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Fermion dipole moments in supersymmetric models with explicitly brokenR parity
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We present a simple analysis that allows us to extract the leading mass dependence of the dipole moment of
matter fermions that might be induced by new physics. We present explicit results for the supersymmetric
model with brokenR parity as an illustration. We show that the extra contributions to the electric dipole
moment of fermions fronR, interactions can occur only at the two-loop level, contrary to claims in the
literature. We further find that unlike the generic leptoquark models, the extra contributions to the dipole
moments of the leptons can only be enhancedngym, and not bym,/m; relative to the expectations in the
standard model. An interesting feature about this enhancement of these dipole moments is that it does not
involve unknown mixing angles. We then use experimental constraints on the electric dipole monents of
andn to obtain bounds ofthe imaginary part gfproducts ofiR, couplings, and show that bounds claimed in
the literature are too stringent by many orders of magnitude.

PACS numbd(s): 13.40.Em, 12.60.Jv, 14.80j

[. INTRODUCTION Dipole moment operators flip chirality, and hence have
either to be proportional teomefermion masgthis may not
The dipole moments of fermions have played a very im-be the mass of the external fermjoor to a chirality flipping
portant role in testing our understanding about particles andfukawa-type coupling9]. The theoretical predictions for
their interactions, §—2), being the first and foremost ex- the moments of the heavier fermions like thie or ther, are
ample. Indeed magnetic and electric dipole momentslarger than for first generation particles due to the linear de-
(EDMs), whether diagonal or transition, have proved to bePendence omy [10]. In models with leptoquarks, particu-
excellent tools to constrain extra physics beyond the standaf@'ly large enhancements of the predicted values of the
model[1,2]. The stringent experimental upper limits on lep- Moments by a factor ofnc/m,, are possiblg11]. Hence,
ton number violating processes suchas ey as well as the measurements of the dipole moments of thand thet, at
small value of a possibléMajorana mass for neutrinos both Current[12] or futuree®e " colliders[13] or yy colliders
lead to strong constraints on transition moments of leptongt# form @ potentially interesting probe of nonstandard
that might be present in extensions of the standard mod hysics. In this note, we set up a method of analysis, which

o would allow us to extract the leading fermion mass depen-
(SM) that allow for ]ept_on flavor violation. In th_e SMtreP dence of the coefficient of the induced dipole moment in any
odd neutron electric dipole mome(EDM) vanishes at two

. . theory. We illustrate our method using the exampleRgf
loops[3]. At three loops it has been estimatpti2] to be supe?/symmetri(tSUSY) interactions[lS].g pleRy

dy~10"°** ecm. Since there are no purely leptonic  Eyen assuming the MSSM field content, the most general
sources ofCP violation in the SM, an electron dipole mo- renormalizable, gauge-invariant superpotential allows terms
ment can only be induced frod, at second order iGr and  which do not conserveR parity. These terms also violate
thus may be estimated to i~ (Ggm?2)?d,~10 *? e cm, lepton number(L) and/or baryon numbe(B) conservation.
to be compared to the estimatex80 4! e cm quoted in the Phenomenologically, many of the® couplings have been
literature[5,1]. These expectations are much lower than theconstrained very tightly using a large number of low-energy
current experimental limitd6,7]. An observation of the and collider measuremen{d6]. While R-parity violation
EDM of either the electron or the neutron in current experi-does not appear to be required by any theoretical or phenom-
ments would clearly be very exciting since it would almostéenological _considerations, it is not excluded either. One of
certainly signal new physics. Many extensions of the Smthe theoretical challenges then is to understand why some of
including the minimal supersymmetric standard modelthe R, couplings in the superpotential are as small as they
(MSSM) whereR parity is assumed to be conserved include@re(of course, we have no understanding of why the electron
additional sources of P violation so that fermion EDM's Yukawa coupling is as small as it is eitheand especially,
are induced at even the one-loop level. Such models are, (%!‘hy products ofB and L violating couplings are so tiny.

|

course, severely constrained by the experimental bounds g2y authors have examined phenomenological implica-
neutron and electron EDM'8]. ons of R-parity violating models which differ in many ways

from MSSM expectations.
TheR,, part of the supersymmetric Lagrangieassuming
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whereL;,Q;, are the left-handed lepton and quark SU(2)

doublet superfields corresponding to the three generations

andE7,Df,Uf are the SU(2) singlet lepton and quark su- Y y4
perfields, withi,j, ... being the generation index, whitb,

is the Higgs superfield witly=1. The first, second, and the

fourth terms violate lepton number conservation, while the

third one violates conservation & The \j;c and\{j, are

antisymmetric in the indices,j and j,k, respectively. The N ~
stability of the proton requires that both and L violating < <
operators not be simultaneously present. FRl(l,) o)

Since thesdR, interactions violatd. and/orB, their con-
ibuti i i FIG. 1. Generic diagram which will contribute to the dipole
tributions to masses and magnetic moments of the neutrinos,
as well as the flavor changing off diagonal moment-ey ~ Moment.
have been considered in literature. The dipole montédnt

rect or transitiop of fermions can be obtained by considering Q=1 forey,v, e, v (i=1-3)
the matrix element of the electromagnetic or the neutral
weak current between on-shell fermions, as the momentum =0 for all the other particles/sparticles. (2)

transferq between these vanishes. Tteectromagnetic and

weak magnetic and electric dipole moments are then giverNotice thatall left-handed lepton fields and their superpart-
by the values of the tensor form factdé§ andF}” (at zero  ners have the same charge, regardless of generation. The
momentum transferthat can be read off as coefficients of other charges are similarly defined. The value of all the

the terms charges for all gauge and Higgs bosons and their SUSY part-
ners is zero.
— We see that gaugénd gaugind interactions conserve
_ vV 1A% _ . . . .
up,(P=a) o, Q" (Fr+ysF)ue,(p), (V=v,2) these charges, while superpotential Yukawa interactions and

the soft SUSY breakind terms as well as th&, terms in

) ) ) ) ) the Lagrangian, do not. These charges are a kind of “super-
in this matrix element. Of course, in any renormalizablechrality” in that they are nonzero even for spin zero sfermi-
theory such af-parity violating SUSY, these coefficients ong a5 they must be in order to be compatible with super-
which are only induced at the loop level must be finite. It hassymmetry. They differentiate fermions of different chirality,
been claimed17] that current bounds on the EDM of the  gnq 150 right-handed quarks of different electrical charge.
electron can be translated to very stringent bounds, €.9ghey do not, however, differentiate between flavors of lep-
IN13d?<4X 10" *°if the additionalC P-violating phases that tons or quarks with the same chirality, and so are conserved
are intrinsically present in these models are large. This i:by intergenerational quark mixing.
traced to enhancement factorsm/me~10° that are The induced dipole moment operator will have to flip the
claimed to be present. chirality of the fermion involved as symbolically shown in

In this note, we develop a method that enables us to exgjg. 1. In the SM, Yukawa interactionsve regard fermion
tract the dependence of the coefficieRtsandF1” on vari-  masses as Yukawa interactiomse the only source of chiral-
ous fermion masses in any extension of the SM. We thefty flip. Within the MSSM, this is still the case if we include
apply this to the MSSM and t®, SUSY. In the first part of  the interactions of higgsinos as well Aterms(proportional
the analysis we consider only the triline®, terms and to the same Yukawa couplingn our definition of Yukawa
come back to the bilinears at the end. While our analysis ofnteractions: R,, interactions are yet another source of matter
the mass dependence of the induced quark and lepton dipolermion chirality flip.
moments yields answers consistent with many previous ex- The charge assignments that we introduced in €.
plicit calculations, we find that the claimed enhancement okbove provide a systematic way of analyzing when a dipole
the electron EDM by the factan,/m, does not occur, and moment can be induced. For instance, a leptonic moment
conclude that the bounds dR, couplings coming from the requiresQ.L and QeR to change by one unit in equal and
EDM and frequently quotefll7—19 in the literature are to0  gpposite directions, with no change in the other charges.

stringent. Likewise, a moment for thei(d) quark requires a corre-
sponding change quL and Qug (QdR and QqL)' Since the
IIl. SELECTION RULES FOR NONZERO DIPOLE change induced in each of these charges by (@hyrality-
MOMENTS flipping) interaction is knowr(see Table)l, it is straightfor-

ward to derive relations between the number of vertices of
We begin by defining five different global charg@$L,

QeR, QqL, QdR, andQUR corresponding to five different U(1)

transformations. Only the members of the superfield indi- *Gaugino masses can flip the chirality of gauginos, but in order
cated by the subscript have nonzero value of the particuldior the chirality flipped gaugino component to couple, one also
charge, e.g., needsf, — T mixing which has its origin in Yukawa interactions.
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TABLE |. The change in the charg@|L, Qep Qq» Qup and Qu, defined in the text for different
interactions that might be present in SUSY models with MSSM field content. Gauge and gaugino interactions
or Higgs boson and higgsino self-interactions do not change any of these chidiYeslicates any of the
neutral Higgs bosons in the MSSM.

Interaction AQ|L AQeR AQqL AQUR AQdR
Lepton Yukawa interactions -1 +1 0 0 0
Up quark Yukawa Interactions 0 0 -1 +1 0
Down quark Yukawa Interactions 0 0 -1 0 +1
HOH-8%TR, Hd5Tn 0 0 0 -1 +1
\ijkLiL;E interactions -2 +1 0 0 0
Nk LiQ; Dy interactions -1 0 -1 0 1
A UfD{Dy interactions 0 0 0 1 2

various types of chirality flipping interactions in order that though the term arises from the superpotential, because it
these collectively induce a dipole moment for any particularcomes from a cross term between a down-type Yukawa in-
matter fermior? teraction and the(Hermitian conjugate of the up-type
The changes in these charges for each of the vertices iMukawa interaction. Note that this kind of vertex can exist
the Rp SUSY model with MSSM field content are shown in On|y for the Squarks and not for the S|eptons as there %Rno

Table I. Of course, the Hermitian conjugate of any interacin the MSSM. There are also quartic scalar couplings be-

tion would lead to exactly the opposite change in the ir of Hi Tt T T : fth
charges. It should be clarified that by Yukawa interactions:[Ween a pair of Higgs bosons affifz/f{'f, pairs. Of these,

Oy —*™
we mean all interactions with the corresponding YukawaPny the termi"H "drug, causes a nonzero charge change

coupling (with one exception listed in the fourth row of which is different from those caused by the Yukawa interac-
Table | whose origin is clarified belowfor instance, the tions. The changes in the charges for these interactions are

lepton Yukawa. interaction would include tiieharged and 9iven in the fourth row of Table I, and are as expected, the
neutra) Higgs couplings to leptons, the lepton mass termdifference of the changes for down- and up-type Yukawa
Higgs slepton/sneutrino couplings from the superpotential, adteractions. _

well as the corresponding terms (assumed to be propor- We are now ready to compute the change in each of these
tional to the lepton Yukawa couplipgind left-right slepton  charges for any graph. Let us denote By S, andR the
mixing terms, and likewise for the uown) type Yukawa number of down-quark, up-quark, and lepton Yukawa inter-
interactions. In addition to the Higgs sfermion couplings dis-2ctions(in the generalized sense explained abpemd by

cussed above, there are trilinear Higgs-sfermion interaction§ " »S":R* the number of insertions corresponding to the

from bothD terms as well a§ terms of the type Hermitian conjugatgH.c.) of these interactions. Similarly,
let N,M,L denote the number of vertices corresponding to
1 - Ho(afaﬁaaaR) interactions proportional ta,\’,\" of Eq. (1), respectively,

again withN*, M*, andL* indicating the number of verti-

ces corresponding to the H.c. of these interactions. Finally,
let T(T*) denote the number of trilinear or quartic scalar
vertices corresponding to the interactions in the fourth row of

2 : HO(d¥d, +d¥dR),

3 : Hd'u, Table I.
It is easy to see from Table | that the net change in vari-
4 H*agﬁR, (3) ous charges, is given by
where? indicates any of the neutral Higgs bosons in the AQ'L: —2AN—AM—AR,

MSSM. Out of these, the first three are just like gauge inter-
actions, as far as our charges defined in([2pare concerned

and hence will not affect the selection rules we will derive AQe ,=AN+AR,
below. However, the fourth one, which arises from the su-
erpotential and isc(mymy/my)d%Ux, violates the charges _
perp (mymg/my)dzug (0] AQqL——AM—AP—AS,

we have defined in Eq2) but changes them in a way dif-
ferent than the Yukawa interactions. This happens, even

AQy =2AL+AP+AM+AT,
R

>These would only be necessary conditions since, without further

study, it cannot be guaranteed that the answer would not vanish. AQUR: AL+AS-AT, )
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where AM is given by AM=M—M*, etc. Now we can that the EDM of the electron may be enhanced by factors of

solve this general system of equations for the special cases of;/m, in R, models do not seem tenalfle.

the moments of the leptons as well as the up/down quarks. We mention in passing that the conditions of E@3.that
Leptonic momentsLet us now consider the case where we have derived have also to be satisfied by the diagrams

f,f’ in Fig. 1 are leptons. In this case we must have that lead to the Majorana mag20—22 or dipole moments
of the neutrinog23], as well asu—ey in R, theories[24].
AQ =—1, AQe =1, 5) Down-type quark moment§or the case of the down-

quark moments we have to solve the system of equations
or vice versa and all the other remaining charges should re-

main unchanged, i.e., AQqL= -1, AQdR=1, (8
AQq =0, AQu =0, AQq4 =0. (6)  with all the other charges remaining unchanged, i.e.,
Note that our analysis does not distinguish between direct AQ =0, AQ,,=0, AQ.=0. 9

and transition moments. In this case using Edswe get
From Eq.(4) we find

AN=1-AR,

AM=1-AP—AT,
AM=AR-1,

AN=AP—1+AT,
AP=1-AR—-AT,

AR=1-AP—AT,

AL=0, AS=AT. )
AL=0, AS=AT. (10
It is clear that any dipole momenr®, that this diagram can ) ] ) . )
give rise to will be Once again we first see that if there are Rpinteractions,
the dipole moment would vanish in the absence of all down-
Dlo(mlRim* mﬁ_* p* mﬁ:S*(mu,md )T+T* type Yukawa couplings. Again thR, contributions to the

! dipole moments of down-type quarks are nonzero only if
either AR or AP are nonzero, and thus are proportional ei-

. . . ther to a lepton mass or a down-type quark mass. Thus for a
ohr Mdsusydgpend|ng on thhe g?af:"’g.m'”g f'rom:lhe loops in quark, for example, enhancementsnaf/my are possible.

the denominator to give the right dimension. HeTg, My, Any dependence om, will come only in even powers and
andmg, denotesomelepton, up-type quark, and down-type suppressed by heavier masses in the denominator compared
quark mass. We first see that if there areRiparity violat-  to this leading-order mass dependence, and possibly also by
ing interactiongso thatAL=AM=AN=0),AR=1, sothat small Kobayashi-MaskawéKM) matrix elements. Thus no

at leastR or R* must be nonzero. In the MSSKdr the SM big enhancements of thg, contributions to the dipole mo-
the leptonic dipole moment must, therefore, be proportionament due to the large top quark mass are possible.

to some lepton massSince there are no sources of lepton  Up-type quark moment§or this case, we need

flavor violation, this must be the external lepton massRjn

models, the third of Eqg7) implies that no moment is pos- AQq =—1, AQu =1, (1)

sible without at least one Yukawa interaction insertion cor-

responding to a lepton or a down-type quark. Because of thwith the other charges remaining unchanged, i.e.,

lepton number violation inherent in tHg, interactions, the

fermion can be & quark, and hence in principle, an en- AQ; =0, AQq,=0, AQ=0. (12)
hancement of the loop contribution to the moments by a

factor of m,/m; (relative to the case with the SM/MSSNé  Using Egs.(4) we get

possible. The last of these equations tells us further that up-

with an appropriate numbers of the large magaeteasiMy

type quark masses enter only as even powers so that these AR=—AN,

can never be the sole source of the required chirality flip for

a lepton dipole moment. Indeed these masses have o be AP=AN—-AT,

addition to the lepton or down-type mass as mentioned

above, and so will necessarily be accompanied by the same AM=—AN,

power of some high mass in the denominator, and so will

actually suppress the moment. Clearly the clajhg—-19 AL=0, AS=1+AT. (13

3This assumes that the leptordcterms are proportional to the ~ “We may also add here that the analysis in IRET] appears to be
lepton Yukawa coupling, which need not be the case. based on the computation of one-loop diagrams that do not exist.
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In this case a solution without an up-type Yukawa interaction
is not allowed as opposed to the earlier two cases where a
solution was allowed where a single power of quédepton

mass could appear for the lept@uark moment. The lead-

ing mass dependence of an up-quark moment generated by
R, interactions is necessarily an up-type mass. This happens

because neither the or the\’ interactions involve aig or ~

V. .
Ugr. 1"14
We also see that for contributions that will involve only .’
the\"” part of theR,, interactions, the dipole moment for the >
down quark will thus be proportional Imdimﬁ” as opposed e

i
to the up-quark moment which will be proportional to
muimﬁin (n=0,1,2...). This is in agreement with the result

for the EDM due to the\” couplings that was derived long
ago[25]. I .

A few more general comments are in order here. A natunant contributions to the EDM frorR, couplings come only
ral question to ask is why is it possible to get an enhance@! the two-loop level.
ment of the dipole moments by a factorraf/m; in the case L€t us start with the case of a lepton. The lowest-order
of theories with general leptoquarsl]. This can be traced diagrams involvingR, couplings will needN=N*=1 or
back to the fact that in SUSY witiR, even though the M=M*=1.ltis then easy to check that within our frame-
squarks/sleptons do play the role of leptoquarks which hav@’orké each of these diagrams is proportional to sdimé
L or B interactions, their couplings are chiral as a result of(/\'|) and so cannot contain a complex piece from e
the supersymmetry, which allowed us the charge assignmefPUPIing. _ _ _
made in Eqs(2) in the first place. The chiral nature of the W€ note in passing that if the model is extended to allow
couplings, therefore, forbids the enhancement of dipole mofor Majorana masses for neutrinéand lepton number vio-
ments of the leptons and down-type quarks as compared {8ing Sneutrino masses to preserve supersymmetryelec-

the expectations in SM/MSSM, by a factor af,/m, or  fron EDM would be possible from diagrams shown in Fig. 2.
The “cross” on the neutrino line(or the corresponding

FIG. 3. An example of the leading two-loop contribution to the
EDM of electron due to. couplings.

Me/Mg.- sneutrino ling essentially corresponds to this “Majorana”
mass insertion for neutrinoglepton number breaking

lIl. NUMERICAL ESTIMATES OF ELECTRIC DIPOLE sneutrino mass insertign which is not present in the
MOMENTS OF THE ELECTRON AND NEUTRON MSSM? The “cross” on the charged lepton linéthe

We have discussed necessary conditions for any diagraﬁ'harg_ed scalar Iept())rcorrespor?d.s fo a mass insertighe
in the MSSM orR, framework to contribute to a lepton or insertion of thel — R slepton mixing. We see that each of

quark dipole moment. Of course, in order to conclude thaf.hese cllagrams i proportional to products X (not A

the induced moment is an electric dipole momémeak or times\*) and so can lead to an EDM for the electron. We
electromagnetic one has to further check that it has  EXpect though that the contribution will be extremely small
CP-violating piece. With the usual convention for phases of. ueto th_e Sma””ess of the neutrino masses. _The corre_spond-
the fields, if the amplitude in Fig. 1 is complex we would "9 contribution from aSUSY violating sneutrino mass in-

ensure that the induced EDM is nonzero. We will see beIOV\?ertion may be worthy of examination. The same mechanism

that even for arbitrary phases in tig couplings, the domi- Is clearly not possible with.’-type couplings as there is no
’ neutral particle in the loop.

Once we go to two loops, it is simple to see that there are
Y, Z many types of diagrams involvinB, couplings, where the
product of the relevant couplings is complex. An example is
shown in Fig. 3. This corresponds to the caée N*=1.
According to our general analysis therefore, the contribution

v ¥ * Ty v, ep 2 N e to the dipole moment should be proportional to some
; Y OR ; Y which need not be the mass of the external legigactron
L % L * in this cas¢ This amplitude involves twdifferentA cou-
e, L 1, e e, VY V.o€e plings and hence is complex in general. Here the source of

the complex nature of the amplitude and hence for the EDM,
is the irremovable phases of tiRg couplings. We estimate
the order of magnitude of the real part of the EDM as the

Y, Z

FIG. 2. One-loop diagrams contributing to the EDM of electron
in the presence of Majorana masses for the neutrisonsutrinog
Note that here and in all the other diagrams, & is to be at- >The selection rules above would, of course, then have to be
tached to all possible lines to which it couples. modified to allow for these additional couplings.
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product of explicit factors of couplings, mass insertions and
color factors, a factor of 1/(#%) for each loop, and finally
appropriate powers of the “large massii in this casgin

the denominator to get the appropriate dimension. We then
take the EDM to be the imaginary pdtm) of this producf

We will, of course, overestimate the answer in the event
there are significant cancellations between several diagrams.
For the diagram in Fig. 3 we obtain

§ (%05 1 |
g 22"

ij,i#1}

1
> my N illn_}g_]- (14)

FIG. 4. An example of the leading two-loop contribution to the

As long as|\ 34 is not unduly small, the dominant contri- electron EDM due o’ and\ couplings.

bution will be the one corresponding je=3. Due to the
antisymmetry of the. couplings in the first two indices this _ o
piece is then given by m, - There exist a large number of two-loop contributions
|

» 2 involving the Higgs exchanges, but in all the cases the re-
(e7,97) 1 T % sulting contributions are proportional ., or even higher
7 712 —2 IM(A211M339), (15 : : :

Awe Am° e powers in agreement with the expectations from our general

72 rules.

and hence we see that this diagram gives an enhancement ofWe can use these est|m<:ates to_ constrgln products of
the dipole moment by a factan, /m,. The interesting fea- couplings or those ok and\’ couplings using the current
Sme.

ture of this enahancement is that the large mass has appea £ Ierllmrentatl “m:t?it? ntithne ED% Ot_f] tze elte;ctr%n. Ir}ﬁnﬁOtvsirrl_
without paying any price for the mixing angles. ally largest co utions, a ence e bes

At the two-loob level one can also get a diagram corre-COMe from the contributions of the diagrams shown in Figs.
sponding to AMi _1AN=1AP=1 t?ut with gAR:O 3 and 4. Using Eq915) and(16) and the current bounidb]

which gives an enhancement of the EDM of the electron b)fje< 10"*" e cm on the EDM of the;, we get
a factor ofm,/m, as we have already discussed. An example

is shown in Fig. 4. Again the corresponding contribution is m \?
similar to one in Eq(14) and is dominated by the=3 term. IM(N 11N 539 <5X 10‘4( 1 Tev) ,
The dominant piece is estimated by

do~

(€97 1
47° Ax?

de~ mg, Im

1 ~ 2
E TENi11—> 1 , _ m
71 3)\'33)\'””}4’ 1 |mi2¢1 Ni11A(33<0.6X 10 4(—> : 17

where a color factor of 3 has been inserted. It should be
noted here that in both the cases there are additional didderem stands for the mass of the appropriate SUSY scalar.

grams where th@ and the neutral gauge boson lines areThe improvement in the second case is simply the factor of
crossed, as well as where the is replaced by, and y/Z m,/m_ and the color factor. We stress that our estimates are
1 L

replaced byw. They would give contributions similar to the crude: we have clearly not made a complete <_:om_putat|on of
. b hat the? will b laced b any amplitude, and also not included contributions from
one given above, except that tie, will be replaced by  oiher giagrams. We add though that for some cases where

explicit computation$26] are available in the literature, we
did check that our crude estimate gives reasonable agreement
®We tacitly assume that tHR, couplings that we have written are with the complete calculation.

in the mass eigenstate basis for matter fermions and sfermions. The In the case of thé-quark dipole moment, again there is a
mass insertions in the figures are merely to show explicit fermiorcounterpart of the diagram in Fig. 3 whexecouplings will
mass factors that would arise from the computation. In other basege replaced by '. The diagram is similar to the ones shown
there could be complex contributions from off-diagonal terms in thejn, Figs. 3 and 4. It is obtained by replacing in Fige3,eg
propogators, and it would be difficult to isolate the imaginary partpy d,  d; and the leptons in the central loop by quarks. In
of the contribution. Since supersymmetry is broken by sfermionyis the dominant contribution is obtained from thejuark
mass terms, SUSY would appear to be explicitly broken by SOME, the loop. Thex” couplings have no antisymmetry and the

interactions such as trilinear scalar couplings. But this is not rel-dominam contribution in this case, is estimated by
evant to our analysis as we include soft SUSY breaking couplings '

anyway. The important thing is that our selection rules of the pre-

vious section are not affected by this. We stress that it is only for (ez,gé) 1 1
the extraction of the imaginary part, amdt for the derivation of dg~ 4.2 2,2MIm > 3)\{3*3)\{11m . (19
the selection rulesire we forced to go into this basis. : Vi
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Pt S
- /’ 1 \\ ~
Y. Z Hq' v " le
7 \ ) \
1 1R \
——_—— 1 ! \
/z’ \\\ ' ] 1
- ’ ~ -
-~ N
HT 4 7 \ H d g di dp
4 IL .
s
’ L=< ' Y. Z
1 ’ \\ \

% e 1 d u Cée FIG. 7. An example of the two-loop contribution to the EDM of
R TIL kR mL the down quark due ta” couplings and supersymmetric interac-

FIG. 5. An example of the Higgs mediated two-loop contribu- tions of the Higgs.

tion to the EDM of the down quark due %’ couplings. .
a Ping compared to the one above by about a factor 5, assuming

There exist possible two-loop diagrams with charged HiggEOmparableR, couplings in the two cases. Even this contri-
exchange and’ couplings. An example is shown in Fig. 5. bution corresponding tp=3,m=3, is still small compared

Here the dominant contribution is again given py3 and !0 that of Eq.(18) for similar values of the." and\" cou-
can be estimated to be plings, due to the small KM matrix elements. The diagram

obtained from Fig. 6, by replacing/~ by H™ also makes a
(e,g7) 1 mimg 1 L similar contribution. In this case, the crosses corresponding
da~ 22 2.2 172 W'”‘[% M3 1VeaVual s to the mass insertions on the anduy, lines in the diagram
w ’ (19) are not present as the chirality flip is achieved at the ltivo
vertices. This will contain an additional factor of &g

whereM =max(mgL,rm—), andV,q4, etc. are the elements of where targ is the ratio of the vacuum expectation values
the KM matrix. We see that this is proportional to (VEV'S) of theY=1 andY=—1, neutral Higgs fields.

mZmg/mg,. In addition there is suppression due to the smallt. At :h":’hpogltjl'\tﬂ |sf|dnforderd_to look at polte_ntla![hcontrlblu-
KM mixing angles as well. Hence, the contribution of the 'ons fo e 01¢ from clagrams nvolving the scalar

diagram shown in Fig. 4 and the related diagrams, propor9OUpIIngS n the fourth row of Table . There are no analo-
. o . . . 2 gous contributions to lepton moments. An example is shown
tional to my, is still the dominant one in spite of the;

factor here. This is an illustration of our general statemen{n Fig. 7. The contribution of this diagram is given by

that the dipole moment for the down-type quéakd also of @ 2 mm, 1

the lepton does not receive enhancements due to the large 4 t b t8 IMIVE DR A\

top mass. " 4n2 472 ml, w2 COB IMVigU oA azah a2l
The EDM of thed-quark due to the.” couplings had (21)

been estimated previous[25] and the corresponding dia- _

gram is shown in Fig. 6. Here the dominant contribution iswith M =max(v.,my-), andg being the SW2) gauge cou-
again given byj=m=23. The antisymmetry of th&” cou-  pling. Since the term originates from the superpotential it is
plings ensures that the dominant contribution is then givemot surprising that the the contribution is given by an expres-

by sion similar to Eq(20), with V,, replaced byU} , the mix-
) 2 5 ing matrix element in the right-squark sector. Note however,
A (e%,92) i mg My, i|m[v*v N the EDM is nonzero even with no intergenerational mixing
4 4n? 47® md, m,fTL taVioA 323t 321 in the squark sector. It is amusing to note that there is also a

(200  contribution to the EDM of thel quark if there is no inter-
generational mixing even in the quark sector—simply re-
Due to the relative values of the KM matrix eleme¥itg and  place thet quark by au quark. This contribution is smaller
V.4, the contribution corresponding fo=2,m=3 is down than that in Fig. 7 by a factam,/|Vq|m;.
The up-quark moment will receive contributions from the
R, interactions from diagrams similar to those shown in
W Y. Z ~ Figs. 5 and 6, by simply interchangingandd and changing
tanB by cotB. There does not exist a counterpart of the
diagrams shown in Figs. 3 and 4, for theype quark. The
dominant contribution will be given by an expression similar
to that of Eq.(20) involving different elements of the KM
matrix and again the roles oh, andmy reversed. Hence
d Wy U dp dy uy up d the dominant piece is now sum of two terms which are pro-
portional tommzV,,, and mim,m,V,, in accordance with

FIG. 6. An example of the leading two-loop contribution to the the general results obtained from E§3). Both these terms
down-quark EDM due ta.” couplings. are comparable to each other in size because of the relative

113003-7
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size of different elements of the KM matrix. The contribu- SUSY breaking scalar bilinears in the potential. In the case
tions due to diagrams involving charged Higgs will involve a of exact SUSY, the former can be rotated aWa§] and, of
further factor of taRB. Since we have just one factor o, , course, the latter are absent, i.B-parity violation occurs
this contribution is suppressed relative to that of &§) by only through the trilinear interactions that we have analyzed.
a factor 40 or so, which in turn is smaller than that of Eq.This is not, however, true in the realistic case where super-

(18) by about a factor 5. Hence, while estimating thEDM, ~ Symmtery is broken, because the bilinear soft terms in the

we will neglect theu contribution completely. scalar potential cannot simultaneously be rotated away. Even
if we assume that these are absent at some very high scale,
these terms, which are an additional source to the changes of
the superchiral charges in Table |, are generd25q21], by

~ )2 radiative corrections. A more important difference, however,

Using then the current experimental reswd<6.0
X 10 26 e cm, and Eq(18), we get

(220  is that in the presence of the scalar bilinears the sneutrino
fields generically acquire a VEV, so that the chat@,@ is

now no longer conserved. In principle, it would be possible

to include modifications to our analysis by allowing dia-
0.0 m \? grams where sneutrino fields disappear or are created from
Im[)\”;‘lg\”33j<0.03><\/—1( m) . (23)  the vacuum: but the result then depends on the number of
td € fields that disappear into, or are created from, the vacuum

The contribution in Eq(21), as well as from other diagrams and the simple prgdictions that we have pb_tained are lost. In
involving a charged Higgs boson in the loop, leads to a simimodels where bilinears are only radiatively generated,
lar bound. In obtaining these we have assumed that sheutrino vaccum expectation vz_ilué\_iéEV’s) are smaller
~dy. In view of the fact that we have not really computed than a.fevx{ GeV, and these contrlbut!ons_are small, and our
any of the diagrams, but merely estimated the various con@nalysis yields a reasonable approximation. There are also
tributions, it did not seem reasonable to attempt to includd"0dels[28] where due to additional discrete symmetries,

the long distance contributions which could only strengthers"€utrino VEV's are absent. We have, however, not analyzed
these bounds. the generic case where the bilinear mass terms and sneutrino

We briefly mention the possibility of using the EDM of VEV'S are all of the order of the SUSY breaking scale. It
heavier fermions, in particular the tau and the top to conWwould be interesting to investigate whether this situation
strainR, couplings. As far asl, is concerned, the counter- yields a new possibility of generating large electric dipole

part of the diagram of Fig. 8as well as the corresponding Moments for matter fermions.
diagrams withW) will not contribute as the dominant piece
proportional tom_ will have no imaginary part. The diagram
analogous to Fig. 4, however, does contributd to The real R.M.G acknowledges the National Science Foundation’s
and imaginary parts of th@eakdipole moment of the-have  U.S. India Cooperative Exchange Program under the NSF
recently been constrained by the OPAL Collaborafib?] to  grant INT-9602567, which enabled her to visit the High En-
be smaller than & 10 '8 and 1.5<10" 7 e cm, respectively. ergy Theory Group at the University of Hawaii where this
Clearly, these limits do not give any significant constraintswork was initiated. S.D.R. thanks the Center for Theoretical
on the corresponding, couplings. There are no data dp  Studies, Indian Institute of Science, Bangalore, for hospital-
at this time. ity during his visit. He also thanks Anjan Joshipura for dis-

Our analysis up to now has ignored the bilinear terms incussions. This research was supported in part by the US De-
the superpotential of Eql), and also corresponding soft partment of Energy grant DE-FG-03-94ER40833.

— 2
=10 (1 Tev

Im{Zk N1\ ka3

Equation(20) yields a weaker constraint:
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