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Constraining CP violating phases of the minimal supersymmetric standard model
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PossibleCP violation in supersymmetric extensions of the standard model is discussed. The consequences
of CP violating phases in the gaugino masses, trilinear soft supersymmetry-breaking terms, and them param-
eter are explored. Utilizing the constraints on these parameters from electron and neutron electric dipole
moments, possibleCP violating effects inB physics are shown. A set of measurements from theB system,
which would overconstrain the aboveCP violating phases, is illustrated.
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I. INTRODUCTION

The peculiar flavor structure of the standard model~SM!
currently has no generally accepted explanation. Include
this structure is the prediction that fundamental physics is
invariant under the operations of parity (P), charge (C), or
their combination,CP. More precisely, it is the distribution
of complex numbers in the SM Lagrangian which leads
CP violation at an extremely small1 but observable leve
@1#. Currently experiments@2–8# are taking data, or are un
der construction, and will very precisely measure t
Cabibbo-Maskawa-Kobayashi~CKM! @9# matrix elements
believed responsible forCP violation in the SM. Any ob-
served discrepancy with the SM prediction indicates that
SM is incomplete in the flavor sector and new physics m
appear in the fundamental theory. An excellent candidate
new physics is supersymmetry~SUSY! @10#. As SUSY in-
troduces many more potentially large sources
CP violation in the mass matrices and various field co
plings, its inclusion requires that there be some suitable
lationships among the parameters to reproduce the agree
of the existing levels ofCP violation in K decay and elec-
tric dipole moment~EDM! data with the SM predictions
@11#. The understanding of whatCP violating parameters are
allowed in SUSY models, therefore, provides a constraint
such models.

The simplest SUSY models cannot satisfy the experim
tal EDM bounds without either setting all SUSYCP violat-
ing phases to zero or raising SUSY particle masses abo
TeV @12–14#. Recent works have noted, however, that t
supergravity-broken minimal supersymmetric stand
model ~MSSM! with O(1) phases for the gaugino mass
Mi , triscalar couplingA, and Higgs coupling parameterm,
and no flavor-mixing beyond the standard CKM matrix, c
be consistent with existing limits on the electric dipole m
ments~EDMs! of the electron and neutron@15,16# . Given

1Jarlskog @1# has expressed this as follows: considering
interaction-basis up- and down-quark mass matricesm andm8, one
can form a rephase-invariant measure ofCP violation equal toa
[3A6Det(C)/@Tr(C2)#3/2, where iC[@mm†,m8m8†#. Then 21
<a<11 and CP violation⇔aÞ0. In the SM one findsa
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this, we may now investigate how the phases in this mo
will contribute to otherCP violating observables and how
new measurements can constrain the values of these ph
We choose to investigate severalCP violating observables
of the B meson system, asB-processes occupy both a favo
able theoretical and experimental position. On the theoret
side, uncertainties from nonperturbative QCD are low due
the large mass of theb quark ('4 GeV) @17# relative to the
energy scaleL'200 MeV @18#, which is both reliable and
characteristic of strong interactions and perturbation the
in as . Furthermore, many SMCP violating asymmetries in
the B system are small due to the suppression of CKM m
trix elements involving the third generation; newCP violat-
ing physics may be easily detectable. Experimentally, m
dedicated facilities are already or will soon be generat
large amounts of high-precisionB-physics data@19#. From
our analysis we will see that these experiments will be a
to either precisely determine the above set of five phase
reject this particular model ofCP violation altogether.

We first briefly discuss the features of the MSSM in Se
II and review the EDM constraints in Sec. III. In Sec. IV w
begin discussion of how the above phases enter observa
in various sectors ofB-meson physics throughCP violation
in pure mixing, mixing and decay, and pure decay effects
the processesb→sg, Bs

0→ff, J/cf, andB2→fK2 . Fi-
nally, we collect results and compare them with the expec
experimental sensitivities in Sec. V. Throughout this disc
sion we reserve most of the more complicated formulas
analyses for the Appendix, to which we will refer the read
at the appropriate points.

II. THE MODEL

The setting for our calculations is the MSSM superpote
tial

W5yuūQH21ydd̄QH11yeēLH11mH1H2 , ~1!

with the chiral matter superfields for quarks and leptonsū,
d̄, Q, ē, L, and Higgs bosonH1,2 transforming under
SU(3)C3SU(2)L3U(1)Y as
©2000 The American Physical Society03-1
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I. HINCHLIFFE AND N. KERSTING PHYSICAL REVIEW D63 015003
ū[~ 3̄,1,2 2
3 !, d̄[~ 3̄,1,13 !, Q[~3,2,16 !,

ē[~1,1,1!, L[~1,2,2 1
2 !. ~2!

H1[~1,2,2 1
2 !, H2[~1,2,12 !,

The 333 Yukawa matricesyu,d,e couple the three genera
tions of quarks and leptons, and them parameter couples th
two Higgs bosons. In this discussion all flavor and gau
indices are implicit. The superpotential~1! and general con-
siderations of gauge invariance give the minimally sup
symmetricSU(3)C3SU(2)L3U(1)Y Lagrangian

LSUSY5Lkinetic2(
i

dW

df i

dW*

df i 2
1

2 (
a

ga
2~f* Taf!2,

~3!

where the kinetic terms have the canonical forms

Lkinetic52Dmf†iDmf i2 ic†i s̄mDmc i2
1

4
FmnaFmna ,

~4!

with the indicesi and a running over the scalar fields an
gauge group representations, respectively. To this Lagra
ian we add a soft supersymmetry-breaking~SUSY B! piece

LSUSY B5~M3g̃g̃1M2W̃W̃1M1B̃B̃!2~auūQH21add̄QH1

1aeēLH1!scalar2S (
Xi5Q,ū,d̄,ē

mi
2XiXi

†

2 (
i 51,2

mHi

2 Hi* Hi2bmH1H2D
scalar

1H.c., ~5!

where (g̃, W̃, B̃) are the fermionic partners of the gaug
bosons ofSU(3)C ,SU(2)L ,U(1)Y , respectively, and where
scalar implies that only the scalar component of each sup
field is used. SUSY breaking of this type is characteristic
supergravity@20,21#.

An additional simplification is to take the matricesmi
2 and

au,d,e in Eq. ~5!, along with the Yukawa matricesyu,d,e in Eq.
~1!, to be simultaneously diagonal in the mass basis a
electroweak symmetry breaking. This implies

mi
2[m0

21,

~6!
ai[Ayi~ i 5u,d,e!.

Thus the only mixing between families is the usual CK
matrix, since quark and squark mass matrices are diago
ized by the same rotation.

The full LagrangianLSUSY1LSUSY B has six arbitrary
phases imbedded in the parametersMi( i 51,2,3), m, b, and
A. The phase ofb can immediately be defined to be zero
appropriate field redefinitions ofH1,2. A mechanism to se
another phase to zero utilizes theU(1)R symmetry of the
Lagrangian, which is broken by the supersymmetry-break
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terms, in particular, the gaugino masses in Eq.~5!. We may
perform aU(1)R rotation on the gaugino fields to remov
one of the phasesMi . For consistency with@15# we choose
M2 real (f2[0). Note that thisU(1)R transformation af-
fects neither the phase ofA, since having the Yukawa matri
cesyi in Eq. ~1! be real fixes the phases of the same fie
that couple toA, nor the phase ofm, as having chosenfb
[0 fixes the phases ofH1,2. Therefore the final set of physi
cal phases we study is$f1,3,fA ,fm% .

III. ELECTRIC DIPOLE MOMENT CONSTRAINTS

The electric dipole moment~EDM! of an elementary fer-
mion, a manifestlyCP violating quantity, is the coefficien
df of the effective operator

Oedm52~ i /2! f̄ g5smn f Fmn,

whereFmn is the electromagnetic field-strength tensor. T
SM prediction of this coefficient vanishes at one loop@see
Fig. 1~a!# since the CKM phases from the two vertices can
each other. For the electron,de even vanishes at two loops
and the three-loop prediction is miniscule, of ord
10250e cm @22#. For the neutron EDM, gluon interaction
can give rise to a two-loop contribution todn , but the result
is still tiny at dn<10233e cm @23#. The above predictions no
longer hold if the QCD Lagrangian contains theCP violat-
ing ‘‘ u-term’’ u(gQCD

2 /32p2)GmnG̃mn , which is a poten-
tially significant source ofCP violation. But, then the
theory is consistent with the EDM limits only ifu,1029

@24#; such a fine tuning is unnatural and, henceforth, we
sume thatu50.

Although the amplitude of a typical supersymmetric co
tribution to the dipole moment@see Fig. 1~b!# suffers relative
to the SM contribution by a reduction factor of at lea
(mW /m̃)2 from SUSY particles of massm̃ propagating in the
loop, the imaginary piece of the SUSY amplitude could ve
well dominate over that from the SM. As previous calcu
tions have shown@12–14#, the diagrams in Fig. 1~b! lead to
EDMs in violation of the current limits of de,4.3
310227e cm @25# and dn,6.3310225e cm @26#, unless
SUSY particles are either heavier thanO(1) TeV or theCP
violating phases are less thanO(1022). However, small
phases are not inevitable, for it has recently been pointed
@15,16# that a cancellation can occur among the vario

FIG. 1. One-loop contributions to the EDM in~a! the SM, where
the graph vanishes since the complex phases at the vertices c
and ~b! in the MSSM, where the requisite helicity-flip may b
placed on either the chargino (x̃6), neutralino (x̃0), or scalar (f̃ )
propagators to introduceO(1) phases in the amplitude.
3-2
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FIG. 2. Leading SUSY contributions to the EDM:~a! chargedW-ino (W̃6) and Higgsino (H̃6) mixing provide the largest part ofdf ,

which ~b! neutralW-ino (W̃0), B-ino (B̃), and Higgsino (g̃0) mixing partially cancels.~c! Exchange of aW̃0, B̃, or gluino g̃0, with mixing

between the scalar superpartners (f̃ L,R) of the corresponding fermionsf L,R , could almost completely cancel against the other two diagra

Note that the above processes actually occur via the mass eigenstatesx̃6 and x̃0.
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SUSY diagrams, allowingO(1) CP violating phases to be
consistent with the current EDM experimental limits.

The set of phases$f1,3,fA ,fm% enter in any diagram
which involves mixing between the following fields:
charginos (x̃6), fm lies in the matrixMxÁ, which mixes the
set (W̃1,H̃2

1 ,W̃2,H̃1
2); neutralinos (x̃0), both fm and f1

appear in the matrix Mx0, which mixes the set
(W̃0,B̃,H̃1

0 ,H̃2
0); scalars, terms in the Lagrangian such

m* yuū̃ũH1
0* arising from the second term of Eq.~3!, and

SUSY B terms in Eq.~5!, introducefm and fA , respec-
tively, into the scalar mass insertions. The effect is parti
larly significant in t̃ mixing, where the Yukawa matrices ar
large.

The SUSY diagrams which appear in Fig. 1~b! fall into
three classes, shown in Fig. 2. The chargedW-ino–Higgsino
mixing diagram, Fig. 2~a!, provides the dominant contribu
tion to df , with the phase ofm entering the amplitude a
expected. The neutralino-mixing diagram Fig. 2~b!, is nu-
merically smaller than its charged counterpart, but it is
opposite sign and has the same dependence onfm ; therefore
Figs. 2~a! and 2~b! partially cancel. The final type of dia
gram, shown in Fig. 2~c!, has a more complicated phas
dependence2 which, in certain regions of parameter spa
that are not fine tuned, leads to a destructive interfere
with the other two diagrams consistent with current expe
mental bounds on bothdn andde @15#.

If O(1) phases are permissible, then, it is important
know whether or not other experimental observables
overconstrain these phases. Next we show that theB system
alone provides enough observables to strongly const
these phases.

IV. B PHYSICS CONSTRAINTS

There are many reasons to consider theB system in par-
ticular for measurements ofCP violation beyond the SM, a
few of which are SM contributions to the relevant obse
ables are down by factors of small CKM matrix elements,
generic non-SMCP violating physics should give a ver
clear signal, uncertainties arising from strong interactions
small using heavy quark theory@27#, and large amounts o

2We briefly outline this dependence in the Appendix.
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data will be available in the near future.
The CP violation in question can arise in any of thre

ways: throughB0-B̄0 mixing, B decay, or through their com
bination @2,27#.

A. CP violation in B0-B̄0 mixing

At any given instant of time, the propagating meson sta
are linear combinationsuBL,H&[puB0&6quB̄0&, which
evolve according to the 232 Hamiltonian with dispersive
and absorptive piecesM andG, viz.

i
d

dt S B0

B̄0D 5S M111
i

2
G11 M121

i

2
G12

M12* 1
i

2
G12* M111

i

2
G11

D S B0

B̄0D . ~7!

If we denote the time evolution of the states as

uBL,H~ t !&5uBL,H~0!e2 iM L,H&e21/2GL,H, ~8!

then solving Eq.~7!, it follows @2# that

CP violation in mixing⇔Im~DM !Þ0,~DM[ML2MH!.
~9!

Making use of the fact that

DG!DM , ~DG[GL2GH!,

which holds for bothBd
0 and Bs

0 @2,28#, we obtain the sim-
plifications

DM'2uM12u,
q

p
'

2uM12u
M12

. ~10!

The degree ofCP violation in mixing is contained in the
ratio q/p which, from Eq.~10!, is directly proportional to the
phase factor in the amplitude of theDS52 box diagram~see
Fig. 3!. In the SM, the box graph with internal top quarks
Fig. 3~a! dominates Im(DM ); correspondingly, the strengt
of SM CP violating mixing is CKM suppressed by a facto
Arg(VtbVts* )2'hl2, which in the Wolfenstein approxima
tion @29# is '0.01. AnyDS52 contribution from new phys-
ics, therefore, has a generically large effect if it carries a
phases with it at all. The leading supersymmetric charg
3-3
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FIG. 3. Leading box diagrams in~a! the SM,
and ~b! the MSSM.
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graph3 in Fig. 3~b! provides the largest MSSM contributio
to Im(DM ). We have computed this box~see Appendix! and
find it to dominate significantly over the SM contributio
For example, at a typical point in SUSY parameter spa
with A'm, tanb55, and sparticle massesm̃ on the order of
O(2)3MW , we obtain

ImS q

pD'0.1 sinfm cosfA , ~11!

which is an order of magnitude larger than the SM expec
tion, and is directly sensitive toCP violating SUSY phases
However, it is difficult to directly measure Im(q/p) through
mixing effects alone; both time-dependent and tim
integrated mixing effects are usually governed byDM ,
which is still mostly real and SM driven. We must therefo
turn to other types ofCP violation to constrain the MSSM
phases.

B. CP violation from mixing combined with decay

When a particular final statef CP with definiteCP quan-
tum numbers is accessible to the decays of aB0 andB̄0 with
amplitudesAf CP

and Āf CP
, respectively, the asymmetry

af CP
[

G~B̄0→ f CP!2G~B0→ f CP!

G~B̄0→ f CP!1G~B0→ f CP!

in the limit of Eq. ~10! becomes

af CP
'sin~DMt !ImS q

p
r̄ f CPD ~12!

where

r̄ f CP
[

Āf CP

Af CP

, Af CP
~B0→ f CP![(

j
Aje

i (d j 1f j ),

in general, contains a dependence on both the weak ph
f j and the strong interaction phasesd j from each diagram
contributing an amplitudeAj . In Fig. 4, for example, the
decay of aB̄s

0 to the final statesJ/c, f, andff may either

proceed directly (B̄s
0→ f CP) or by oscillating first (B̄s

0→Bs
0

→B̄s
0→ f CP). In the SM the asymmetries in both of the

3We neglect gluino boxes in the approximation that SUSY int
duces negligible flavor mixing in the down sector; boxes with a
ditional Higgsinos are likewise suppressed by small Yukawa ma
ces. Further, we assume that the lightest top squark dominate
loops since it is usually the lightest squark.
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decays are tiny primarily due to the smallDS52 mixing
effects see the discussion following Eq.~10!; this effectively
gives the upper bound

aff,J/cf~SM!<hl2'0.01. ~13!

If SUSY exists, then both of these asymmetries can be
order of magnitude larger, as is evident from Eqs.~11! and
~12!. Furthermore, the value of the quantityr̄ f CP

will differ
from its value in the heavy quark expansion~HQE! by pow-
ers ofLQCD /mb only @30–32#, so we set the strong phases
d j5p with an uncertainty (Dd)/d,10% @33,34#. In the
case of the decay toff, Fig. 4~b!, for example,r̄ f CP

'1,

whereas for the decay toJ/cf through the dominant tree
graph, Fig. 4~a!, carries no strong-phase dependence at
From Eqs.~11! and ~12!, it follows as a prediction of our
model that

aJ/cf,ff'0.1 sinfm cosfA . ~14!

We now have two experimentalB-physics signals of new
CP violating phases which constrain a combination offm
and fA independent from those which arise in the ED
bounds.

C. CP violation in decay

The chargedB-mesons’ decays can also serve to meas
our set of phases. The asymmetry in the decay to a final s
f is

af[
12uĀ/Au2

11uĀ/Au2
,

A[Amp~B1→ f !5(
j

Aje
i (d j 1f j ),

Ā[Amp~B2→ f̄ !5(
j

Aje
i (d j 2f j ),

with d j and f j being the strong and weak phases, resp
tively, for the diagram with modulusAj . Rewritten in the
form

-
-
i-
the
3-4
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af5

(
i , j

AiAj sin~f i2f j !sin~d i2d j !

(
i , j

AiAj cos~f i2f j !cos~d i2d j !

, ~15!

it is clear that a nonzero asymmetry requires that at least
diagrams contribute with different strong and weak phas

1. b\sg

One of the interesting features of this mode is that a
physical model that introduces newCP violating phases can
result in an asymmetry far greater than that which the
predicts; yet it must not disturb the branching ratio~BR! for
b→sg, which CLEO has measured@35# as

BR~b→sg!5~2.3260.5760.35!31024. ~16!

In Fig. 5 we show the dominant diagrams; as in the case
the SUSY contributions to the EDMs studied above,
most important non-SM diagrams forb→sg involve the
chargino loop in Figs. 5~b! @37#. Since the observed value o
the branching ratio~16! agrees very well with the SM pre
diction, new decay channels are strongly constrained;

FIG. 4. SizableCP violating asymmetries arise from the pro

cesses~a! B̄s
0→J/cf, and ~b! B̄s

0→ff. Only in the first case is
hadronic uncertainty absent.
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cordingly, we follow the analysis of@36# in carefully ac-
counting for the higher-order graphs in Figs. 5~c!–5~e!.

The effective operators involved are

O2[ s̄LgmqLq̄LgmbL

O7[
emb

4p2s̄LsmnFmnbR , ~17!

O8[
gsmb

4p2 s̄LsmnGmnbR .

We leave the evaluation of these operators and all rela
calculations for the Appendix.

In using these diagrams to compute observables, it is
portant to take into account that the photon involved in
decayb→sg is monochromatic, but the photon in the o
servableB→Xsg has a variable energy. In addition to d
pending on the final stateXs , the photon energy is also
function of how theb quark is bound inside theB meson; if
the recoil energy of theb quark is small, nonperturbative
effects arise for which no reliable models currently exi
These considerations lead us to perform all calculations
ing a variable outgoing photon energy,Eg , which is
bounded from below:Eg.(12j)Emax, wherej is between
0 and 1 andEmax is a model-dependent quantity. The actu
dependence onj and Emax in the computed asymmetr
ab→sg turns out to be negligible, as we demonstrate in
Appendix. Here we present the result

ab→sg'0.01 sin~fm!,

where as in the caseBs
0→ff, the strong phase dependen

is included in the coefficient and imparts a 10% uncertai
to this prediction. The magnitude of the asymmetry is adm
tedly not very large;4 however, it is at least twice the SM
prediction@38#.
l

FIG. 5. Leading contributions
to b→sg in ~a! SM and ~b!
MSSM. Graphs~c!, ~d!, and ~e!,
with the effective verticesO2,8,
play a significant role as wel
~mass insertions understood!.

4Similar studies concur on this point@39#.
3-5
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TABLE I. Predicted asymmetries in theB system and experimental error.ap is listed for both high
luminosity (HL) and low luminosity (LL) experiments~see text for explanation! in one year of running. The
strong phase uncertainty factorsd i'160.1. For the explicit form of the functionf (fm ,fA), see the Appen-
dix.

Process~p! BR(p) ap~predicted! ap (HL) ap (LL)

b→sg(B0→Xsg) 231024 0.01 sin(fm)d1 0.001 0.02
Bs

0→ff 4310253(0.50)2 0.10f (fm ,fA)d2 0.003 0.09
Bs

0→J/cf 10233(0.12)3(0.50) 0.10f (fm ,fA)d3 0.001 0.03
Bs

2→K2f 10253(0.50) 0.3 sin(fm)d4 0.004 0.12
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2. BÀ\KÀf

One particularly striking signature of the presence of
SUSY phases is in the decayB2→K2f. Here the flavor
structureb→ss̄s forbids a SM tree graph, so the leading S
graph is a penguin diagram~defined as ‘‘P’’!, as shown in
Fig. 6~a!. The leading SUSY contribution in Fig. 6~b! is also
a type of penguin diagram~hereafter designated a superpe
guin, SP!, suppressed, however, by a factor (mW /m̃)2, rela-
tive to the SM due to a squark propagating in the loop
stead of aW boson. So far the situation parallels the dec
B0→ff above, but the major difference is that here t
CP violation is necessarily direct. Referring back to E
~15!, with $ i , j % running over$u,c,t,ũ,c̃, t̃ %, we see that the
asymmetry receives contributions from 36 interferen
terms. However, the imaginary parts of SP-SP interfere
terms are zero since the squarks in the loops of SP graph
heavier than theb quark and do not give rise to absorptiv
phases in the amplitude@i.e., thed ’s are zero in Eq.~15!#.
This leaves SP-P and P-P terms. The latter, being purel
SM terms, must always involve at least oneu quark to get a
nonzero weak phase (VtbVts* 52VcbVcs* 52Al2 is real!,
whereas the former need not involveu quarks since the wea
phase difference necessary for a nonzero asymmetry
come from a SUSY coupling inc̃ or t̃ graphs. Therefore, the
dominant SP-P terms will @in the notation of Eq.~15!# have
i P$c̃, t̃ % and j P$c,t%, leading over theP-P terms by a fac-
tor (VtbVts* )/Im(VbuVus* )'1/hl2'100. Ergo, theP-P terms
are negligible and the asymmetry is fundamentally due to
SUSY-SM interference. Assuming as before that the ligh
t̃ dominates the SP, the numerator of Eq.~15! only contains
the term due tot̃ -c interference:

aB2→K2f'
AcAt̃ sin~fc2f t̃ !sin~dc!

Ac
2

. ~18!

We now employ the one-loop perturbative calculation of
strong phasedc from the c-quark loop @34,33# and, since
fc'hl2 is negligible andf t̃ is essentially the same phas
we calculated forb→sg we obtain5

5Although the helicity structure of the ingoingb quark and outgo-
ing s quark is L-R forb→sg, the L-L and R-R helicity structures o
Bs

2→K2f give negligible contributions to the phase of the d
gram.
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aB2→K2f'S MW

m̃
D 2

sin~fm! ~19!

Here we see that the absence of neutral flavor changing
rents, the hierarchy of the CKM matrix, and the pattern
CP quantum numbers, all conspire in this case to give
asymmetry which is essentially zero in the SM, yet f
SUSY with typical sparticle masses, can be as large as 3

V. DISCUSSION

We have seen that theB-system observables above pr
vide many constraints on the phases$fA ,fm% in the model.
We may classify the experiments by the size of the ev
samples they are expected to provide:

High Luminosity(HL): For example, experiments at th
CERN Large Hadron Collider~LHC! p-p collider, producing
a sample of order 1010 B0-B̄0 pairs per year@8#.

Low Luminosity(LL): Experiments run ate1/e2 ma-
chines, such as the Cornell Electron Storage Ring~CESR,
CLEO III!, KEKB~Belle!, and SLAC PEP-II~BaBar!, as well
as at hadronic machines such as Fermilab@Collider Detector
at Fermilab ~CDF!, DO” # and DESY~HERA-B: actually
e1p), which produce similar samples ofB0-B̄0 pairs, of or-
der 107 per year@2–6#.

Any experiment which detectsN B0-B̄0 pairs can resolve
at the ones level an asymmetryap for a processp if

ap.
1

ABR~p!N
.

Using this criterion, the results in Table I summarize t

FIG. 6. Bs
2→K2f in ~a! the SM, where theCP violating asym-

metry is dominated by the CKM-suppressedu-quark diagram, and
~b! the MSSM, where the asymmetry is dominated by the relativ

CKM-unsuppressedc̃ and t̃ graphs. Here mass insertions are u
derstood.
3-6
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various modes and their asymmetries, comparing them to
experimental precision expected on each asymmetry.
reader should note that the columns designated ‘‘HL’’ and
‘‘L L’’ refer to the optimal choice out of the correspondin
set of experiments. In some cases, experiments in the s
set may have drastically different capabilities. For examp
the production ofBs

0 in e1e2 annihilation requires running
on theY(5s) resonance, not currently possible at BaBar
Belle, which run at theY(4s). Correspondingly, the only
observable in Table I available to these latter experiment
the inclusive decayb→sg in the decay ofBd mesons. The
decays of the daughter mesons necessary for detectio
events is taken into account in the ‘‘BR(p)’’ column; for
example, BR„J/c→(e1e2,m1m2)…'12% and BR(f
→K1K2)'50%. More details on the individual capabilitie
of each experiment may be found in@19#.

Although HQE usually yields results perturbatively co
vergent in powers ofL/mb , we allow for hadronic uncer-
tainties at the level of 10% on all observables in Tabl
@36,27,34#. The parameters describing this are thed i ( i
51 . . . 4) which are, in general, completely independent
the observables in question. A valid test of the model
quires a 10% measurement of the various asymmetries.
agreement at higher precision could be ascribed to uncer
ties in the strong dynamics.

From the table, we see that LL experiments can only con
tribute in the asymmetries inBs

2→K2f and Bs
0→J/cf.

Combined with the HL measurements of all of the deca
studied, a determination offm and fA will be possible.
Combined with the linear combination of phases which el
tron and neutron EDM’s constrain~see Appendix!, this pro-
vides a complete determination of the set of the pha
$f1,3,fA ,fm% studied in this model ofCP violation.

In summary, the possibility that the phase structure of
MSSM extends beyond the trivial one whereCP violation
is confined to the CKM matrix leads not only to the requir
ment that SUSY phases respect the present EDM bounds
also that the range of phases consistent with these bo
agrees with the values which can be extracted from the v
ous B-system asymmetries considered above. Collectiv
measurements of these asymmetries at present and f
B-physics experiments will either determine the phases
rule out this particular SUSY model.
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APPENDIX

1. Cancellation of the EDMs

That the contributions to the EDM in Figs. 2~a! and 2~b!
tend to cancel in a way dependent only on sin(fm) is evident
from the form of the chargino and neutralino mixing mat
ces:

L.x̃6TM x̃Áx̃61x̃0TM x̃0x̃0,

where

M x̃Á'S 0 0 M2 0

0 0 0 m

M2 0 0 0

0 m 0 0
D ,

M x̃0'S M1 0 0 0

0 M2 0 0

0 0 0 2m

0 0 2m 0
D ,

assumingMW!M2 ,m.
The graph in Fig. 2~c! ~where f is, say, an electron! re-

ceives phases from three sources: theU(1) propagator car-
ries a factoreif1; the scalar mass insertion has a SUSY pie
given from the first term of Eq.~3!, which has the form

yem* ẽ̄ẽH2
0* which, after EW breaking, become

yem* ẽ̄ẽv sinb; the scalar mass insertion also has a SUSY

piece @see Eq.~5!# of the form Ayeẽ̄ẽH1
0, which becomes

Ayeẽ̄ẽv cosb after EW breaking.

TABLE III. Dependence of the asymmetry inb→sg, computed
in the parton model and Fermi-motion model on the minimum
ergy of the soft photon.

j (12j)Emax (GeV) uapartonu uaFermiu

1.00 0 0.008 0.008
0.30 1.85 0.010 0.010
0.15 2.24 0.011 0.012
3-7
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Putting the above pieces together, the imaginary piec
the neutralino graph in Fig. 2~c! carries a phase depende
factor „uAusin(fA1f1)1umutanb sin(f12fm)…. Likewise, the
corresponding graph for the neutron in theSU(6) model,6
01500
ofwheredn51/3(4dd2du) obtains a factor similar to the elec
tron case, with the replacementf1→f3; the numerical dem-
onstration that these diagrams can nearly cancel is give
@15#.
We
2. Calculating the Bs
0-B̄s

0 box

We follow the notation of@37# in calculating the contribution toM12 from the chargino box in Fig. 3~b!:

DM x̃65
aw

2

16 (
h,k51

6

(
i , j 51

2
1

mx̃6
2 ~GUL

jkb2HUR
jkb!~GUL* iks2HUR* iks!~GUL

ihb2HUR
ihb!~GUL* jhs2HUR* jhs!Gi jkh8

whereG andH are gauge and Higgs vertices, and the form factorG8 depends on the masses of the particles involved.
make the assumption that the lightest chargino and lightest top squark dominate the loop, and thatMW!M2 ,m. The final result
is

Im~M12!'S 2MW

m̃
D 3S sinfm~ uAusinb cosb cosfA2umucos2 byt cosfm!

AuAu2 sin2 b1umu2 cos2 b2uAuumusinb cosbyt cos~fA1fm!
D ,

which assumes a simpler form for typical points in parameter space, as noted above in Eq.~11!. In keeping with prior notation,
this defines

f ~fm ,fA![
sinfm~ uAusinb cosb cosfA2umucos2 byt cosfm!

AuAu2 sin2 b1umu2 cos2 b2uAuumusinb cosbyt cos~fA1fm!
.

the
R

ch

of
a

3. The operatorsO2,7,8

We again follow@37# in calculating the coefficientsC7,8
of the operatorsO7,8 from chargino loops:

C7,8x̃65
awAa

2Ap
(
k51

6

(
j 51

2 1

mũk

2
~GUL

jkb2HUR
jkb!~GUL* jks2HUR* jks!

3~F1,jk1eUF2,jk!2HUL
jkb~GUL* jks2HUR* jks!

3

mx̃
j
6

mb

~F3,jk1eUF4,jk!,

whereF1,2,3,4 are form factors andC7 is obtained from the
above by settinga5e2/(4p) and eU52/3; for C8 , a
5g2/(4p) andeU50. Including the SM contributions given
in @36#, we obtain

C2'1.11,

C7'20.3120.19eifm,

C8'20.1520.14eifm.

Note thatC2, the real part ofM12, is not significantly af-
fected by SUSY.

6For alternatives, see@40#.
4. Soft photons inb\sg

In Sec. IV C 1 we noted that the energy dependence of
outgoing photon could have a significant effect on the B
and asymmetry. Here we quote the expression in@36# for the
BR and asymmetry as functions ofC2,7,8 and j @Eg.(1
2j)Emax#:

BR~B→Xsg!'2.5731023KNLO~j!

3BR~B→Xcen!/10.5%,

where

KNLO~j![ (
i< j 52,7,8

„ki j ~j!Re~CiCj* !

1k77
(1)~j!Re~C7

(1)C7* !…,

ab→sg5
1

uC7u2
„a27~j!Im~C2C7* !

1a87~j!Im~C8C7* !

1a28~j!Im~C2C8* !….

The j-dependent quantities are listed in Table II, whi
we paraphrase from@36#; using this, it is straightforward to
explicitly calculate the BR and asymmetry for the values
C2,7,8 given above. The dependence is insignificant for
wide range ofj in two different models~see Table III!.
3-8



,

,’’

A

CONSTRAINING CP VIOLATING PHASES OF THE . . . PHYSICAL REVIEW D 63 015003
@1# C. Jarlskog, Phys. Rev. D36, 2128~1987!.
@2# The BaBar Physics Book, edited by Harrison and Quinn

SLAC-R-504.
@3# BELLE Collaboration, Acta Phys. Pol. B30, 1837~1999!.
@4# ‘‘The CDF II Detector, TDR,’’ FERMILAB-Pub-96/390-E

~1996!.
@5# CLEO Collaboration, M. Artuso, hep-ph/9906379.
@6# ‘‘The DO” Upgrade: The Detector and its Physics

FERMILAB-Pub-96/357-E~1996!.
@7# HERA-B Collaboration, Nucl. Instrum. Methods Phys. Res.

408, 154 ~1998!.
@8# ATLAS Detector and Physics Performance TDR, Vol. II, Chap.

17; ‘‘CMS Letter of Intent,’’ http://cmsinfo.cern.ch/LoI/
LOI.html; B. Cox, inB Physics and CP Violation~World Sci-
entific, London, 1998!.

@9# M. Kobayashi and T. Maskawa, Prog. Theor. Phys.49, 652
~1973!.

@10# S. Martin, hep-ph/9709356.
@11# S. Dimopoulos and D. Sutter, Nucl. Phys.B452, 496 ~1995!.
@12# J. Polchinski and M. B. Wise , Phys. Lett.125B, 393 ~1983!.
@13# P. Nath, Phys. Rev. Lett.66, 2565~1991!.
@14# Y. Kizukuri and N. Oshimo, Phys. Rev. D45, 1806~1992!.
@15# M. Brhlik et al., Phys. Rev. D59, 115004~1999!; Phys. Rev.

Lett. 83, 2124~1999!.
@16# T. Ibrahim and Pran Nath, Phys. Rev. D61, 093004~2000!.
@17# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1

~1998!, p. 24.
01500
@18# I. Hinchliffe Eur. Phys. J. C3, 1 ~1998!, p. 81.
@19# B Physics and CP Violation, edited by Browderet al. ~World

Scientific, London, 1998!.
@20# L. J. Hall et al., Phys. Rev. D27, 2359~1983!.
@21# H. Baeret al., Phys. Rev. D52, 2746~1995!.
@22# J. Donoghue, Phys. Rev. D18, 1632~1978!.
@23# E. P. Shabalin, Yad. Fiz.31, 1665~1980! @Sov. J. Nucl. Phys.

31, 864 ~1980!#.
@24# R. J. Crewtheret al. Phys. Lett.88B, 123 ~1979!; Errata91B,

487 ~1980!.
@25# E. Comminset al., Phys. Rev. A50, 2960~1994!.
@26# P. G. Harriset al., Phys. Rev. Lett.82, 904 ~1999!.
@27# I. Bigi, hep-ph/9901366.
@28# I. Dunietz, Phys. Rev. D52, 3048~1995!.
@29# Particle Data Group@17#, p. 103.
@30# J. Chayet al., Phys. Lett. B247, 399 ~1990!.
@31# I. I. Bigi et al., Phys. Lett. B293, 430 ~1992!.
@32# A. V. Manohar and M. B. Wise, Phys. Rev. D49, 1310~1994!.
@33# N. G. Deshpande, in BNL Summer Study onCP-Violation

1990, edited by S. Dawson and A. Soni.
@34# J. M. Gerard and W. S. Hou, Phys. Rev. D43, 2909~1991!.
@35# CLEO Collaboration, S. Ahmedet al. hep-ph/9908022.
@36# A. Kagan and M. Neubert, Phys. Rev. D58, 094012~1998!.
@37# S. Bertoliniet al., Nucl. Phys.B353, 591 ~1991!.
@38# J. M. Soares, Nucl. Phys.B367, 575 ~1991!.
@39# M. Brhlik et al., Phys. Rev. Lett.84, 3041~2000!.
@40# A. Bartl et al., Phys. Rev. D60, 073003~1999!.
3-9


