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Electric dipole moment of the electron in the left-right supersymmetric model

M. Frank
Department of Physics, Concordia University, 1455 De Maisonneuve Boulevard W., Montreal, Quebec, Canada H3G 1M8
(Received 3 August 1998; published 1 February 2999

An analysis of the supersymmetric contribution to the electron EDM in a general left-right model is given.
We include one-loop contributions from the chargino, the neutralino and the doubly charged Higgsino dia-
grams. We discuss the dependence of the EDM on the phases of the model, as well as on masses in the left and
right sectors. We show that in the unrestricted version of the model, the EDM imposes more stringent condi-
tions on the supersymmetric spectrum for a certain range of the soft-breaking parameters, even if the right-hand
scale is heavy. The electron EDM may be a clue to an extended gauge structure in supersymmetry.
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PACS numbes): 12.60.Jv, 13.35.Bv, 14.60.Ef

I. INTRODUCTION ric grand unified theorie€SUSY GUTS. Such is the case for
example of theories with extra(Wl) factors[6] where one
Large electric dipole moments for the electron and theéhas additional neutralinos. Supersymmetric theories beyond
neutron have always been of great interest because they prdie MSSM also have additional gauginos or Higgsinos asso-
vide information on new sources 6P violation and physics ciated with the extra gauge groups and with the Higgs
beyond the standard moddl]. The minimal supersymmetric bosons required to break the symmetry ®U(2)_
standard modgIMSSM), while solving the fine-tuning prob- XU(1)y.
lem of the standard moddlSM), seems to reintroduce it One of the most natural extensions of the standard model
through the back door, through the electric dipole momentss the left-right symmetric moddl7]. In addition to provid-
(EDMs) of the neutron and the electron. It is known that theing a framework for the spontaneous breaking of parity, it
MSSM predicts too large EDMs by about two orders of mag-also provides a mechanism for a small left-handed neutrino
nitude for scalar fermion masses close to the current experinass(and a large right-handed neutrino ma#sough the
mental bounds an@P violating phases 0D(1). There are  see-saw mechanism. In its supersymmetric reincarnation, it
at present three solutions to this problem. One is to assungxplains the absence of interactions leading to rapid proton
that supersymmetric phases are not of order unity, but rathetecay without introducing some globadl hocsymmetry like
of O(1072—103) [2]. The second possibility is that the the MSSM. It was also suggested that in certain circum-
spectrum of the supersymmetric partners of quarks and legtances it could cure supersymmetry of both its strong and
tons is heavy, i.e. o®(1 TeV) or more[3], and out of reach weak CP problem[8]. In its most general framework, the
of even the CERN Large Hadron ColliddrHC). The third ~ model contains extra particles and extra phases in addition to
possibility, suggested recently, is that there are internal carthose in the MSSM, especially in the leptonic sector. In this
cellations among the different components of the neutrorarticle we present an analysis of the electric dipole moment
EDM (the chargino and gluino contributions in particilar of the electron in a general supersymmetric left-right model.
which can reduce the magnitude of the neutron EPM The advantage of studying the electron, rather than the neu-
These solutions are in effect fine tuning, either for the scalatron EDM, is that the former is free of QCD contributions,
fermion masses, or for the phases, or for part of the parantherefore offering a clear test of the electroweak sector of the
eter space(The question of whether some region of param-model. In LR SUSY in particular, the electron EDM gets a
eter space will satisfy both electron and neutron EDM con-hew contribution from the doubly charged Higgsino sector,
straints is still open). which could offer a window into a new gauge structure
Beyond the MSSM, there has been recently a renewethrough a highly constrained EDM.
interest in EDMs as important signatures for supersymmetric The paper is organized as follows: in Sec. Il we describe
unification[5]. In a generic supersymmetric extension of thethe left-right supersymmetric modélR SUSY). In Sec. llI,
SM, sources ofCP violation come from either SM-type we present the sources GP violation in the model. We then
phases, such as the Cabibbo-Kobayashi-Maské@iM)  proceed with the analytical calculation of the EDM of the
phase in the charged current interaction and the sttpg, electron and give the chargino, neutralino and doubly
phase, or supersymmetric type, such as the phases appeargirged Higgsino contributions in Sec. IV. The numerical
in the soft supersymmetry breaking Lagrangian and the veranalysis is discussed in Sec. V, and we conclude in Sec. VI.
tex phases present in a unified supersymmetry thesurgh
as SU5) or SQ10)]. Additional phases or a non-minimal
particle content could provide additional sources of internal
cancellations for non-minimal models such as supersymmet- The LR SUSY model, based orsU(2) XSU(2)g
XU(1)g_., has matter doublets for both left- and right-
handed fermions and the corresponding left- and right-
*Email address: mfrank@vax2.concordia.ca handed scalar partnersleptons and squarkg9]. In the
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gauge sector, corresponding $4J(2), and SU(2)g, there TABLE I. The particle content of the left-right supersymmetric
are triplet gauge bosond\("~,W%_, (W™~ W% and a  model.
singlet gauge boso¥ corresponding tdJ(1)z_, , together

with their superpartners. The Higgs sector of this model conFields Components SU(2)L X SU(2)rX U (1)s-1
sists of two Higgs bi-doubletsp,(3,3,0) and®4(3,3.0), Q_x (u,d) R 1(0) 0d) i

which are required to give masses to both the up and dow[]L o (u,d), r 1(0) O(i) -1
quarks. The phenomenology of the Higgs doublet is similar_ ™ e 1 i 1

to the non-supersymmetric left-right modél], except that Qur (@,d)r 2(0) 0(3) 3

the second pair of Higgs doublet fields, which provide newL, 5 (T8)Lr 3(0) 0(3) -1
contributions to the flavor-changing neutral currents, must bev, ; (WH W~ WO, 5 1(0) 0(1) 0
heavy, in the 5-10 TeV range, effectively decoupling fromy v 0 0 0
the low-energy spectrurfil0]. The spontaneous symmetry W, = (W W W0y, = 1(0) 0(2) 0
breaking of the groug U(2)gX U(1)g_, to the hypercharge v ' v ' 0 0 0

symmetry grougJ(1)y is accomplished by the vacuum ex-

pectation values of a pair of Higgs triplet fields (1,0,2) (q)g 2 . ) 0
andAg(0,1,2), which transform as the adjoint representation” "¢ b, DY) 2 2
of SU(2)g. The choice of the tripletéversus four doublejs ’
is preferred because with this choice a large Majorana mass iAO AT
can be generate@through the see-saw mechanijsfor the V2
right-handed neutrino and a small one for the left-handed\. r 1(0) 0(1) 2
neutrino[7]. In addition to the triplets\| g, the model must A0 _—1A+
contain two additional tripletsé, (1,0,—2) and 6g(0,1, V2 LR
—2), with qguantum numbeB—L=—2 to insure cancella- 1
tion of the anomalies that would otherwise occur in the fer- —» st
mionic sector. Given their strange quantum numbersgthe V2
and S do not couple to any of the particles in the theory, so“-R -1 10 0) -2
their contribution is negligible for any phenomenological & —s
studies. We list the field content of the model in Table I. v2 LR
As in the standard model, in order to presekVél)gm (FDS d;
gauge invariance, only the neutral Higgs fields acquire non= - . 1(0) 0(1) 0
zero vacuum expectation valu@¢eV’s). These values are LR ®, @9 ud
1. ~
( 0 0) ( 0 0) %AO ATt
Bo=l, o “R71,, of ALr L 10) 0(1) 2
p 0 AO EAJF
<(I)> (0 Kleia))' ) LR
=
(®) causes the mixing o, and Wx bosons withCP- V2 10) o) _2
violating phasew. In order to simplify, we will take the “-R I
VEV's of the Higgs fields agA,)=0 and & Eﬁ

LR

0 O ky, O
<A R> = 0 ’ <(I)U> = 0 0 ! . . .
UR The supersymmetric sector of the model, while preserving
0 0 left-right symmetry, has four singly-charged chargiriosr-
) responding to\, , A, ¢y, andey), in addition toA; , Ay,
‘5, andéy , which are presumed heavy. The model also has

Choosingv, =0, k4= k, satisfies the more loosely required €léven neutralinos, corresponding kg, Az,, Ay, e
hierarchyv g>max«,«')>v, and also the required cancel- #3,, ¢34, 34, AL, ARS., and5y. It has been shown that
lation of flavor-changing neutral currents. The Higgs fieldsin the scalar sector, the left-triplét, couplings can be ne-
acquire non-zero VEV's to break both parity aBdl(2);.  glected in phenomenological analyses of muon and tau de-
In the first stage of breaking, the right-handed gauge bosonsays[12]. AlthoughA | is not necessary for symmetry break-
Wg andZg, acquire masses proportional ég and become ing [13] and is introduced only for preserving left-right
much heavier than the usudleft-handed neutral gauge symmetry, bottA| ~ and its right-handed counterpakt; ~
bosonsW, andZ, , which pick up masses proportional tq play very important roles in phenomenological studies of the
and x4 at the second stage of breaking. LR SUSY model. It has been shown that these bosons, and

<(I)d>:(

0 Kdeiw '
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possibly their fermionic counterparts, are lightl]. Also, phased. The parametersA, Bu;; and ,uﬁ , as well as the

these doubly charged Higgs bosons and their correspondingaugino Majorana masséé, , Mg andM,,, are in general

Higgsinos could lead to an enhancement in Iepton—flavor ViOComp|ex_ However, by re_arrangement, not all the phases are

lating decays, the anomalous magnetic moment of the muophysical, and some can be shifted into the interaction terms

[9] and possibly the electric dipole moment of the electrong,cn that supersymmetricP-violating phases can be ex-

[15]. pressed in terms of only tway=argAni) and 6= arg(w).

We shall make the standard assumption of ignoring all the

inter-generational mixings of leptons and sleptons; therefore
In the three-family SU(2)_xU(1)y model of elec- we are interested only in the diagonal elements of Yukawa

troweak interactionsCP violation arises(apart from the couplings and trilinear couplings.

6-term in QCD from the complex couplings of the charged  For simplicity we shall assume a universal form of super-

weak current, i.e., the Kobayashi-Maskawa matrix V. Ansymmetry breaking, namely a universal scalar nmgand a

equivalent Kabayashi Maskawa matrix exists for the leptonsrilinear scalar coupling with a universal parameter

in the LR symmetric model. An extra source©P violation The CP-violating effects arise from the slepton mass ma-

comes from phases of the complék— W, transition mass trices which have the following forrfil0]:

term and from the complex Dirac masses of neutral leptons.

[lI. SOURCES OF CP VIOLATION IN LR SUSY

The effects on the electron EDM expected to be induced bt wi+m2+c,h? Az me B

from these couplings has been evaluated in nonfwm,=(€LEr) Am 2 m24ch?l s )

supersymmetric LR modelgl4]. We shall concentrate in ere KRTMe ™=/ A =R

what follows on the phases in the supersymmetric sectory,q

The supersymmetric sector of the model has a few interest-

ing CP violating phases, arising from either the complex w2+ m2+coh? A*m, L

parameters in the superpotential, or the soft supersymmetng,, = (3L o 2 2) (~ )

breaking terms. The superpotential for the LR SUSY is ! A,m, pr tmytcehe )\ vr "

—hOT ) crpMLT ) c

W=hg @ rim QL il where  A.~A.—utang,  A.=|AJexpla), A,~A,

+i(h gL T AL +h gLTTALS) + M & —pcotB, A,=|A,lexpla), whereA,,A, are the trilinear
_ o T scalar interaction, and tg8F x4/« is the ratio of the vacuum

X[Tr(AA)+Tr(AAR) ]+ pij Tr(72®i 72®@)) + Wyr expectation values of the Higgs bidoublet. The matrix for

(1) £'V'5 differs from the corresponding one in the MSSM by the
presence of the neutrino mass term[iﬁME]zz. The fields

where Wyr denotes (possible¢ non-renormalizable terms _ _ . . —
€, can be transformed into mass eigenst@e®,,

arising from higher scale physics or Planck scale effgkt$

The presence of these terms insures that, when the SUSY ;{ 1

breaking scale is abovMWR, the ground state is R-parity B =Dg1 181+ Doy 8r=C0SO8; +exp — §i¢e) sin6.8,,
conserving 8]. The soft-breaking term is given by

— A hDAT .0 INOa ~Tc 1
Lson=~[Aghg Q ma®im Q7+ AL 7oy 7oL €r=Def + Dezz”é2=COSGeAé2—eX;<§id)e)sin 0c€1, (9
+iA Rh R(LTHAL+LT7,AL )]

~ o~ -~ —— where the mixing angl@ is given by
—[M W W +MgWgWg+MVV]
_ _ tan 20,= 2| Ag|me/(ul— p2) (6)
— M2[TrH(AR) + Tr(AAE)]— Bty ;b — pu Dy, o= 2 Aclme/ (ui— 1
2) and the physical masselsl, ,, corresponding to the eigen-
values of the mass matrix in E() are

whereh,, hy, h, andh, are the Yukawa couplings for the

up and down quarks and neutrino and electron, respectively, , 1 5, 5 ’

and h, is the coupling for the Higgs triplet bosons. LR M12=5 (ui+ pr)+2me+2m;,

symmetry requires ali-matrices to be Hermitian in the gen-

eration space and thh r matrix to be symmetric. The (- pd)?+4m2 A21Y2 7

Yukawa matrices have physical and geometrical significance

and cannot be rotated away. The trilinear scalar coupling L-R symmetry is conserved, thed,= A% , the masses of
A-matrices(A,, Aq, A, andA,) are of a similar form to the the left and right sleptons are equal and the contribution to
Yukawa couplings,Bu;; and Mﬁ are bilinear Higgs cou- the electric dipole moment is zero. After breaking, the trilin-
plings. The soft supersymmetry breaking parameters run b§ar coupling can develop an imaginary part and the mass
the renormalization group flow. The Yukawa coupling ma-difference between the scalar partners of the left handed and
tricesh,, hy, h, and h, lead, after diagonalization of the right handed leptons is much larger than the mass difference
guark and lepton mass matrices, to the Kobayashi-Maskaweetween the generations. We expamél(— rréz)/m% ~102
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—101[8,10]. Sincem,<mg, and we can approximate rea- Y
sonably A.— u tanB~mg, the mixing angle is given by § -
sin 0~me(Ae—,utanB)/rr€~me/mé. The same discussion of 567//—\\1"
mixings and splittings is valid for scalar neutrinos, i.e., Egs. / - \
(5)—(7) are valid, with the replacement—e. Note that in R SO I
the LR model, the neutrino mass is allowed to be nonzero,
but can be made small through the see-saw mechanism, as
long as the right-handed neutrino is very hedwayasses of ¥
order 1 TeV or so are consistent with the upper limit on the %
right-handed electron neutrino masg). Despite the pres- & 7T
ence of the two scalar neutrinos, the mixing between the J/ -
right-handed and the left-handed sneutrinos is small, due to i ' L
the see-saw mechanism in the sfermion sector. The left-right
elements of the sneutrino mass matrix are proportional to the ®)

Dirac neutrino mass, which can be significant. But the right- y

right element of the sneutrino mass matrix is very heavy, so g

the mixing of sneutrino will be suppressed by the inverse PR

Mé. The only place where the right-handed scale could have / 5

a measurable effect is in the doubly charged Higgsino con- / |

tribution. We shall proceed now to evaluate the contributions ¢ A €

of these phases to the EDM of the electron. (©

FIG. 1. (a) One-loop chargino contributions to the electric di-
pole moment of the electron. Hefg™ represents a chargino state
The electric dipole moment of an elementary fermion isand i runs from 1 to 4(b) One-loop neutralino contributions to the
defined through its electromagnetic form faCtE%(qZ) electric dipole moment of the electron. Hé¢@ represents a neu-

IV. THE ELECTRIC DIPOLE MOMENT

found from the(curren} matrix element: tralino state and i runs from 1 to 6c) One-loop doubly-charged
Higgsino contributions to the electric dipole moment of the elec-
(f(p’)|JM(0)|f(p))zﬁ(p’)rﬂ(q)u(p), (8 tron. Hereﬁ[g represents a doubly-charged Higgsino state.
whereq=p’—p and . m; m? m?
, ”. , ds ZZK mlm(AikBi*k QiJ(W + Qul W) (13
I ()=F1(q%) v, tF2(q%)io,,q"/2m+FA(q%) ' k k k
><(y#y5q2—2m75q#)+Fg(qz)crwyg,qV/Zm, (99  where the loop functionb(r) andJ(r) are
with m the mass of the fermion. The EDM of the fermion 1 2rinr
field f is then given by I(r)= 2(1-r)? 1+r+ 1—r (14)
di=—F3(0)/2m, (10 and

i [ i i i 1 2Inr

corresponding to the effective dipole interaction )= S ( 31+ - ) (15

—
Ly=- Edff%ﬂSfF” ' (1) assuming charge conservation at the vertiQgs= Q:—Q; .

Since a non-vanishind; in the SM results in fermion chiral-

In the static limit this corresponds to an effective Lagrangianty flip, it requires bothCP violation andSU(2), symmetry
Li=di¥) G- EW,, whereV, is the large component of the breaking. T_his can occur at the one-loop levellj either
Dirac field. The effective Lagrangian is induced at one-loop®n€ Vertex is a gauge-type, the other one a Yukawa (gpe
level if the theory contains &P-violating coupling at tree the fermion in the loop is a mixed gaugino-Higgsino state
level. We can parametrize the interaction of a fermign ~ ©OF (2) the vertices come both from gauge or Yukawa type
with other fermions¥;-s and scalarsb,-s with charges interactions, but the slepton states are mixgdand|g).
Q;,Q in general as The contributions to the one-loop fermion EDM in LR

SUSY are shown in Fig. 1. In the subsequent sections, we
— shall analyze each of these contributions in turn.
2

— 1 5 1+ Vs
_‘Cint:% \I’f Aik +Bik 2 \Pi®k+ H.C. (12)
A. The chargino contribution

If there isCP violation, then Im§;Bj)+#0, and the one-loop The chargino contribution is shown in Figuréal The
fermion EDM is given by electroweak gauginos and Higgsinos are all spin-1/2 weakly
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interacting charged particles which mix once the symmetryThe eigenvalues oM® can be either positive or negative,
is broken. In the left-right supersymmetric model, thewhereas we requir® to have only non-negative entries.
chargino matrix is a %4, non-symmetric, non-Hermitian The matricedJ andV are obtained analytically ifiL6] in the

matrix, M€, from the Lagrangian: limit of large Mg, M|, andu such that
. 0 MCT\ /[t IMgu|>MZ,cof B, M u|>M3cogB, (22
—_ _ + - _
Lep=—3 (V) o [|w|THC 8 404 also for sifB—cos B. Here we shall only use numeri-
cal expressions fov;; andU;; .
With these expressions the chargino contribution to the
where dipole moment of the electron is
T =(—inS,—iNg D)D) (17) € ey 2 E | mX+
e=ch™ 47 Sir? Oy il i m(ye'k) ms, m;k
Po=(—iN_,—iNg, D, ,Dy); (19 (23
and where the electron contribution is
M, 0 0 V2ZMysing Yeik= (UD okt keU 3D, (ViD= 6, VigDla) - (24)
Moo 0 Mg 0 v2Mysing with
v2MycosB v2MycosB 0 )
m, m
0 0 ) 0 1 K= Kgm—————. (25)
(19 V2ZMy sinB vV2ZM, cosB

where tam3= x4/, andM , M are the gaugino masses in The sources oCP violation.enter expressio(23) frqm the
the left- and right-handed sector. We have neglected here thgnaginary parts of the matricés; andVi, the off-diagonal
contributions of thel, ; Higgsinos since we expect them to SN€Utrin0 mixingD i being very small.
be heavy and decouple from the low-lying spectrum. _ o

The matrixM€ is not real because in general the gaugino B. The neutralino contribution
masses are complex and squisRe-defining the phases, one The neutralino contribution is shown in Fig(l. The

W, andWg from

‘ 1
W, =W, =cos{W, +€'“sin{Wg Ln=— E(WO)TM”(\IIO)Jr H.c. (26)
W,=Wg=—€'“ sinfW, + cos{Wg (20) using the basis

where experimental considerations restrict 048@5 0 0 o0 o ~0 ~0
<0.015. As in the MSSM, we need two unitary matrices, ¥ =(—iAgC0Sby,—iN[,—iAgsinby, P, Py). (27)

andV, to diagonalizeM®: ) - S
The neutralino mixing matrix is in general a complex sym-

Mp=U*M°V 1, (21)  metric matrix given by
|
My+Mgtarf 6y O 2(Mg—My) C, -C,
0 M 0 —-C; C,
Mg Mg sin 6, cosB
2(Mg—M 0 +
MN= (Mr=My) Mv* ar? tar? 6y 2 (28)
M cosdy, sinB
C -C; ———— 0
! 3 tarf Oy H
- C2 C2 C2 0 - M
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where where N;; is a unitary matrix which diagonalizes the neu-
) tralino mass matrix:
C,=M;sinég,, cosp (29
. Mp=N*MNB~* (33
C,=Myzcosbysing (30
C3=M, cosby, COSB. (31) with Mp the diagonal neutralino mass matrix. With these

expressions, the neutralino contribution to the dipole mo-

Note that this matrix differs from the one given [ih6] be- ~ ment of the electron is

cause of the choice of basis states. Again we assume here

that the Higgsind? , is heavy and decouple@llowing for o 2 5 |
.. . ’ . E EM i

the mixing with the other neutralinos has no measurable ef- dg_,= T A S O E Z IM( 7eik) m I —=

fect on the value of the EDNIDefining the mass eigenstates wh=11=

m2
mXO 0

€ €

to be (34

X°=N,¥,, il=1,...,5 (320  where the electron contribution is

2

1 3 1
neik=[ —v2 tan6yNy,| tar? 0W( — = —2sir Oy | +(1—tar? 0W)1’2( —52 Sirf ew) } D+ 5N2i k— V2 tan N,

1

1 1
x|5+2 Sirf Oy+ (1—tarf 6y)*2 5+2 sir? HW”DglkﬂL keNsiD GZK] (\f 2 tan Ny

1

1
—tar? 6y) Y%+ tarf ew[ - E(cotz Ow—1)—2 sirf 0WHDeZk+f2 tan Oy Na;

1 ,
- E(COIZ Ow— 1)-2 sir? Ow DeZk_ KeN4iDelk . (35)

The imaginary parts in expressid34) come from the of the electron at one loop are generated by the interactions
selectron mixindD ¢, and the mixing matrix elements for the in Fig. 1(c). Their contribution is given by
neutralinosNy; .

2
Eagy mx-—-
d-den="— T Si? Oy 2 2 KAe ( F)
C. The doubly-charged Higgsino contribution €k
The supersymmetric left-right model has four doubly- mi__
charged Higgsino$17], two of which have quantum num- —2)| — IM(weak) (36)
bers B—L=—2, therefore they can interact with leptons &
only, and two of which havd8—L=2 and do not interact
with the matter multiplets. In a fully left-right symmetric where

model, bothA, andAg exist, and they contribute to lepton-

flavor violating decays, such &—I1 [18], u—ey as well

as the anomalous magnetic moment of the m{i®. In weak=(De111 De12)(Dgp+ Dagy) 37
general the Higgsino contribution to the EDM is smaller than

the corresponding gaugino one. We will however include

this particular contribution here. One reason to do so is tha"f1

this contribution is new to LR SUSY. The other reason why

the doubly charged Higgsino contribution may be important h g Sin by

is that its mass is not constrained by the experiment, and it is KAe:W- (39
expected to be small, possibly smaller than that of charginos.

The same is true for its Yukawa coupling. In this case, the

doubly charged Higgsino contribution can become impor-The only sources fo€P violation in this case come from the
tant. The doubly charged Higgsino contributions to the EDMselectron mixing.
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V. NUMERICAL ANALYSIS AND RESULTS coupling sina. There is an extra physical phase in the non-

We have given, in the preceding sections, the compIet<§UperSymmetrIC sector coming from thé, —Wy mixing,

expressions for the contributions to the electron and neutroﬁnd an extra CKM phase in the_ lepton septor, but we could
EDM in the framework of the unrestricted supersymmetricSafely neglect these phases since the induced effects are

left-right model in terms of the following parametefd;, , ~ KNown to be very small.
Mg, Mo, A, 4, tang, h g, mi, and the angleg anda. We Experimentally, the EDMs of the electron and the neutron

make the standard assumption of ignoring all the inter2r€ some of the most restrictive parameters in the Particle
generational mixing of leptons and sleptons. We take all uniPata Group Booklet, the present experimental upper limits
versal trilinear couplingd to be equal. In general, as in the beingde<4.3x10 ?’ecm andd,<1.1x 10" % cm [20].
standard model, one can remove all phases except for two by We give first the simplified forms of the supersymmetric
a redefinition of the fields. We choose the two to be thecontributions to the EDM of the electron using the param-
phase of theu term, sing and the phase of the trilinear scalar eters and approximations outlined above. These are

2 2

ea m, sin m m m m
E EM e SN U X1 X1 M X2 X2
= . — | — t—— I = +
de—ch 2SI 6y VIM gy COSB miJ m% Uz Vi M, tang m)z/J 2 U43Var+O(m,) (39
ea > Mo m sin
E = =1 : e ING (0.2 — 0.75N5) — Nyi( 15N+ 0.71N — 1.4N3.) ]
de’”_47rsin2¢9wi_1 2 | vam cosB 5i(0.2M ;= 0.73N3;) = Ngi(1.9Ng; + 0. 71Ny — 1.4N;
- e w
2 2 : .
(Y (Mo fulangim, (M) ] Tmu(moAlsin-+ |ulsina tang)
mg ° m mg mg
( M, Sin 2 )
% 0.4N Ny +0.2N7 Ny — 1.7N4: N — 0.5N N5 — 1.IN5 N + | —————— | Ng:Ny;
1itN i 1itN2i 1itN3i 2i1N3i 3i'N3i V?MWCOS,B 5ilN4i
Me Sin Ni( 15N +0.71N — 1.4N _)me(|A|m0_|:u'|tan,8)
\/2MWCOS,3 4i . 1i . 2i . 3i mg
. 2
Mg SN _ my.
—=7 " | sin2uNyNs |K (40)
v2M, cosp H4i T (F}g)]
2
gE  —_ S%EM [Kz me(m |A|sina+|u|sinu tanB)m; G i ] (41)
—deh™ 1 a2 g | Kaea(Mg AG| —
e=deh 4 sirf 6y *mg <

where we have inserted, for simplicity, $i%,=0.2315 in A, ,Ag are not involved in lepton mass generation. There-
the expression for the neutralino contribution. The functiondfore, their couplings to the leptons are not suppressed. We
K and G are obtained from expanding the expressions for thaill assume, for simplicity, that the couplings of the left- and
EDM loop functions around an average slepton maés right-handed Higgs bosons are equal; we will also assume
:(m§1+ mgz)/z and are given by this coupling to be large, since these Higgs bosons are re-
sponsible for breaking left-right symmetry and giving mass
1 2r(2+r)Inr to the right-handed bosowWwg. One could reasonably set
K(r)=m<l+ 5r+T) (42 h g=0(1), which is consistent with the bounds obtained
from lepton-flavor violation in left-right model§21]. We
and will also take the mass of thA =~ to be m;=100 GeV,
which is roughly as expectdd 1].
2(4—r2)lnr> The matricesU;;, V;; andN;; are obtained numerically
= | @43 i i i i
1-r for given values of the parameters. The termg)¢fm,) can
be nonzero, but are constrained to be small, much smaller
The couplingx s depends on the value of the left-right cou- than the rest of the terms in the chargino contributions, so
pling h r [as in Eq.(38)]. The corresponding Higgs triplets taking the left-handed neutrino to havésmal) mass has no

G(r) (9+r—4r2+

REET
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TABLE Il. The relative size of supersymmetric contributions to the EDM of the electrogp:
=1000 GeV;|A|=1; m3=100 GeV; = a=w/10rad.

Case M “w de_ (10 ?"e cm) de_ (10 %"e cm) de—gcn(10"%ecm)
0] 200 200 221 5%10°1 1.8x10°°
) 200 1000 7.04 1.4 48103
(i) 1000 200 1.13 18101 3.4x10°8
(iv) 1000 1000 4.9 1.6 48103

effect on the present calculation. In the sneutrino mass ma- As a general feature of the model, the electron EDM can
trix, the effect is that of decoupling of the sneutrinos, theirexceed the present experimental bounds uri®she super-
mixing being proportional tan,. The difference between partner(selectron, sneutrinonasses are large, @) the CP-

the EDM in LR SUSY and the MSSM lies in the values for violating angles are smalbarring unforeseen cancellations
the mixing matricedJ;;, V;; andN;;, the contributions of as discussed aboneThe exact restriction on the masges

the extra neutralinos, and the additional contribution of theangles, depending on one’s point of viedepends on the
doubly charged Higgsinos. Before we begin the completgarameterdvl, , w, and tand. Figure 2 shows the variation
apaly_sis, we present below the numerical val_ues of the COMsf the electron EDM with the universal scalar masg for
tributions to the electron EDM from the char.gmo,. neu.trallnothe low tang scenario(tan@=3) for the four (M ,u) sce-
and doubly charged Higgsino, for same-sigi-violating | \1ios presented in Table II. In what follows we takdy

anglesa and ¢ (Table 1)), and opposite sigi€P-violating ~ _ .
anglesa and 6 (Table IIl). We take the right-handed scale to . 10 T?V' As can be s_een, the electron E.DM falls sz with
increasing my, behavior understood sinceK(r)/mg,

be Mg=10 TeV in both scenarios. 5 ) o )
One could see that in both scenarios the chargino contrit(r)/mg and J(r)/m; decrease with increasing,. If any-
bution is dominant, as it is in the MSSM:; this is due to theirthing, the LR SUSY model is even more restrictive on the
couplings. The neutralino contribution tends to be larger thaivalues of the scalar masses or angles. In particular, for left-
the one in the MSSM, especially for large, where the gaugino masses of the order of the electro-weak scale, the
chargino and the neutralino contributions are of the sameonstraint on the electron EDM would require that either the
order. The doubly charged Higgsino contribution is muchscalar masses must b&=4.5 TeV, or the angles must be
smaller than the neutralino contribution, even for light dou-of O= #/100. The situation is somewhat alleviated for larger
bly charged HiggsinogEven taking the mass of the doubly M, ,u (in effect, for a heavier chargino-neutralino spec-
charged Higgsino to be the improbable value wiy  trum). The result is the same for same si@®P-violating
=50 GeV would increase the doubly charged Higgsino conangles[Fig. 2(a)], or opposite-sign anglgFig. 2(b)], except
tribution by only an order of magnitude, still too small to that in the latter partial cancellations can occur.
influence the EDM in any significant wayThis is due to the Figure 3 shows the same situation in the highgaste-
fact that the chargino and neutralino contributions are dominario (tan3=50). The restrictions there must be extremely
nated by the gaugino-gaugino, or the gaugino-Higgsino cousevere; if not, for most reasonable values of the supersym-
plings, whereas the doubly charged Higgsino coupling ismetric parameters the electron EDM is two orders of magni-
proportional tox3,, a Higgsino-Higgsino coupling, so this tude larger than the experimental result. The gatepen-
contribution is much smaller even for large Yukawa cou-dence is very dramatic. Indeed, as seen in Fig. 4, for both
plings h g=0O(1). In the case in which theCP-violating  same-sign and opposite-sign values of t@®-violating
angles have opposite signs, the neutralino contribution caangles, the electron EDM scales like fafor large values of
change signs, and for small angléand moderate angles  tang. This can be explained through the inverse gade-
could be of the same order of magnitude as the charginpendence in chargino and neutralino contributions, which
contribution. In this case we could obtain the same situatiorscale like tarB for large values of tap. This dependence is
as inN=1 supergravity{4], where one would have a sup- so strong that it offsets the chargino-neutralino spectrum de-
pression of the EDM without large superpartner masses goendence on taf. The only way out would be to expect a
small CP-violating angles. heavy scalar fermion spectrum for large @rsince theCP-

TABLE lll. The relative size of supersymmetric contributions to the EDM of the electrop:
=1000 GeV;|A|=1; m3=100 GeV; = — o= w/10 rad.

Case M ! de_c(107%"e cm) de_n(10"%ecm) do—gcn(10” %€ cm)
0) 200 200 22.1 1.8310°¢ 4.3 X107
(ii) 200 1000 7.04 -6.8x10°* —2.25x10°8
(i) 1000 200 1.13 1810°¢ 4.3 x1074
(iv) 1000 1000 4.9 —7.9x10°¢ —2.25x10°°
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EDM EDM
8x107%7 107 '
\
\
tan 3 = —_
- ' B =50 0=0=m10
2.5x10
6x107%7
2x107%
4x107% 1.5x107%°
1x107%®
2x107Y7
5x1072¢
(a) 2000 4000 6000 8000 10000 Mg L
(a) 2000 4000 6000 8000 10000 Mg
EDM EDM
= /10 3.5x107° \
8x107%" tan B =3 O=-o=m '
\
Tt \ tan f§ = 50 8=-a=m10
6x107% 2.5%10°%5
2x107%8
ax107? \
1.5x107%% \
-27
2x10 1x10°%5 \
.\
5x1072° ~ - =
. -
(b) 2000 4000 6000 8000 10000 —~ — —_ - .
L. . . b 2000 4000 6000 8000 10000
FIG. 2. Plot of the variation of the electron EDM with the uni- () Mo

versal scalar mass parameties for low tan g, tanB=3 for the four
scenarios shown in Table Il. The curves are marKedlid curve
M_ =200 GeV,u=200 GeV;(large-dash curyeM =200 GeV,
n=1000 GeV;(dot-dashed curyeM =1000 GeV,u=200 GeV;
(small-dash curveM =1000 GeV, £=1000 GeV. We takeA|
=1, Mg=10 TeV. (a) shows the case in which theP-violating
angles have same sidgi+ a==/10 rad;(b) shows the case in which .
thegCP-vioIating anglfhave opposit(e sigis —a=/10 rad. Figures 6 and 7 Sh(,)W the dependence of the electron
EDM on the left-gaugino mass parametbt, and the
violating anglesa and 6 are independent of tg® but this  Higgsino parametep. These parameters affect the mass
scenario would require even more fine tuning than the usugipectrum of the charginos and neutralinos. The dependence
required to keep the EDM within experimental bounds.  is shown for two values of the scalar masg;=1.5 TeV
Figure 5 investigates the dependence of the electron EDMNdmg=5 TeV. The increase in the masses of the chargi-
of the CP-violating angles. In Fig. @) we show the depen- nos and neutralinos is offest by the decrease in the functions
dence on the angle sihfor a heavy scalar lepton spectrum 1(r), J(r) andK(r), so the variation is not as pronounced as
my=>5 TeV. Even for this value oMy, the sind angle is  perhaps expected.
constrained to be in thg-0.4,0.4 region. The dependence  Figure 8 shows the dependence of the electron EDM on
on «a is less dramatic, due to the fact that the chargino conthe trilinear couplingA. The EDM depends only on the elec-
tribution is practically independent of the angi¢Fig. 5b)],  tron A, (and is therefore independent of any assumption
but for moderate values af and small values ob some about the universality of the trilinear couplingsncreasing
cancellations between the chargino and neutralino contribtthe value of|A| beyond 1, the neutralino contribution can
tions can occur. become larger than the chargino, offseting the chargino

FIG. 3. Same plot as in Fig. 2, but for high t@8ncase,
tanB=50. The curves are marke¢solid curvg M =200 GeV,
u=200 GeV; (large-dash curyeM =200 GeV, u=1000 GeV;
(dot-dashed curye M =1000 GeV, u=200 GeV; (small-dash
curve M =1000 GeV,u=1000 GeV.
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EDM EDM
1x10°%
6x107%¢ a=mr/10
5x107%%
5x107%7
4x107%¢
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-1 -0.5 e T
— - )
—_— //
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2x107%¢ -
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(a)
EDM

6x1072¢

0=-a=mn/10 EDM
5x107% /

Ix107%’

-1x107%¢

4x1072¢

3x107%¢ 9 = 1t/10 P e
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26 2x10"% P i e
2x10 /// e T
— - /‘7} /
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4
e
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FIG. 4. Plot of the variation of the electron EDM with tgBnWe A o8 ! osina
consider the same four cases as in Table [INgg=10 TeV, mq //
=5 TeV. (a) shows the case in which tl@&P-violating angles have
same signd=a=m/10rad; (b) shows the case in which th@P- (b)

violating angles have opposite sigis —a=n/10rad.
g ang PP g - FIG. 5. Plot of the variation of the electron EDM with tigP-

O\ziolating anglesd (a) and « (b), for the four scenarios in Table II.

dominance seen for the spectrum otherwise. In particular, f i
The other parameters are fixed Btg=10 TeV, my=5 TeV,

a combination of larger values fé and opposite-sigiCP- i

violating anglesa and 6, the neutralino contribution can be |A_|;3(') gh?/,clurves dareh marke'\;[sghgogug/ QVML_Zlé%% (ée\\//’,
of the same magnitude and opposite in sign to the chargin d;t-dasheed 'élieee,;/l ai 158(;%66{/_ :zooeG’e/\L/-_(small-dZsH
one, resulting in a region of parameter space where the ele Urve M, = 1000 Ge\L/ —1000 Ge’vﬂ '

tron EDM is very small. - i '

Finally, a word on the variation of the electron EDM with i s expected that the right-hand scale will have an important
the mass of the right-handed scall;. At first sight, the  effect on theCP-violating phases in the model, as explained
results are practically independent of the valuedlgf. The  gjow.
explanation comes from the dominance of the chargino con- agq in the case of the MSSM, one might question the
tribution in most cases. The chargino contribution is NOthayrainess of the parameter choice, as well as the natural-
much affected by variations in the values of the right-hand,egss of making either the scalar spectrum heavy, oCiRe
scale. The physical chargino state corresponding to the righjo|ating angles very small; and in both cases the restrictions
handed W-ino\ does not contribute much to the EDM. For of the LR SUSY are more stringent than those of the MSSM.
large values oMy, the EDM contains a remnant of the LR In the MSSM, the parameters associated with soft supersym-
SUSY in the double Higgsino contribution, whereas the neumetry breaking are the least understood parameters. In a
tralino spectrum resembles more the MSEM]. However,  commonly-used version of the model the parameters of the
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FIG. 6. P|0t Of the Val‘iation Of the electl’on EDM W|th the Ieft' FIG. 8. P|0t Of the Varia’[ion Of the elec’[ron EDM with the tri-
gaugino mass parameté . The other parameters are fixed as |inear coupling |A|. The other parameters are set Mg
Mg=10 TeV,u=1 TeV,|A|=1, 6=a=n/10rad. The solid curve —10 Tev, M, =1 TeV, u=1 TeV, =a=m/10rad. The curves
is for my=5 TeV; the dashed fom;=1.5 TeV. are marked: (solid curv@ M, =200 GeV, u=200 GeV;

(large-dash curve M| =200 GeV, u=1000 GeV; (dot-dashed
model are real, except for the Cabibbo-Kobayashi-Maskawacurve M, =1000 GeV, u=200 GeV; (small-dash curve

(CKM) type phase at the unification or the Planck scale. Tha1, =1000 GeV,u=1000 GeV.
phases are then radiatively induced from the renormalization
group equations involving the CKM matrix. What could one
expect in the LR model? In the model of REE] the authors
show that, above thkl scale, there are no one-loop contri-
butions to the neutron EDM. If one imposes left-right sym- - e
metry, the trilinear couplingA and the gaugino masses are Nand the requirement of smallP-violating angles seem to
real aboveM . However, belowM g, CP-violating phases favor a right-hand scale of the order of the electr_oweak, or
are generated through symmetry breakifigine expects the supersymmetry scale; on the oth_er hand, constraints coming
angles generated this way to be naturally small, (b2 from the absence_of flavor cha_ngmg neutral CWI((F@NC)
% 107%, one might argue that, in this case, it is reasonable t@ffects and R-parity conservation tend to push this scale to
assume that the LR SUSY model is a means to select th&€e unification scal¢11]. For this reason, it is important to
small scenario ofCP-violating angles naturally, and the have a general calculation of the electron EDM in the left-
right supersymmetric model.

model would predict an electron EDM safely within the ex-
perimental bounds. To predict exactly what the angles will
be would depend on the right-handed scMg. On one

EDM ~

2x107%¢ N
N VI. CONCLUSION
~ We analyzed the electron EDM in the LR SUSY model
1.5x10°2 ~ including all one-loop contribution from charginos, neutrali-
nos and doubly charged Higgsinos. We found that the
~ chargino contribution dominates in almost all cases. This
~ o= L5 Tev will provide an independent restriction on that contribution,
a0 - apart from possible cancellations with the gluino contribu-
tion that exists when one considers the neutron EDM. We
found that in all cases the new contribution from the doubly
charged Higgsino is much smaller than the other two. We
found that cancellations between the neutralino and chargino
mo= 5 TeV contributions can occur, in the case in which t-
violating angles are opposite, pA| is large, but the cancel-
lation is most of the time only partial and significant only for
certain combinations of the parameters. Without any restric-
FIG. 7. Plot of the variation of the electron EDM with the tion, we find the neutralino contribution to be larger than the
Higgsino mass parameter. The other parameters are fixed as one in the MSSM(perhaps making the cancellation more
Mgr=10 TeV, M =1 TeV, |A|=1, 6=a==/10 rad. The solid likely). In the absence of any special considerations, the LR
curve is formy=5 TeV, the dashed fomy=1.5 TeV. SUSY model imposes even stricter limits on the masses of

5x107%7

200 400 600 800 1000 1200 1400 p’

055006-11



M. FRANK

PHYSICAL REVIEW D 59 055006

the scalar partners of the leptons, or on the smallness of the ACKNOWLEDGMENTS
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