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tri
 Dipole MomentOleg Lebedev a, Keith A. Olive b, Maxim Pospelov 
 and Adam Ritz daDESY Theory Group, D-22603 Hamburg, GermanybWilliam I. Fine Theoreti
al Physi
s Institute, University of Minnesota,116 Chur
h St SE, Minneapolis, MN 55455, USA
Department of Physi
s and Astronomy, University of Vi
toria, Vi
toria, BC, V8P 1A1 Canadad Theory Division, Department of Physi
s, CERN, CH-1211 Geneva 23, SwitzerlandWe present an analysis of the ele
tri
 dipole moment (EDM) of the deuteron as indu
ed by CP-violating operators of dimension 4, 5 and 6 in
luding �QCD, the EDMs and 
olor EDMs of quarks,four-quark intera
tions and the Weinberg operator. We demonstrate that the pre
ision goal of theEDM Collaboration's proposal to sear
h for the deuteron EDM, (1�3)�10�27e 
m, will provide animprovement in sensitivity to these sour
es of one-two orders of magnitude relative to the existingbounds. We 
onsider in detail the level to whi
h CP-odd phases 
an be probed within the MSSM.The most stringent 
onstraints on 
avor-diagonal CPviolation in the hadroni
 se
tor arise from bounds on theEDMs of the neutron [1℄, mer
ury [2℄, and in 
ertain
ases thallium [3℄. These experiments have importantimpli
ations for physi
s beyond the Standard Model, andits supersymmetri
 extensions in parti
ular (see e.g. [4℄).In what follows, we will show that a proposed measure-ment of the deuteron EDM [5℄, with proje
ted sensitivityjdDj < (1� 3) � 10�27 e 
m; (1)would improve the sensitivity to ��QCD and SUSY CP-violating phases by one to two orders of magnitude. We�nd that the dependen
e of dD on the underlying QCD-se
tor CP-odd sour
es is 
losest to dHg and is 
omplemen-tary to dn. Moreover, in addition to the improvement inpre
ision, dD has a signi�
ant advantage over dHg due tothe rather transparent nu
lear physi
s in the former andthus smaller theoreti
al un
ertainties. Consequently, theexperiment will be able to probe 
lasses of supersymmet-ri
 models whi
h es
ape the 
urrent EDM bounds.We now pro
eed to analyze the deuteron EDM dD,de�ned via the intera
tion of the deuteron spin ~I with anele
tri
 �eld, H = �dD ~I � ~E, working upwards in energys
ale. Starting at the nu
lear level, the deuteron EDMre
eives 
ontributions from a singlet 
ombination of the
onstituent proton and neutron EDMs, but also arisesdue to meson (predominantly pion) ex
hange betweenthe nu
leons with CP-odd 
ouplings at one of the meson-nu
leon verti
es. Thus, we 
an represent the EDM asdD = (dn + dp) + d�NND ; (2)where the third term in
ludes the meson-ex
hange 
on-tribution and depends on the CP-odd pion nu
leon 
ou-plings, LCP= = �g(0)�NN �N�aN�a + �g(1)�NN �NN�0: (3)

In a re
ent analysis, Khriplovi
h and Korkin [6℄ (see also[7℄) showed that d�NND re
eives a dominant 
ontributionfrom the isospin-triplet 
oupling �g(1). In a zero-radiusapproximation for the deuteron wavefun
tion, the resultd�NND = �eg�NN �g(1)�NN12�m� 1 + �(1 + 2�)2 ; (4)depends on the parameter � = pmp�=m� , determined bythe deuteron binding energy � = 2:23 MeV. Numeri
ally,this impliesd�NND ' �(1:3� 0:3) e �g(1)�NN [GeV�1℄; (5)a result that 
an be improved systemati
ally, and theerror 
orrespondingly redu
ed [6℄, with the use of morerealisti
 deuteron wave fun
tions.To make dire
t 
onta
t with models of CP violation,we require the dependen
e of dn, dp, and �g(1) on the pa-rameters in the underlying CP-odd Lagrangian at 1 GeV.Up to dimension �ve, the relevant hadroni
 operators arethe �-term and the EDMs and 
olor EDMs (CEDMs) ofquarksLCP= = �� �s8�G ~G� i2 Xq=u;d;s hdq�qF�
5q + ~dq�qgsG�
5qi ;(6)where G ~G � �����G��aG��a=2 and G� � taG��a��� .Note that the dimension-six Weinberg operator, GG ~G,as well as numerous four-quark operators, may, in 
ertainmodels, also 
ontribute at a similar level to the quarkEDMs and CEDMs.Models of new CP-violating physi
s 
an be 
ast intotwo main 
ategories: (i) models that have no Pe

ei-Quinn (PQ) symmetry [8℄ and exa
t CP or P symmetriesat high energies and 
onsequently �� = 0 at tree level; and(ii) models that invoke a Pe

ei-Quinn symmetry to re-move any dependen
e of the observables on ��. In models



2
(b)

CP

π

η

CP

N

N
η

π0 0

(a)FIG. 1: Contributions to d�NND (��), with isospin violation through� � � mixing.of the �rst type, �� generated by radiative 
orre
tions islikely to be the main sour
e of EDMs.To determine dD(��), one may �rst try to makeuse of the 
hiral te
hniques [9℄ that determine the ��-indu
ed pion-nu
leon 
oupling 
onstant, �g(0)�NN (��) =m���f�1� hN j�uu� �ddjN i (where m� = mumd=(mu+md)),and the one loop O(m2� log m�) 
ontribution to dn. Itis easy to see, however, that dD(��) is in
al
ulable withinthis approa
h be
ause the 
hiral logarithms exa
tly 
an-
el in the dn + dp 
ombination, and �g(1)(��) = 0 unlessisospin violating 
orre
tions are taken into a

ount.The 
an
ellation between dn(��) and dp(��) does nothold in general. To 
al
ulate dD(��) we use leading or-der QCD sum-rule estimates whi
h imply [10℄,dn(��) + dp(��) =�(2� 0:8)�2 � mN1GeV�3 h�qqi(1GeV)3m��e��; (7)where h�q���qiF = eq�F��h�qqi de�nes the magneti
 sus-
eptibility � � �(6 � 9) GeV�2 [11℄ of the va
uum, re-
ently 
omputed to be at the upper end of this range,� = �N
=(4�2f2� ), by Vainshtein [12℄. The subleading
orre
tions to the sum rule were 
omputed and are of or-der 10-15% [10℄, while the un
ertainty in � and freedomin the 
hoi
e of nu
leon interpolating 
urrent lead to alarger overall un
ertainty of 30-40% [10℄.It turns out that despite an additional suppression fa
-tor, the 
orresponding 
ontribution to �g(1)(��) is not neg-ligible and 
ontributes to dD at approximately the samelevel as (7). To take it into a

ount, we note that isospinviolation arises predominantly through � � � mixing asshown in Fig. 1(a). The inverted diagram of Fig. 1(b)provides at most a 10% 
orre
tion, due primarily to thesmall size of g�NN and hN j�uu � �ddjN i relative to g�NNand hN j�uu+ �dd�2�ssjN i. Fig. 1(a) leads to the followingresult:�g(1)�NN (��) = m���f� md �mu4ms hN j�uu+ �dd� 2�ssjN i: (8)

Combining (7) and (8), we obtaindD(��) = �e�� �2�2 �m�h�qqi(1GeV)3+ m�ms (md �mu)4f� hN j�uu+ �dd� 2�ssjN i� ; (9)whi
h numeri
ally takes the formdD(��) ' �e [(3:5� 1:4) + (1:4� 0:4)℄�10�3�� [GeV�1℄; (10)using standard quark mass ratios [13℄, and quark 
onden-sates over the nu
leon (see e.g. [14℄). The se
ond termin (10) arises from the CP-odd pion-nu
leon intera
tion.This result is interesting for several reasons. Firstly, ifthe proje
ted experimental sensitivity (1) is a
hieved, anull result for dD will implyj��j < 3� 10�11; (11)whi
h represents an improvement of over an order of mag-nitude relative to the best 
urrent bound arising from thelimit on the neutron EDM. We note that the re
ent in-
lusion of many-body e�e
ts in the nu
lear 
omponent ofthe 
al
ulation of dHg [15℄ has led to a signi�
ant redu
-tion of dHg(�g(0)), thus relaxing the mer
ury EDM 
on-straint on �� by an order of magnitude. It is also impor-tant to note that the two sour
es for �� in (9) have quitedi�erent origins, and thus a 
an
ellation would be unnat-ural. Given the relatively good theoreti
al 
ontrol overthe 
ontribution entering through �g(1), the un
ertaintyin the estimate (7) is of less 
on
ern. The bound (11)has important impli
ations for solutions to the strongCP problem within supersymmetry. In parti
ular, theleft-right symmetri
 SUSY models typi
ally predi
t �� inthe range 10�8 � 10�10 [16℄, allowing a dire
t probe viathe dD experiment.Introdu
ing a PQ symmetry allows the axion to re-lax to its minimum thereby rendering �� unobservable.Adopting this approa
h, we are left with the dimension�ve quark EDMs and CEDMs as the leading 
andidatesfor the position of dominant CP-odd sour
e. The 
on-stituent EDMs of the proton and neutron re
eive 
on-tributions from both of these operators, with the QCDsum-rules result (omitting for now the Weinberg opera-tor) [17℄dn(dq; ~dq) + dp(dq; ~dq) ' (0:5� 0:3)(du + dd)�(0:6� 0:3)e h( ~du � ~dd) + 0:3( ~du + ~dd)i ; (12)where we have split the CEDM 
ontribution into singletand triplet 
ombinations. A possible 
ontribution from~ds is removed at this order under PQ relaxation. Thequoted errors have the same origin as those in (7) for thedependen
e of dn and dp on ��.



3The triplet pion nu
leon 
oupling �g(1) re
eives a domi-nant 
ontribution from the triplet 
ombination ( ~du� ~dd)of CEDMs, and the \best" value for this 
oupling wasre
ently determined using sum-rules [18℄,�g(1)�NN � 2+4�1 � 10�12 ~du � ~dd10�26 
m ; (13)with a rather large (overall) un
ertainty due to an ex-a
t 
an
ellation at the level of va
uum fa
torization. Wequote the non-Gaussian errors determined via parametervariation [18℄. Sin
e this result enters without any addi-tional isospin-violating suppression fa
tor, it numeri
allydominates the CEDM 
ontribution to dD. Combining(12) and (13), we �nddD(dq; ~dq) ' �e( ~du � ~dd) �5+11�3 + (0:6� 0:3)��(0:2� 0:1)e( ~du + ~dd) + (0:5� 0:3)(du + dd); (14)where the 
onstituent nu
leon EDMs provide a 10% 
or-re
tion to the triplet CEDM 
ontribution. We 
on-
lude from this result that for models with e ~di � di thedeuteron EDM is predominantly sensitive to the triplet
ombination of CEDMs, as is the mer
ury EDM. More-over, if the predi
ted pre
ision is a
hieved, its sensitiv-ity to the triplet CEDM 
ombination at the level of afew�10�28 e 
m would represent an improvement on the
urrent mer
ury EDM bound by two orders of magni-tude.We now turn to an analysis of the predi
ted sensi-tivity to new CP-odd sour
es fo
using on the minimalsupersymmetri
 standard model (MSSM) with universalboundary 
onditions at the GUT s
ale for all parametersex
ept for those in the Higgs se
tor. This ex
eption al-lows us to satisfy all phenomenologi
al and 
osmologi
al
onstraints for a wide range of squark masses while keep-ing the other parameters �xed [19℄. In this 
ase, thereare two CP violating phases, identi�ed with the phasesof the � parameter in the superpotential and the phaseof a 
ommon trilinear soft-breaking term A0.In Fig. 2, we plot the EDMs as a fun
tion of the left-handed down squark mass by varying m0 from 0.25 -10 TeV, while keeping m1=2 (as well as the other inputparameters) �xed. For this 
hoi
e of parameters, the lightHiggs mass is about 120 GeV and the lightest neutralinois a mixed gaugino/Higgsino state. The 
urves begin at~mdL � 1:2 TeV 
orresponding to m0 = 250 GeV withm1=2 = 600 GeV. In this �gure, the theoreti
al averagevalues of the neutron, thallium and mer
ury EDMs arenormalized to their 
urrent experimental limits, while dDis normalized to 3 � 10�27 e 
m. The theoreti
al errorbands are generally very narrow on these log-s
ale plotsand are not shown. For low ��(A), the EDMs s
ale with� and therefore the results for other (small) 
hoi
es of��(A) 
an be dedu
ed from this �gure. We immediatelysee that the proje
ted sensitivity of dD to squark massesextends beyond 10 TeV, well beyond that of the existing
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FIG. 2: The EDMs of the deuteron (bla
k), mer
ury (green),the neutron (red), and thallium (blue) as a fun
tion of the SUSYsoft breaking s
alar mass m0, displayed in terms of the left-handed down squark mass. In a) �A = 0; �� = �=10 and in b)�A = �=10; �� = 0. The EDM is normalized to the experimental
onstraint in ea
h 
ase.bounds or the rea
h of 
olliders in the foreseeable future.Note that the dips observable in the plot of dHg for �� 6= 0are due primarily to 
an
ellations between quark CEDMand ele
tron EDM 
ontributions.The dD experiment will also be able to probe a popularsolution to the SUSY CP problem, the \de
oupling" s
e-nario. This framework assumes that the sfermions of the�rst two generations have masses in the multi{TeV rangethus suppressing the one{loop EDM 
ontributions to ana

eptable level and allowing CP-odd phases to be of or-der one [20℄. To satisfy the 
osmologi
al 
onstraints ondark matter abundan
e [21℄, and to avoid ex
essive �ne-tuning in the Higgs se
tor, the masses of the third genera-tion sfermions should be near the ele
troweak s
ale. TheWeinberg operator is then generated at two-loop order,providing the primary 
ontribution to dD [22, 23℄:dD ' dn(w) + dp(w) � ew � 20 MeV; (15)where w is the 
oeÆ
ient of the Weinberg operator eval-uated at 1 GeV. The Weinberg operator provides a neg-
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FIG. 3: Bands of jdj � dexp in the �A { �� plane for A0 =m1=2 = 300 GeV, and m0 = 120 GeV (with the same 
olor-
oding as in Fig. 2). The width of the deuteron band normalizedto 3 � 10�27 e 
m is too small to be visible on the plot and isarti�
ially widened by a fa
tor of 10.ligible 
ontribution to d�NND due to additional 
hiralsuppression and isospin violating fa
tors in �g(1)�NN (w).Presently, order one CP-violating phases in this frame-work are barely 
ompatible with the experimental 
on-straint on dn [24℄. Therefore, an improvement in theexperimental pre
ision by a fa
tor of 10 or more, to thelevel of 10�27 e 
m, would provide a 
ru
ial test for thesemodels. Failure to observe dD would ne
essarily implythat the CP-violating phases are small 
ontrary to theprimary assumptions of the model.Next, we analyze 
onstraints on the SUSY CP-violating phases �A, �� with the superpartner mass s
ales�xed as shown in Fig. 3. This is a CMSSM point (theHiggs soft masses are uni�ed with other sfermion masses)with a relatively low Higgs mass of 114 GeV [19℄. Weobserve that dD 
ombined with the thallium 
onstraint
an put tight bounds on both phases in
luding �A thatis otherwise poorly 
onstrained. An improvement of thebound on the triplet CEDM 
ombination by a fa
tor of 30or more would allow one to probe SUSY CP-odd phasesof size 10�3 or below (10�2 or so for the A{terms). Ina number of theoreti
ally motivated s
enarios, phases ofthis size are naturally expe
ted. In parti
ular, if the A{terms are hermitian at the GUT s
ale as happens in theleft{right and other models, RG running indu
es smallphases in the diagonal elements. For a variety of tex-tures, the CEDMs of the light quarks are of order 10�27
m [25℄, and thus observable at the up
oming experiment.Finally, we 
onsider the sensitivity of dD to the di-mension 6 operators, Cij�qiqi�qji
5qj, whi
h may be im-portant in two Higgs doublet models, left-right symmet-

ri
 models, and 
ertain supersymmetri
 s
enarios. Typi-
ally, Cij 
an be parametrized as Cij = 
Y SMi Y SMj M�2h ;where Y SMi(j) are the SM quark Yukawa 
ouplings, Mh isthe mass of the (lightest) Higgs boson, and the 
oeÆ
ient
 is model dependent. Existing EDM bounds are sensi-tive to Cij only with the help of an enhan
ement at largetan �, 
 � tan2 � or tan3 � [26℄, or in the top quark se
-tor where Ctq indu
es w and/or light quark (C)EDMs viathe Barr-Zee me
hanism [27℄. The proje
ted sensitivityto dD would in 
ontrast probe Cij for all quark 
avorsdown to 
 � 0:01�0:1 forMh � 100 GeV, thus providingvaluable 
onstraints even for tan � � O(1).In 
on
lusion, we have presented an analysis of thedeuteron EDM in terms of the relevant Wilson 
oeÆ-
ients and studied the impli
ations of a dD measurementat the level of a few�10�27 e 
m. We have shown thatthis would lead to a fa
tor of 10 to 100 gain in sensitivityto various CP violating sour
es of dimension 4, 5 and 6.This has important 
onsequen
es for supersymmetry andother s
enarios for physi
s beyond the Standard Model.A
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