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It is shown that in the experiments for search of EDM of an electron (atom,
molecule) the T-odd magnetic moment induced by an electric field and the T-odd
electric dipole moment induced by a magnetic field will be also measured. It is

discussed how to distinguish these contributions.

PACS numbers: 32.80.Ys, 11.30.Er, 33.55.Ad

Nowadays there is an appreciable progress in development of methods for measurement
of ultra weak magnetic and electric fields. Therefore, new experiments for measurement of
an electric dipole moment(EDM) d of electrons [ll] are being prepared.

The EDM of a particle exists if parity (P) and time-reversal (T) invariance are violated.
Investigation of the EDM existence could provide knowledge about physics beyond the
Standard Model [1-4].

F.L.Shapiro’s idea [3] to measure the electron EDM by applying a strong electric field to
a substance that has an unpaired electron spin is being used for the EDM search [, 16].

The interaction Wy of the electron electric dipole moment d with an electric field E

depends on their orientation:

-

WE = —dE, (1)

where d = d%, J is the atom spin, d is the EDM.
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FIG. 1: Splitting of levels in an electric field

Spins of electrons (atoms) at low temperature appear to be polarized due to () similar to
the polarization (magnetization) of electrons by a magnetic field in paramagnetic substances

due to the interaction Wy of an electron (atom) magnetic moment ji with a magnetic field

—

B
WB = —ﬁé (2)

Spins of electrons (atoms) polarized by an electric field induce the magnetic field Bg (Fig.2)

and change in the magnetic flux ® at the surface of a flat sheet of material [1]:

AD = Axy AdE™ [ g, (3)
Ad d
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where x is the magnetic susceptibility, x ~ ;ﬁ;;, p is the number density of spins of interest,
kp is Boltzmann’s constant and 7' is the sample temperature. In the cases where simple
Langevin paramagnetism is applicable, E* is the effective electric field at the location of
the spins, p, = gy/J(J + 1)up where up is the Bohr magneton, p, is the atomic or ionic

magnetic moment, g is the Lande factor and A is the sample area.
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FIG. 2: Spins of electrons (atoms) polarized by an electric field induce the magnetic field B and

change in the magnetic flux ® at the surface of a flat sheet of material



If an external magnetic field acts on either a para- or a ferromagnetic material, the spins
in the substance become polarized due to substance magnetization. Therefore, the electric
dipole moments appears polarized, too. This results in the induction of an electric field EB

(Fig.3) (see ref. D.DeMille in [1]):
Ep = dmpdP(B), ®

where P represents the degree that the spins are polarized in the sample.
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According to the analysis [1], modern methods for measurement of Br and Ep provide
sensitivity for electric dipole moment measurement about 10732 ¢ ¢m and in some cases even
1073 e em.

It is important to pay attention to another mechanism of time-reversal violating gener-
ation of magnetic and electric fields, which have been discussed in [7]. According to the
idea of [7], an induced magnetic moment f(E) (and, as a result, a magnetic field (Fig.4))
of a particle appears due to the action of a field E under conditions of violation of P- and
T-invariance (and similar, an induced electric dipole moment dp (an electric field Fig.5)
of a particle appears due to the action of a field é) This new effect does not depend on
temperature. An effect magnitude is determined by a P-odd T-odd tensor polarizability 5%
of a particle (atom, molecule, nucleus, neutron, electron and so on). For an atom (molecule),

1 arises due to P- and T-odd interaction of electrons with a nucleus. For the stationary

state of an atom (molecule) |Ny) the tensor 3}, is as follows:

Noldi| F) (F|fig| No) + (No|fus| F) (F|dy| N
BiT:Z< oldi|F) ( |Mk|E;>—éN:|M| ) (Fldy] 0>’ (©)

F

where |F') is the wave function of a stationary state of the atom, considering T-odd interac-

o~

tion V.I', Ep and El, are the energies of the atom (molecule) stationary states, 7 and ﬁ are



the operators of electric dipole moment and magnetic moment, respectively and i, k = 1,2, 3
correspond to the axes x,y, z
Let us place an atom (molecule) into an electric field E. The induced magnetic dipole

moment i(E) appears in this case [] :
1i(E) = Bl By, (7)

The tensor 3}, (like any tensor of rank two) can be expanded into scalar, symmetric and
antisymmetric parts.

The antisymmetric part of the tensor 5% is proportional to e;.J;, where ey is the totally
antisymmetric tensor of rank three. The symmetric part of the tensor % is proportional to

the tensor of quadrupolarization Q;; = [Jid) + Jid) — 2J(J + 1)di]. As a result

2] 1)
o = B3 0k + By €y + B Qi (8)

where ST, BT BT are the scalar, vector and tensor P-, T-odd polarizabilities of the particle,
respectively. For a substance with the nonpolarized spins Sp p(J)f: 0 and Sp p(J)Qi =0
(here p(J) is the atom (molecule) spin density matrix). As a result for such a substance, 3}
appears to be a scalar 3}, = d;.37.
Placement of a nonpolarized atom (molecule, nucleus) into an electric field induces the
magnetic dipole moment fif:
ji(E) = B/E, (9)

T _ (Nold:|F) (F|i: |No)+(Nolpi: |F) (F|d:| No)
where i = > ZEF_ENO -

, JZ and i, are the z components of the
operators of the electric dipole moment and magnetic moment, respectively, axis z is parallel
to the electric field E. It should be emphasized that for strong fields (when the distance
between atom (molecule) levels is comparable with the energy of interaction with an electric
E (magnetic B) field) 5T depends on E (B).

Weak interaction is much weaker than strong and electromagnetic interactions. Therefore,

to find the wave function |F'), the perturbation theory can be applied:

=) +Z

”'VT'f Jiny = 1) + 30 In), (10)

where |f) is the wave function of an atom in the absence of weak interactions and the

mixing ratio is 7, = % It should be mentioned that for theoretical analysis of 37
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in a substance it is necessary to find a wave function of an excited state of an atom in the
substance which is difficult to do.

It follows from ({) that in a substance placed into electric field the magnetic field is
induced [1]:

Bird — anppTE*. (11)

Vice versa, if an atom (molecule, nucleus) is placed into a magnetic field, the induced electric
dipole moment d(B) appears [],
d;(B) = Xix B (12)

where the tensor polarizability x7% is x4 = SL. The dipole moment d(B) leads to the
induction of an electric field in the substance: Eid(B) = 47pSL B;,where B* is the local
magnetic field, acting on the considered particle in the substance.

If an atom is found in a point with the cubic symmetry (or in a liquid), then (Q;) =
Spp(J)Qir = 0 and <?> = Spp(J)? I B”. As a result the terms including BT and BT turn
to zero (e (i) By = e B Bj; = 0).

As a consequence, in this case

Eznd(B) = 4WPBT§*; (13)

S



FIG. 5:

Hence, analyzing the results of the experiment proposed in [H], one should consider that the
appearance of the induced magnetic and electric fields is caused by:

1. A magnetic field is induced due to interaction of the electric dipole moment of an atom
with an external electric field H, B] (see (B),HD)

2. A magnetic field is induced due to mechanism [H] (see ()

3. A magnetic field appears as a result of polarization (magnetization) of atom magnetic
moments by the local induced magnetic field Bioe due to interaction W of the magnetic

dipole moment of an atom with this field
W = —fi,Bioc. (14)

The local field Eloc is the sum of two contributions:

—

Eloc — EE loc + Bind (15)

loc »

where the field EE loc 1s the local magnetic field acting on an atom from the polarized (by
mechanism [1,5], see (3),(4)) magnetic moments of the other atoms of the sample. This
field depends on temperature and its contribution could be neglected for those temperature
values, which provide y < 1. But for temperature 7" < 1K the susceptibility x ~ % becomes
comparable with 1 and higher, and the energy of interaction of two magnetic dipoles for
neighbour atoms occurs of order of kg1 and greater. Thus, in this case, the collective
effects, well-known in the theory of phase transition in magnetism, should be taken into

account while considering magnetization by an electric field.



The field B{"d = Bind 4+ Bird does not depend on temperature.

The field Bi"d = T, E* is the local magnetic field produced in the point of the con-
sidered atom location by the magnetic moments of atoms of the substance (except for the
considered atom) induced by the aid of mechanism [1] (see (6),(8)); xT . ~ pBL is the
local P-,T-odd susceptibility of the substance In general case x7 ,,, is a tensor, but if atom
surrounding posseses cubic symmetry, then the principle contribution to this tensor is made
by its scalar part (x7,,. depends on the substance density and sample shape: for sphere
X1 toc = 5 pBY; for cylinder X7, = 4mpf] ).

The field Eé"ldoc is the self-induced magnetic field of the considered atom. The magnetic

moment (T-odd current) of the atom induced by an electric field acting on the atom due to

mechanism [7,8] causes appearance of the magnetic field inside the atom:

HE(7) = rot AL(7) (16)

— ST (=
with the vector potential AL(7) =1 [ ‘Jf_(;))| d®r’, jL(7) is the T-odd part of the transition
current density operator for an atom (molecule) placed in an electric field [? | (it is calculated
by the use of wavefunctions (10)). The magnetic interaction Hamiltonian of an atom with

the field A% can be expressed as [d]:
Ty L N
Wa tor = =5 [ GOAT () + AT(@)](7)d'r, (17)

where 7(7) is the atom transition current density operator calculated with the atom wave-
function without consideration of P-/T-odd interactions, j(7) = ¢ rotji(7) and ji(F) is the
operator of the atom magnetic moment density. If the atom is found in a point with the
cubic symmetry (or in a liquid) then we may omit contributions from atom multipoles.

In this case the above expression can be written as:
*
W3 10e = _ﬁaﬁ'md = _X’gﬁaﬁloca (18)

where i, = /La% and x7I, is the T-odd atom susceptibility, which does not depend on the
substance density and sample shape, xZ, ~ 8T (here a is the typical radius of distribution
density of the magnetic moment induced by an electric field in the atom [7]).

As a result one obtains:

.
nd __

loc — (X’{ loe T XZ;)EZ*OC = X’ll;c(subst)E;(om (19)

X’ll;c(subst) = X’{ loe T X;ZL;' (20)



The interaction [ of the magnetic moment of an atom with the induced magnetic field
causes the appearance of the magnetic field due to different population of magnetic levels of

the atom in the field éloc in thermal equilibrium

—

2
Bl = dnx By ~ dmxBind = 47 Lle

loc 3]€BT

le;c(subst)E*i (21)

the field Bioe = Bp 10c + Bi™, but By 1. contribution could be neglected for those temper-
ature values, which provide x < 1, and it is omitted here.

Therefore, the flux A®, which is going to be measured in the experiment proposed in H]
should be written as:

d \
A® = ABy = 47rA(Xlu— + 0BT+ XXoe(supsty)) E* =

a

d+ paX?, .
= AT Al (——% + X7 1,0) + pBY|E, (22)
= d+ paX, .
Bp = 4dn[x(—2% +xT 1) + pBY1E, (23)

[

2
where y = %ﬂf.

W

superconductive shield

-
G0 ELDDINY

FIG. 6: The magnetic field that is observed in an experiment is the sum of magnetic fields produced
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by the polarized spins of particles and induced by the external electric field (~ £7)

It should be noted that the quantity d + ju,xZ, is the electric dipole moment of an atom
available for measurement in conventional EDM experiments studying atom (molecule) spin
precession in an external electric field. It is well known that the atom EDM is arisen from

several mechanisms: the contribution proportional to d., the contribution due to T-,P-odd



interaction of atom electrons with nuclear nucleons (dependent and independent on nuclear
spin) [§] (d also contains contribution ~ ST induced according to (Z) by the magnetic
field ~ L4, which is produced inside the paramagnetic atom by its electrons).

According to (IBEZ) there is one more addition to the EDM ~ p,x7..

Note that the contribution to the atom EDM proportional to the nucleus spin I is equal
to zero if the sample temperature is high ((I) = 0 at high temperatures).

Let us consider now the experiment to detect the electric dipole moment of the electron

by means of measurement of the electric field [1l] (see (B)). In this case we also should take

into consideration the effect [1] of EDM induction by the magnetic field (2.

d=0 BAE i m E
B
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FIG. T
Thus, the electric field measured in the experiment [H] is as follows (see (9),(10), Fig.7):
Ep = dmp(duP(B) + 57 BY), (1)

d, is the atom EDM containing contribution ~ ﬁ?‘;—g induced according to ([Z) by the
magnetic field ~ £¢, which is produced inside the paramagnetic atom by its electrons.

So, measurement of A® and Ep provides knowledge about the atom EDM and 7.
To distinguish these contributions one should consider the fact that y and P(B) depend on
temperature, while 87 does not. Therefore, studying Br and Eg dependence on temperature
allows one to evaluate contributions from the EDM and 3! to the measured effect.

It should be particularly emphasized that A® and Ep differs from zero even when the
electron EDM d, is equal to zero.

It should be also emphasized that the polarizability 57 differs from zero even for atoms

with the zero spin, for which EDM is absent. In this case (as well as for high temperatures
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when the average atom spin <f> = 0) only the effect [7], described by the terms (23124,
proportional to 37, contributes to the induced electric and magnetic fields. If the substance
consists of several types of atoms, then their contribution to the induced field is expressed

as a sum of contributions from different atoms:
EE = 4ﬂp20n57{sﬁ;,53 = 47rchnﬁ,:fsB’;‘l, (25)

where ¢, is the concentration of atoms of the type n, E; and E;; are the local fields acting
on atoms of the type n.

Now let us consider what information about constants of T-,P-odd interaction of an
electron with a nucleus can be obtained from studying the effect [1] of time-reversal violating
generation of fields Ep and Bp (describing by ([£3)).

According to [[1] we can expect a magnetic induction sensitivity about 3 x 1071 G/\/H—z
In ten days of averaging the sensitivity is ~ 107'® G. This leads to the sensitivity for d,
measurement of about 1072 e em [1].

Such sensitivity of magnetic induction measurement provides for polarizability 5 mea-
surement the sensitivity 37 = % ~ 107" cm?® (it is supposed that p ~ 2 + 3 - 10*? and
E* ~ 10 %, for example, for liquid and solid Xe p & 2 - 10%2).

Let us consider now the possibilities given by the experiment studying the electric field,
which is induced by a magnetic field [7] for measurement of the polarizability 37. Analysis
[1] shows that existing methods of the electric field measurement allow to measure electric
fields E ~ 1071 +107 X ~ 3-107 ' +3.10"'" CGSE in ten days operation. Therefore, for

BT = 45513 we can get the estimation 7 ~ 10743 +10"% cm? (p ~ 2-10%%, B =~ 10* +5-10?

Gauss).

The obtained evaluation for 87 (7 ~ 1073 + 107*° cm?) and the expressions (BYIT)
allow us to evaluate the mixing ratio nl - Recall that conventional T-,P-even polarizability
of an atom can be expressed similar (B)) with replacement of the matrix element p by the

matrix element d (and 7}, = 0). Therefore, we can estimate 3] ~ Bsany, where f; is the

1

137 is the fine structure constant

conventional T-,P-even polarizability of the atom, a =

and 77 is some average value for the coefficient of mixing of opposite parity levels 7. ;- The

estimation for 77 follows from the above: np ~ ﬂﬁTa ~ 10717+ 107" (the atom polarizability

is of the order 3, ~ 10~2* cm?, for example, for Xe according to [10] 8, = 2.7 - 10~ 2* cm?).

Two types of T-,P-odd interactions contribute to the constant of mixing of opposite parity
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levels 7} ;: the interaction of the electron EDM with the coulomb field of the nucleus and
the T-,P-odd interaction of the electron with the nucleus nucleons.

The spin-independent part of the T-,P-odd interaction of an electron with nucleons is
described by two constants [8]: ki, describes interaction with protons and ki, describes
interaction with neutrons. For example, calculation adduced in [§] for C's provides nr =
3.7 -10711(0.41kyp, + 0.59k1,), where the sum (0.41k1, + 0.59k1,) < 5 -10~%  Therefore,
for Cs nr < 107, The same limits for the sum %y, and ky, were obtained from EDM
measurements for 29 Xe 8] (0.4ky, + 0.6k1,,) S 1074

Let us note that in the experiment [2] planned to measure the EDM of C's atoms trapped
in optical lattices is expected to obtain sensitivity of Cs EDM measurement of about d¢gg &
3-1072% e¢- ¢m. This value of the atom EDM provides to improve estimation for 77 and to
get limits ny S 1071% and the sum of kip, k1, S5-107°°,

As it was shown above the experiments studying 87 provide for mixing coefficient the
value nr S 10717 = 1071, Therefore, these experiments give hope to reduce (three orders)
the estimations for the sum ky,, k1, (it is expected to be < 1077 =+ 1079). This value for
kip, kip is significantly lower than the limitation which could be obtained from the results
of measurements of atom dipole moment that have been done earlier (see, for example, [8])
and from the proposed experiment [2].

Let us consider now what limits for the electron EDM d, can be obtained from study
of the effect [1]. To estimate contribution from d, to polarizability B3I ~ B,anr let us use
connection of mixing coefficient 7% (caused by the electron EDM d.) with the atom EDM
d 4 induced by the electron EDM d.: ds ~ ean$ ~ Rd, [8], R is the atomic EDM enhanced
Rd,

factor. Therefore, ny ~ Using the mentioned estimations for 87 and 7% we obtain

de ~ ﬁ‘ﬁ%TR e-emie. de~102"+10% e-em (BT ~ 1078 =107 em3, R~ 10?2 =+ 5-10?).

Let us remind that the upper limit d, < 1.6 - 10727 e - em follows from the experiments with
Tl M].

Thus, experimental study of the effect [7] provides to get more (three or four orders) strict
limits for constants, which describe T-,P-odd interactions of an electron with nucleons and
for d.. Such improvement of estimations constrains theories beyond the Standard Model.
To study effect [7] one could use different atoms (molecules) and substances (for example,
ferroelectric crystals providing very high electric fields for heavy atoms) and this study

does not require target cooling to ultralow temperatures (1 K and lower). Spins of atoms
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(molecules) can be nonpolarized or atoms (molecules) can be spinless.

[1] S.K. Lamoreaux, LANL e-print arXive: nucl-ex/0109014v4 (2002).
[2] Cheng Chin, Veronique Leiber, Vladan Vuletic, Andrew J. Kerman, and Steven Chu Phys.Rev.
A 63, 033401 (2001).
[3] M.V. Romalis, W.C. Griffith, and E.N. Fortson, LANL e-print arXive: hep-ex/0012001v1
(2000).
[4] B.C. Regan, Eugene D. Commins, Cristian J. Schmidt and David DeMille, Phys.Rev. Lett 88,
n.071805-1 (2002).
[5] F.L. Shapiro, Sov. Phys. Usp. 11 (1968) 345.
[6] B.V. Vasil’ev and E.V. Kolycheva, Sov. Phys. JETP 47 (1978) 243.
[7] V.G. Baryshevsky LANL e-print arXive: hep-ph/9912270v2 (1999); hep-ph/9912438v3 (2000).
[8] Khriplovich 1.B. Parity Nonconservation in Atomic Phenomena, (London: Gordon and
Breach, 1991).
[9] V. G. Baryshevsky, LANL e-print arXive: hep-ph/0307291 (2003).
[10] V.A. Dzuba, V.V.Flambaum, J.Ginges, M.G.Kozlov, Phys.Rev. A 66, 012111 (2002).


http://lanl.arxiv.org/abs/nucl-ex/0109014
http://lanl.arxiv.org/abs/hep-ex/0012001
http://lanl.arxiv.org/abs/hep-ph/9912270
http://lanl.arxiv.org/abs/hep-ph/9912438
http://lanl.arxiv.org/abs/hep-ph/0307291

	References

