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Fully Supersymmetric CP Violation in K and B Systems
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We analyzeCP violation in supersymmetric extensions of the standard model with heavy scalar
fermions of the first two generations. Neglecting intergenerational mixing in the sfermion mass matrices
and thus considering only chargino, charged Higgs-boson,Vadzbson diagrams we show that it is
possible to fully account fo€P violation in the kaon system even in the absence of the standard CKM
phase. This opens new possibilities for large supersymmetric contributio@#® teiolation in the B
system. [S0031-9007(99)08753-0]

PACS numbers: 12.60.Jv, 11.30.Er, 13.25.Es, 13.25.Hw

Beginning with its experimental discovery Ki-meson  SUSY contributions among themselves [2], nonuniver-
decays, about three decades ago, the origitBfvio-  sality of the soft breaking parameters at the unification
lation has been one of the most intriguing questions irscale [3], and approximately degenerate heavy sfermions
particle phenomenology. Notably, the subsequent experfor the first two generations [4]. In this Letter we shall
ments in the search for electric dipole moments (EDM)follow the last alternative and assume a general low en-
of the neutron and electron have observed no sign of newrgy SUSY model with heavy and almost degenerate
CP-violating effects despite their considerably high pre-sfermions for the first two generations. Now the ques-
cision. However, this situation is expected to change irtion at the end of the last paragraph takes a more specific
the near future with the advent of the nedvfactories. form: “In such a scheme, cap,, and ¢, account for
Indeed, experimental studies of the neuBaineson sys- the experimental observation @fP violation with van-
tems can provide a window to new physics beyond theshing écxm?”
standard model (SM) much earlier than the direct col- To investigate the answer to this question we follow a
lider searches at the Cern Large Hadron Collider. simplifying assumption; that is, we neglect all intergen-

In the standard electroweak theory tld&-violating  erational mixings in the sfermion mass matrices. Then,
phenomena find their explanation uniquely in the phas@eutralino and gluino vertices are approximately flavor
ocxm Of the Cabibbo-Kobayashi-Maskawa (CKM) mix- diagonal and these particles do not contribute to the fla-
ing matrix. However, in the minimal supersymmetric ex-vor changing neutral current processes. Under this as-
tension of the SM (MSSM) there are additional phasesumption, all flavor mixing effects originate from the
which can cause deviations from the predictions of theelements of the CKM matrix, as in the SM. In this
SM. Indeed, after all possible rephasings of the paramescenario,AF = 2 transitions proceed only through box
ters and fields there remain two new physical phasediagrams exchangingW =) quarks, charged Higgs bo-
in the MSSM Lagrangian that can be chosen to be theon #*) quarks, and charginoy(-) squarks. The first
phases of the Higgsino Dirac mass paramdigr, =  contribution is the usual SM while the other two are of
ardu]) and the trilinear sfermion coupling f) to the  SUSY origin. These three types of contributions are al-
Higgs, (¢4, = ardAr]) [1]. In the absence of the strict ways present independently of the existence/absence of
universality, as is generally the case at low energies, eadhtergenerational mixings, and thus the results we present
sfermion species has a distinct phasg . In the pres- in this Letter can be regarded as conservative limits on
ence of suchCP-violating phases a natural question to SUSY effects.
be raised would be “Is it possible to account for the ob- Under the conditions mentioned above it turns out that
servedCP violation only by supersymmetric effects?” (1) relevant new SUSY contributions t6P violation

The traditional answer to this question has always beenbservables are possible only when the masses of the
negative because of the fact that the electric dipole molight chargino and stop are close to t@emass(M,,,
ments of the electron and neutron constraif) , to be  M; =< 150 GeV), and tang = 30. (2) In such case, the
at most® (1072). However, recent studies have revealedanswer to our question is definitely positivex and
new pathways to small enough EDM’s while allowing the corresponding observable in tifesystem,ep, get
supersymmetry (SUSY) phas&3(1). Methods of sup- large contributions from SUSY that can even saturate the
pressing the EDM’s consist of cancellation of variousmeasured value fogg.

0031-900799/82(12)/2447(4)$15.00  © 1999 The American Physical Society 2447



VOLUME 82, NUMBER 12 PHYSICAL REVIEW LETTERS 22 MRcH 1999

The K°-K° and B°-B° mixings are conveniently sponding Wilson coefficients. These are evaluated at the
described by the correspondind\F = 2 effective corresponding meson mags, with the initial conditions

Hamiltonian specified atuy ~ M;. Without the inclusion of QCD
FLAF=2 _ G%M%/ VAV, )2 corrections,C,(wo) receives no contribution fronw =,
eff (27)2 1T charged Higgs, and chargino boxes, and the other two
coefficients can be decomposed according to the particles
X [0 + C(r)0aAn) in the loop asC (o) = CI (o) + € (o) + C (uo),
- C(w0s(w)]. () Cs(mo) = C¥ (o) + CX (o). The contributions of

) - ) ) W boson, C}"(uo), and charged HiggsCH , are
where 0y = dfyqf - dlyual. 02 = afaf - ALk, real ) ged HIagsEialin)
03 = Elfqg . Zifq,”{ are the effective four-fermion The chargino boxes are the only genuine SUSY contri-
operators withy = s, b for the K and B systems, respec- bution to the mixing. The explicit expressions for their
tively, «, B are color indices, and’;,3 are the corre—| contribution to the Wilson coefficients are

(3 k)iG(3,k)j*G(3,l)i*G(3,1)j Y] (Zk, 21, i, S]) ,

HM“

X 1 <
Cl(M0)=Z Z_

, (2)
i,j=1 k,I=1
where z = M; /My, s; = M3, /My, and the stop-l  Solution of renormalization group equations (RGE) at

chargino-quark coupling matrices®% and H®%)' are  the corresponding meson mass scale yield [6]

fr?;:rti)clgztlons of the stofs,) and chargindCg ;) mixing Ci(w) = 0.790C, (o), Cow) = —0.056Cs(1u0)

GORi = 3¢, Sy — CraiSua A’/I"_z Cs(u) = 2.930C3(uo) (4)
. sinp W (3)  where the enhancement of thie(x) Wilson coefficient is
gGoi — CraiSu Mg specially interesting.
cosB My With the complete expression of theF = 2 effective

The complete expressions for the loop functionsHamiltonian, it is now a straightforward issue to analyze
Yi2(a,b,c,d) as well asW= and charged Higgs con- CP-violation observables. For botlX- and B-meson
tributions can be found in [5]. The matric&s>*’ and  systems we follow the usual definition of teeparameter
HGi represent the coupling of chargino and stop tofactoring out global phases,

left- and right-handed down quarks, respectively. As can 1 Im(MO|FHLAF=2) 540
be seen from Eq. (2), unlik€{ (uo), C3 (o) depends e = 5 ( lAA;ff | >, (5)
on both GG and HGX| and, thus, in general, it is 2 M

complex. On the other hand, unless one admits largahere M° = K° B°, and correspondinglyg = s, in
enough tarB values,|H®¥i| becomes much smaller than the effective Hamiltonian. The off-diagonal matrix ele-
|GG since the former is suppressed by the ratio ofment of the effective Hamiltonian in the neutral meson
My=p,s 10 My. mass matrix is

GFMyy
(2m)?

2
- * 1 M
(MOVHEFHMO) = - (thth)zF%wMM[g Ci(w)Bi(u) + <—m>

mg(p) + ma(u)

24 24 ©

X (—i Co(w)Ba(p) + — C%(#)B3(,U«)>

In this expressionM, and F»; denote the mass and and (6) suggest s gets contributions from two different
decay constant of the neutral mesoM®, m,—,,(n), sources: the usual CKM phas&xy coming through
and my(w) are the quark masses in the correspondindV,;V,,)* and the complex Wilson coefficients, 3(u).
renormalization scheme at the scale The B parameters While the former is the usual source @fP violating
at u =2 GeV are B;(u) = 0.60, B>(n) = 0.66, and phenomena in the SM the latter is completely a SUSY
B3(u) = 1.05 [6]. effect. In the following, we willalways assume that there
Using Eq. (5) we can easily calculate the amount ofis no physical phase in the CKM mixing matrix, and CP
indirect CP violation in theK andB systems. As Egs. (5) violation is purely of supersymmetric origin
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FIG. 1. Values ofl0°sx in the ¢, @4, plane for the region FIG. 2. Values of; inthee,, ¢4, plane for the same region
of SUSY parameter space specified in the text. of SUSY parameter space as in Fig. 1.

In the first place we analyze th& system where future B factories. Even for smaller values of t8n for
we have experimental confirmation 6f violation. At  which ek is not entirely reproduced by SUSY effects,
first sight, one would completely neglect any SUSYwe still have quite sizable SUSY contributions P
contribution toeg because of the huge suppression factowviolation in B mixing with appreciable deviations from
associated with the-quark Yukawa coupling irH®%.  the SM results [7].
However, this is not necessarily true for large fn In conclusion we have shown in this Letter that in a
[with tan 8 = 60 we get(m,/(My cosB))> = O©(1072)].  general SUSY extension of the SM with heavy scalar
Besides this, we have additional enhancements from thiermions of the first two generations it is possible to fully
hadronic matrix elements(K°|Q3|K°) =~ 3(K°|Q;|K?)  account for the observedP violation in the kaon system
and the RGE evolution, Eq. (4). At this point, it is clear while respecting the bounds on the electric dipole moment
that it is not correct to neglect th€; contribution to  of the neutron. However, the assumption of negligible
the imaginary part oM, for large tan3. Nevertheless flavor mixing in the sfermion mass matrices may be too
sizable effects can be expected only for light enoughrestrictive when including rar®8 decays in our analysis.
stop and chargino. In Fig. 1 we shawy as a function This point, as well as th€P violating effects in theB
of ¢, and ¢,, for M, = u = 125 GeV, M;, = M;, =  system deserve further investigation.
150 GeV, A, = 250 GeV, and tar8 = 60 which give on We thank S. Bertolini, I. Scimemi, and E. Lunghi for
averageM; = 83 GeV andM;, = 80 GeV. As we can enlightening discussions. The work of A. M. was partially
see in this figure, it is still possible to fully saturate thesupported by the European TMR Project “Beyond the
measured value afg relying only on SUSY phases. Standard Model” Contract No. ERBFMRX CT96 0090;
Indirect CP violation in the B system can be analyzed O.V. acknowledges financial support from a Marie Curie
in the same way from thAB = 2 effective Hamiltonian, EC grant (TMR-ERBFMBI CT98 3087).
Eq. (1). The effects in the corresponding observalje
will increase roughly agm;, /m,)? with respect taeg. In
Fig. 2 we showep as a function ofp, and ¢4, for the
same region of SUSY parameter space that we used in thét
ek analysis. Notice that for the set of values for whigh
is fully saturated we obtain large effects f6P violation
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