PHYSICAL REVIEW D, VOLUME 63, 115011
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We compute the electric dipole mome&BEDM) of the bottom quark in the minimal supersymmeti$tJSY)
model with explicitCP violation. We estimate its upper bound to be ¥ e cm where the dominant contri-
bution comes from the charginos for most of the SUSY parameter space. We also find that the chargino
contribution is directly correlated with the branching fraction of Bie- Xy decay. Furthermore, we analyze
the formation of the'P; resonance of theﬁ)) system ine*e™ annihilation, and show that th@P-violating
transition amplitude, induced solely by thequark EDM, is significantly larger than th@P-conserving ones.
Therefore, observation of thi€P-odd resonance ire*e™ annihilation would be a direct probe of the
CP-violating phases in SUSY. In case the experiment cannot establish the existence ofGRebdd (Eb)
state, then either the sparticle masses of all three generations will be pushed well above TeV, weakening the
possibility of weak-scale SUSY, or the sparticle mass spectrum will be tuned so as to cancel different contri-
butions to EDMs.
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I. INTRODUCTION The effective SUSY scenario deals with a single genera-

tion of sfermions, and thus, the question of flavor-changing

In the minimal standard modéSM) of electroweak inter-  transitions is avoided. Then SUSY effects can show up
actions both flavor violation an@ P violation are encoded in  through the Higgs bosons, Higgs and gauge fermions, and
the Cabibbo-Kobayashi-Maskaw&KM) matrix. In its su- the third generation sfermions. In fact, it is these light spar-

- . ticles that regenerate the electron and neutron EDMs by two-
persymmetric(SUSY) extension, however, there appearsl op quantur%] effect§11,12. Moreover, it is clear that t¥1e
new sources for these phenomena generated by the SQHird generation fermions can still have large EDMs as the

SUSY-breaking termg1]. In an attempt to establish the ,nq 1500 SUSY contributions cannot be suppressed for them.
strength and structure of flavor a@P violation in SUSY it In Sec. Il we will compute the bottom quark EDM in

is necessary to confront it with the experimental data oreffective SUSY up to two-loop accuracy. We will see that
flavor-changing and flavor-conserving processes. In this rethe two-loop contributions are directly constrained by the
spect, flavor-conserving phenomena such as the Higgs systectron and neutron EDMs which can exist only at two- and
tem [2] and the electric dipole moment&DM) [3-5] of higher loop level§12]. Concerning the one-loop effects, the
particles are useful tools in searching for new sourcegf ~ chargino contribution to the bottom EDM will be shown to
violation in a way independent of the flavor violation. be fully constrained by the measured branching fradti8}

The existing upper bounds on the neutron and electroRf the rarebo— Xy decay. On the other hand, the gluino and
EDMs [6] put stringent constraints on the sourcesGiP neu_trallno. CO.ntI’IbutI.OI’]S remain unconstrained; hqwever,
violation. Even if one solves the stror@P problem by a their contnbl_mons will be seen to hardly compete with that
SUSY version 7] of the Kim-Shifman-Vainshtein-Zakharov of the charginos.

(KSVZ) axion model[8], the remaining electroweak contri- Section Il is devoted to a detailed discussion of the pos-
' -ssible signatures of a finite bottom quark EDM. In particular,

we will discuss the formation of th&P; bottomonium level

in the e"e” annihilation. It will be seen that the
CP-violating process, generated by the bottom EDM, domi-
parameter domain where different contributions carfidgl ~ Nates over th& P-conserving ones. Therefore, possible de-
or (iii) making the first two generations of scalar fermionstection of thisC P'Od(_j resonance can be a dlrec_t p“?be _Of the
heavy enough5] but keeping the soft masses of the third bottom EDM, or equivalently, the sources@©®P violation in
generation below TeV. Though each scenario for suppressS—USY'_ ) .

ing the EDMs has its own virtues in terms of the implied ~ S€ction IV contains our concluding remarks.

SUSY parameter space, in what follows we will work in the
framework of effective supersymmetf0] where scenario
(iii) can be accomodated. However, the discussions below The dimension-five electric dipole operator

are general enough to be interpreted or extended in any of L

the scenarios listed above. Lepm= Dpb(X) d ,ysb(X) A%(X) 1)

there have been several suggestions which incli)dghoos-
ing [3] (or suppressing by a relaxation mechanigdy the
SUSY CP phasessO(10 %), or (ii) finding an appropriate

Il. THE BOTTOM QUARK EDM IN SUSY
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defines the EDM of the bottom quark at the natural mass=(5a43a;)M; implies that the gluino could be as heavy as
scale ofQ~my,. SinceD, is obtained after integrating out a TeV if the masses of the lightest neutralino and chargino
all heavy degrees of freedom, it serves as a probe of thare to satisfy the present bounds. In such a case the estimate
sources ofCP violation at the weak scal®~M,,. In the  given in Eq.(4) can be reduced by two orders of magnitude.
SM, Dy, arises at three- and higher loop levgl$] whereas The predictions made here agree with thosgsdin that the

in SUSY there exist nonvanishing contributions already aigluino contribution may be less significant than that of the
the one-loop leve[3]. In the SUSY parameter space under charginos, though sizes of the fine structure constants sug-
concern, the EDM of thd quark receives one-loop contri- gest the opposite.

butions from the exchange of gluinosDf), neutralinos Next the one-loop quantum effects due to the neutralino-

(DgO), and charginosl(){gi). Then, including also the two- sbottom loops yield

loop contribution, the full expression for the bottom EDM 0
rea[()js symbolically as P (ﬂ)x _ ( “s(Msusﬁ)le/ﬂ( ag(my) ) 16/23
- o € ag(my) ag(mp)
Dy=Di[tanBsing, sing, 1+ D [tanBsing, ,sinda ] N
0
N ! ~r ki X
- . . x_ —_—
+D§ [tanBsing, ,sinda ] yp bkzl ;J[FXOJM)(?FO M%k )

+DYMtangsing, + da),Sib,+ da)l, () o ,
where the vertex factorEXo are given in the Appendix. Us-
where the dependence of the individual contributions oring relative sizes of the fine structure constamtsand «;,
tanB and SUSY phases is made explicit. Clearly, in the largeone expects Eq5) to be roughly two orders of magnitude
tangB regime (as large as the electron and neutron EDMsmaller than the gluino contributiofd). Therefore, the
bounds permif12]), as preferred by the recent Higgs bosonneutralino-induced EDM hardly competes with the gluino
searches at the CERBN' e~ collider LEP[14], the depen- contribution for most of the SUSY parameter space.

dence of the two-loop contribution on the shottom sector Finally, the chargino-stop loop generates the last one-loop

weakens. Therefore, in this limi'°°?, like DY, probes guantum effect

0 . s

solely the stop sector where@y andD{ remain sensitive X a(Msusy| 92Y a(mp) | 162 4
to the shottom sector only. Moreover, in this limiting case ( %&) (S_t) z2 )
there remains no sensitivity s, at all, and the one-loop as(my) as(Mp) 4w

contributions single ou,, .

Dy,
e

. . - 2 2 M.
To have an estimate of the SUSY prediction 10y it is xS e 1 F Xj
convenient to analyze each term in E8) individually. The &= i xi]M AV
gluino-sbottom loop gives Xj t
~ 16/21 16/23
Dp\9 [ ad(Mgysy | oY ag(m,) )0/ :_<as(MSUS\9) (as(mt))
- = as(mt) as(mb)
e as(my) ag(Mp)
2 2 ap My =
2as Ky 1 3 Xo——3[C4 (My)] (6)
— ST 1— S 4 2
X gy Q2 JTl-Fo v 3 ™ M3,
k

_ o where the first line results from the direct computation, and
whereMsysy, representing the characteristic scale for softyenends on the vertex factdr&’. and the loop functior .
masses, is around the weak scale. The loop fundig@s i gefined in the Appendix. The second line follows from
well as the vertex mixing factorky are defined in the Ap-  the observation that the chargino contribution is, in fact,
pendix. Letting the sbottom and gluino masses be of similacompletely controlled by the inclusiv@— X,y decay where

g;d; czg)maasgnitude, one can obtain an approximate estimaigx”(\ ) [17] is the Wilson coefficient associated with the

electromagnetic dipole operator 05
Dy ) |l [ 2m |2 _ =(e/(477)2)mb(3chPRb)_FW. The present experimental
ry ~3.4x107 2% cmx ANy tangsing, accuracy of the branching fraction for this decay puts the
t 3

@ bounds [13] 2.0<10*XBR(B—X.y)<4.5 whose central
value is already consistent with the next-to-leading order SM
which can increase by one or two orders of magnitude if on@rediction[18]. Therefore, there are rather tight constraints
stretches ta up to O(m,/my), or pushegu| up to a Tev.  On the size of the new physics contributions. For instance, it
In making the estimaté4) we have assumed a relatively Would be possible to saturate the kaon sys@m violation
heavy gluino in accord with the experimental seardieg®. Vi@ pure SUSYCP phases were it not for the BE(
Moreover, the grand-unified-theoryGUT-) type relation ~—Xs¥) constraint{19]. In this sense the second line @
among the gaugino masses Mz=(ag/a)M, (Dy)* offers a new place where theP-violation sources
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beyond the SM are constrained by tBe» Xy decay. The 350 ' ' AL T
model-independent analyses[@0] as well as full scanning
of the SUSY parameter space|i2l] suggest that

N 250 - . -. .. - .o -4 4. T
LGy (Mw)]|=1. @) ol T U

Hence, the present experimental boupti3] imply that

D\ X
e
is the characteristic size of the chargino contribution to the 0f
bottom EDM. One notices that the bou(id is valid for the o
entire SUSY parameter space including garanges as large Electron EDM [5x10 ™ ¢ - cm]

as O(m,/m,). This is not the case for the gluin@) and - ) =
FIG. 1. Variation of the gluino contributiojD | to the bottom

neutralino(5) contributions where there is an explicit depen- M (in units of 10°22 ith the electron EDMin units of it
dence on the SUSY parameters. Furthermore, one notes thap™ (In units o ecm) with the electron EDMin units of its

the chargino-stop sector is under the control of Bre Xgy Present experimental upper bounz 507" e cm).

decay whereas the neutralino-sbottom and gluino-sbottom ~

sectors are largely free of direct constraints apart from colbound, |DJ| takes on larger values so as to dominate the

lider bounds on the massgs]. entire SUSY prediction] Dg| max=3.5%X10 *ecm. Obvi-
Finally, we address the two-loop effects in EB) which  ously these exact results agree with the approximate esti-

receive contributions from both sbottofdecreasing with  mates made in Eq4).

tang) and stop(linearly increasing with ta) sectors. It Similarly, in Fig. 2 is shown the scatter plot of the neu-

can be summarized by the expression tralino contribution,|D¥'| (in units of 10 %2ecm), as a
function of the electron EDM. It is clear that, when the elec-
as(Msusﬁ)m/ﬂ( as(mt))16/23mb De '

2(my) (M) ™ ?) (9  tron EDM is much smallzer than the present bouhﬁgOJ
remains mostly below 10°?e cm, except for a small portion
whereD, is the EDM of the electron which can exist only at Of the parameter space where it hits in the upper bound of
the two-loop level[12]. The dominant contribution t®, 10 *'e cm. However, as the electron EDM takes on larger
comes from the pseudoscalar Higgh®] exchange and its values|D{ | remains bounded around 1Fecm.
present experimental upper bound constrains the SUSY pa- Figure 3 shows the scatter plot of the chargino contribu-
rameter space considerably, e.g., 8820 for Mao~Mi.  tion to theb-quark EDM|D{ | (in units of 10 %2ecm) as
However, with increasingv yo the allowed range of 88 (e electron EDM varies in the experimentally allowed
expands gradually. Then the present experimental dala.0n ange. It is clear that, for the entire range of the electron
can be transformed to an upper bound on the two-loop congpy the chargino contribution remains mostly around
tributions to the bottom EDM using E¢9): 10 2°e cm. That the chargino contribution, compared to the

150

100

=2.3x10 % cm (8)

b—quark EDM { g }[ 10 ~22 e—cm]

50

02 04 0.6 08 1

DE-Ioop:

D\ 2-0op gluino one in Fig. 1, has a sharper edge around
(_b ~10°2 cm. (10  1.6x10 ®ecm is a direct consequence of the HR(
€ —Xgy) constraint. Therefore, Figs. 1-3 imply th@i the
In the light of the estimates made above, it is clear that thechargino contribution is dominant in most of the parameter
chargino(8) and gluino(4) contributions compete to domi- s : : : :

nate theb-quark EDM. To check the accuracy of these ap-
proximate results, we perform a scanning of the SUSY pa-
rameter space by varying all the mass parameters fnpomp

to TeV and tarB from three to sixty in accord with the
collider boundg[16], recent LEP result§14], electron and
neutron EDM upper bound$], and the experimentally al-
lowed range of the BRE— Xsy) [13].

Depicted in Fig. 1 is the variation of the gluino contribu-
tion, | DY (in units of 10 22ecm), to the bottom EDM as a
function of the electron EDMin units of the present experi- i 5 :
mental upper bound 810 %’ecm). Itis clear from the fig- Y o s X
ure that(i) for most of the parameter space small values of
the electron EDM are preferred, for whicHDg|

~10"2*ecm, and(ii) for certain portions of the parameter  FIG. 2. The same as Fig. 1, but for neutralino contribut'ﬂ?r{§°|
space, where the electron EDM tends to saturate its uppeo the bottom quark EDMin units of 10 ?2e cm).

b-quark EDM  { %0 } [1022 e—cm]

Electron EDM [5 x 10727 e—cm]
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ll. b-QUARK EDM AND P, BOTTOMONIUM

§ A short glance at the effective Lagrangiél) which de-
8 fines the EDM of théb quark reveals that it is, in fact, iden-
=] tical to the coupling of the photon to th&P;[=h,(1P)]
- bottomonium. The quantum numbed,“=1=, of this CP
® = —1 resonance coincide with those of the current density
= [23]
8
El 34(bb| *P1)=b(x) 7, ysb(x) (12
L L
h 03 o2 o s . whose coupling to the photon gives the operator structure in

Eq. (1). Presently, the experimental evidence for such
CP-odd states is only limited to the observati@#] of the
FIG. 3. The same as Fig. 1, but for the chargino contributioncharmonium lP; state as a resonance in the proton-
DX’ to the bottom quark EDMin units of 10?2 cm). antiproton annihilation, Whlle the reporte_d s_lgnal for the b(_)t-
tomonium statg25] has disappeared with increased statis-

] ) ) . ) tics. In what follows, we discuss the formation of the,
space with a value in agreement with E8), (ii) the gluino  poomonium ine*e~ annihilation by an explicit calculation
contribution may exceed the chargino one in certain cornerss ine various contributions.

of the parameter space, afid) the neutralino contribution In the framework of the SMe* e~ annihilation can yield

remains of similar size to the two-loop contribution. alP, state through the’Z andZZ box diagrams. The former

As a result, the naive estimates in E(8), (8), and(10) g the dominant process, and the relevant diagram is shown
for different SUSY contributions to the-quark EDM are ;. Fig. 4a). The CP parities of the initial, intermediate

confirmed by a scanning of the SUSY parameter space a(syz)’ and final states must be identical, that is, eiee

depicted in Figs. 1-3. Consequently, in minimal SUSY thesystem hasl”C=1%. Therefore, it is only the longitudinal
b-quark EDM obeys the upper bound

part of theZ boson which contributes to the process. In other
Dy,
e

Electron EDM [5x 10727 ¢ —cm ]

words, theZ boson exchange is equivalent to the exchange of
the associated Goldstone boson, and a straightforward calcu-
<10 % cm (11) lation gives the following effective Hamiltonian:

(24
which is due to the charginos for most of the SUSY param- Hsm(CPO= 3W\/§GFmembB
eter space. o
In principle, as long as the theory at or above the mass xJ,(bb|1P;)-J%ete |P;) (13

scale of the fermion carries necessary source€rviola-

tion then the fermion possesses an EDM. Experimentallywhere the currentl, is defined in Eq.(12), and the box
there is no problem in measuring the EDM of the leptons asunction B can be expressed in terms of the standard loop

they can travel freely for sufficiently long distances. For lightintegrals[26]. For the characteristic scale of the problem, it
quarksu, d, ands, on the other hand, EDMs make sense duehehaves as

to the fact that they are the constituents of the nucleons.

It is still meaningful to calculate the EDM of the top 1 My
quark as it can travel freely for long enough distances before B~—— (—) (14
decaying[22]. However, for the bottom quark the hadroni- Mzm, Me
zation effects show up much faster and its EDM is not ob-
servable directly. For this reason, as in the EDMs ofithe, In minimal SUSY, with two Higgs doublets, there are two

ands quarks, it is via théo-flavored hadrons that the bottom CP-odd spinless bosons, one of which becomes the longitu-
EDM can cause experimentally observable effects. Theredinal part of theZ boson that induces the effective Hamil-
fore, the next section is devoted to the discussion of an extonian (13). The other one is the physic&P-odd Higgs
perimentally testable process which is dominated by the botscalar,A°. Due to itsCP-odd nature this boson contributes
tom EDM calculated above. to the formation of'P, resonance i e~ annihilation. Re-

1 b ¥ g FIG. 4. Formation of the'P; bottomonium
Py resonance ine*e” scattering. The blob corre-
b zZ et sponds to the bottom quark EDM defined in Eq.
B VU AVAVAVA VAU e = Q).
(@ (b)

115011-4



b-QUARK ELECTRIC DIPOLE MOMENT IN . .. PHYSICAL REVIEW D 63 115011

placing theZ boson byA° in Fig. 4a), the SUSY contribu- The numerical value here conservatively assumes that
tions to theC P-conserving effective Hamiltoniafl3) turns  present data exclude tH#®, resonance ie" e~ annihilation
out to be at the level of the formation cross section about 0.1 of that
for the Y resonance. Clearly, this result is five orders of
Hsusy CPy)=tarf BXHgu(CP)[Mz—Mao] (15  magnitude larger than the SUSY predictiii), and if the
actual experimental value turns out to be significantly larger
which rises quadratically with tg8. If there were no con- than 10 ?°cm, then certainly SUSY phases will not suffice
straints coming from the electron EDM, this SUSY contribu-to saturate it. Especially BB(— X<y) will prohibit the en-
tion would exceed the SM contributiqd3) by three orders  hancement of the bottom EDM beyond the bounds found in
of magnitude for taB~60 andM po~M;. However, itis  the previous section.
known that[12], for such a lightA°, tang=<20 so that a Another way of testing the bottom EDM is in decays of
conservative figure for the SUSY enhancement hardly exthe 1P,, provided that a sufficiently large sample of data for
ceeds two orders of magnitude. this resonance will ever be accumulated. The most direct
Besides the CP-conserving decay modes discussedway of searching and testing source<a#® violation beyond
above, the bottom quark EDM itself can trigger the forma-the SM will be through the decays dP; to hadronic final
tion of the 1P, state ine*e™ annihilation. The relevant dia- states withCP= + 1. Like the well-knownK | — 77 decay
gram is shown in Fig. @) where the gray blob stands for the which has established nonvanishi@ violation in the kaon
|nsert_|on _of the effective Lagra_lnglaml). Due t_o the _ system, decays of the forrﬁP1—>Ml\7 (M being a light
CP-violating nature of the EDMs it is clear that this transi- hadron will be a useful channelsee, for instancg27] for
tion violatesC P so thate™ e~ system does not need to be in analogous studies in the charmonium systedf course, for
the P, state. In fact the effective Hamiltonian following e ease of experimental detection, care should be paid to
from this diagram reads as choosing appropriate final states where @B-conserving
SUSY transitiong15) are naturally suppressed.

HsusHCP®) For_instance, the decays into charmed neutral mesons,
4 D 1p,—DD, will proceed mainly with the bottom EDM since
es b — B _ . . . .
= — (_)‘]a(bb| 1p).[et(x)y%e~(x)] (16) the CE’ conserving SUS_Y contrlputlon(15) goes like
Mhb e (tanB)” as theD meson side contains only up-type quarks.

Moreover, for such a hadronic transition, the chromoelectric
which clearly demonstrates the violation of 16 parity as ~ diPole momern(CEDM) of th? b quar&prowd'es the domi-
thee*e™ system is in th&S, state havingCP=+1. nant mechanism for generating bgDD coupling[28]. Al-

A comparison of theCP-conserving (13), (15 and though thls decayl mode is preferreq for enhancing .the
CP-violating (16) transition amplitudes reveals that if the CP-violating transitions, there are various form factors in-
bottom quark EDM falls below the critical value volved in the hadronic amplitude which can suppress the

signal significantly.

D,
e
%10 5¢cm (17) In this work we have computed the EDM of the bottom
quark in the minimal SUSY model with nonvanishing soft
then experimentally formation of theP, bottomonium reso- Phases. The parameter space adopted is such that the EDMs
nance ine*e~ annihilation will not be informative at all. ©f the neutron and electron are naturally suppressed in that
One notices that this critical bound, dominated by the SUSYN€Y can arise only at two and higher loop levels via the
CP-conserving transition Eq15), can be at most 133cm guantum effects of scalar fermions and Higgs scalags.

which is below(11) by three orders of magnitude. This im- The dominant contribution comes from the exchange of the
plies that the EDM of the bottom quark is the dominant piece® P-0dd Higgs scalar.

et Gem, Mh, m, taf BM2  tar? B M2

~ —1In
12272 M2 Me M5, M2, IV. CONCLUSION

in forming thé P, bottomonium ine*e™ collisions, and ob- However, one notices that in the same parameter space
servation of this resonance could be a direct probe of the soff!® third generation fermions, in particular the bottom quark,
phases in SUSY. can have large EDMs generated by the one-loop quantum

The nonobservation of théP, state as a resonance in effects of the scalar fermions, gluinos, charginos, and neu-
e*e~ annihilation puts a modei-independent bound on thetrallnos. Indeed, in Sec. Il we have shown, by both analytical

bottom EDM. LettingRe(r) and Rp(r) [23] be the radial and numerical methods, that for most of the parameter space
parts of the3él and 1Plslevels, resppectively, and using Eq. the chargino contribution, which is directly correlated with

. the measured branching fracti¢h3] of the rareB— X,y
16), one finds S
(16 decay, sets the upper bound on thejuark EDM to be
Y 12 ~10 2°ecm. For certain corners of the parameter space the
Dyl _ Q| RS(O)‘ ole’e — Pl)‘ =10~ 15¢m. gluino contribution can exceed this bound slightly with no
el J12|Rp(0)|| o(ete —3s))| order of magnitude enhancement, however.
(18) After estimating theb-quark EDM in the minimal SUSY
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model we have discussed experimentally viable circumthat SUSY cannot show up at the weak scale(iigrcontri-
stances where it can have observable effects. In this contexttutions of various sparticle loops must cancel so as to have
Sec. lll has been devoted to a detailed discussion of thEDMs of neutron, electron, muoi, quark, and atom§29]
1P16b resonance formation iB+e_ annih”ation_ The ex- a” agree Wlth the eXperimenta| bOUhdS. The former makeS
plicit calculations show that the EDM of tHequark is the ~Weak scale SUSY unlikel}5], whereas the latter can require
dominant effect in forming thi<P-odd resonance, that is, @ finely tuned SUSY mass spectrysi.
the CP-conserving transition amplitudes are below the
CP-violating one by three orders of magnitude. Hence, the ACKNOWLEDGMENTS
very existence of a large bottom quark EDM, which is al-
lowed in SUSY with explicitCP violation, is the driving
force behind the possible observation @, bottomonium
resonance iret e~ annihilations. Presently the experimental
bound is five orders of magnitude above the SUSY predic-
tion, and, with increasing precision if experiments detect 1. Loop function
such aCP-odd resonance, it will be a direct signal of the The | functi terina th luation I X
nonvanishing bottom EDM, or equivalently, the existence of 1€ l00p funclions entering the evaluation sY
the sources fo€ P violation beyond the SM such as SUSY. amplitude ando-quark EDM are given by

However, the ultimate and most direct experimental ob-
servation of thé>-quark EDM will be through decays dfP, Fola)= ———
resonance t€C P=+1 final states. In this context, one re- 2(1-a)?
calls the neutral charm mesons for which E-conserving
transition is significantly smaller than that in teée™ anni- F.(a)

hilation by a factor of 1/tahg. Therefore, especiallypD 2(1-a)?
type final states will prove useful in probing the strength of
the b-quark EDM.

If the improved experimental searches for thg reso- K8(a)=
nance ine"e~ annihilation yield a negative result, i.e., as- 12(1-a)®
suming that the present experimental precisi@8) is im-
proved down to the level of the critical value in Ed7) with 1 6a
no sign of'P; resonance iret e collisions, it is clear that Ki(a)=QKi(a)+ 12(l_a)5[2+5a—a2— mlna
the experiment will be no more conclusive. Even if such a (A1)
resonance is observed it will be necessary to search for its
decay intoCP= +1 states in order to establish the existence
of a nonvanishingp-quark EDM. In case all such experimen-
tal efforts give negative results then there would remain only Here we set the conventions for the mass matrices of
two options for SUSY with nonvanishing P phases(i) the  squarks, charginos, and neutralinos. The mass squared ma-
sparticles of all three generations are fairly above TeV sdrix of the top and bottom squarks €t,b) is given by
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APPENDIX: RELEVANT FORMULAS

2a
l1+a+-—Ina
1-a

2(3—2a)
7—5a+ —Ina
1-a

2

6a
1-5a—2a%— Ina

1-a

2. Mass matrices

2
M +mitcos BM(1i—Qrsy) (A} + Ry)
Mf= (A2)
ms(As+ u* Rs) M;ZR+ m?+ cos %M%Qfsfv

whereR,=R; '=tanB. Being hermitianM? can be diagonalized via the unitary rotation

=~ . 2 2
SfM?s;=diag M7 M5 ), (A3)
with M3, < Mg,
The mass matrix of charginos
M, —V2MycospB
M~ = . (A4)
—\2Mysing p
can be diagonalized by a biunitary rotation
CiM “C_=diagM, M), (A5)
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whereCg andC,_are unitary matrices, anéll, = <M =.
1 2
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Finally, the neutralinos are described by & 4 mass matrix

M 0 Mzs,cosB  —Mys, sinB
0 M, —Mgzc,cosB Mzc,sSing
MO= (AB)
Mzs,, cosB —MyC, cosB 0 —u
—My s, sinB  Myc,sinB —u 0
which can be diagonalized via
TppO —di
CoM Co—dlaQng, - ,ng) (A7)
whereMth>< e <ng.
3. Vertex coefficients
Here we list the vertex coefficients entering the evaluation of the Wilson coeffiCieand theb-quark EDM:
k
5= S0So2k
2
i C Sw hy Sw hyp
== Coa St 2 CouSiak— = Cog Stk || - CotiSoak+ — CozSoik|»
X0 2 02 b1k 3¢, 01 Sp1k 9 03 Sh2k 3¢, 01 o2k 9 03 o1k
kj _ hp * ok h; * ok
I'e= 9 lestlk_a R2j Stok | CL2j Stk s (A8)
where the ranges of the indices &e1,2,i=1, ... ,4, and =1,2. In all the formulas abovs,,=sin§,,, c,=cosé,, with 6,

being the Weinberg angle.

[1] M. Dugan, B. Grinstein, and L. Hall, Nucl. PhyB255, 413
(1989; M. J. Duncanjbid. B221, 285(1983; J. F. Donoghue,
H. P. Nilles, and D. Wyler, Phys. Letl28B, 55 (1983; A.
Bouoquet, J. Kaplan, and C. A. Savalgid. 148B, 69 (1984).

[2] D. A. Demir, Phys. Rev. D60, 055006(1999; 60, 095007
(1999; Phys. Lett. B465 177 (1999; A. Pilaftsis and C. E.
Wagner, Nucl. PhysB553 3 (1999; M. Carena, J. Ellis, A.
Pilaftsis, and C. E. Wagner, Nucl. PhyB586, 92 (2000; A.
Pilaftsis, Phys. Lett. B135 88(1998; S. Y. Choi, M. Drees,
and J. S. Leeibid. 481, 57 (2000; T. Ibrahim and P. Nath,
Phys. Rev. D63, 035009(2009.

[3] J. Ellis, S. Ferrara, and D. V. Nanopoulos, Phys. L&t4B,
231 (1982; J. Polchinski and M. B. Wiseibid. 125B, 393
(1983; F. del Aguila, M. B. Gavela, J. A. Grifols, and A.
Mendez,ibid. 126B, 71 (1983; D. V. Nanopoulos and M.
Srednicki,ibid. 128B, 61(1983; T. Falk, K. A. Olive, and M.
Srednicki, Phys. Lett. B54, 99(1995; S. Pokorski, J. Rosiek,
and C. A. Savoy, Nucl. Phy8570 81(2000; E. Accomando,
R. Arnowitt, and B. Dutta, Phys. Rev. 61, 115003(2000; J.

Dai, H. Dykstra, R. G. Leigh, S. Paban, and D. Dicus, Phys.

Lett. B 237, 216 (1990; S. Weinberg, Phys. Rev. Let63,
2333(1989.

[4] T. Ibrahim and P. Nath, Phys. Lett. &8 98 (1998; Phys.
Rev. D57, 478(1998; M. Brhlik, G. J. Good, and G. L. Kane,
ibid. 59, 115004(1999; T. Falk and K. A. Olive, Phys. Lett. B

439 71 (1998; ibid. 375, 196 (1996.

[5] P. Nath, Phys. Rev. Let66, 2565(1991); Y. Kizukuri and N.
Oshimo, Phys. Rev. @5, 1806(1992; 46, 3025(1992.

[6] P. G. Harriset al, Phys. Rev. Lett82, 904 (1999.

[7] D. A. Demir and E. Ma, Phys. Rev. B2, 111901(2000; D.
A. Demir, E. Ma, and U. Sarkar, J. Phys.28, L117 (2000.

[8] R. D. Peccei and H. R. Quinn, Phys. Rev. Le8, 1440
(1977; M. A. Shifman, A. |. Vainshtein, and V. |. Zakharov,
Nucl. Phys.B166, 493(1980; J. E. Kim, Phys. Rev. Let#3,
103(1979.

[9] D. A. Demir, Phys. Rev. 162, 075003(2000; S. Dimopoulos
and S. Thomas, Nucl. PhyB465, 23 (1996.

[10] G. F. Giudice and S. Dimopoulos, Phys. Lett. 37, 573
(1995; G. Dvali and A. Pomarol, Phys. Rev. Left7, 3728
(1996; A. G. Cohen, D. B. Kaplan, and A. E. Nelson, Phys.
Lett. B 388 588(1996); P. Binetruy and E. Dudashid. 389,
503(1996.

[11] S. M. Barr and A. Zee, Phys. Rev. Le@5, 21 (1990.

[12] D. Chang, W. Keung, and A. Pilaftsis, Phys. Rev. L&&.900
(1999; A. Pilaftsis, Phys. Lett. B171, 174(1999; D. Chang,
W. Chang, and W. Keungbid. 478 239 (2000.

[13] CLEO Collaboration, S. Ahmeet al, hep-ex/9908022; CLEO
Collaboration, T. E. Coaset al., hep-ex/0010075.

[14] J. Ellis, talk at Thirty Years of Supersymmetry, 2000; Ch.
Tully, Higgs Working Group Report for LEPC, 2000.

115011-7



D. A. DEMIR AND M. B. VOLOSHIN

[15] E. P. Shabalin, Phys. Let09B, 490(1982; Yad. Fiz.32, 443
(1980 [Sov. J. Nucl. Phys32, 228(1980]; N. G. Deshpande,
G. Eilam, and W. L. Spence, Phys. Let08B, 42(1982; J. O.
Eeg and I. Picek, Nucl. Phy&244, 77 (1984).

[16] M. Schmitt, in Particle Data Group, D. Grooet al, Eur.
Phys. J. C15, 1 (2000, p. 826.

[17] M. Aoki, G. Cho, and N. Oshimo, Nucl. Phy8554, 50
(1999.

[18] M. Misiak, hep-ph/0009033; K. Chetyrkin, M. Misiak, and M.
Munz, Phys. Lett. BA00O, 206 (1997.

[19] D. A. Demir, A. Masiero, and O. Vives, Phys. Rev. L2,
2447(1999; S. Baek and P. Kaid. 83, 488(1999.

[20] A. L. Kagan and M. Neubert, Phys. Rev.98, 094012(1998.

[21] D. A. Demir, A. Masiero, and O. Vives, Phys. Rev. @,
075009(2000; Phys. Lett. B479 230 (2000.

[22] P. Poulose and S. D. Rindani, Phys. Rev5D) 5444 (1998;

PHYSICAL REVIEW D 63 115011

S. Y. Choi and K. Hagiwara, Phys. Lett. 89, 369 (1995.

[23] V. A. Novikov, L. B. Okun, M. A. Shifman, A. I. Vainshtein,
M. B. Voloshin, and V. I. Zakharov, Phys. Rep., Phys. Lett.
41, 1 (1978.

[24] E760 Collaboration, T. A. Armstrongt al, Phys. Rev. Lett.
69, 2337(1992.

[25] CLEO Collaboration, T. Bowcockt al, Phys. Rev. Lett58,
307 (1987.

[26] G. 't Hooft and M. Veltman, Nucl. Phy8153 365(1979; G.
Passarino and M. Veltmaibid. B160, 151 (1979.

[27] F. Murgia, Phys. Rev. B34, 3365(1996; A. D. Martin, M. G.
Olsson, and W. J. Stirling, Phys. Lett47B, 203 (1984).

[28] Y. Fujiwara, Prog. Theor. Phy89, 455(1993.

[29] T. Falk, K. A. Olive, M. Pospelov, and R. Roiban, Nucl. Phys.
B560, 3 (1999.

115011-8



