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Neutron and electron electric dipole moment inN=1 supergravity unification

Tarek Ibrahim and Pran Nath
Department of Physics, Northeastern University, Boston, Massachusetts 02115
(Received 25 August 1997; published 25 November 1997

An analysis of the neutron EDM and of the electron EDM in minimNa+ 1 supergravity unification with
two CP-violating phases is given. For the neutron the analysis includes the complete one loop gluino,
chargino, and neutralino exchange diagrams for the electric dipole and the chromoelectric dipole operators, and
also the contribution of the purely gluonic dimension-six operator. It is shown that there exist significant
regions in the six-dimensional parameter space of the model where cancellations between the gluino and the
chargino exchanges reduce the electric and the chromoelectric contributions, and further cancellations among
the electric, the chromoelectric, and the purely gluonic parts lead to a dramatic lowering of the neutron EDM
sometimes below the electron EDM value. This phenomenon gives a new mechanism, i.e., that of internal
cancellations, for the suppression of the neutron EDM in supersymmetric theories. The cancellation mechanism
can significantly reduce the severe fine-tuning problem associatedG/thiolating phases in SUSY and
SUGRA unified modelsS0556-282198)01203-X

PACS numbd(ps): 13.40.Em, 04.65-e, 12.60.Jv

[. INTRODUCTION color and of the purely gluonic operators with the presump-
tion that their relative contributions to the neutron EDM are
Supersymmetric models with softly broken supersymme-small. However, it was pointed out in R¢fL.2] that the con-
try introduce new sources @@ P violation which contribute tributions of the color and of the purely gluonic operators
to the neutron and the electron electric dipole momentan be comparable to the contribution of the electric dipole
(EDM). It is known that the exchange of supersymmetricoperator in a significant region of the minimal supergravity
(SUSY) particles close to their current experimental lowerparameter spacgl2]. Currently there is some confusion in
limits and CP-violating phases of normal size, i.€@(1), the literature regarding the sign of the gluino exchange term
will lead to the neutron EDM already in excess of the current6,7]. Further, there is no analysis aside from that of [R&f.
experimental bound of 110 2% cm [1]. Two possibili- ~ which gives the complete one loop contribution including the
ties to resolve this problem have been commonly discussedluino, the chargino and the neutralino exchanges against
in the literature. The first is that the phases are®¢t) but ~ Which the signs of the relative contributions of the various
rather much smaller, i.eQ(10 2—10 %) [2—4]. However, a terms can be checked. Because of the sensitive issue of the
small phase constitutes a fine-tuning unless it arises natgancellation between the gluino and the chargino exchange
rally, e.g. as a loop correction. The second possibility is thagliagrams crucial to the analysis of this paper, we have re-
the phases ar@(l)’ but the Supersymmetric Spectrum done the full one |00p analysis of the EDM with the gluino,
which contributes to the EDMs is hea{$,6], i.e. in the the chargino and the neutralino exchanges. We compare our
several TeV region and perhaps out of reach of even th&esults to those of Ref§6, 7] in Appendix A. In our analysis
CERN Large Hadron CollidefLHC). In this paper we dis- We have made the standard assumption of ignoring all the
cuss a third possibility, i.e., that of internal cancellationsgenerational mixing of quarks and of squarks.
among the different components of the neutron EDM. We The outline of the paper is as follows: In Sec. Il we give
shall show that such cancellations can dramatically reducthe general features of the minimal supergravity unified
the neutron EDM without either excessive fine-tuning of themodel and discuss the ne@P-violating phases it supports.
phases or pushing the SUSY spectrum in several TeV madg Sec. lll we give our evaluation of the gluino, the chargino
range. One then finds that the neutron and the electron EDM&Nd the neutralino contributions to the electric dipole opera-
can satisfy the current experimental boufitl$] with phases tor. In Sec. IV we display our evaluation of the chromoelec-
not unduly small and a SUSY spectrum which is not undulytric and of the purely gluonic operator contributions. Nu-
heavy at least for low values of tgh merical analysis of results and the phenomenon of
Although there are many analyses of the EDMs in supercancellation among the various components is discussed in
symmetric theories, most of thef2,3,5—7 are without ra- Sec. V. Conclusions are given in Sec. VI. Diagonalization of
diative breaking of the electroweak symmetry and sometimethe squark and of the chargino mass matrices paying atten-
neglecting the chargino contribution to the neutron EDMtion to the phases is given in Appendixes A and B along with
[2,7]. For the neutron EDM there are two operators otherd comparison of our results with those of the previous analy-
than the electric dipole moment operator, which can contribSes.
ute to the neutron EDM. One of these is the color dipole
operator and _the other is t_he dimen;ion-six purely gluonic|; N=1 SUPERGRAVITY AND CP-VIOLATING PHASES
operator considered by Weinb€r@]. With the exception of
the work of Ref.[10] most of the previous analyses The analysis of this paper is based MA1 supergravity
[2,3,6,7,1]1 do not take into account the contribution of the grand unified theory in which supersymmetry is broken
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spontaneously via gravitational interactions in the hidderthe universal scalar mas8, is the universal trilinear cou-
sector[13,14], and the electroweak symmetry is broken viapling, B, is the universal bilinear coupling, and,, is the
radiative effects. We assume that the grand unified theoryiniversal gaugino mass. In genersj, Boug, mo andms,
(GUT) groupG breaks at the scaM ¢ to the standard model are complex. However, not all the phases are physical. It is
gauge group, and after breaking of supersymmetry the tregossible to remove the phasesrof,m;, and makeByu,
effective theory can be characterized by the following sym~eg)| by redefinition of the fields and by doifytransforma-
metry breaking sector at the GUT scale: tions on them. We are then left with only two independent
phases at the GUT scale. One may choose one of these to be
the phase ofu, (6,0), and the other to be the phase Ay
(apg). Using renormalization group evolution one can
evolveVgg(0) to low energy and one finds

Vsa(0) =m3z,z*+ (MeA;W + BoW @ + H.c.)
+3 Mo\

D

Here W)= y0H,H,, with H;, H, being the two Higgs
doublets W®) is the superpotential cubic in the fieldsg is

Vsg=mZ|Hy|2+md|H,|?~ [Bue HyHL+H.c1+ ME[UF Uy + 0 0 1+ MEUAUR+ METEdr+ ME[ V5 Vet €f 6]

27x X 9mo MeAe i T =* MyAqg i~ q* MyAy it 1= = AaResL = BR
+Mzegert meij cosp plieg+ cos,Bqu'-dR_ Sn B H>q ug+H.c.|+ E[mggg+m2W W2+ m;BB]
W
+AVgg v
|
where (T, q,) are the S(?) (slepton, squankdoublets(the dA, 16_mg —m 13_ m, t
generation indices are suppressethdAVggis the one loop dr - |3 as + azm—+ 15 % m. +3Y'A¢ |,
contribution to the effective potentigl5]. 0 0 (6)
In our analysis the electroweak symmetry is broken by
radiative effects which allows one to determine the magni- ~ ~ ~
tude of uq by fixing M, and to find the magnitude @&, in dAs —(EE3 Ma 52@+ — a m+3YbAb),
terms of tand=(H,)/(H,). In the analysis we use one-loop It 3 me 15" mp
renormalization group equatioRGES for the evolution of (@)
the soft SUSY breaking parameters and for the parameter 5.4
and two-loop RGEs for the gauge and Yukawa couplings.
The equations for the gauge and the Yukawa couplings, and dA ™, 9. m
the diagonal elements of the sfermion masses and gaugino —= —( a, —+ - a; —+3YbAb), (8
masses are such that they are entirely real, while the phase of dt Mo 5 Mo

u does not run because it cancels out of the one loop renor- ~_ ) e (ude? ’
malization group equation g.. However, both the magni- Where ai=gi/(4m)*, Y qe=n"""/(4m)% and where
tudes and the phases &f do evolve and one has g; are the gauge couplings ah&"%® are the Yukawa cou-
plings, andt=|n(Mé/Q2). The supergravity model wit P
violation is then completely parametrized by just six quanti-

dA 6_my . m 13_. m : ties: My, My, Ag, tanp, 6,0 and aag. There are 32 new
dt o\ 3 %8m, T3%m T s v, T A particles in this model. Their masses and interactions are
determined by the six parameters above. Thus the model is
very predictive.
+YPA, |, (€©))
I1l. EDM CALCULATION
~ ~ One defines the EDM of a spiparticle by the effective
dA _ 55; Ms | o= @Jrlg M VA 4+ 6YPA Lagrangian Pie ’
dt 3 3 2my 15" 1mg t b

(4)

~ My T b
@ FAYAFIY A | (5)

[ —
£y= = 5 o, ysyF ©

which in the nonrelativistic limit gives’, =df¢1\5~ EwA
whereys, is the large component of Dirac field. In renormal-
izable theories the effective Lagrangié8) is induced at the
loop level if the theory contains a source ©P violation at
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Here £ violates CP invariance iff ImK;L})#0. The one
loop EDM of the fermion f in this case is given by

2 m2
P ——— Im(K;, L} A +QB| —
L % Gy MO [Q( Q(H
Qk(llv) \‘l\k(lk) (11)
I, \\
' AY
' \ whereA(r) andB(r) are defined by
as(ly) x2xi g as(ly)
® A= oy [3ors 20 12
(= sa=mz |31 (12)
(i)
o7 RRE and
/ K B 1 2rinr 13
i 1 [
ar{ly) xi xi as(ly)

v where one has charge conserved at the vertices, Qg.,
=Q;—Q;. The loop diagrams corresponding to the telm
is Fig. 1(b) and to the term B is Fig. (&).

(b)

FIG. 1. (a) One loop diagram contributing to the electric dipole A. Gluino contribution

operator where the external photon line ends on an exchanged The quark-squark-gluino interaction is given [iy4]
squark(slepton line represented by (T,) on the internal line(b)

One loop diagram cqntributing to the electric dipole opera_tor where Ly = ==v2g.TR E —1—5 a ?i"
the external photon line ends on an exchanged chargino line labeled a-a-9 STk Ay adir
by x;" in the loop.
faTEE g g He (14)
the tree level. For a theory of a fermiof interacting with b2 atiL o

other heavy fermions/;,’s and heavy scalarsp,’s with
massesn;, m, and charge®);, Q, the interaction that con-

tains CP violation in general is given by wherea=1-8 are the gluino color indices, angck=1-3

are the quark and squark color indices. The scalar figlds
IR ~rs ~ Vs Vs andqp are in general linear combinations of the mass eigen-
Lim_% ¥i| Kix 2 *+Lik 2 )wi bt H.C. states which are given by diagonalizing the squark (nfass)
(100  matrices foru andd at the electroweak scafé4]:

2 2 2 1 . *
o | Mg+m2+Mz| 5 —-Qy Sir? 6,y | cos 8 my(A¥mg— u cot B)
MZ= (15
my(A,mo— u* cot B) M%Jr m,2+M2Q, sir? 6, cos B
and
2 2 1 . *
2 | MG+mg®—Mg| 5 +Qq Sir? 6,y | cos mg(A%mg— u tan gB)
MZ= , (16)
mg(Agmy— u* tan 8) M%‘f‘ mgZ+M2Qq sir? 6y cos B
whereQ,=35 andQ4= — 3. We note that thé\, andA, are not independent but evolve from the same comspat the GUT

scale. Furtherg,, (the phase Of), ara, (the phase oA,), anda,, (the phase of\y) are related to just the two phasgs and
ap, at the GUT scale by renormalization group evolution. We diagonalize the squark matrices so that

5L=Dq1151+ Dqlzaz (17)
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qr= Dq2151+ quzaz’ (18

whereq, andq, are the mass eigenstates. A more detailed discussion of the diagonalization is given in Appendix A.
In terms of the mass eigenstafgs and g, the gluino contribution is given by

2 2
2aq mg 5
dq glulno/ - 37 k§=:1 Im(Fék) M_%QEB M_Z ) (19)
Ay Ak
wherel' =D D%y, as=g3/4m, my is the gluino mass, ane is the positron charge.
B. Neutralino contribution
In order to discuss the neutralino exchange contributions we first exhibit the neutralino mass matrix
m, 0 —M, sin 6y cosB M, sin 6y sin B
0 m M, cos 6,y cos —M, cos fy sin
MX0= . 2 z W :8 z W :8 . (20)
—M, sin 6, cosB M, cos 6, cospB 0 —u
M, sin 6y sinB  —M, cos by sin B8 —u 0
|
The matrixM,o is a complex non-Hermitian and symmetric m, v2myy, sin B
matrix, which can be diagonalized using a unitary makix Mc= . (25
such that v2my, cos B M
XTMXoX=diagﬁxg,ﬁxg,ﬁxgﬁxg). (21 This matrix can be diagonalized by the biunitary transforma-
tion
By rearranging the fermion-sfermion-neutralino interaction
[12], the neutralino exchange contribution to the fermion * g~ o~
EDM is given by U*McV _d'aqme’mXI) (26)
agMm whereU andV are unitary matricessee Appendix B By
df neutralind €= A1 SIr? O Ow k21 .Z 'm(”flk) g looking at the fermion-sfermion-chargino interaction we find
M the chargino contribution to the EDMs for the up quark, the
m2 down quark and for the electron as follows
X Q7 ( 7 ) (22
fk 2 FﬁX+
E —
where dy-chargind €= 47 S|n29W & 2 (Tyi) M~
ntik=[ —v2{tan Oy (Qs— T3¢) X1+ T35 X} D1k ﬁ)z(% ﬁif
x| QiB| — | + Al — | |,
+ ki XpiDfal (V2 tan QXD o= k1 XpiDt1i) - @ %k (Qu=Qq) M-Z&k
(23 (27)
Here we have
ﬁ +
m m d§ e= m(I"
_ u- . Kge= d,e (24) d- charglnc/ A SIF kzl IE dlk) M%k
v2my, sin 8 " v2myy cos B
me m,
whereb=3(4) for Ty=—1(2). x| QiB| = | +(Qu—QWA| — | |,
M3k M3
C. Chargino contribution (28

To discuss the contribution of the chargino exchanges we
exhibit first the chargino mass matrix and
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2 ~ ~2
E e *\ /% 2 2 4 mXQ mX_o
de-chargind €= 7~ sm2 O m.% 2 - Im(URVH A neutralino™ —z 2 2 IM(7gi) —2- B '
v 167< (&1 i< M2 2 _Z_Mak
e (39
Al (29  and
Me
where — 9%, 2 2 mxr mxr
* * My* %~ dq chargino— 1 g2 kgl ;1 Im(T gix) |\/|_.2. B M_?, .
Fuik: KuViZDdlk(UilDdlk_ KdUiZDdZK) (30) Z z

(39

* *
Lgik= rgU2D uar V1D iz~ <uVi2D i) - (32) The contribution to the EDM of the quarks can be com-

The sum total of the gluino, the neutralino and the chargind®Uted using the naive dimensional analy4i6] which gives

contributions to the EDM gives us the total EDM. To obtain
the neutron EDM contribution from the electric dipole mo- d¢=— d (40)
ment operator we use the nonrelativistic (8JUquark model

which gives where ¢ is the QCD correction factor for the color dipole

do=3[4dg—dy]. (39 operator. o
For the CP-violating dimension six operator
The analysis ofi,, above is at the electroweak scale and it

3
i i iza- 2,2
must be evolved down to the hadronic scale via renormaliza-  j6_ ~3agm, 9s Im(T'22) 1 h 2 H(21.25,2,)
tion group evolution to give A7 m
d5=°d, (33 “n
E . . . . where
where 7= is the QCD correction factor and we estimate it to
be 1.53 in agreement with the analysis of HéD)]. M7, )2 m, | 2
a:< m ) A (m_'g') (42

IV. CHROMOELECTRIC AND THE CP-VIOLATING

PURELY GLUONIC DIMENSION-SIX OPERATORS The contribution tal,, from d® can be estimated by the naive

The quark chromoelectric dipole moment is defined to bed|mensional analysig16] which gives

the factord® in the effective operator eM

dy=7—d%7° (43)

L= 5 %0, 5T+ (34 o |
whereM is the chiral symmetry breaking scale and has the
numerical value 1.19 GeV, ang® is the renormalization
group evolution factor of the dimension-six operator from
the electroweak scale down to the hadronic scale. We esti-

where T2 are the generators of $8). The gluonic dipole
momentd® is defined to be the factor in the effective opera-

tor mate that7®~ 7®~3.4 in agreement with the analysis of
L= =% 5,5 1,55, G o€ (35)  Ref.[10]. To get the contributions of the chromoelectric and
dimension-six operators to the EDM we used the reduced
whereG,,, is the gluon field strength tensdf, g, are the coupling constant and naive dimensional analysis. There is

Gell-Mann coefficients, and“"“ is the totally antisymmet- another way of estimating this contribution for the chromo-
ric tensor withe®?3= + 1. An analysis of these operators in €lectric operator and that is using QCD sum ruleg|. The
minimal Supergra\”ty with twoC P- V|0|at|ng phases was use of QCD sum rules rather than of the naive dimensional
given in Ref[12]. We quote the results from that work here. method would not change the conclusions of this paper.

For the chromoelectric dipole moment one has three contri-

butions: from the gluino exchange, from the neutralino ex- V. EDM ANALYSIS
change, and from the chargino exchange. These are given b .
[12] g g g g y As already stated while the EDM of the neutron has been

analyzed in many works, most of the previous analyses have
m2 been carried out within the minimal supersymmetric standard
( 29 ) (36) model (MSSM). Our analysis here is in the framework of
3 N=1 supergravity and we use radiative breaking of the elec-
troweak symmetry including one loop effective potential
where terms[15] to analyze the EDMs in the six-dimensional pa-
rameter space of the theory given by, my,, Ay, tang,
Cir) = 1 2rinr 18In r) 6,0 anda,g. The constraints imposed on the radiative elec-
(r)= 10r — 26+ —— , (3 u . : "
troweak symmetry breaking include imposition of color and

9
A gino="—7 52 |m<r1k>—gc
qu

6(r—l)2 1-r 1-r
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FIG. 2. (a) Plot of the magnitude of the electron EDM as a functiomgfwhen|A|= 1.0, tanB=3.0 anda,= 6,,0= /10 for different
values ofm,;,. The dotted curve is fom,;,=500 GeV, the solid curve fan,,=600 GeV, and the dashed curve is fo{,,= 700 GeV.(b)
Plot of the magnitude of the neutron EDM as a functiommgffor the same parameters as(@. (c) Plot of the magnitude of the electron
EDM as a function ofm,,, when |Ag|=1.0, tang=3.0 and axy= 0,,0=m/10 for different values oim,. The dotted curve is fom,
=500 GeV, the solid curve fany,=1000 GeV and the dashed curve is fog=1500 GeV.(d) Plot of the magnitude of the neutron EDM
as a function ofm,, for the same parameters as(ir). (e) Plot of the magnitudes of the neutron, the electron and the muon EDMs as a
function of O for the case whehAy|=1.0, tanB=3.0, axo= /20, my=1000 GeV andn,,,=500 GeV.(f) Plot of the magnitudes of the
neutron, the electron and the muon EDMs as a function oftéor the case whefAq|=1.0, axo= 0,,0= /20, my=2000 GeV andm,,
=500 GeV.

charge conservation, experimental lower limit constraints orthe . and theA; terms in the purely gluonic part. In addition
the sparticle masses from CERN e~ collider LEP, Col- to the above one also finds a further cancellation among the
lider Detector at FermilagCDF) and DO, and the experi- electric, the chromoelectric and the purely gluonic parts.
mental constraints obh— s+ vy from CLEO[18]. (Details of  Constraints on the theoretical analyses are provided by the
the analysis are similar to those of REI9].) As mentioned experimental upper limits on the EDMs. For the neutron the
in Sec. | in most of the previous analyses in the literature theurrent experimental limit i§1]
effects of the chromoelectric and of the purely gluonic op-
erators have been assumed small and ignored. As shown in d,<1.1x10 %% cm (44)
Ref.[12] this is an erroneous assumption as the relative con-
tributions of the electric, of the chromoelectric, and of theand for the electron the limit i3]
purely gluonic operators are highly model dependent and
their ratios can sharply change as one moves in the six- d.<4.3x10 *’e cm. (45)
dimensional parameter space of the model. In fact, it was
shown in Ref[12] that contrary to the assumptions generally For the muon the current experimental upper limitdig
made the contributions of the chromoelectric and of the<1.1x10 e cm [23] (at 95% C.L). This limit may im-
purely gluonic operators can be comparable to and may eveprove by up to four orders of magnitude in a new proposed
exceed the contribution of the electric dipole term. Becaus€xperiment at the Brookhaven National Laborat¢g4].
of the significant contribution that the chromoelectric and theHowever, the constraints on the supergravity parameter
purely gluonic operators can make to the neutron EDM, wespace from the current limits on the neutron EDM and on the
include in our analysis all the three contributions, i.e., theelectron EDM are already much stronger than what might
electric, the chromoelectric and the purely gluonic operatoemerge from the improved muon EDM experiment. For this
contributions. However, we do not include in the analysis thgeason we focus in our analysis on the constraints coming
effects induced by the phase in the Kobayashi-Maskaw&om the neutron EDM and from the electron EDM. How-
(KM) mass matrix in the renormalization group evolution of ever, we shall sometimes also display the muon EDM for
the SUSY phases, since these induced effects are known @@mparison along with the neutron and the electron EDM.
be very smal[20-22. We begin our discussion with a comparison between the
One of the important phenomena we find in our analysiglectron and neutron EDM constraints on the two basic pa-
is the possibility of destructive interference between thgameters of the theory, i.em, and m,;,. As may be seen
gluino and the chargino exchange diagrams for the electrirom Fig. 2a) the electron EDM falls off with increasing
dipole and for the chromoelectric terms. This generally hapimy. This behavior is easily understood from E¢82) and
pens when the signs of phases@f0 and ap are opposite. (29 since asn, increasesA(r)/M% and B(r)/M% decrease.

In this case there is also a destructive interference betweddsing the experimental upper limit of E¢45) in Fig. 2(@)
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FIG. 3. (a) Plot of the magnitudes of the electric dipole contribution, of the color dipole contribution, of the purely gluonic contribution,
and of the total neutron EDM as a function @fg| for the case when taf=3, 6,,=m/30, ax=m/8, mz=800 GeV (ny,
=281.2 GeV) andny,= 1500 GeV.(b) Same aga) except thatx,o= — 7/8. (c) Plot of the magnitudes of the neutron, the electron and the
muon EDMs as a function ah,, for the case when taé=3, 6= /30, apo= £ /8, my=800 GeV andAy|=2.6. Curve 1(dotted is
for the case whempo= 7/8 and curve Zsolid) is for case whenv,o= — 7/8. (d) Plot of the magnitudes of the neutron EDM as a function
of my for three cases whefl o= 7/20, axo=—7/6, and tan3=3. The data for the other SUSY parameters are as folldwvgl=2.5,
m3=500 GeV for curve 1}Aq|=2.0,m3=500 GeV for curve 2, anfi\y|= 2.5, m5=600 GeV for curve 3(e) The excluded regions in the
Mo-my, plane of the minimal SUGRA model under the experimental constraints of (Bgsand (45) when|Aq|=1.4, tang=3.0, 6,0
= 7/30 anda 5o= * 7/8. The neutron EDM curves are solid witlf=) corresponding texpo= *+ 7/8, and the electron EDM curve is dotted
and labelede(+,—). The excluded regions of the parameter space lie between the axes and the curves.

one finds fol Ag| = 1.0, tanB=3.0 anda o= 0,0= /10 the from both the up quark and from the down quark with dif-
following constraints onmy: m,>1320 GeV for my, ferent tang dependences. However, the down quark contri-
—700 GeV, my>1420 GeV for m;,=600 GeV, andm, bution dominates and as Figifshows the neutron EDM is
>1520 GeV form,,=500 GeV. A similar analysis holds Still an increasing function of taf.

for Fig. 2(b). Here using the experimental upper limit on the 1N the analysis thus far we did not take advantage of the
neutron EDM of Eq(44) and for the same above parameterstWo independent phases. To give a comparison of the results
one finds my>2500 GeV for my,=700 GeV, m, arising in theT two cases we consider first the_ case of Fa. 3
>2680 GeV for my,=—600 GeV andmy>2840 GeV for where the signs oizAO and 6% are both positive. Here we
m,;,=500 GeV. Thus in this region of the parameter spacdind that there are no large internal cancellations within the
the upper limit on the neutron EDM rather than the uppervarious componentf, d5, anddS, and so these functions
limit on the electron EDM is the more severe constraint ondo not show any rapidly varying behavior. Howevef, and

mo. The dependence af, andd, on m,, is displayed in  d$ in this case are negative whilé is positive over the
Figs. 4c) and 2d). The broad maxima for smathy, in  entire|A,| region and there is a cancellation among them. In
these graphs arise from an interplay between the factorthe region of| Aj|<2.5 the cancellation is rather small be-

m,+, ﬁx_o andmg which increase as,, increases, and the causednG is relatively small. However, the cancellation be-
I |

functionsA(r), B(r) and C(r) which decrease asi, in-  comes more significant fdAO|}2.5: leading to a dip in the
creases. By carrying out the same analysis as formge total d, in this region as seen in Fig(a. '
dependence, one finds here also that the experimental upper We consider next the case in FigbBwhen the sign of
limit constraint for the neutron EDM is a more severe con-@a, is Switched. Here each of the individual componetits
straint than the one for the electron EDM. d$, andd® shows a destructive interference, giving rise to
The dependence of the EDMs @y is displayed in Fig.  sharp minima as a function ¢f\o|. These minima can be
2(e) and on tang in Fig. 2f). The conventional fine-tuning understood as follows: For the casedﬁfanddﬁ the minima
problem can be understood from the analysis of Fig) 2 arise as a consequence of the destructive interference be-
where the phasé,, must lie in a very small corridor around tween the gluino exchange and the chargino exchange in the
the origin to satisfy the current experimental constraints orone loop diagrams. This illustrates what we have said previ-
the neutron EDM. Figure () shows that the EDMs are an ously, that the chargino exchange contributions are as impor-
increasing function of ta. This behavior can be under- tant as the gluino exchange contributions and should be in-
stood easily for the electron and for the muon EDM sincecluded in the analysis contrary to what is often done in the
these involve a factor of 1/cq® which increases as tg® literature. The minimum ird® in Fig. 3(b) has a different
increases. For the neutron EDM case, there are contributioraigin. It can be understood by examining the expression
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1 -m, ) _ of the parameter space where kinematical suppressions oc-
Im(I't%) = m(m°|At|s'n ar+|ulsin 6, cotB),  cur. An example of this is the reduction of the EDMs when
tl t2

tan 8 becomes small as may be seen in Fid).2A kinemati-
cal suppression of the EDMs can also occumif,/my<<1.
where ¢, and a; are the values o), and of a5 at the As one can see from Eqel9) gnd(29) in this case the quark
0 t , and the lepton EDMs are kinematically suppressed. A sup-

electrovlveak scale. From E@6) we see that the magnitude pression of this type appears to arise in supersymmetric mod-
of Im(T'{?) depends on the relative sign and the relative magg|s with anomalous ) mediated supersymmetry breaking
nitudes off, and ofa,. Thus a cancellation occurs between [25],
the A; and theu terms wheng,, and o have opposite signs,  Finally, we exhibit in Fig. 8e) the excluded regions in the
leading to a sharp minimum ®f as a function ofAg|. Now  my—m,,, plane under the constraints given by the current
each of the three ternd;, d, anddS switch sign as they experimental upper limits od, and d,,. The regions be-
pass their zero values. Tha§ anddS are negative below tween the axes and the curves are the excluded regions in
their respective minima and become positive after crossingig. 3e). The analysis of Fig. @) shows the dramatic effect
them, whiledS is positive below the minimum and becomes of the destructive interference on the allowed and disallowed
negative after crossing it. This complex structure now givegegions in the mass plot. One finds that destructive interfer-
rise to two distinct minima in the algebraic sum of the threeence softens significantly the stringent constraintsngrand
terms, i.e., in the totall, as may be seen in Fig(l®. We  my,. Thus the excluded region in tmay,-m,,, plane for the
pause here to note that for the case when there is destructigestructive interference case is much smaller than for the
interference between the gluino and the chargino case, andcg@nstructive interference case. The analysis of Hig). iBus-
further cancellation among the electric, the chromoelectridrates another interesting phenomenon alluded to earlier. One
and the purely gluonic terms as is the case for Fig),3ne finds from Fig. 3e) that for the constructive interference case
finds a drastic reduction in the magnitudedyf often by a  the d, experimental constraint is the more severe one as it
factor O(10-16). eliminates a larger part of the parameter space, while for the

In Fig. 3(c) we give a plot of the EDMs of the electron, destructive interference case ttg experimental constraint
the muon and the neutron as a functiomuf,, showing the is the more severe one as it excludes a larger part of the
cases whem, is positive and whenv, is negative. Here ~parameter space in the,-my, plane in this case.

for the case whem, is positive the neutron EDM is large In t_he above_ we hav_e discussed cancellations which can
. 0 . . result in a drastic reduction for the case of the neutron EDM.
enough that it violates the current experimental bound in th

entire ranae ofn..<750 GeV. H for th h Shere can also be cancellations for the case of the electron
g ge omyz= eV. HOwever, Ior the case When ep\ patween the chargino and the neutralino contributions.
ap is negative the neutron EDM lies below the experimental

e ) _ For comparable sizes df, anda, , the chargino contribu-
upper limit form,,,=300 GeV. The large disparity between 0

. 2 tion is much larger than the neutralino contribution and can-
the magnitudes of the neutron EDM for the, positive case  cg)ation is not very effective. However, more significant

vs for the s negative case can shift the balance betweertancellations can occur for very small valueségf and for
which of the two experimental constraints, i.e., the experi-moderate values O&AO since in this case the contribution
mental upper limit constraint on the neutron EDM or thefrom the chargino exchange and the neutralino exchange be-
experimental upper limit constraint on the electron EDM, iscome comparable.
the more stringent one. It can be seen that for the case of
constructive interference the experimental upper limit con-
straint on the neutron EDM is generally the more stringent
one while for the case of destructive interference involving a In this paper we have presented an analysis of the EDM
large cancellation it is the experimental constraint on theof the neutron and of the charged leptons within the frame-
electron EDM which may be the more stringent constraintwork of supergravity grand unification under the constraint
We shall exhibit this effect further in the analysis of Fig. of radiative breaking of the electroweak symmetry. All the
3(e). supersymmetric one-loop contributions to the EDMs were
The destructive interference between the different contrianalyzed, taking care of their relative signs. For the neutron
butions exhibited in Figs. (8)-3(c) is not an isolated phe- we considered also the contributions from the chromoelectric
nomenon but rather a common occurrence in a large part aind from the purely gluonic operators. One finds that there
the parameter space. Thus, cancellations occur naturally ovekist significant regions of the parameter space where can-
the entire parameter space with the appropriate choice for theellations occur among the different contributions for the
relative sign off,, anda,,. Further, these cancellations can case of the neutron electric dipole moment. In these regions
become exceptionally large in certain regions of the paramthe neutron EDM undergoes a significant reduction and the
eter space. An example of this effect already occurs in theurrent experimental limits are consistent in these regions
analysis of Figs. @) and 3c). Similar cancellations also with CP-violating phases which are not too small and with a
appear in other regions of the parameter space. In Fi). 3 SUSY mass spectrum which satisfies the naturalness con-
the effect of cancellations id, is shown as a function ahy  straint. One also finds that regions of the parameter space
for three sets of input data for the case whgpand a,,  exist where the destructive interference between the different
have opposite signs. In each case there are large cancelleemponents can reduce the magnitude of the neutron EDM
tions which lead to the appearance of minima. Aside fromeven below the magnitude of the electron EDM.
the reduction of the EDMs by cancellations, there are regions The nature of interference, i.e., constructive vs destruc-

(46)

VI. CONCLUSION
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tive, for the neutron EDM determines which of the two ex- q N

perimental upper limit constraints, i.e., the upper limit on the cosm  —sin5€ '%a

neutron EDM or the upper limit on the electron EDM, will D.= ) (A3)
constitute the more stringent constraint. For the case of con- g b i 0q

structive interference fod,, it is the experimental upper sm?e ‘ COS?

limit on d,, itself which is found to be generally more strin-
gent constraint than the upper limit constrainte&in How- Here M%21=|M%21| e'%a and we choose the range 6f so
ever, for the destructive interference casedgr one finds  hot  — 7/o<g.<m/2  where tamy =2|MZ_ /(M3
that it is generally the upper limit constraint @y which ) - > 2 | 21 a1l
becomes the more stringent constraint. N M7522)- The eigenvalueMy, andM7, can be determined

As mentioned already the previously known mechanismglirectly from Eq.(A2) or from the roots
for the suppression of the neutron EDM in SUSY theories 2 L2 2 Lo 2
consist of suppression either by a fine-tuning using small Mg 1)2=2(M51,+ M5 (H)(—)z[(M5,— M7,)
phases or by a choice of a heavy SUSY spectrum. We have 2

- - bility i : ) +4|M%, |22 (A4)
pointed out a third possibility, i.e., that of internal cancella q21
tions, which naturally suppress the neutron EDM without the . ,
necessity of either having very small phases or having ar"€(+)in Eg.(A4) correspgnds tozchoosmg thezstructgre of
excessively heavy SUSY spectrum. The cancellations thdhe matrixMy so that forMg,,>M7,, one hasMg,>Mg,
occur do not constitute a fine-tuning. Rather, one finds thaand vice versa. For our choice of tifig range one has
such cancellations occur naturally over a large part of the
parameter space, and in some regions the cancellations be- tan o :qu|Aqmo—M* Ryl (AB)
come exceptionally large. This result has important implica- q 2 _ M2
tions for the discovery of supersymmetric particles. With the atl ez
cancellation mechanism the SUSY spectrum within the curyhereR,= cot 8 and Ry=tan 3. Further
rent naturalness limits can be consistent with the present
EDM experimental constraints without the fine-tuning of _ M| AqlSin aq+|ulsin 6,R,
phases, and such a spectrum should still be within reach of sin ¢q= IMoAq— 2" Ry
the LHC. At the same time one also expects that if SUSY 0% A
phases are indeed(1—-10 1) and the SUSY spectrum lies Using the above we get
in the usual naturalness limit ad(1) TeV, then with the
suppression of the neutron EDM via the cancellation mecha- IM(Cgh=—1IM(I't%) =3 sin ¢ sin 6, (A7)
nism the neutron and the electron EDMs should become vis-
ible with improvements of0(10) in the sensitivity of the where
EDM experiments. Finally we point out that although our
analysis has been done in the framework of supergravity uni- 2mg|Agmo— u* Ry

(A6)

fication with the soft SUSY breaking sector parametrized by q |M”1_ |\/|~2|

six parameters(including two CP-violating phases the a a

mechanism of internal cancellations pointed out in this Papefrhe[+(—)]in Eq. (A8) depends on whethé2. —M2_ is
) qll q22

which can suppress the EDMs should be applicable to
wider class of models such as models with nonuniversal so
SUSY breaking.

>0(<0)]. Thus Eqg.(A7) gives

m . .
Im(Lgh = Mz—qu—(mqulsm ag+|ulsin 0,R,),
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contribution to the EDM of the quark is given by

APPENDIX A
h k 3 2 1 me
The squark (mas$)matrix Teqs g
q ( ) dg-gluino/e: 3 mng Im(rél) Mg B( Mg )
2 2 ql ql
M= M=
2 q11 q12 2
M52 M3 - —B| — (A10)
q2 Maz

is Hermitian and can be diagonalized by the unitary transfor-
mation One may expand the right hand side of E410) around the

N = (M2 2 -
2 average squark mass. Deflnw%— (M q1+ M qz)/2, and ex

Faa2~ o 2
DIMZD,=diag MZ ,M2)) (A2)

panding in the differenceM% - M%z), one finds in the low-
1
where one parametrizé3, so that est approximation
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£ 2as mq _ _ H,—H,+(H;) and they use in the chargino cdgg. instead
dg-giuind €= ngQEm(mqubm aqt|ulsin 6,Rq) of M¢ as is conventionally don@6]. Thus to compare with
q their expressions we have to do the transformation
m2 2 m2 Vij—Cgji» U—C.ji, D—S and X—N. After that, and
X B(_% +—D| — (A11)  assuming the conventional expansion around the VEV, we
M3/ M5 \ M3 go to their convention by the transformation— — «; to
o find that we have the same overall sign in the case of the
whereD(r) is given by chargino exchange but the sign of tke term in the brack-
1 6r Inr ets_in their Eq.(10) should bg positive. In the case of neu-
D(r)=s—-——-3|5+r+2Inr+ ) (A12) tralino exchange our result differs from their E42) by an
2(1-r) (1-r) overall sign and further we find that the second term in the

As mentioned already currently there is some confusion ir%aSt set of brackets of their EGL3) (the term which begins

the literature regarding the sign of the gluino contribution toWlth ~ 1) should have an opposite sign.
the electric dipole operatdi6,7]. We first compare our re-

sults with those of Ref(7]. The analysis of7] corresponds APPENDIX B
to neglecting theD term in Eq.(A11) and usingd,=35dq The chargino matriM ¢ is not Hermitian, not symmetric
which gives and not real becaugeis complex.M is diagonalized using

the biunitary transformation

dy  —8as  [mg|Ag[sin ag+|ulsin 6, tan B
e 277 Mo me U'*MoV™t=Mp B1)
m2 whereU’ andV are Hermitian andV is a diagonal matrix
% B( _g) (A13) but not yet realU’ andV satisfy the relation
d

V(MEM )Vt =diag|m,+|%,[m, ) =U"* (McM{)
This result then agrees both in sign and in magnitude with
Eq. (3) of Ref.[7]. To compare with the result of Rg¢6] we X(U'*)~ 1, (B2)
switch the sign of theny term in their Eq.(6) (see, e.g., Ref. L
[26]) and find that our Eq(19) differs from Eq.(14) of Ref. W€ may parametriz&)’ so that

[6] by an overall minus sign. A comparison of the chargino P P
and the neutralino contributions with those of RE3] is cos— sin —ei1
more involved since the chargifand the neutralinomass U'= 2 2 B3)

matrices are different in the two works. This difference arises .01 ig 0,
because after SU(2X U(1)y breaking to U(1}y, the au- —sin—e Tt cos—
thors of Ref.[6] expand the potential around the vacuum

expectation valugVEV) so thatH;—H;—(H;) instead of where

2v2my[m5 cog B+ |u|? sir? B+ |u|m, sin 28 cos 6,12

tan 6, = = (B4)
' M3 |2~ 2mj, cos 8
and
sin 4, sin
tan ¢y = = |ulsin 0, sin § — (B5)
m, cos B+ |ulcos b, sin B
Similarly we parametriz&/ so that
0, 0,
_< in—<a i¢2
cos sin—-e .
V= , B6
—sin@e”"2 cos@
2 2
where
2v2Zmy[m3 sir? B+|u|? cog B+|u|m, sin 28 cos 6,12
tan 0, wl M3 |l | ulmy " E7)

ms—| u|?+2ma, cos B
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and

—|ulsin 6, cosB

tan go==— (B8)

m, sin B+|u|cos 6, cosp’

We wish to choose the phasesf andV so that the ele-
ments ofMp will be positive. Thus we defin&=H XU’

where
e 0
H= 0 anl (B9)
such that
im0
U*McV = — (B10)
0 [my]
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wherey; and vy, are the phases of the diagonal elements in
Eqg. (B1). Our choice of signs and roots is such that

2. _1
(my(my)— 2

M [M3+| w|2+2m3](+)(—) 3[(M3—|u|?)?

+4my, cog 2B+ 4ma,(m3+ | u|?

+2my|p|cos 9, sin 28)]42 (B11)
where the sign chosen is such tma,;1+<mxz+ if
m3<|u|?—2m3, cos 2. (B12

For the neutralino matrix, the eigenvalues and the diagonal-
izing matrix X must be estimated numerically.

[1] I. S. Altraevet al, Phys. Lett. B276, 242(1992; K. F. Smith

et al, ibid. 234, 191(1990; N. F. Ramsey, Annu. Rev. Nucl.

Part. Sci.40, 1 (1990.

[2] J. Ellis, S. Ferrara and D. V. Nanopoulos, Phys. L&ft4B
231 (1982; W. Buchmuller and D. Wylerjbid. 121B, 321
(1983; F. del'Aguilaet al, ibid. 126B, 71 (1983; J. Polchin-
ski and M. B. Wise,ibid. 125B, 393 (1983; J.-M. Gerard
et al, Nucl. Phys.B253 93 (1985; E. Franco and M. Man-
gano, Phys. Lettl35B, 445(1984).

[3] M. Dugan, B. Grinstein and L. Hall, Nucl. PhyB255 413
(1989; A. Sanda, Phys. Rev. B2, 2992(1985; T. Kurimoto,
Prog. Theor. Physz3, 209 (1985.

[4] For a recent review see S. M. Barr and W. J. Marciand;h
Violation, edited by C. JarlskogWorld Scientific, Singapore,

1989, p. 455; W. Bernreuther and M. Suzuki, Rev. Mod.

Phys.63, 313(1991).

[5] P. Nath, Phys. Rev. Let66, 2565(1991).

[6] Y. Kizukuri and N. Oshimo, Phys. Rev. £6, 3025(1992); 45,
1806 (1992.

[7] R. Garisto, Nucl. PhysB419, 279(1994.

[8] E. Comminset al, Phys. Rev. 260, 2960(1994); K. Abdullah
et al, Phys. Rev. Lett65, 2347(1990.

[9] S. Weinberg, Phys. Rev. Leti3, 2333(1989; E. Braaten, C.
S. Li, and T. C. Yuanibid. 64, 1709(1990; J. Dai, H. Dyk-

[12] T. Ibrahim and P. Nath, hep-ph/97074{0hys. Lett. B(to be
published].

[13] A. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. 144t.
970(1982.

[14] P. Nath, R. Arnowitt and A. H. Chamseddingpplied N=1
SupergravityfWorld Scientific, Singapore, 1984H. P. Nilles,
Phys. Repl110, 1 (1989; H. E. Haber and G. L. Kanebid.
117, 195(1985; H. E. Haber, TASI lecture, Report No. SCIPP
92/33, 1992.

[15] S. Coleman and E. Weinberg, Phys. Rev7,[1888(1973; J.
Ellis, G. Ridofi and F. Zwirner, Phys. Lett. B62 477(1992);
R. Arnowitt and P. Nath, Phys. Rev. 46, 3981(1992.

[16] A. Manohar and H. Georgi, Nucl. PhyB234, 189(1984).

[17] I. B. Khriplovich and K. N. Zyablyuk, Phys. Lett. B83 429
(1996.

[18] CLEO Collaboration, R. Ammaet al,, Phys. Rev. Lett71,
674(1993.

[19] R. Arnowitt and P. Nath, Phys. Rev. Le@9, 725 (1992; for
a recent review see R. Arnowitt and P. Natlectures at VII
Swieca Summer Scho@ompos de Jordao, BrasiVorld Sci-
entific, Singapore, 1994

[20] T. Inui, Y. Mimura, N. Sakai, and T. Sasaki, Nucl. Phg.49,
4 (1995.

[21] C. Hamzaoui, M. Pospelov and R. Roiban, Phys. Rewz6D
4295(1997.

[22] S. Bertolini and F. Vissani, Phys. Lett. 84, 164 (1994.

stra, R. G. Leigh, S. Paban, and D. A. Dicus, Phys. Lett. B[23] J. Baileyet al, Nucl. Phys.B150, 1 (1979.

237, 216(1990.

[10] R. Arnowitt, J. Lopez and D. V. Nanopoulos, Phys. RevAD)
2423 (1990; R. Arnowitt, M. Duff and K. Stelle,ibid. 43,
3085(199).

[11] T. Falk, K. A. Olive, and M. Srednicki, Phys. Lett. 854, 99
(1995; T. Falk and K. A. Olive,ibid. 375 196 (1996.

[24] E821 Collaboration at BNL, Y. Semertzidit al, Design Re-
port No. BNL AGS E81, 1995.

[25] G. Dvali and A. Pomerol, Phys. Rev. Left7, 3728(1996; R.
N. Mohapatra and A. Riotto, Phys. Rev.35, 4262(1997).

[26] H. E. Haber and J. F. Gunion, Nucl. PhyB272 1 (1986;
B402 567E) (1993.



