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P- and T-odd two-nucleon interaction and the deuteron electric dipole moment
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The nuclear physics relevant to the electric dipole monEBiM) of the deuteron is addressed. The general
operator structure of thB- and T-odd nucleon-nucleon interaction is discussed and applied to the two-body
contributions of the deuteron EDM, which can be calculated in ternis ahdT-odd meson-nucleon coupling
constants with only small model dependence. The one-body contributions, the EDMs of the proton and the
neutron, are evaluated within the same framework. Although the total theoretical uncertainties are sizable, we
conclude that, compared to the neutron, the deuteron EDM is competitive in terms of sensiti@Gfy to
violation, and complementary with respect to the microscopic sourc€Pafiolation that can be probed.
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[. INTRODUCTION magnetic anomaly. An experiment using this method has
been proposed to measure the EDM of the deuteron at the
10?" ecm level[12]. From a theoretical point of view, the

which violates parity(P) conservation and time reversdl, deuteron is e;pecially attractive, because it is the simplest
or equivalentlyCP) invariance. The standard model predicts system n W.hICh theE-odd, T-odd (PT) nucleon-nucleon
values for EDMs that are much too small to be detected in(NN) mteractpn contributes to the EDM. Moreoyer, the deu-
the foreseeable future, and hence a nonzero EDM is an uf€ron properties are well understo¢dl3], so reliable and
ambiguous signal of a new source ®P violation [1,2]. precise calculations are possible. ,
Over the years, many experiments have searched with in- 't iS our goal in this paper to address the nuclear physics
creasing precision for a nonzero EDM. The most sensitivd@'t 0f the deuteron EDM calculation, and to compare the

experiments measure the precession frequency of the spin fgfSUlt to the EDM of the neutroand proton evaluated
neutral systems, such as the neutron or an atom, in a strof§thin the same framework. The framework is designed so

electric field. The limit on the EDM of the neutron, in par- that our results for the nucleon EDM and t#& NN inter-

ticular, has been improved spectacularly over the yEgis action would be suitable, when combined with a realistic
The rﬁost precise value obtained so fardis=(-1.0%3.6 strongNN interaction, as a starting point for a microscopic

X 10726 e cm [4]. New experiments using high-density ultra- calculation of the EDM of more complex systems, such as

cold neutron sources are being set up to target the precisic}ne mercury atom.
level of 10?7 to 1028 ecm at LANL (LANSCE), PSI, ILL, This paper is organized as follows. In Sec. |l we construct

In the field of particle physics an atomic physics quantity
plays a privileged role: the electric dipole momgBEDM),

and Munich(FRM-I1) the general operator structure of tReand T-odd NN inter-
Limits on the EDMs of charged particlgs], such as the action and from it derive the potential in terms of strong and
electron and the proton, have so far been derived from ext ! meson-nucleon coupling constants. In Sec. lll, we use

this PT potential in combination with moderNN potential
models to evaluate the two-bodpolarization and exchange
contributions to the deuteron EDM. The one-body contribu-
ﬁions, i.e., the EDMs of the proton and the neutron, are cal-

ulated within the same framework. Finally, the results are
discussed and conclusions are drawn in Sec. IV. In the Ap-
hpendix we discuss and evaluate the, @&s@ndT-odd, mag-
%etic guadrupole momeriMQM) of the deuteron.

periments with selected neutral atoii@d molecules The
best limit for an EDM has been obtained for th&Hg
mercury atom [6], for which dy=(-1.06+0.49+0.4D

X 107?8 e cm was measured. In such a closed-shell atom wit
paired electron spins, the EDM of the atom arises mainl
from the EDM of unpaired nucleons and frofrodd inter-
actions within the nucleus. For this type of experiments wit
neutral atoms, the EDM signal is severely suppressed due
the screening of the applied external electric field by the

atomic electrons, a general result known in the literature as !l. P- AND T-ODD TWO-NUCLEON INTERACTION

Schiff's theorem[7-9. By contracting two Dirac bilinear covariants containing at

chetnﬂé/.’ a tr|1ew highly stinsg\[/)eMmetPog has dbeenr Fl’rofnost one derivative, th®-odd, T-odd, andC-even (hence
posed lto directly measure he S Of charged particles,y, CPT-ever) contactNN interaction can be constructed
such as the muon or ions, in a magnetic storage [19g11].

The method evades the suppression of the EDM signal duliom () the scalar-pseudoscala-P§ combination, NN
to Schiff's theorem, and works for systems with a small < NiysN, and(ii) the vector-pseudovectq¥-PV) combina-
tion, Ny*N X l\iﬁM%—,N [14]. The tensor-pseudotens@r-PT)
combination,No*”N X No,, 5N, also qualifies these sym-
*Electronic address: liu@KVI.nl metry considerations, however, it is equivalent to the S-PS
"Electronic address: timmermans@KVL.nl one by a Fierz transformation.
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Using the nonrelativisti¢gNR) reduction and writing out is necessary to smear out the contact interactions. The physi-
the isospin structure explicitly, the most general form of thecal guideline is to take the delta function as a limit of the
low-energy,P- and T-odd (PT), zero-ranggZR) NN inter-  masé-weighted Yukawa functionm2),(r) =m2e ™/ (4r),

action,va,ZTR), can be expressed, in configuration space, as when the exchanged boson is taken to be extremely massive:

_ 2
HZR = i{(cl +d) o+ (Cy+ dy) 7, - 7o+ (C3+ da) 0 lim meS 2 im e S| s¥m,
PT 2my * m,—e M mw q2 + m)z(

+(cy+dy) 720y + (C5+ ds) (37{75 .
(Ca+ )70, + (Cs + dg) (3772 where “F.T.” stands for Fourier transform. As suggested

7)o} V), (1)  above, allowing different mass scales for the S-PS and V-PV
sectors then leads to the most genétig} in terms of ten
where o, =0+ 0, and 7,= 7+ 7, Terms involving the independent operators.
isospin operatori(7; X 7)% even though they conserve  Although the choices of the mass parameters for the
charge, are ruled out since they &edd. The dimensionful Yukawa functions are arbitrary in the sense of fitting the
coupling constants; andd; (i=1,...,5 each correspond to coupling constants, the mass spectrum of low-lying mesons
a unique isospin-spin-spatial operator in the S-PS and V-P\rovides an intuitive choice and suggests a connection be-
parts, respectively. These constants are the quantities thtween Hpr thus constructed and the one-meson exchange
experiments such as nuclear EDM measurements can hopgsheme. Besides the one-pion exchang&=0",m_
fully constrain, and thus predictions from different models of=140 MeV) often adopted in the literature, the contribution
CP violation could be tested. from 7 (JP=0",m,=550 MeV) [19], and fromp and w (J°
At first sight, it seems that the introduction of thes is =17, m, ,=770,780 MeV [20] have also been considered in
redundant because the V-PV form has exactly the same NRarious works. We will show that a one-meson exchange
limit as its S-PS counterpart, a point which has been made igcheme containingr, 7, p, andw produces the same general
Ref. [14]. Therefore, as long as one works strictly in the operator structure as the ZR scheniEhe isoscalar-scalar
context of contact interactions, e.g., “pionless” effective field ,,a5one or “o,” with a PT coupling of typeNi ysoN, leads to

theory, only five coupling constants are needed 1o fit t0 €Xye same operator structure as theneson, and its contribu-
periments. However, there are several reasons to justify this

larger set, especially when one goes beyond the ZR limit©n Would be effectively subsumed in the CQUPI'@& )
with several energy scales involved. The strong andPT meson-nucleon interaction Lagrangian

First, when one tries to connect the experimental con—dens"t'eS"CS and Lpr, aré

straints to underlying theoretical models, it is still necessary

to make the distinction between the S-PS and V-PV sectors. L= gaunNiys7 - 7N+ g, wNiysyN
Because of different nucleon dynamics involved, the separa-
tion and comparison of these two sectors are of interest. _ w_i XV )
Second, if one wants to keep the pions, as the lightest g”NNﬁ(y |2mNU q”)T PN
mesons, explicitly and model the long-ran@i®R) interaction
through one-pion exchangsee, e.g., Ref§16-1§), a scale - ngNﬁ( Vi~ iﬁo—wqy) w,N (3)
separation defined by the pion mass naturally occurs. In this 2my

case, one has in total eight independent coupling constants:
five in the ZR potential which is a result of integrating out all and
degrees of freedom except the pions, and thPdepion-

nucleon coupling constan{see below, Eq(4)] which de- “NEO . g™, 0,532 0_ ..
scribe the LR potentiaﬁ.This possible scale difference be- Lor =Ny 7m0y m + gy (3r'm — 7 m)N
;(ivr\ﬁf:n the S-PS and V-PV sectors is not manifest in the ZR + N@?)ﬂ*'@(,l)TZ??)N
The third and more practical reason is that we are going to —1
p going n N_@go)f_p#Jrgél)pi

adopt a “hybrid” approach for thdN dynamics which takes 2my
advantage of existing high-quality strodNN potentials and
use perturbation theory based on operators constructed in the
spirit of effective field theor(EFT). In such a framework, it

+92@37%% - 7-p,)) g, ysN

— 1
+ NR@)O)(U#+§lf)l)7'zwﬂ)0'“”q,,y5N. (4)
N

“We note that this most general NR form containing five indepen-
dent isospin-spin operators has already been pointed out in Ref.>The choice of pseudoscalar coupling for the pion field in @y.
[15]. is traditional in the EDM literature. In order to have manifest chiral
’The threePT 7NN couplings were first pointed out by Barton symmetry, pseudovectoferivative coupling is of course pre-
[16]. However, since the concern then was parity violation, thesderred. However, the results for the two-body contributions and for
couplings were only picked up later when interest in nuclé&  the leading one-body contributiaithe chiral logarithi would be
violation built up. equivalent.

055501-2



P- AND T-ODD TWO-NUCLEON INTERACTION AND... PHYSICAL REVIEW C 70, 055501(2004

The gxnn's are the strongXNN coupling constants for which  equal to the electromagnetic counterparts, k§=3.70 and

we will adopt the valuegn=13.07[21,22, g,yv=2.24  kg=-0.12. The tensor structuMo**q, N in Eq. (4), where
[23], g,un=2.75[24], andg,nn=8.25" Theg)’s are thePT ¢ =p - p., is equivalent to the PV structumdd,ysN by a
ones with the superscript0,1,2denoting the correspond- Gordon decomposition.

ing isospin content.y, and ys are the ratios of the tensor to Evaluating all one-meson exchange diagrams with one
vector coupling constant fop and w, respectively; when strong and onéT vertex, the NR potentiaklpr, is found to
vector-meson dominana®@MD) [26] is assumed, they are be

1 — — — — 1 — —
Hpr = Z—mN{ o_- VGV, (N -GOV,0) + 1 7o VGOV, () -GPY,1) + rfo_- V [;G&Pyﬂ(r) -GYY,(1)

1 — — 1 — — 1 — —
5@ Y0+ G?yw(r))] +rio, V [;Gﬂyw(r) +GY,N) = (= GV, + Gim(r))]

+(3rirf - m)o- - V(GPY,(r) - Eﬁf)y,,(r))}, (5
[
where G is defined as the product of a strong coupling dp=dj’ +d?, (6)
constantgyyy and its associate®@T oneﬁﬂ);6 for instance,
E(O):g -

One sees that the general operator structure in(Bg. IS necessary to make contact to the underly@gphysics. In
based only on symmetry considerations, is fully reproducedhe following, we shall use th@T NN interactionHpr con-
by the one-meson exchange scheme containing the lowesitructed in the previous section to calculd@. We will use
lying pseudoscalar and vector mesons in both isoveetor the same meson-exchange picture as a guideline to give an
and p) and isoscalan and w) sectors. The ten coupling estimate oﬂ%). The final result fod, can then be expressed
constants in Eq(1) find their counterparts in the teRT  in terms of theéPT meson-nucleon coupling constants. EDMs

meson-nucleon coupling constants. Equati®nhas the ad-  are expressed in units effm for the remainder of the paper.
vantage that it not only has the most general operator struc-
ture, but it also provides a link to the meson-exchange pic-

ture which provides some insight. We finally note that one- A. Two-body contributions
kaon exchange does not contribute to the strangeness-
conservingNN interaction. For the two-body part, the dominant contribution comes

from the polarization effect. In leading order in the perturba-
tion, it is the matrix element of the charge dipole operator
Iil. DEUTERON EDM evaluated between the unperturbed deuteron slaxe

Because thd®T interaction induces a smaR-wave ad-  (mainly°S;-wave with some 698D -wave) and the admixed
mixture to the deuteron wave function, it leads to a nonvan-wave componentD), viz.
ishing matrix element of the charge dipole operator. In addi-
tion, since the proton and the neutron also have an EDM, a

disentanglement of one- and two-body contributions, 1 _
dipel = 6<D||T_Zer||D>, (7)

“We use the predictio25] g2,n=90%y to infer g,y from
NN~ 995NN
gonn/47=0.6 given in Ref[24].
®We use the Bjorken-DreIIOTnetric and special attention should beyvherer=r,-r, and 9" denotes the reduced matrix element.
paid to the definition ofys=(7 ) and any coupling constant associ- Because the charge dipole operator conserves the total spin,

ated with it. Relative to the Pauli metric a sign difference duego |73> has to be théP. state. The isospin and spin selection
1 .

should be kept in mind. | hen di h v th o in H
®In Ref. [19], the PT 7NN interaction only contains an isoscalar .ru es then dictate t .at only the operatgfo, in Hpr can
induce such an admixture to the deuteron.

part, so it does not contribute to the isovecktyr. However, this i )
isovector piece, which gives a different linear combination from the [N order to examine the model dependence of the matrix

pion contribution, is needed in order to render #fer_ and 7’o, element, the numerical calculation is performed with three
operators independent. high-quality local potential models: Argonmeg (Avqg) [27],
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e T T T LRI B ] models from before the 1970s, and 0.019 obtained by
- 3 Khriplovich and Korkin[30], who assumed the zero-range
£ 3 — AV ] approximation for the deuteron and a fF& wave function.
12EN P, 7777 Reid93 | 4 Their number can be considered as an upper bound.
The meson-exchange effects, in the form of two-body ex-

change charges, give contributions of the form

d* = \/g(wll f oD}

+(D| J d>p (2)(X)X||D>> , (10

where the first term corresponds to adding the nor(fal
and T-even exchange chargp® to Eq. (7), and thePT
exchangép @, induced byHpr, is included via the second
term. Compared with the one-body charge, whictOid),
p? can be ignored since it gives a correction@ff1/my)3
(see, e.g., Ref31]). On the other hand, sing#? can be as
large asO(l/mﬁ), and its contribution is evaluated within
unperturbed deuteron wave functions, its significance should
g = 1.43x 10°GP + 1.59x 10°GY + 6.25x 10GlY  be investigated. _ _
i As indicated by the dominance of pion exchange observed
- 5.96X 1(T4GE01), (8a) above, and also in view of the suppression of heavy-meson
exchange currents found in the study of tiReodd, T-evern)
= oy — deuteron anapole momef&2], the consideration of the pion
=1.45x 107G + 1.68x 10°°G} +6.83x 10G," sector is sufficient for the two-body exchange effects. At-
— 6.53% 10‘46501), (8b) taching a photon to every possible line in the one-pion ex-
change diagram which leads tebm., the exchange charge
can then td)(l/mN) be identified, in configuration space, as

FIG. 1. The comparison of three different effective strong po-
tentials in the’P; channel.

and the Nijmegen models Reid93 and Nijm[28]. The re-
sults

=1.47x 102G + 1.72x 10°GY + 7.50x 107G”

— ~ (7 e — —
- 7.19x 107G, (80  PoarXirnrd =, (1 +k[Cm 7+ Grf
N
for Avqg, Reid93, and Nijm Il, respectively, show a relatively ~2 ~0)
model-independent pattern. Judging from the coefficients for +GBrim — 7 7))+ (L+ k) (G 73
the different mesons, pion exchange dominates the result. +GW 4o 3)
o GY +2G -V 8(x - r
The much smaller sensitivity aft? =d®® to heavy-meson i n 1)1V IX 1) YA

exchanges guarantees that pion-exchange is a good approxi- +(1+2), (11
mation hergthis may not be true fod%), a point we address
below). ~ (m) e . 70 _ =2
The slight difference in the results for these models canbe ~ PmesoniéX;l1,12) = = Hl(fl X )AGy - G)
attributed to their softness at the intermediate range where N
the deuteron wave functiofwhich agrees well for these po- X(oy:Vi+0,:Vy)
tential models has most of the overlap with the Yukawa 2 w2
functions. Figure 1 compares the effective potentig(r) X[Vi=- Vo V() Va(ral,  (12)

=V(r)+L(L+1)/(myr?) of these models in th8P, channel  where the pair term refers to the diagram in which the photon
(L=1), which determines the radial behavior of tAR# ad-  couples to an intermediate nucleon-antinucleon pair and the

mixture in the inhomogeneous Schrodinger equation mesonic term refers to the diagram in which the photon
U= couples to the meson in flight;=|r;=ry|, regz=[X=ry).
(T+VE)ID) = Hprl D). (9 Numerically, the contribution of these diagrams to the deu-

Among these three models, Nijm Il is the softest one withinteron EDM is found to be

the range of about 0.3—1.0 fm, so it gives the largest result,
while Av4g, the hardest one, gives the smallest result. As the
heavy-meson exchange is very sensitive to the wave functiogompared withd® (po) ' this constitutes only a few-percent cor-
at short range, its model dependence is more apparent Coffection.

pared to the pion-exchange case. Our result for the coeffi- Combining the results faﬂ(p(’l) andd(e” we obtain for the
cient ofGST> is consistent with two earlier predictions: 0.010— two-body contribution to the deuteron EDM, in termsp¥
0.026 obtained by Avishdi29], who used strong potential couplings,

4 ~ 9.40x 104GY - 5.28x 107G, (13
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N N ~ (o €GN rNNGon
Pr;esgn?é)(; ry,ro) = T—’\WY(V V)
w' TN
C —nO X(03- V)V, (1) Valryo) + (1< 2).
p,® T (18)
N N The numerical calculation, using thevfy potential, gives an

o . _ EDM contribution of about 2.% 10°%(g,,,~0,,»,). Since the
FIG. 2. The two-body contribution tdp, arising from the first-  coefficient is two orders of magnitude smaller than the lead-
orderPT p- and w-my couplings. ing coefficient ofg®” in Eq. (14), we shall ignore these me-
sonic PT effects for the rest of this work.
- 1 0 =1
d =d + di$* = 0.2 + 0@ o). (1)
with an error estimated as less than 5%. B. One-body contributions
Besides the usual exchange effects in which one of the
meson-nucleon couplings B- and T-odd, another class of The total one-body contribution to the deuteron EDM is
diagrams involving @7 photon coupling to the exchanged simply the sum of the proton and neutron EDMs, i.e.,
mesons can also contribute. Since pseudoscalar mesons can-
not have such &T coupling to photons, the candidates in
our current framework a_r@T pmy, wmy, andppy vertices. dy = dp + dy,. (19
Assuming thesdT couplings are of the same order of mag-
nitude, one can expect a smaller contribution from pipe
vertex, because themeson is much more massive and has aoyr goal in this section is to evaluatis andd, in a manner
smaller strong coupling to nucleons than the pion. Thereforegonsistent with the framework used for tR& NN interac-
in order to estimate the size of this type of contribution wetjgn.

evaluate the diagrams based Bt p7y and wmy vertices The nucleon EDM has a wide variety of sources such as

ShOE")‘i”rg‘ssFi'r?' ﬁ'] T oy andwm Laarandian densities as 1€ QCD# term, quark EDMs and chromo-EDMEEDMs),
P 9 pmy wmy Lagrang Weinberg three-gluon operator, and four-quark contact inter-
actions, therefore, its evaluation requires good knowledge of

rlom™) = @m,:aﬁp - 07T, (15)  honperturbative dynamics of confined quarks, which is still
PT a VB . . .
m, not available. A commonly used method of estimate is to

evaluate the hadronic loop diagrams, in which meson and
baryon degrees of freedom are used to describe the dynam-

£§§}’W) - %Faﬁwa(gﬂﬂﬁ, (16) ics, and the dependence on thg mechanisms at the quark-
m, gluon level is subsumed in thBT meson-nucleon coupling

) _ _ constants. This approach has been applied extensively to the
where two newPT coupling constantg,,, and d,., a'¢  npeytron EDM in various contexi&ee, for example, Refs.
intr_oduced, the associated exchange charges are, in configm_”)_ Here we apply it to both the proton and the neutron
ration space, EDM, with the inclusion of vector mesons.

The loop diagrams containing a virtual pseudoscalar me-

~(p77y')_éx.r ()= e%NNngNangT (V- V,) son are classified as in Fig(é3 and Fig. 3b), where the
Pmesonis 1112 4m,my 172 2 photon couples to the charged pseudoscalar meson in the

former and to the intermediate nucleon in the latter case.

X(02: V2)Yp(ra) Vi) + (1 2), Defining the hadronic loop contribution to the nucleon EDM

(17 as
N N N

‘]'["o"-o O."\na n

,." ‘\‘ P’ ® FIG. 3. Hadronic loop dia-
LEAVAVAVAVAV! LRAVAVAVAVAY R SAVAVA VAV e grams which contribute to the

; nucleon EDM.

e @

(@) N N ) N
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e
dyed = ( —) 20
N = | 0y o (20)
the results for the corresponding diagrams are
8P =0, (21)
8 =-2(G9 -G, (22

5 =36 + GMZ{™ - (3xGY + 1, GH)Z{™
+(GO+ G - (kG + 1, GV)TS,  (23)
8P = (- G2+ GY + 4G T{™ - (- 1,G + kGP
+ 40, G + (GO + G Z{”

= (1, G + kG (24)

The three dlstmct Ioop mtegrals involving d&stype pseudo-
70 andI , correspond to the cases e€xample, takingx,=140/940 in Eq.(25), one getsZ

scalar mesonI0 v Iy,

PHYSICAL REVIEW C70, 055501(2004)

From EQs.(25—27), one observes that on[yé") has a
nonanalytic term, i.e., Ix, in the chiral limit,m_—0. The
mathematical reason is that Fig(aB contains more pion
propagators than Fig.(8), which is responsible for the in-
frared divergence in the soft-pion limi84]. Therefore, the
contribution to the nucleon EDM involving chiral logarithms
is purely isovector,

er m,
d = - - m(G(O) Sf))ln(m—N>. (29
N T

This implies that the deuteron EDM receives no one-body
contribution from loop diagrams involving and » mesons
in the chiral limit. Furthermore, when the neutron EDM is
considered, the constant termsZinandZ, exactly cancel, as
has been pointed out in Rgf38]. However, this is not true
for the proton.

Because chiral symmetry is explicitly broken by the pion
mass, it is interesting to compare the chiral logarithm with
other, analytic, terms when realistic parameters are used For

where the photon couples t6 the pseudoscalar meson, tiel.19, which is about 40% smaller than érm/mN)
nucleon Dirac, and the nucleon Pauli form factor, respec=1.90. This sizable difference typically sets the scale for the

tively. They are evaluated as

IV = =1 -1 =x)In X + X33 =) F(P)

_—

3
—Inx - 1+ —x +x2 In x; + 00,
X<<1 4

(25)

(1 - =X )]—‘(xz)

1 1
———x——x 2 |nx + O(X? 26
e 24NN IMNrOk) (20

1 3, 1
IV ==+ 5 - =31+ 3d)In
16 8' 16"

5 3
- xi2<1 + gxlz + gxiz)]-"(xiz)

11 =« 12 >
— ——X— =X Inx + O(x"), 27
T<1>16 4_| g’ i (|) ( )

F(s) = 1 (tan‘l{ 2°s } + tan‘l{LD
Vds+ & Vis+s? \r’m ’
(28)

theoretical uncertainty. The same conclusion can be drawn
from the work by Barton and Whitg83] who, motivated by

the success of sideways dispersion relations for the nucleon
Pauli form factorg42], applied the same technique with the
same parameters to the neutron EDM problem. This analysis,
involving mainly the threshold pion-photoproduction ampli-
tude, is actually similar to the evaluation of typa) loop
diagram with soft pions, and in fact produces the same chiral
logarithm. Compared with the leading term which galse
=0.8x 10t efm (a value, in our notatlorﬁ(o) 5(2)—1 2

X 1071 was used as inpyttheir full anaIyS|s predlcteaﬂ
=0.5x 10! efm, which is also some 40% smaller. While
this may be just an accident, it does signal a potentially large
theoretical uncertainty for the nucleon EDM.

In order to estimate the relevance of the vector-meson
degrees of freedom to the nucleon EDM, we consider the
diagrams illustrated in Fig.(8). These contributions can be
roughly estimated by the assumption of VMD, which leads
to a dispersion-theory analysis of tp€ and w poles in the
timelike region. The deuteron is only sensitive to the iso-
scalar sector, for which, in the case of the nucleon Pauli form
factor, the naive VMD model works rather well. The vector-
meson contributions to the isovector nucleon EDM should,
however, also be added as a correction to the leading result
from the pion-loop calculation, which is equivalent to includ-
ing the 27 continuum in the dispersion-theory analysis.

The required vector-meson-photon conversion mechanism
is introduced by the Lagrangian density

wherex,=m;/my. Since both meson and nucleon form fac-
tors were taken to be constant off the mass shell, and since
form factors fall off as the square of the four-momentum
transfer increases, these results should be viewed as an upper
bound[35].

— = uve(p) v ()
LVMD_Zf FMFP 2. F'“ F;w’ (30)

where theF#”'s denote the field tensors for the photon and
the p° and  mesons; the constants=5.00 andf,=17.05
are determined from the decay W|dthsF po—ete

"Kaon loops can also contribui85—-38,4], and be easily added
=6.85,0.60 MeV[43] by T',_ e+ =4ma®my/(3f2). Then the

to our results.
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vector-meson contributions to the nucleon EDM are evalugf:):o.ozﬁ, one gets adp~2x 1039 dependence o,

ated as which is about three times larger than the QCD sum-rule
4m? — 4l — calculation [44,4. The dependence on the vector-meson
PCE W+ GO, (31)  couplings, though suppressed at the two-body level, enter the
foGonn fuGunn final result through the nucleon EDM where it could be siz-
able. An important issue in this respect is the size ofRlie
6\(,C) _ 47 (ao) . 262) . Ar? cw (32) p, o (and 7 for that mattey coupling constants compared to
B fOmn * P o Y those of the pion. An argument by Gudkev al. suggested

o ) ) . that these vector-meson coupling constants are less signifi-

Keeping in mind the caveat of a possibly large theoreticalant[19], while a recent work by Pospelov based on QCD

error, we nevertheless take a more adventurous point of view,m, rules gave the “best” values @y, of the same order of
; - : (m ) — © I

and mclug)e also the an?l)ytlc terms 4y and 7, i.e., Zy" magnitude ag,, [46]; and these two works surprisingly have
=~1.19,7,;"~0.41, andZ,”=0.28, but we neglect the part opposite predictions about the relative importance of
from the nucleon Pauli form factor, so we §g<f7>=12(”)=0. 09.+/9,0. Furthermore, work on the-odd, T-evenNN inter-
Collecting the results from Eq§20)—24), (31) and(32), the  action implied vector couplings at least equally important
total one-body contribution to the deuteron EDM is evalu-and preferably larger than their pseudoscalar counterparts

ated as (see, e.g., Refs[47-49). Therefore, until consensus is
o 3yal0) + ST 3,0 4 = reached, these vector-meson contributions should still be
dp’ =2.18X 103G, +G;) + 1.49X 10°%(G,’ + G, ) kept for maintaining a greater generality.

— — In order to connect expression 5) for the deuteron
+1.53X 107°G;" + 1.49% 10°G,). (33 EpMto the underlying:P‘\)/iolation, ItzﬁlcﬁePT meson-nucleon
In terms of thePT meson-nucleon coupling constants, thecoupling constants have to be expressed in terms of param-
result is eters at particle-physics level, such as the Q@Brm, quark
EDMs and CEDMs, etc. These quantities have a plethora of
diy’ = 0.037 + 0.097 + 0.04]" + 0.01g}) + O(gy""). predictions from extensions of the standard model. Because
(34 all the EDM measurements to date only resulted in upper
bounds, it is a popular practice to use these experimental
limits to derive the corresponding bounds for one particular
IV. DISCUSSION source ofCP violation while turning other possibilities off in
an ad hocfashion. Even though this simplification is legiti-
mate to some extent, one might obtain an overconstraint
by excluding possible cancellations between various
dp=(0.20 + 0_036571) + 0.0@S?) + 0'045;1) + 0'0:@(‘?), CP-violation sources. . o
The deuteron and neutron results illustrate how limits on
(39) their EDMs could be used to provide tight constraints on a
while our results at the same time imply the following pre- Specific model ofCP violation, such as the one in Rg#6].
dictions for the proton and neutron EDMs: For supersymmetric models in which E]e Pecci-Quinn sym-

_ —0) _ =) —0) , =1) , +=2) metry is evoked to remove the QCB term, the quark
d,=-0.089;" -g7) +0.039;" + g7 +297") CEDMs are the dominant contributors to tia meson-

Combining Eqgs(14) and(34), we arrive at our final esti-
mate for the deuteron EDM:

+3X 10‘3@;’) +§§]1)) + 0_02@)0) +§;1) n 2522)) nucleon coupling constants, compared to the three-gluon and
3~(0) L =t1) four-quark operators. Therefore, all this can be expressed
+6x10%(d, +9,), (36 in terms of thedS's. Using the “best” values recommended in
Ref. [46]: 9" =20d°, g¥ =4d, ¥ =13.3¢, gV =8.6C,
dy=0.14G7 - 9) - 0.02g;” - 9" + 2077) 00=-g&f, g'=-133F, where df=di+d5® the
+6X 103@3) _553))_ (37) deuteron and neutron EDMs can be completely expressed in

terms of the CEDMs of the up and down quarks, viz.
The leading contribution talp, 0.203;1), due to thePT

NN interaction, including the exchange charges and calcu- dp = — 4.673 + 5.22;, (39
lated by using state-of-the-art wave functions, is 25% smaller
than the result assuming the zero-range approximd86h d,=-0.01dj + 0.4, (39

which was adopted for an analysis G violation models in _ _
Ref.[44]. The remaining contributions come from the proton Thus these two CEDM rrggasurements probe different linear
and neutron EDMs. These terms have a sizable theoreticgpmbinations ofdj andd; in this case. Moreover, the deu-
uncertainty, which could be as large as 40%. teron could be significantly more sensitive than the neutron.
The nonvanishing dependence @33) which arises from
including analytic terms in t_he hadronic loop calculations, 8n Ref. [46], the PT vector-meson-nucleon couplings are defined
sets the stage for the QCB term to play a role in the to have the same dimension as the EDM. The conversion to our
deuteron. Using the prediction by Crewtharal. [34] that  definition is a factor of &, [50].
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This example is clearly oversimplified, however, judgingthe MQM operator can be expressed, in a Cartesian basis, as
from the general expressions E¢35) and(37), one expects

that, barring unnatural and accidental cancellations, the deu- M. = i{ (3,0 + 36,0 — 20 -t 8]

teron is competitive to the neutron in sensitivity @ vio- ™ 2my ML mTn ™ S m m

lation. Furthermore, the deuteron EDM involves differ@it £ 200 L+ oL} (A1)
coupling constants, and hence in general will be complemen- Almbn* T ’
tal‘y with respect to the information aboGP violation that Where My q' and L denote the nuc'eon magnetic moment,

can be probed with the neutron. ~ charge(in units ofe), and orbital angular momentum, respec-
In conclusion, it should be realized that the theoreticakjyely [30]. The deuteron MQM, defined by

uncertainties, especially in the results fdy and d, and

hence in the one-body contributiondg, are significant. The 2 .
calculation of an atomic or nuclear EDM involves a broad Mp=2(D,J,= 1|2 Mi)|D,J,= 1), (A2)
range of physics, including the problematic strong interac- i=1

tion at the nuclear and subnuclear scale. In this respect, it i 3 . .
’ h I P
relevant that efforts have been renewed recently to attack ﬂ]égan then be evaluated once % and’P, parity admixtures

neutron EDM in lattice QCD[51]. In general, improved ave been calculated. AssumiRd one-pion exchange only,

treatments of the hadronic physics, which can bridge thé‘tr:l(tj using the &y strong potential gives the numerical re-

phenomenology of the neutron EDM al®d nuclear forces
with the underlying particle physics, are of central interest. Mp = 0_051u§(0> +(0.031uy + 0_0035(1) (A3)

in units of efm?2. The model-dependence is at the 1% level,
similar to the EDM calculation.

We are grateful to A.E.L. Dieperink for helpful discus-  Although the isoscalar spin current leads to a rather large
sions, and to our experimental colleagues, in particulamatrix element(in the zero-range approximation of Ref.
C.J.G. Onderwater, K. Jungmann, and H.W. Wilschut, for[30], it is three times the isovector opehe isoscalar mag-
their interest and for comments. We also thank P. Herczeg fanetic moment renders the resulti@o) coefficient, 0.04,
raising the issue oPT photon couplings to mesons. smaller than th@ff) coefficient, 0.15, which is dominated by
the isovector spin current from the large isovector magnetic
moment. The orbital motion adds only a small correction to
theEle) term through the deuterdd-wave component.

Besides the EDM, th@T NN interaction can also induce ~ While a sensitive experiment to measiMg, appears as
P- andT-odd electromagnetic moments of higher multipolar-least as formidable as faly, it might be contemplated with
ity, that is, C3, C5, andM2, M4, etc. For a spin-1 object deuterium atoms, because the MQM, unlike the EDM, is not
such as the deuteron, a nonzevi2 magnetic quadrupole screened by the electron. An interesting theoretical point is
moment(MQM) is therefore another signature GP viola-  that, since the nucleon itself has no quadrupole moment, the
tion. Approximating the nuclear electromagnetic current agleuteron MQM is a rather clean probe of th& NN inter-
purely one-body, i.e., ignoring the meson-exchange currentgction, and in particular 0@(71).
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