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Could the MSSM have noCP violation in the CKM matrix?
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We show that allCP violation in the MSSM could originate in the supersymmetry-breaking sector rather
than the CKM matrix, and discuss the important consequenceB fitysics.[S0556-282(97)02503-4
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I. INTRODUCTION my,, may be removed by a suitabR rotation. Thus, the
other twoCP phases are those oAn;,,) and Bmy,,) (de-
When discussing supersymmetric extensions to the stamoted ¢, and ¢, respectively.

dard model(SM), most authors choose to incorporate the Thus, a scenario which is complimentary to the one usu-
Kobayashi-Maskawa model &P violation[1]. In the mini-  ally considered, is one in whic8 P violation arisesonly in
mal supersymmetric standard modgISSM), as in the SM,  the soft-supersymmetry-breaking terms, with the CKM ma-
this can successfully explain the experimental observationgix being entirely real. In fact this possibility had earlier
of CP violation (which admittedly are in rather short sup- been considered in RgR2] for degeneraté, M ,, and scalar
ply). However, there are many other possible sources ofnasses at the GUT scale. Here it was found that the direct
CP violation in the MSSM, such as phases on trilindar CP violation parameterg’, was generally too large. The
couplings and bilineaB couplings. In fact writing the super- subsequent work by Dugaet al. discouraged any further

potential of the MSSM as attempts in this direction, since they placed quite severe lim-
its on the values o, and ¢g by using experimental bounds
W=hyQ HyUg+hpQ HDr+helLHEg+ uH1eH5, on the electric dipole moment&DMs) of the neutron and

@ electron. Typically one imposes

where generation indices are impli¢dnd where the left- bp, Pp= fewx 1073 (4
handed superfields contain the antiparticles, with the vacuum
expectation valuesVEVs) of the Higgs fields ¢, andv,)  Such small phases are unafiy themselvesto generate the
defined such tham,=hyv,, Mg=hpv1, and me=hevi],  CP violation parameterse{ande’) of the K-K system. The
CP violation can appear in any of the soft supersymmetryysyal choice is to take these phases instead to be exactly
breaking terms which consist of mass-squared scalar termsero, in which cas€ P violation leaks into the scalar cou-
gaugino masses, and scalar couplings of the form plings only through the running of the renormalization group
o 1 e~ e~ equations. The resulting dipole moments are enhanced over

— 0L=mj;Z;Z{ + 3 MaANANA+Aud[ hoUg+Apq hidg those in the SM, although probably not measurably4s6).

More recently, it has been demonstrated that, with the
commonly adopted set of supersymmetry parametgksis
far less constrained thaghg [6] (and we independently re-
produce these findingsThis might give hope that th€P
violation in theK system could arise purely from phases on
the A terms. The purpose of this paper, therefore, is to reex-
amine whether theCP violation could resideonly in the
Ay =Ah, soft-supersymmetry-breaking terms, and to what extent such

ij i’ a scenario would be “fine tuned.” In the next section we
show that, withdegenerate Aerms at the GUT scale, it is if

+AET* hl’é’R'f‘ B,th18h2+ H.C., (2)

where again, generation indices are suppressed\ thare
the gauginos, and the are generic scalar fields. In the case
that the coupling®\, M, and mizj are all degenerate at the
grand unified theoryGUT) scale,

ADij:AhDij' fact not possible to generate sufficiently large values: of
because of cancellations that occur.

AEij:AhEij- We then go on to consider more general forms for the
soft-supersymmetry breaking. Since in this context EDMs

mi21=5”-m§, are generated from flavor diagonal terms, androm off
diagonal terms, one might expect that is possible to avoid

Ma=my,, (3)  bounds from EDMgsuch as those in Ed4)] whilst at the

same time generating reasonable values ,of rather than
there are four physical phases describ@ig violation which ~ being degenerate, thA parameters have an off-diagonal
were ennumerated in Ref®,3]. Two of these are the usual “texture.” In the light of recent work on supersymmetry
0 angle and Cabibbo-Koboyashi-Maska(@KM) phase. As  breaking in string theory, this is a reasonably well-motivated
pointed out in Ref[2], only the relative phases betwegn assumption. In fact, one of the properties of the supersym-
andB andm,, are physically significant since the phase onmetry breaking in these theories is that there are only large,
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nontrivial phases on th& terms, precisely when one expects
there to be a high degree of nondegenerébgt is when
supersymmetry breaking is dominated by the moduli rather
than the dilatoh (In addition, sinceCP is an exac{discrete
gauge symmetry of the string theory, its appearance in the
Yukawa couplings is not particularly easy to explain.

We shall see that one can indeed explain@violation
observed in th&k-K system with a rather simple nondegen-
erate structure for the soft-supersymmetry breaking. We then
go on to discuss the expected patterrCd? violation in the
B-B system in this picture.

First let us discuss the procedure we have used. This is
based on the very complete analyses of the “constrained”
MSSM by Kaneet al. [7] and Bargeret al. [8]. As in Ref.

[5], we have used two-loop RGE evaluation of gauge and
Yukawa couplings and have minimized the full one-loop
Higgs potential to determine the parametegrandB, includ-

ing contributions from matter and gauge sectors, but retain-
ing the full flavor dependence in the RGEs. The process is as
described in Ref[5] except here, of course, we must allow
for more general choices of supersymmetry-breaking param-
eters at the GUT scale. This requires a few modifications.

The first is to the equations for the electric dipole mo-
ments, which now receive significafgft-left contributions
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from diagrams involving one Higgs vertex and one gaugevhere we have defined the functions
vertex [9]. Let us define the diagonalizations of the mass

matrices as

tap2vy 2
squarks VagMgVg=m

neutralinos V{MyVy=m o

charginos UM cVe=m, -, (5)

where the squark mass-squared term is of the form

.
(dL.arIMG| Gr |- (6)
and
2 yKomZ KT
) mU mULL U2KAu+mu,lLU1/U2
M5= fict 2 2 '
UZAUK +mUlLLl)1/UZ mD+5mURR
2 2
, mD+5m5LL v1Apt+Mpuuv,lvg
Ma‘I ,

T 2 2
UlAD+mD/.L02/U1 mD+5mDRR

1
Fq= )3[5 12x+ 7x?+ 2x(2—3x)Inx],

(1-

1
FUZT[Z—6x+4x2+x(1—3x)lnx]. (8

(1-x)

For the case we are considering, the CKM matrix will of
course be real. For the gluino contributions we find

2
d) .t
dy=— Im| | V3G V-~ ,
T 9rme m% d
LR 11
2
2eqa =
dy=——Im| | V5G| — | V& : 9
LR 11
where we have defined the function
1
G=—3[1—x?+2xInx]. (10)

(1-x)

The neutralino contributions, which were also included, were
found always to be small.
The second modification is to the conditions which indi-

and where thesSm? contain the renormalized squark mass-cate whether the minimum obtained is global, or whether
squared terms and also generation independent contributiofisere are other minima which may have broken color or
from the D terms. We are using the down-quark diagonalcharge (CCB), or directions in which the potential is un-

basis, andK is the CKM matrix [ my= diag(m,,m¢,m;)

=Khyv, ]. We find the following chargino contributions to

the quark electric dipole moments:

bounded from belowUFB). Necessary conditions were de-
duced in Refs[10], and have been exhaustively generalized
in Refs.[11,17. Since here we are considering the possibil-
ity of large nondegeneracy in th& terms, it is especially
important to use the flavor violating conditions of REf2]

This corrects Eq(23) of Ref. [5] in which the quark charges which take a particularly simple form. The CCB conditions

were omitted.

are
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|Ay 12<]|hy |2(mﬁL-+mﬁR-+m§+M2)! not possible to generate the experimentally obser@dét

g Kk ! ] violation if there is noCP violation in the CKM matrix.

The reason why becomes apparent when one considers
the leading supersymmetric box diagrams. Consider for ex-
ample the potentially significant contribution ofrom the
chargino/up squark box with external left-handed quarks.
o o ) ) This diagram may be approximated by the box diagram with
wherei#j, k= Max(i,j), and m; andm; are the scalar 5 single mass insertioM? . on the squark lines, and top-

mass-squared terms for the Higgs, and the UFB conditionauark Yukawa couplingsh,, on two vertices. The contribu-
are tion is of the form

Ao, |?<[hp, JA(m3, + ngj +mi+p?),

|AEii|2S|hEkk|2(méLi+ngj"'mi*’Mz), (11

2$ 2 2 2 2 2
Ao =1uy (M M e * ) oo IM[(hyM2e K0 %+ (KTME D)%) (14

2 2( 2 2 2
|AD”| \lthkl (mdLi+deJ+m”m)’ This corresponds to the cross termAp- of Eq. (13) when
the Inami-Lim functions are expanded and the leading linear
terms taken. Since we are assuming@P violation in the
CKM matrix, thenk'=KT andh{,=h/; . It is convenient to
define the matriced such thatA,=hy-Ay . The degener-

|AEiJ‘|2$|hEkk|2(mg'-i+ngj+m'2/m)' (12)

wherep#q andm#i#]. For the diagonal terms we used
the more complete expressions given in Réfl].

The e parameter was calculated using the expressions e boundary condition correspondsAg;; =Ad;j, and
the MSSM of Refs[13,14]. Since the SM contributions are FoTi2 T2
insignificant here(see beloy, the main contributions are ex[(huAuhy) 1o~ (huAGhy) 1
from chargino and gluino box diagrams. To demonstrate our +(huAuhL)iz—(huALh6)iz]- (15)

nomenclature, we shall present the full chargino terms for
left-handed external quarks here. The contributions to th

mixing matrix elements are ?n the event that thé\; matrix is symmetric, this contribu-

tion completely vanishes. Inspection of the renormalization

B 7k f2My group equationgsee for example Refl5]) shows that for
Mi(K)= W[ASM+AH¢+AX¢+A§], degenerate boundary conditions this is the case to leading
™ order. The matrixA is in fact found to be symmetric to
2 6 g typically one part in 16 at the weak scale.
_ 92 T ey 1_ gt Rkt 2 This greatly suppresses any contribution £o from
A= Vz K)5(V V=oh()5(V
X %; 2,“ mia[QZ( aK)2(Ve)a™ (Vaghu)z(Ve)el chargino box diagrams and similar arguments apply to the
: ) ; ) other box diagrams too. In order to demonstrate this, we
X[92(Va K)L(Ve) = (Vaghi)h(Ve)3] shall consider a “typical” point in parameter space where
+ Lol Lotn2 A=500 GeV, my=300 GeV, m;,»,=100 GeV, taB=5,
X[92(K'VG)i(Ve) = (hyVar)i(Ve)gl and u-+ve. Minimizing the effective potential gave the
% KTV-)2 v = (hi V=o)2(VE)2 value¢ B=—116 GeV andu =187 Ge\(. The de_pendence
[02(K V)i (Ve)a— (huVar)i (Vo) of the EDM of the neutron o, and ¢ is shown in Fig. 1.
A 725 . .
XF(miz/m;‘:i ,mjzlmji ,mﬁ%lm;‘:i), (13  The contour 1.X10"* clearly agrees with the results in
Ref.[6]. In the region which is shown in the plot, the value
where we have defined thex@3 matrices ¥5.)i=(Vg)?, of £ was never found to exceedx2L0™ %, [Note that this

suppression occurs because the CKM matrix is real; if one

and (Vgr)?=(Vg)?"3, and whereF represents combina- : .
tions of Inami-Lim functions[13]. (The terms with right- allows th_e usua(_:P _phase Into the_(;:’KM matrix, the super-
symmetric contribution te is O(10™)].

handed quarks are expected to be insignificant for the chargi~
nos since they are suppressed by Yukawa coup)ifrgs.the
gluino contributionAg, we used the approximations of Ref. Ill. MORE GENERAL PARAMETERS
[14] which include all chiralities of external quarks. Bef . | ¢ sof
The mass-insertion approximation was also used for the efore presenting some more general patterns of Soft-
¢’ parametefsee Ref[14] and references therginn view Supersymmetry breaking, let us say a little abqut hpw non-
of other uncertainties, this was sufficient for the presen%egenerate supersymmeyry preaklng can arise in string
analysis. Other possible FCNC effects were also checke eory. Recent progress in this area has shown thatthe

. . term for a coupling,h;j,, between three superfieldgk,
\L/JVSHE:% EEZ feu)l(lperz?qsasrleosnssiogfs I(jfe[ggf’l%x\(/:veerr)é [:)Sr:; sy, for may at tree level be written schematically in the forb6—
' 18]

Il. THE DEGENERATE MSSM ;
Ajj~ — My 1+ e OTcotdF 0 hij (16)

Before considering more general soft-supersymmetry
breaking, we shall first discuss the effect of having degener-—
ate boundary conditions as in E®), but following Ref.[6] These results were verified using a different minimization routine
allow the phaseg, and ¢g to be nonzero. In this case it is to within =10 GeV by P. L. White.
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1 and we shall instead select a number of “textures” to ana-
lyze. Here our aim will be merely to demonstrate the possi-
1 o8 bility that CP violation comes only from the soft-

supersymmetry breaking. As we shall see in the next section,

the experimental signatures of this scenario are quite strik-
ba/m !ng, so that for the moment they are of more immediate

interest.

In order to anticipate the effect of various patterns of soft-

supersymmetry breaking, it is useful to think in terms of the
q 02 leading mass insertion approximations. It is customary to
consider the parameters

-0.1 —0.05 0 0.05 0.1 M%

¢p/m 5ﬂ:m_2”’ (17)

FIG. 1. The EDM of the neutron for the degenerate case withyherem is an “average” sfermion mass. From the limits
A=500 GeV,my=300 GeV,m;,=100 GeV, and 38=5 with  qgerjyed in Ref[14], it is clear which are the important ele-
m=tue. Thezfontours are 1410 (thick solid, 510" (dot- et corresponding to each process provided that the gluino
ted, and 10 **e cm (solid). The jagged line dilineates the region iaqrams are the dominant contribution. The EDMs of the
ﬁ%m?ﬁgozgz foint?]?st ;'ig‘;rzmm'n'mum' The other constraints,o +ron and electron impose quite severe limits on the imagi-

' nary diagonal components in the left-right block§;’]QLR,
where the angled describes the Goldstino direction, and (&), and (63,) r. The flavor changing neutral currents
where the VEV of the dilaton is assumed to be real. Wheron the other hand impose bounds on the off-diagonal com-
0= m/2 the supersymmetry breaking is along the dilaton di-ponentsp— sy constrains 623) Lr @nd (5‘2’3) LL (weakly) and
rection, and wher9=0 it is in the direction of moduli de- Am, depends on &%), (63)r, and (5%)rr Wherei
scribing the size and shape of the compactification. The:1. Large values of these should be avoided, although
phase on the second term is the putative sourd@®fvio-  Am, must inevitably be affected. The parameterande’
lation .and represent€ P violation in the VEVs o_f the depend most strongly Ongfz)u and (56113)LR_ There are,
moduli. Such spontaneous breaking @ by moduli has  powever, relatively few constraints oA, ;) and in addition
been discussed for orbifolds in Refl8]. The function p, “is aimost diagonal at the GUT scale. If we maintain the

Fijk is a fulnction 9f the moduli VEVs and vanishe; in a assumption that thé terms include factors of the Yukawa
number of interesting cases outlined in Rgf7]. The first couplings, this suggests that in the basis we are using, off-

case is obvious when supersymmetry breaking is dominated. L2 .
by the dilaton and c#=0. However, it is also clear that in glagonal terms itM7 should be generated radiatively from

this casep,=0 and the soft-supersymmetry breaking cannofl€'™Ms inAy . _ o )

be the source o€ P violation. The moduli dependent term We shall, therefore, consider the following “textures” for
also vanishes for renormalizable couplings in which all theth®A matrices and the squark masses at the GUT scale:
fields come from untwisted sectors, or have weigtt un-

der certain duality transformatiofffr instance all renormal- 0 5A12hU12 5A13hU13

izable couplings in th&,x Z, orbifold satisfy this criterioh _ SA--h SA--h

Thus, one can identify a number of possibilities for generat- AUij _AhUij+ 2 0 28 Was

ing an off-diagonal structure in thA terms, all of which (SAgth31 (SA32hU32 0
require supersymmetry breaking to be dominated by the
moduli with cotp>1. Ap. =Ahp

ij ij’

The off-diagonal Yukawa couplings come from nonrenor-
malizable terms whereas the diagonal ones are renormaliz-

able. Ag, = AhEij,
The nondegeneracy is generated by one-loop corrections,
with the A terms being zero at tree level. This possibility has mi2j = &jj m3+ om?,
been discussed recently in the context of FCNCs in Ref.
[19].
Ma=my,,

The nondegeneracy is generated for couplings involving
fields with weights other than-1 (for example in the third
generation only. ¢$s=0. (18

These possibilities, together with the recent observation
that the pure dilaton breaking scenario breaks charge anfhe parametedm? represents off diagonal terms which may
color[20], make the assumption of nondegeneracy a reasoralso be generated in the mass-squared matrices. From now
able one. on we shall imposepg=0 to avoid large EDMs, assuming

It is beyond the scope of this paper to discuss softthat an explanation for this lies in the mechanism which
supersymmetry breaking in string theory in any great depthgenerates the term[16,18].
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FIG. 2. The allowed §m?, 5A) parameter space for E¢L9).

The allowed region is below the jagged line. The solid line is the

contoure =2.3x 103,

For simplicity we shall introduce the real parameters
S6A, and ¢ 55, and consider the following three symmetric

FIG. 3. The allowed §m?, 5A) parameter space for E(R0).

!

<106 (22

€

along thee=2.3x10 2 contour. In this sense the experi-

structures: mental signatures are expected to be “superweak” with no
0 hy. 0 observable direcC P violation. The picture ofCP violation
12 here is, therefore, more consistent with the results ‘oftom
Ay =Ahy + A€ ¢ hU21 0 0], (19 E731 than those from NA3(see for example Ref21] and
N N references therejn
0 0 0 For B physics the picture is rather unusual.Brphysics,
because of the similar decay times of the two eigenstates,
0 0 hy, one cannot disentangle the direct and indit€ét violation
_ - using just one process. Instead one comp&PBsviolation
AUij _Ahuij ToAdla 000, (20 for different processes using the paramefety
hu31 0 0
o] f)= q_f 23
0 0 0 CPV( )_ar EP(): ( )
_ i h _
AU”—AhU”+5Ae‘/’6A 0 0 Mual. @y where q/p is associated with the mixing betwedsf-B°
0 hy, © given by

For each of these possibilities there is a seven-dimensional
parameter space consisting oA,(my, My, tand, sm?,

SA, ¢sa) in addition to the sign of. The results are shown

in Figs. 2—4 for¢sn= /43 The vertical bounds in these
figures are from CCB and UFB constraints, and the horizon-
tal bounds are fromA M constraints.

As one might expect, the first texture is not very efficient
at generating: (since the relevant contribution in the RGEs
is Cabibbo suppressgdhowever, there is a large region in
each of the remaining two cases which can successfully ex-
plain the observed value a&f whilst avoiding all other ex-
perimental constraints. In addition the value &f was in
each case found to be very small:

3This is the maximal case. Smaller values¢f, may be com-
pensated by larger values 6A. For[** em ** ] very small values
such as those considered in Ref8], this may be considered to be
a fine-tuning in the sense that for the example of string derived soft
terms, one requires the Goldstino to have almost no dilaton compo-
nent.

10—

q /Mfz_ilﬂfz
6 ~ VMp—ilyy 24

1073

10~*
10~°
ém?/m3

1078

- 10—7

| | | 10—8

10~2

10°! 1 10 102
SAJA

FIG. 4. The allowed §m?, 5A) parameter space for E(1).
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where|q/p|~1. The parametep(f) is related to the direct sector of the MSSM rather than the Yukawa couplings. It is
CP violation in the decayd— f. Neitherq/p norp is phase- possible to avoid constraints from EDMs and FCNCs by
reparametrization invariant, and thus cannot be indeperchoosing an off-diagonal texture for the trilinear couplings.
dently observed. The experimental signatures of this type@P violation are

In the SM, thep(f) receive contributions from tree-level markedly different from those in the SM or the “con-
W-exchange diagrams, and different phases from the Kzptrained” MSSM. Generally th€ P violation is expected to
matrix appear according to the channel considered, leadinge Of the “superweak” variety, arising only through mixing,
to a determination of the angles in the unitarity triangg]. ~ With little direct CP violation. For theB system the rela-
The pattern ofCP violation here is in sharp contrast, since tively small contribution to mixing means that there will be
contributions to direcE P violation arise only through pen- No detectableC P violation at all(modulo possible one-loop
guin diagrams which in addition to being one-loop, are sup-effects.
pressed by factors of Yukawa couplings. Thetative phases This picture seems an attractive prospect for a number of
of the variousp(f) are thus small with respect to the SM, feasons. For example, if this scheme is correct, then in con-
and the picture of2 P violation is close to that of the “su- junction with other FCNC processes, one has access to rather
perweak’” models in the tree-level approximati¢@ne-loop ~ direct information about physics occuring at the Planck
penguin diagrams may be significant for processes which arécale, specifically the nature of the supersymmetry breaking
Cabibbo suppressed at tree leydlhere is therefore a basis fields and their VEVs.

(i.e., the one which we are usinin which all thep(f) are Another promisi_ng aspect is that of ba_ryogenesis. In order
approximately real for every process and hence all thd0 generate a sufficient baryon number in the SM and even
®cpy are given by the MSSM, one generally requires additior@P violation
beyond that in the CKM matrix. Here however t@d° vio-
Dcpy=— argMyy). (250 lation responsible for the value efcould easily be sufficient

] _ to generate the observed baryon number since it is a “hard”

this phase is insignificant, in accord with previous analyseguppressed at>m, by a factoro(mZ2 J/T*?) whereas here
of the B system in the constrained MSSM3]. Thus one e}

15 the suppression need onl m2/T?). This will be the
c_onclgdes thator th_e B system therg |s.I|ttIe detectable. C_:P subjecfgf future work. y 1o )
violation. (Some higher-loop contributions such as finite
contributions to the Yukawa couplings, may be detectable ACKNOWLEDGMENTS

for some Cabibbo suppressed procegses. . ] o
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