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Probing CP violation with the deuteron electric dipole moment

Oleg Lebedev,Keith A. Olive? Maxim Pospelov, and Adam Rit2
DESY Theory Group, D-22603 Hamburg, Germany
2William 1. Fine Theoretical Physics Institute, University of Minnesota, 116 Church St. SE, Minneapolis, Minnesota 55455, USA
3Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia, Canada V8P 1A1
4Theory Division, Department of Physics, CERN, CH-1211 Geneva 23, Switzerland
(Received 6 February 2004; published 22 July 2004

We present an analysis of the electric dipole mom&mRM) of the deuteron as induced l&yP-violating
operators of dimension 4, 5 and 6 includifigcp, the EDMs and color EDMs of quarks, four-quark interac-
tions and the Weinberg operator. We demonstrate that the precision goal of the EDM Collaboration’s proposal
to search for the deuteron EDM, (1-8)10 ?’ecm, will provide an improvement in sensitivity to these
sources of one to two orders of magnitude relative to the existing bounds. We consider in detail the level to
which CP-odd phases can be probed within the minimal supersymmetric standard model.
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The most stringent constraints on flavor-diago@BIvio-  the isospin-triplet coupling™). In a zero-radius approxima-
lation in the hadronic sector arise from bounds on the electrigion for the deuteron wave function, the result

dipole momentsEDMSs) of the neutrorj 1], mercury[2], and

in certain cases thalliuf8]. These experiments have impor- engNa(ln)lN 1+¢
tant implications for physics beyond the standard model, and dzNN=— 5 z 5 (4)
its supersymmetric extensions in particulaee e.g[4]). ™My (1+2¢€)

In what follows, we will show that a proposed measure-

ment of the deuteron EDN5], with projected sensitivity depends on the parameigr ymye/m.., determined by the

deuteron binding energy¢=2.23 MeV. Numerically, this
ldp|<(1-3)x 10~ ?"e cm, (1) implies

_ aNN_ _ (1) 1
would improve the sensitivity tofocp and SUSY CP- do (1.3+0.3egry (GeV ), ®)
violating phases by one to two orders of magnitude. We fin
that the dependence afy on the underlying QCD-sector
CP-odd sources is closest i,y and is complementary to

Ay Moreov_er, .".‘ addition to the improvement in precision, o maue direct contact with models 6P violation, we
dp has a significant advantage ovey due to the rather . —)
dequire the dependence df,, d,, andg'”’ on the param-

transparent nuclear physics in the former and thus small ) _ -
theoretical uncertainties. Consequently, the experiment wilft€'S In the underlying:P-odd Lagrangian at 1 GeV. Up to

be able to probe classes of supersvmmetric models WhiCﬂimension five, the relevant hadronic operators are @he
escape the gurrent EDM boundsp y term and the EDMs and color EDMEEDMS) of quarks

We now proceed to analyze the deuteron EQN, de-

fined via the interaction of the deuteron sp?irwith an elec- Lop= 0:—;66— |§ Z [dqaF o ysQ +qugSGoysq],
tric field, H=—dpl-E, working upward in energy scale. amuds ©)
Starting at the nuclear level, the deuteron EDM receives con-

tributions from a singlet combination of the constituent pro-, ... s &— .
ton and neutron EDMSs, but also arises due to megue-
dominantly pion exchange between the nucleons wW@R-
odd couplings at one of the meson-nucleon vertices. Thu

we can represent the EDM as

da result that can be improved systematically, and the error
correspondingly reducefb], with the use of more realistic
deuteron wave functions.

wpe G AGP782 andGo=t*G*"?¢,,. Note
that the dimension-six Weinberg operat&G G, as well as
dumerous four-quark operators, may, in certain models, also
contribute at a similar level to the quark EDMs and CEDMs.
Models of newCP-violating physics can be cast into two
dp=(d,+dy)+d7NN @) main categories(i) models that have no Peccei-QuiffPQ
b nooe b symmetry[8] and exacCP or P symmetries at high energies

where the third term includes the meson-exchange contrib@"d consequently=0 at the tree level; andi) models that

tion and depends on th@P-odd pion-nucleon couplings, ~ INvoke a Peccei-Quinn symmetry to remove any dependence
of the observables of. In models of the first typeg gen-
Loo= g R NTN73+ gl NN7P. (3)  erated by radiative corrections is likely to be the main source
N N of EDMs.
In a recent analysis, Khriplovich and Kork[6] (see also To determinedp(6), one may first try to make use of the

[7]) showed that5"N receives a dominant contribution from chiral techniqueg9] that determine thes-induced pion-
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nucleon coupling constant, g'%(6) =m, 6f . %(N|uu N ‘G.E
—dd|N) [wherem, =m,my/(m,+my)], and the one loop ) g
O(mf,log m,;) contribution tod,,. It is easy to see, however, X ><
that dp( ) is incalculable within this approach because the m '
chiral logarithms exactly cancel in tfg,+d, combination, N ® :
andg™®(6)=0 unless isospin violating corrections are taken (a) ©p (b)
into account. N
The cancellation betweenhh(g) anddp(g) does not hold FIG. 1. Contributions todZ" " (6), with isospin violation

. — . th h#- ixing.
in general. To calculatély(#) we use leading order QCD rough - mbxing

sum-rule estimates which imp{yL0] This result is interesting for several reasons. First, if the

— — projected experimental sensitivitit) is achieved, a null re-
dn(6)+dy(6) sult for dp will imply

my \° <EQ>
1 GeV| (1 GeV)®

= —(2i0.8)772( m, xeo, ||<3x10 1, (11)
(7)  which represents an improvement of over an order of mag-
nitude relative to the best current bound arising from the
Whefe(E%ﬂ)F:eqXF,w(a@ defines the magnetic suscep- limit on the neutron EDM. We note that the recent inclusion
tibility y~—(6-9) GeV 2 [11] of the vacuum, recently Of many-body effects in the nuclear component of the calcu-
computed to be at the upper end of this range, lation of dyg [15] has led to a significanteduction of
=—N./(47%f2), by Vainshtein[12]. The subleading cor- du(g?), thus relaxing the mercury EDM constraint en
rections to the sum rule were computed and are of ordelpy an order of magnitude. It is also important to note that the
10-15 %[ 10], while the uncertainty iry and freedom in the two sources fo® in Eq. (9) have quite different origins, and
choice of nucleon interpolating current lead to a larger overihus a cancellation would be unnatural. Given the relatively
all uncertainty of 30—40 %10]. good theoretical control over the contribution entering
It turns out that despite an additional suppression faCtorthroughE”, the uncertainty in the estimat@) is of less
the corresponding contribution ©@*(6) is not negligible  concern. The boun¢ll) has important implications for so-
and contributes td at approximately the same level as Eq. lutions to the strongCP problem within supersymmetry. In
(7). To take it into account, we note that isospin violation particular, supersymmetri¢€SUSY) models with left-right
arises predominantly through-= mixing as shown in Fig. symmetry typically predicgin the range 108-10"1°[16],
1(a). The inverted diagram of Fig.(h) provides at most a allowing a direct probe via thd, experiment.

10% correction, due primarily to the small sizegfyy and Introducing a PQ symmetry allows the axion to relax to
(NJuu—dd|N) relative tog,ny and (N|uu+dd—2ss|N). s minimum, thereby rendering unobservable. Adopting
Figure 1a) leads to the following result: this approach, we are left with the dimension five quark
. EDMs and CEDMs as the leading candidates for the position
1y . Mefmg—m, o — o — of dominantCP-odd source. The constituent EDMs of the
gann(0)= T am, (NJuu+dd—2ss|N).  (8)  proton and neutron receive contributions from both of these

operators, with the QCD sum-rules res(dmitting for now

Combining Eqs(7) and (8), we obtain the Weinberg operatpf17]

dp(6)=—ed| 2 2Xm*<EQ> M (mg—my) dn(dg.dg) +dy(dg.dg)
p(0)=—eb| 27 (1 Gev)® M, 4f, =(0.5+0.3)(d,+dg)—(0.6=0.3)

xe[(d,~dq)+0.3d,+dg)], (12

X (N|uu+dd—2ss|N) |, 9

where we have split the CEDM contribution into singlet and
which numerically takes the form triplet combi.nations. A possible contripution froth is re-
moved at this order under PQ relaxation. The quoted errors
have the same origin as those in E@). for the dependence

of d, andd, on 6.

The triplet pion-nucleon couplina(l’ receives a domi-
using standard quark mass ratjds], and quark condensates nant contribution from the triplet combinatior(—dg) of
over the nucleorisee e.g[14]). The second term in Eq10) CEDMs, and the “best” value for this coupling was recently
arises from theCP-odd pion-nucleon interaction. determined using sum rul¢4&8],

dp(60)=—e[(3.5+1.4)+(1.4+0.4]x10 3¢ (GeV 1),
(10
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-3 i . dy—dy 1000 .
ngN’szlX 10 12T’ (13) 1 my, =600 GeV, L =400 GeV,0p=0.lrt, 6,=0]
10“° cm Ay =300 GeV, tan p = 10
100 . m, =400 GeV ]
with a rather larggoverall uncertainty due to an exact can- S
cellation at the level of vacuum factorization. We quote the e ] - T
non-Gaussian errors determined via parameter varigti8h = | e Tl
Since this result enters without any additional isospin- = lj ~~~~~~~~~~~~~ n Tl 3
violating suppression factor, it numerically dominates the He e Tl
CEDM contribution tody, . Combining Egs(12) and (13), 0.1 - Ty
we find ]
0.01 :
~ -~ ~ 1.0 10
dp(dy,dg)=—e(d,—dg)[573"+(0.6x0.3)] (@) mg, (TeV)
—(0.2+0.1)e(d,+dy) +(0.5+0.3)(d,+dy),
(14 1 m,, =600 GeV, 11 = 400 GeV, 8, 20,6, = 0.1n ]
Ay =300 GeV, tan B = 10
where the constituent nucleon EDMs provide a 10% correc- 10 D m, =400 GeV
tion to the triplet CEDM contribution. We conclude from this ;
result that for models witred~d; the deuteron EDM is o TI
predominantly sensitive to the triplet combination of _535 L
CEDMs, as is the mercury EDM. Moreover, if the predicted s ;
precision is achieved, its sensitivity to the triplet CEDM o1l %
combination at the level of a fewl10 2% cm would repre- T R
sent an improvement on the current mercury EDM bound by n --------
two orders of magnitude. 0.01 :
We now turn to an analysis of the predicted sensitivity to 1.0 10

new CP-odd sources focusing on the minimal supersymmet-  (©) mgy, (TeV)

ric standard modelMSSM) with universal boundary condi-
tions at the unification scale for all parameters except for FIG. 2. The EDMs of the deuterdisolid), mercury(dotted, the
those in the Higgs sector. This exception allows us to satisfyieutron(dot-dashej and thallium(dashed as a function of the
all phenomenological and cosmological constraints for a>USY soft breaking scalar mass, displayed in terms of the left-
wide range of squark masses while keeping the other parananded down squark mass. (@ 6,=0, 6, = /10 and in(b) 6,
eters fixed[19]. In this case, there are twBP violating =7r(10_, 6,=0. The EDM is normalized to the experimental con-
phases, identified with the phases of fagparameter in the Straintin each case.
superpotential and the phase of a common trilinear soft-
breaking termA.

In Fig. 2, we plot the EDMs as a function of the left-
handed down squark mass by varyimg from 0.25 to 10
TeV, while keepingm,,, (as well as the other input param-

The dp experiment will also be able to probe a popular
solution to the SUSYCP problem, the “decoupling” sce-
nario. This framework assumes that the sfermions of the first
two generations have masses in the multi-TeV range, thus
eterg fixed. For this choice of parameters, the light Higgssuppressmg ks ong-loop EDM contributions to an accept-
boson mass is about 120 GeV and the lightest neutralino is [%Zble level a}nd aIIowmg;P—odq phases tq be of order one

i : T ~ 0]. To satisfy the cosmological constraints on dark matter
mixed gaugino and Higgsino state. The curves begimat  ghyndancg21], and to avoid excessive fine-tuning in the
~1.2 TeV corresponding tomy=250 GeV with my,  Higgs sector, the masses of the third generation sfermions
=600 GeV. In this figure, the theoretical average values oghould be near the electroweak scale. The Weinberg operator
the neutron, thallium and mercury EDMs are normalized tois then generated at two-loop order, providing the primary
their current experimental limits, whildy is normalized to  contribution todp [22,23:
3x 10 ?’ecm. The theoretical error bands are generally very
narrow on these log-scale plots and are not shown. For low dp=d,(w)+d,(w)~ewx20 MeV, (15
6, , the EDMs scale withy and therefore the results for ) o _
other (smal) choices 0f6,,,) can be deduced from this fig- wherew is the coef_f|C|ent of the Wembe_rg operator_e\_/aluated
ure. We immediately see that the projected sensitivitgpf &t 1 GeV. TheNWelnberg operator provides a negligible con-
to squark masses extends beyond 10 TeV, well beyond that &fibution to d5™" due to additional chiral suppression and
the existing bounds or the reach of colliders in the foreseeisospin violating factors irﬁs,l,\’,N(w). Presently, order one
able future. Note that the dips observable in the plotigf  CP-violating phases in this framework are barely compatible
for 6,#0 are due primarily to cancellations between quarkwith the experimental constraint ah, [24]. Therefore, an
CEDM and electron EDM contributions. improvement in the experimental precision by a factor of 10
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0.04 T

E my), = Ag =300 GeV, 1 = 450 GeV
0.03 m, =500 GeV, m = 120 GeV, tan § = 10
0.02 -

0
(-)A/n

0.5

FIG. 3. Bands of|d|<deypy in the 64-6, plane for Ag=m,,
=300 GeV, andmy,=120 GeV. The width of the deuteron band
normalized to %10 ?’ecm is too small to be visible on the plot
and is artificially widened by a factor of 10.

or more, to the level of 10?’e cm, would provide a crucial
test for these models. Failure to obsedgwould necessar-
ily imply that the CP-violating phases are small, contrary to
the primary assumptions of the model.

Next, we analyze constraints on the SUEP-violating
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below (10 2 or so for theA term3. In a number of theoreti-
cally motivated scenarios, phases of this size are naturally
expected. In particular, if thé terms are Hermitian at the
unification scale as happens in the left-right and other mod-
els, RG running induces small phases in the diagonal ele-
ments. For a variety of textures, the CEDMs of the light
quarks are of order IG¢’ cm[25], and thus observable at the
upcoming experiment.

Finally, we consider the sensitivity aff; to the dimension
6 operators(C;;q;q;q;i ysd; , Which may be important in two
Higgs doublet models, left-right symmetric models, and cer-
tain supersymmetric scenarios. Typicalfy; can be param-
etrized asC;; =cY VYPMM [ 2, whereY{) are the standard
model (SM) quark Yukawa couplingdyl;, is the mass of the
(lightesy Higgs boson, and the coefficieais model depen-
dent. Existing EDM bounds are sensitive@q only with the
help of an enhancement at large @nc~tarf or tar'g
[26], or in the top quark sector whef@,, inducesw and/or
light quark (C)EDMs via the Barr-Zee mechanisi7]. The
projected sensitivity talp would in contrast prob€;; for all
quark flavors down t@~0.01-0.1 forM,,~100 GeV, thus
providing valuable constraints even for {ar O(1).

In conclusion, we have presented an analysis of the deu-
teron EDM in terms of the relevant Wilson coefficients and
studied the implications of d; measurement at the level of
a fewx 10~ ?’e cm. We have shown that this would lead to a
factor of 10 to 100 gain in sensitivity to vario@P violating

phasesf,, 6, with the superpartner mass scales fixed aSqrces of dimension 4, 5 and 6. This has important conse-

shown in Fig. 3. This is a CMSSM poirithe Higgs boson
soft masses are unified with other sfermion masseth a
relatively low Higgs boson mass of 114 Gg¢¥9]. We ob-
serve thadp combined with the thallium constraint can put
tight bounds on both phases includidg that is otherwise

quences for supersymmetry and other scenarios for physics
beyond the standard model.
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