a constant

electric E field, interacting through electrostatic forces can be written as:

H=T+ Vo c+Vop+ V' + VS (4)
where
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and J; is the intrinsic EDM of the i-th particle.
We consider the unperturbed Hamiltonian (which is different from the Hamiltonian in

Ref. [6], but analogous to the approach of Ref. [9])

Hy=T+ Vo_c, (10)
assuming that the energy levels of the unperturbed system are known,

Hyln) = E,|n). (11)

To demonstrate the screening effect, we calculate the energy shift AFE, due to the potential

V =Ve_p + VE* + V5 that is linear in both the external field and the intrinsic EDMs,
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We refer to the first term on the right-hand side of Eq. (12) as the direct term, and to the

remaining terms as the indirect one. Introducing the displacement operator (note that here

all particles are charged)

A= Z v , (13)
~"Q
which commutes with 7" and satisfies the following operator identities,
[A, Ve—c] =Ve-p, (14)
[A’ Vce‘Xt] :VBXt’ (15)

one can re-write the indirect term as
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This term exactly cancels the direct contribution and thus proves Schiff’s theorem. Note
that the potential Vo_p, which describes the interactions of intrinsic particle EDMs with
the electric fields from other particles, is essential for the proof of the cancellation.

To estimate the possible cancellation of nucleon EDMs in nuclei we apply a similar for-
malism. However, in this case one has to take into account some additional features: (a) the
neutrality of some of the constituents (neutrons), (b) the acceleration of the whole charged
system (nucleus) in the external electric field; and (c) the presence of strong nucleon-nucleon
interactions. Unfortunately, strong interactions cannot be treated analytically by introduc-
ing an explicit strong interaction potential into Eqs. (4) and (11). Therefore, the energy
shift of Eq. (12) has to be calculated numerically for each particular nucleus. In this paper
we consider the deuteron, which is the simplest system proposed for nuclear EDM measure-
ments in storage rings [12-15]. In future work, we plan to further investigate the screening
of EDMs in heavier nuclei, which would be required for precision calculations of nuclear

EDMs.

III. DEUTERON

The deuteron Hamiltonian in an external constant electric field can be written as

2
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where d:, and d, are the proton and neutron EDMs. V(Z,, Gp, Tn, Gy) is the strong two-
body potential that binds the nucleons. Here we do not consider TRIV nucleon-nucleon
interactions because their contribution to the screening effect is of higher order in perturba-

tion theory, and we find screening already without these interactions. After separating the

motion of the center-of-mass X by changing coordinate variables,

MpXyp + My Ty

X = P =3, — T, 18
my+m, A (18)
we obtain the Hamiltonian
pg{ p72“ - - - = 1 — — eEm, , = - - —
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where M = m, + m,, = 2my is the total mass and u = mym,/(m, + m,) ~ my/2 is the

reduced mass, while my denotes the average nucleon mass. The center-of-mass motion is



described by

2
szg—j\)}—eX-E, (20)
and the remainder describes the relevant physics,
2
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To estimate the magnitude of the screening we consider the deuteron in the zero-range
approximation. This model was first applied to deuteron EDM calculations in Ref. [24].
In this simplistic model the deuteron is described by the S-wave component of its wave

function, which is taken as

va(F) = Ro(r)Yy(7)

ke (22)
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Here, kK = /myFEp is the deuteron binding momentum, with the deuteron binding energy

Ep = 2.23MeV. Since V" and V&', carry orbital angular momentum of 1, intermediate
states in Eq. (12) must be L = 1 components of scattering states. The zero-range potential
does not affect L = 1 states, and we can use the L = 1 components of plane waves, which

are
1
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Thus, using these wave functions, the matrix elements (07|1, k) and (01511, k) contributing
to the second-order contribution in Eq. (12) can be calculated analytically.
The angular parts of the coordinate space integrals can be performed using the orthog-

onality of the spherical harmonics. The radial parts of the resulting matrix elements are

given by
L(k) = / dr " S— ji (kr), (24)
r
with n = 3 and n = 0, respectively, resulting in
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Using these expressions as well as
K2 k2
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the second-order energy shift AF, is given by!
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Therefore, in the deuteron the direct contribution from the neutron EDM is partially
screened by about 1%. This is consistent with the power counting estimate that can be
made from Ref. [23], in which TV potentials based on one-photon exchange as well as on
one-pion exchange are derived. Comparing the spin-isospin structure of the two potentials
and using the result for the one-pion-exchange contribution to the deuteron EDM derived in
Ref. [25], one can estimate the effect considered here to be about 1%. Because the neutron is
not charged, there is no corresponding screening of the proton EDM. As seen from Eq. (28),
the value of the screening would be reduced if the deuteron were more deeply bound. Strictly
speaking, however, the zero-range approximation rests on the fact that the deuteron binding
energy is small, and we cannot extrapolate to a deeply bound system. The power counting
estimate would also not be appropriate for heavier systems in which the typical nucleon
momenta are too large for the application of the EFT framework of Ref. [23].

To estimate the uncertainty of these calculations, we include effective range effects in the

~1/2

deuteron wave function of Eq. (22) by multiplying it by a factor of (1 — kp,)~/%, where

py ~ 1.76 fm is the 39 effective range. The second-order energy shift increases to
ABy~0.021d, - E | (29)

which is comparable with the zero-range approximation result of Eq. (28).
To study how deviations from the zero-range potential can affect the size of the screening,

we consider a square well potential as a model of the deuteron,

Vo, 7 <
vim =4 T (30)
07 r Z To ,

I We thank J. de Vries, C. Hanhart, A. Nogga, and A. Wirzba for pointing out a numerical error in our

calculation.



with the parameters tuned to reproduce the deuteron binding energy Ep = 2.23 MeV. In

this model the deuteron radial wave function is

Nijo(K'r) , <o

Ry(r) = L (31)
Ngem, , r>7T9,
where
2 k,/2
Ey=-Ep=——, Vo—Ey=—. (32)
my my

Continuity of Ry(r) and its derivative at r = rq requires the relation
K cotk'rg = —k . (33)

For a given 7y, we fix Vj to be the smallest positive energy that satisfies Eq. (33).2 The nor-
malization coefficients V; o are also fixed numerically so that the wave function is continuous
and normalized to 1.

The L =1 component of the scattering wave function is given by

1

Uy 2 (7) = Rup(r) > Y™ (k)Y7"(7)
" | (34)
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where k" = \/m . The scattering amplitude, f;, and the normalization constant,
Nj, are again found from continuity conditions. This solution is exact for a square well.

To determine the energy shift, we calculate the matrix elements I3 and I, as defined in
Eq. (24). The numerical results for the second-order energy shift AFE; for different values of
ro are given in Table I. As expected, the result converges to the zero-range value as ro — 0.
Despite the considerable rq dependence of AEs in the square well model, all values are within
the expected range given by the estimates of Egs. (28) and (29), and the screening is least

in the simplistic zero-range approximation. Therefore, there is no indication that this effect

can vanish in an improved treatment of deuteron and P-wave scattering wave functions.

2 There are infinitely many solutions to Vp in this equation, but other solutions correspond to deeper

potentials with an excited state with binding energy Ep.



TABLE I: The second-order energy shift, AFs, for selected values of rg. The second column is the

analytic zero-range result.

ro (fm) 0 [01]05]10 15|20

AE, (d,, - E){0.013]0.013]0.014|0.015|0.017(0.018

IV. DISCUSSION

The above results show the existence of a Schiff-type screening of the neutron EDM
contribution to the deuteron EDM. In the zero-range approximation, this contribution is
reduced by roughly 1%. The size of the effect is at least in part due to the fact that
the deuteron binding energy is very small. Within this approximation, the second-order
energy shift AF, is proportional to E;/ 2; an increase in the binding energy may reduce the
screening. However, the applicability of the zero-range approximation relies on the smallness
of the binding energy.

For heavier nuclei, one must also consider the screening of proton EDM contributions due
to electric fields from other protons. Our Eq. (12) applies for any nucleus, and the terms
in parentheses give the size of the screening effect in general. V_p contains both proton
and neutron EDMs, and in general they can both be screened; for the deuteron the proton
EDM is not screened because there are no other charged particles. In the case of heavier
nuclei, the strong NN potential cannot be modeled in a simple form and solved analytically.
For an accurate answer, a numerical treatment for a given nucleus is required. However, we
do find a scaling argument for the size of screening for heavier nuclei. The isovector nature
of V& and Vio_p suggests that the intermediate states in Eq. (12) would be dominated by
the giant dipole resonance [26, 27|. We considered a toy model for the dipole resonance,
where proton and neutron distributions are each treated as uniform spheres, and the relative
coordinate between the centers of the distributions undergoes harmonic oscillator motion.
Scalings for the potentials in Eq. (12), the resonance frequency, and the nuclear radius are
all known, and we find the second-order energy shift AF, to scale as A%3. This suggests
that the screening effect would grow for larger nuclei, and that it should be considered in

future calculations of nuclear EDMs.
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