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b-quark electric dipole moment in supersymmetry andCP-odd bottomonium formation
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We compute the electric dipole moment~EDM! of the bottom quark in the minimal supersymmetric~SUSY!
model with explicitCP violation. We estimate its upper bound to be 10220 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 theB→Xsg decay. Furthermore, we analyze

the formation of the1P1 resonance of the (b̄b) system ine1e2 annihilation, and show that theCP-violating
transition amplitude, induced solely by theb-quark EDM, is significantly larger than theCP-conserving ones.
Therefore, observation of thisCP-odd resonance ine1e2 annihilation would be a direct probe of the

CP-violating phases in SUSY. In case the experiment cannot establish the existence of such aCP-odd (b̄b)
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.

DOI: 10.1103/PhysRevD.63.115011 PACS number~s!: 12.60.Jv, 11.30.Er, 14.40.Nd
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I. INTRODUCTION

In the minimal standard model~SM! of electroweak inter-
actions both flavor violation andCP violation are encoded in
the Cabibbo-Kobayashi-Maskawa~CKM! matrix. In its su-
persymmetric ~SUSY! extension, however, there appea
new sources for these phenomena generated by the
SUSY-breaking terms@1#. In an attempt to establish th
strength and structure of flavor andCP violation in SUSY it
is necessary to confront it with the experimental data
flavor-changing and flavor-conserving processes. In this
spect, flavor-conserving phenomena such as the Higgs
tem @2# and the electric dipole moments~EDM! @3–5# of
particles are useful tools in searching for new sources ofCP
violation in a way independent of the flavor violation.

The existing upper bounds on the neutron and elec
EDMs @6# put stringent constraints on the sources ofCP
violation. Even if one solves the strongCP problem by a
SUSY version@7# of the Kim-Shifman-Vainshtein-Zakharo
~KSVZ! axion model@8#, the remaining electroweak contr
butions are still to be suppressed. For accomplishing t
there have been several suggestions which include~i! choos-
ing @3# ~or suppressing by a relaxation mechanism@9#! the
SUSY CP phases&O(1023), or ~ii ! finding an appropriate
parameter domain where different contributions cancel@4#,
or ~iii ! making the first two generations of scalar fermio
heavy enough@5# but keeping the soft masses of the thi
generation below TeV. Though each scenario for suppr
ing the EDMs has its own virtues in terms of the implie
SUSY parameter space, in what follows we will work in th
framework of effective supersymmetry@10# where scenario
~iii ! can be accomodated. However, the discussions be
are general enough to be interpreted or extended in an
the scenarios listed above.
0556-2821/2001/63~11!/115011~8!/$20.00 63 1150
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The effective SUSY scenario deals with a single gene
tion of sfermions, and thus, the question of flavor-chang
transitions is avoided. Then SUSY effects can show
through the Higgs bosons, Higgs and gauge fermions,
the third generation sfermions. In fact, it is these light sp
ticles that regenerate the electron and neutron EDMs by t
loop quantum effects@11,12#. Moreover, it is clear that the
third generation fermions can still have large EDMs as
one-loop SUSY contributions cannot be suppressed for th

In Sec. II we will compute the bottom quark EDM i
effective SUSY up to two-loop accuracy. We will see th
the two-loop contributions are directly constrained by t
electron and neutron EDMs which can exist only at two- a
higher loop levels@12#. Concerning the one-loop effects, th
chargino contribution to the bottom EDM will be shown
be fully constrained by the measured branching fraction@13#
of the rareb→Xsg decay. On the other hand, the gluino a
neutralino contributions remain unconstrained; howev
their contributions will be seen to hardly compete with th
of the charginos.

Section III is devoted to a detailed discussion of the p
sible signatures of a finite bottom quark EDM. In particula
we will discuss the formation of the1P1 bottomonium level
in the e1e2 annihilation. It will be seen that the
CP-violating process, generated by the bottom EDM, dom
nates over theCP-conserving ones. Therefore, possible d
tection of thisCP-odd resonance can be a direct probe of
bottom EDM, or equivalently, the sources ofCP violation in
SUSY.

Section IV contains our concluding remarks.

II. THE BOTTOM QUARK EDM IN SUSY

The dimension-five electric dipole operator

LEDM5Dbb̄~x! ]Jag5b~x!Aa~x! ~1!
©2001 The American Physical Society11-1
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defines the EDM of the bottom quark at the natural m
scale ofQ;mb . SinceDb is obtained after integrating ou
all heavy degrees of freedom, it serves as a probe of
sources ofCP violation at the weak scaleQ;MW . In the
SM, Db arises at three- and higher loop levels@15# whereas
in SUSY there exist nonvanishing contributions already
the one-loop level@3#. In the SUSY parameter space und
concern, the EDM of theb quark receives one-loop contr

butions from the exchange of gluinos (D b
g̃), neutralinos

(D b
x0

), and charginos (D b
x6

). Then, including also the two
loop contribution, the full expression for the bottom ED
reads symbolically as

Db5D b
g̃@ tanb sinfm ,sinfAb

#1D b
x0

@ tanb sinfm ,sinfAb
#

1D b
x6

@ tanb sinfm ,sinfAt
#

1D b
2-loop@ tanb sinfm1fAt

!,sin~fm1fAb
!], ~2!

where the dependence of the individual contributions
tanb and SUSY phases is made explicit. Clearly, in the la
tanb regime ~as large as the electron and neutron ED
bounds permit@12#!, as preferred by the recent Higgs bos
searches at the CERNe1e2 collider LEP @14#, the depen-
dence of the two-loop contribution on the sbottom sec

weakens. Therefore, in this limitD b
2-loop , like D b

x6
, probes

solely the stop sector whereasD b
g̃ andD b

x0
remain sensitive

to the sbottom sector only. Moreover, in this limiting ca
there remains no sensitivity tofAb

at all, and the one-loop

contributions single outfm .
To have an estimate of the SUSY prediction forDb it is

convenient to analyze each term in Eq.~2! individually. The
gluino-sbottom loop gives

S Db

e D g̃

5S as~MSUSY!

as~mt!
D 16/21S as~mt!

as~mb! D
16/23

3
2as

3p
Qb(

k51

2

I@G g̃
k
#

1

M3
F0S M3

2

Mb̃k

2 D ~3!

whereMSUSY, representing the characteristic scale for s
masses, is around the weak scale. The loop functionF0 as
well as the vertex mixing factorsG g̃

k are defined in the Ap-
pendix. Letting the sbottom and gluino masses be of sim
order of magnitude, one can obtain an approximate estim
of Eq. ~3! as

US Db

e D g̃U;3.4310222 cm3S umu
mt

D SA2mt

M3
D 3

tanb sinfm

~4!

which can increase by one or two orders of magnitude if o
stretches tanb up toO(mt /mb), or pushesumu up to a TeV.
In making the estimate~4! we have assumed a relative
heavy gluino in accord with the experimental searches@16#.
Moreover, the grand-unified-theory-~GUT-! type relation
among the gaugino masses M35(as /a2)M2
11501
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5(5as/3a1)M1 implies that the gluino could be as heavy
a TeV if the masses of the lightest neutralino and charg
are to satisfy the present bounds. In such a case the esti
given in Eq.~4! can be reduced by two orders of magnitud
The predictions made here agree with those of@5# in that the
gluino contribution may be less significant than that of t
charginos, though sizes of the fine structure constants
gest the opposite.

Next the one-loop quantum effects due to the neutrali
sbottom loops yield

S Db

e D x0

5S as~MSUSY!

as~mt!
D 16/21S as~mt!

as~mb! D
16/23

3
a1

4p
Qb(

k51

2

(
i 51

4

I@Gx0
ki

#
1

Mx
i
0
F0S Mx

i
0

2

Mb̃k

2 D ~5!

where the vertex factorsGx0
ki are given in the Appendix. Us

ing relative sizes of the fine structure constantsas and a1,
one expects Eq.~5! to be roughly two orders of magnitud
smaller than the gluino contribution~4!. Therefore, the
neutralino-induced EDM hardly competes with the glui
contribution for most of the SUSY parameter space.

Finally, the chargino-stop loop generates the last one-l
quantum effect

S Db

e D x6

5S as~MSUSY!

as~mt!
D 16/21S as~mt!

as~mb! D
16/23a2

4p
Qb

3 (
k51

2

(
j 51

2

I@Gx6
k j

#
1

Mx
j
6

F6S Mx
j
6

2

M t̃ k

2 D
52S as~MSUSY!

as~mt!
D 16/21S as~mt!

as~mb! D
16/23

3
a2

4p

mb

MW
2
I@C7

x6

~MW!# ~6!

where the first line results from the direct computation, a
depends on the vertex factorsGx6

k j and the loop functionF6

both defined in the Appendix. The second line follows fro
the observation that the chargino contribution is, in fa
completely controlled by the inclusiveB→Xsg decay where

C7
x6

(MW) @17# is the Wilson coefficient associated with th
electromagnetic dipole operator O7

5„e/(4p)2
…mb( s̄smnPRb)Fmn . The present experimenta

accuracy of the branching fraction for this decay puts
bounds @13# 2.0<1043BR(B→Xsg)<4.5 whose central
value is already consistent with the next-to-leading order
prediction @18#. Therefore, there are rather tight constrain
on the size of the new physics contributions. For instance
would be possible to saturate the kaon systemCP violation
via pure SUSY CP phases were it not for the BR(B
→Xsg) constraint@19#. In this sense the second line of~6!

(Db)x6
offers a new place where theCP-violation sources
1-2
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b-QUARK ELECTRIC DIPOLE MOMENT IN . . . PHYSICAL REVIEW D 63 115011
beyond the SM are constrained by theB→Xsg decay. The
model-independent analyses in@20# as well as full scanning
of the SUSY parameter space in@21# suggest that

uI@C7
x6

~MW!#u&1. ~7!

Hence, the present experimental bounds@13# imply that

US Db

e D x6U&2.3310220 cm ~8!

is the characteristic size of the chargino contribution to
bottom EDM. One notices that the bound~7! is valid for the
entire SUSY parameter space including tanb ranges as large
as O(mt /mb). This is not the case for the gluino~3! and
neutralino~5! contributions where there is an explicit depe
dence on the SUSY parameters. Furthermore, one notes
the chargino-stop sector is under the control of theB→Xsg
decay whereas the neutralino-sbottom and gluino-sbot
sectors are largely free of direct constraints apart from c
lider bounds on the masses@16#.

Finally, we address the two-loop effects in Eq.~2! which
receive contributions from both sbottom~decreasing with
tanb) and stop~linearly increasing with tanb) sectors. It
can be summarized by the expression

D b
2-loop5S as~MSUSY!

as~mt!
D 16/21S as~mt!

as~mb! D
16/23mb

me
S De

e D ~9!

whereDe is the EDM of the electron which can exist only
the two-loop level@12#. The dominant contribution toDe
comes from the pseudoscalar Higgs (A0) exchange and its
present experimental upper bound constrains the SUSY
rameter space considerably, e.g., tanb&20 for MA0;mt .
However, with increasingMA0 the allowed range of tanb
expands gradually. Then the present experimental data oDe
can be transformed to an upper bound on the two-loop c
tributions to the bottom EDM using Eq.~9!:

US Db

e D 2-loopU;10222 cm. ~10!

In the light of the estimates made above, it is clear that
chargino~8! and gluino~4! contributions compete to domi
nate theb-quark EDM. To check the accuracy of these a
proximate results, we perform a scanning of the SUSY
rameter space by varying all the mass parameters frommt up
to TeV and tanb from three to sixty in accord with the
collider bounds@16#, recent LEP results@14#, electron and
neutron EDM upper bounds@6#, and the experimentally al
lowed range of the BR(B→Xsg) @13#.

Depicted in Fig. 1 is the variation of the gluino contrib

tion, uD b
g̃u ~in units of 10222e cm), to the bottom EDM as a

function of the electron EDM~in units of the present experi
mental upper bound 5310227e cm). It is clear from the fig-
ure that~i! for most of the parameter space small values

the electron EDM are preferred, for whichuD b
g̃u

;10221e cm, and~ii ! for certain portions of the paramete
space, where the electron EDM tends to saturate its up
11501
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bound, uD b
g̃u takes on larger values so as to dominate

entire SUSY prediction;uD b
g̃umax&3.5310220e cm. Obvi-

ously these exact results agree with the approximate e
mates made in Eq.~4!.

Similarly, in Fig. 2 is shown the scatter plot of the ne

tralino contribution, uD b
x0

u ~in units of 10222e cm), as a
function of the electron EDM. It is clear that, when the ele

tron EDM is much smaller than the present bound,uD b
x0

u
remains mostly below 10222e cm, except for a small portion
of the parameter space where it hits in the upper bound
10221e cm. However, as the electron EDM takes on larg

valuesuD b
x0

u remains bounded around 10222e cm.
Figure 3 shows the scatter plot of the chargino contrib

tion to theb-quark EDM uD b
x6

u ~in units of 10222e cm) as
the electron EDM varies in the experimentally allowe
range. It is clear that, for the entire range of the elect
EDM, the chargino contribution remains mostly arou
10220e cm. That the chargino contribution, compared to t
gluino one in Fig. 1, has a sharper edge arou
1.6310220e cm is a direct consequence of the BR(B
→Xsg) constraint. Therefore, Figs. 1–3 imply that~i! the
chargino contribution is dominant in most of the parame

FIG. 1. Variation of the gluino contributionuD b
g̃u to the bottom

EDM ~in units of 10222 e cm) with the electron EDM~in units of its
present experimental upper bound 5310227 e cm).

FIG. 2. The same as Fig. 1, but for neutralino contributionuD b
x0

u
to the bottom quark EDM~in units of 10222 e cm).
1-3
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D. A. DEMIR AND M. B. VOLOSHIN PHYSICAL REVIEW D 63 115011
space with a value in agreement with Eq.~8!, ~ii ! the gluino
contribution may exceed the chargino one in certain corn
of the parameter space, and~iii ! the neutralino contribution
remains of similar size to the two-loop contribution.

As a result, the naive estimates in Eqs.~4!, ~8!, and~10!
for different SUSY contributions to theb-quark EDM are
confirmed by a scanning of the SUSY parameter space
depicted in Figs. 1–3. Consequently, in minimal SUSY t
b-quark EDM obeys the upper bound

US Db

e D U&10220cm ~11!

which is due to the charginos for most of the SUSY para
eter space.

In principle, as long as the theory at or above the m
scale of the fermion carries necessary sources forCP viola-
tion then the fermion possesses an EDM. Experimenta
there is no problem in measuring the EDM of the leptons
they can travel freely for sufficiently long distances. For lig
quarksu, d, ands, on the other hand, EDMs make sense d
to the fact that they are the constituents of the nucleons

It is still meaningful to calculate the EDM of the to
quark as it can travel freely for long enough distances be
decaying@22#. However, for the bottom quark the hadron
zation effects show up much faster and its EDM is not o
servable directly. For this reason, as in the EDMs of theu, d,
ands quarks, it is via theb-flavored hadrons that the bottom
EDM can cause experimentally observable effects. The
fore, the next section is devoted to the discussion of an
perimentally testable process which is dominated by the
tom EDM calculated above.

FIG. 3. The same as Fig. 1, but for the chargino contribut

uD b
x6

u to the bottom quark EDM~in units of 10222 e cm).
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III. b-QUARK EDM AND 1P1 BOTTOMONIUM

A short glance at the effective Lagrangian~1! which de-
fines the EDM of theb quark reveals that it is, in fact, iden
tical to the coupling of the photon to the1P1 @[hb(1P)#
bottomonium. The quantum numbers,JPC516, of this CP
521 resonance coincide with those of the current den
@23#

Ja~ b̄bu 1P1!5b̄~x! ]Jag5b~x! ~12!

whose coupling to the photon gives the operator structur
Eq. ~1!. Presently, the experimental evidence for su
CP-odd states is only limited to the observation@24# of the
charmonium 1P1 state as a resonance in the proto
antiproton annihilation, while the reported signal for the b
tomonium state@25# has disappeared with increased stat
tics. In what follows, we discuss the formation of the1P1
bottomonium ine1e2 annihilation by an explicit calculation
of the various contributions.

In the framework of the SM,e1e2 annihilation can yield
a1P1 state through thegZ andZZ box diagrams. The forme
is the dominant process, and the relevant diagram is sh
in Fig. 4~a!. The CP parities of the initial, intermediate
(gZ), and final states must be identical, that is, thee1e2

system hasJPC516. Therefore, it is only the longitudina
part of theZ boson which contributes to the process. In oth
words, theZ boson exchange is equivalent to the exchange
the associated Goldstone boson, and a straightforward ca
lation gives the following effective Hamiltonian:

HSM~CPA !5
a

3pA2
GFmemb B

3Ja~ b̄bu 1P1!•Ja~e1e2u 1P1! ~13!

where the currentJa is defined in Eq.~12!, and the box
function B can be expressed in terms of the standard lo
integrals@26#. For the characteristic scale of the problem,
behaves as

B;
1

MZ
2 mb

2
lnS mb

me
D . ~14!

In minimal SUSY, with two Higgs doublets, there are tw
CP-odd spinless bosons, one of which becomes the long
dinal part of theZ boson that induces the effective Ham
tonian ~13!. The other one is the physicalCP-odd Higgs
scalar,A0. Due to itsCP-odd nature this boson contribute
to the formation of1P1 resonance ine1e2 annihilation. Re-

n

-
q.
FIG. 4. Formation of the1P1 bottomonium
resonance ine1e2 scattering. The blob corre
sponds to the bottom quark EDM defined in E
~1!.
1-4



u

ex

ed
a

-
e

i-
in
g

e

S

-
c

so

in
th

.

that

hat
of

ger
e

in

of
or
ect

d to

ons,

s.
tric

the
n-
the

m
ft
DMs
that
he

the

ace
rk,
tum
eu-
cal
ace

th

the
o

b-QUARK ELECTRIC DIPOLE MOMENT IN . . . PHYSICAL REVIEW D 63 115011
placing theZ boson byA0 in Fig. 4~a!, the SUSY contribu-
tions to theCP-conserving effective Hamiltonian~13! turns
out to be

HSUSY~CPA !5tan2 b3HSM~CPA !@MZ↔MA0# ~15!

which rises quadratically with tanb. If there were no con-
straints coming from the electron EDM, this SUSY contrib
tion would exceed the SM contribution~13! by three orders
of magnitude for tanb;60 andMA0;MZ . However, it is
known that @12#, for such a lightA0, tanb&20 so that a
conservative figure for the SUSY enhancement hardly
ceeds two orders of magnitude.

Besides the CP-conserving decay modes discuss
above, the bottom quark EDM itself can trigger the form
tion of the 1P1 state ine1e2 annihilation. The relevant dia
gram is shown in Fig. 4~b! where the gray blob stands for th
insertion of the effective Lagrangian~1!. Due to the
CP-violating nature of the EDMs it is clear that this trans
tion violatesCP so thate1e2 system does not need to be
the 1P1 state. In fact the effective Hamiltonian followin
from this diagram reads as

HSUSY~CP^ !

5S 4pa

Mhb

2 D S Db

e D Ja~ b̄bu 1P1!•@e1~x!gae2~x!# ~16!

which clearly demonstrates the violation of theCP parity as
the e1e2 system is in the3S1 state havingCP511.

A comparison of theCP-conserving ~13!, ~15! and
CP-violating ~16! transition amplitudes reveals that if th
bottom quark EDM falls below the critical value

US Db

e D Ucrit

;
GFme

12A2p2

Mhb

2

MZ
2

ln
mb

me

tan2 b MZ
2

MA0
2 ;

tan2 b MZ
2

MA0
2

310225cm ~17!

then experimentally formation of the1P1 bottomonium reso-
nance ine1e2 annihilation will not be informative at all.
One notices that this critical bound, dominated by the SU
CP-conserving transition Eq.~15!, can be at most 10223cm
which is below~11! by three orders of magnitude. This im
plies that the EDM of the bottom quark is the dominant pie
in forming the1P1 bottomonium ine1e2 collisions, and ob-
servation of this resonance could be a direct probe of the
phases in SUSY.

The nonobservation of the1P1 state as a resonance
e1e2 annihilation puts a model-independent bound on
bottom EDM. LettingRS(r ) and RP(r ) @23# be the radial
parts of the3S1 and 1P1 levels, respectively, and using Eq
~16!, one finds

UDb

e U' uQbu

A12
URS~0!

RP8 ~0!
UUs~e1e2→ 1P1!

s~e1e2→ 3S1!
U1/2

&10215cm.

~18!
11501
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The numerical value here conservatively assumes
present data exclude the1P1 resonance ine1e2 annihilation
at the level of the formation cross section about 0.1 of t
for the Y resonance. Clearly, this result is five orders
magnitude larger than the SUSY prediction~11!, and if the
actual experimental value turns out to be significantly lar
than 10220cm, then certainly SUSY phases will not suffic
to saturate it. Especially BR(B→Xsg) will prohibit the en-
hancement of the bottom EDM beyond the bounds found
the previous section.

Another way of testing the bottom EDM is in decays
the 1P1, provided that a sufficiently large sample of data f
this resonance will ever be accumulated. The most dir
way of searching and testing sources ofCP violation beyond
the SM will be through the decays of1P1 to hadronic final
states withCP511. Like the well-knownKL→pp decay
which has established nonvanishingCP violation in the kaon
system, decays of the form1P1→MM̄ (M being a light
hadron! will be a useful channel~see, for instance,@27# for
analogous studies in the charmonium system!. Of course, for
the ease of experimental detection, care should be pai
choosing appropriate final states where theCP-conserving
SUSY transitions~15! are naturally suppressed.

For instance, the decays into charmed neutral mes
1P1→D̄D, will proceed mainly with the bottom EDM since
the CP-conserving SUSY contribution~15! goes like
(tanb)0 as theD meson side contains only up-type quark
Moreover, for such a hadronic transition, the chromoelec
dipole moment~CEDM! of the b quark provides the domi-
nant mechanism for generating anhbDD̄ coupling @28#. Al-
though this decay mode is preferred for enhancing
CP-violating transitions, there are various form factors i
volved in the hadronic amplitude which can suppress
signal significantly.

IV. CONCLUSION

In this work we have computed the EDM of the botto
quark in the minimal SUSY model with nonvanishing so
phases. The parameter space adopted is such that the E
of the neutron and electron are naturally suppressed in
they can arise only at two and higher loop levels via t
quantum effects of scalar fermions and Higgs scalars@12#.
The dominant contribution comes from the exchange of
CP-odd Higgs scalar.

However, one notices that in the same parameter sp
the third generation fermions, in particular the bottom qua
can have large EDMs generated by the one-loop quan
effects of the scalar fermions, gluinos, charginos, and n
tralinos. Indeed, in Sec. II we have shown, by both analyti
and numerical methods, that for most of the parameter sp
the chargino contribution, which is directly correlated wi
the measured branching fraction@13# of the rareB→Xsg
decay, sets the upper bound on theb-quark EDM to be
;10220e cm. For certain corners of the parameter space
gluino contribution can exceed this bound slightly with n
order of magnitude enhancement, however.

After estimating theb-quark EDM in the minimal SUSY
1-5
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model we have discussed experimentally viable circu
stances where it can have observable effects. In this con
Sec. III has been devoted to a detailed discussion of
1P1 b̄b resonance formation ine1e2 annihilation. The ex-
plicit calculations show that the EDM of theb quark is the
dominant effect in forming thisCP-odd resonance, that is
the CP-conserving transition amplitudes are below t
CP-violating one by three orders of magnitude. Hence,
very existence of a large bottom quark EDM, which is
lowed in SUSY with explicitCP violation, is the driving
force behind the possible observation of1P1 bottomonium
resonance ine1e2 annihilations. Presently the experiment
bound is five orders of magnitude above the SUSY pred
tion, and, with increasing precision if experiments det
such aCP-odd resonance, it will be a direct signal of th
nonvanishing bottom EDM, or equivalently, the existence
the sources forCP violation beyond the SM such as SUSY

However, the ultimate and most direct experimental o
servation of theb-quark EDM will be through decays of1P1
resonance toCP511 final states. In this context, one re
calls the neutral charm mesons for which theCP-conserving
transition is significantly smaller than that in thee1e2 anni-
hilation by a factor of 1/tan2 b. Therefore, especiallyD̄D
type final states will prove useful in probing the strength
the b-quark EDM.

If the improved experimental searches for thehb reso-
nance ine1e2 annihilation yield a negative result, i.e., a
suming that the present experimental precision~18! is im-
proved down to the level of the critical value in Eq.~17! with
no sign of1P1 resonance ine1e2 collisions, it is clear that
the experiment will be no more conclusive. Even if such
resonance is observed it will be necessary to search fo
decay intoCP511 states in order to establish the existen
of a nonvanishingb-quark EDM. In case all such experimen
tal efforts give negative results then there would remain o
two options for SUSY with nonvanishingCP phases:~i! the
sparticles of all three generations are fairly above TeV
11501
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xt,
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that SUSY cannot show up at the weak scale, or~ii ! contri-
butions of various sparticle loops must cancel so as to h
EDMs of neutron, electron, muon,b quark, and atoms@29#
all agree with the experimental bounds. The former ma
weak scale SUSY unlikely@5#, whereas the latter can requir
a finely tuned SUSY mass spectrum@4#.
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APPENDIX: RELEVANT FORMULAS

1. Loop function

The loop functions entering the evaluation ofb→Xsg
amplitude andb-quark EDM are given by

F0~a!5
a

2~12a!2 F11a1
2a

12a
ln aG ,

F6~a!5
a

2~12a!2 F725a1
2~322a!

12a
ln aG ,

K1
8~a!5

1

12~12a!5 F125a22a22
6a2

12a
ln aG ,

K1
7~a!5QtK1

8~a!1
1

12~12a!5 F215a2a22
6a

12a
ln aG .

~A1!

2. Mass matrices

Here we set the conventions for the mass matrices
squarks, charginos, and neutralinos. The mass squared
trix of the top and bottom squarks (f 5t,b) is given by
M̃ f
25S M f̃ L

2
1mf

21cos 2bMZ
2~ I f2Qfsw

2 ! mf~Af* 1mRf !

mf~Af1m* Rf ! M f̃ R

2
1mf

21cos 2bMZ
2Qfsw

2 D ~A2!

whereRb5Rt
215tanb. Being hermitian,M̃ f

2 can be diagonalized via the unitary rotation

Sf
†M̃ f

2Sf5diag~M f̃ 1

2 ,M f̃ 2

2
!, ~A3!

with M f̃ 1
,M f̃ 2

.
The mass matrix of charginos

M 25S M2 2A2MW cosb

2A2MW sinb m
D ~A4!

can be diagonalized by a biunitary rotation

CR
†M 2CL5diag~Mx

1
6,Mx

2
6!, ~A5!
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whereCR andCL are unitary matrices, andMx
1
6,Mx

2
6.

Finally, the neutralinos are described by a 434 mass matrix

M05S M1 0 MZsw cosb 2MZsw sinb

0 M2 2MZcw cosb MZcw sinb

MZsw cosb 2MZcw cosb 0 2m

2MZsw sinb MZcw sinb 2m 0

D ~A6!

which can be diagonalized via

C0
TM0C05diag~Mx

1
0, . . . ,Mx

4
0! ~A7!

whereMx
1
0, . . . ,Mx

4
0.

3. Vertex coefficients

Here we list the vertex coefficients entering the evaluation of the Wilson coefficientC7 and theb-quark EDM:

G g̃
k
5Sb1k* Sb2k ,

Gx0
ki

5
cw

2

sw
2 FC02iSb1k* 2

sw

3cw
C01iSb1k* 2

hb

g2
C03iSb2k* GF sw

3cw
C01iSb2k1

hb

g2
C03iSb1kG ,

Gx6
k j

5
hb

g2
FCR1 j* St1k* 2

ht

g2
CR2 j* St2k* GCL2 jSt1k , ~A8!

where the ranges of the indices arek51,2,i 51, . . . ,4, andj 51,2. In all the formulas above,sw[sinuw , cw[cosuw with uw
being the Weinberg angle.
.
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