partners of goldstino, pseudoscaland scalasS, both neu-
tral under all gauge interactions. The masse® @ind S are

in general different; their values are model dependent an
may well be lower than a few GeV or even a few MeV.
These bosons—sgoldstinos—are indeed light in various ve
sions of both gravity mediated theorigk 2] and gauge me-
diated modelgsee, e.g., Ref3] and references thergint is
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Superpartners of the Goldstino—scalar and pseudoscalar sgoldstinos—interact weakly with ordinary par-
ticles. One or both of them may be light. We consider a class of supersymmetric extensions of the standard
model in which interactions of sgoldstinos with quarks and gluons conserve parity but do not conserve quark
flavor. If the pseudoscalar sgoldstifis light, mp<(myx—2m_), and the scalar sgoldstino is heaviprg
>(mg—m,), an interesting place for experimental search is the poorly explored area of the three-body decays
of kaons,ngLﬂw*w’P, KgYLHWOWOP, andK " — 7" 7°P, with P subsequently decaying intgy, possibly
e"e”, or flying away from the detector. We evaluate the constraints on the flavor-violating coupling of
sgoldstino to quarks which are imposed H:)E/f Kg mass difference an@P violation in neutral kaon system,
and find that these constraints allow for fairly large Bf{ 77 P). Depending on the phase of sgoldstino-
quark coupling, most sensitive to light pseudoscalar sgoldstino are searches either forl(ﬁeeazySrP or
Kt—m" 7P anngH 7wP. Generally speaking, there are no bounds orKgre 7aP). For most values of
the phase, the branching ratio " — 7" #°P is about 3 orders of magnitude smaller than Iﬁfr& wP)
and the branching ratios «g_mmp are very small. However, for a certain phase the situation is opposite.
We find that the most interesting ranges of branching ratios start & Bs@mmP)~103, Br(K"

— " 7%P)~10"4, and Br(Kg—> 7wP)~10 2. These searches for a light pseudoscalar sgoldstino would be
sensitive to the supersymmetry breaking scéle in the 100 TeV range and above, provided the minimal
supersymmetric standard model flavor violating parameters are close to their experimental bounds. We also
briefly discuss the cases of light scalar sgoldstino and relatively heavy sgoldstinos.

DOI: 10.1103/PhysRevD.64.054008 PACS nuniderl4.40—n, 12.60.Jv, 14.86:j

[. INTRODUCTION Below the electroweak scale, interactions of sgoldstinos

with quarks and gluons may or may not conserve parity. If

In supersymmetric models of partic|e physics, spontaneparity is not conserved, there is no real distinction between
ous supersymmetry breaking results in the appearance ofthe pseudoscalar sgoldstiRoand scalar sgoldstinginsofar

Goldstone fermion—Goldstino—which becomes the longitu-8S their couplings to hadrons are concerned. If parity is con-

dinal component of gravitino. There should exist also superS€rved, the situation is different: we will see that the low
energy phenomenology of the light pseudoscalar sgoldstino

is not completely standard. In this paper we will mostly con-
aider the case of parity-conserving sgoldstino interactions,
and comment on the opposite case in appropriate places.
- Parity conservation in sgoldstino interactions with quarks
and gluongas well as with leptons and photgrmeay not be
accidental. As an example, it is natural in theories with spon-
. ; X > taneously broken left-right symmetry, as we discuss in Ap-
certainly of interest to search for sgoldstinos at colllderspendiX A. We note in this regard that left-right symmetric
[4—6] and in rare decay,8]. extensions of the minimal supersymmetric standard model
Interactions of sgoldstinos with ordinary quarks, Ieptons,(MSSM) (for a review see, e.g., Ref9]) not only are aes-
and gauge bosons are suppressed by the scale, traditionajhetically appealing but also provide a solutifi0] to the
denoted by\F, at which supersymmetry is broken in the strong CP problem, which is a viable alternative to the

underlying theory. On the one hand, this means that sgoldf?eccei—Quinn mechanism. It is likely that sgoldstino inter-
tinos are naturally weakly coupled to ordinary particles. Onactions will conserve parity in supersymmetric versions of
the other hand, sgoldstinos, in similarity to gravitinos, areother models(see, e.g., Ref[11]) designed to solve the

potential sources of information about this fundamentaistrongCP problem without introducing light axioh.
scale, which otherwise enters low energy physics indirectly, Parity-conserving low energy interactions of pseudoscalar

through soft supersymmetry breaking masses and couplings
of ordinary particles and their superpartners.

IMore realistically, loop effects induce nonzero parity-violating
terms in the low energy sgoldstino-quark Lagrangian even if such
*Electronic address: gorby@ms2.inr.ac.ru terms are absent at the tree level. In the context of left-right models,
Electronic address: rubakov@ms2.inr.ac.ru we find in Appendix A that these loop contributions are small.
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@
R

g 4 d/ FIG. 1. Sgoldstino contribu-
) S, P ) tion to KY—K2 mass difference
K? : sp K° K° > """" < K° and CP violation in the system of
d ; s o X neutral kaons.
sgoldstinoP with quarks are writtehas follows[12,13,5: These terms induce two major effects in kaon physics. First,
_ sgoldstino exchange contributes K§ — K2 mass difference
Lpq=—P-(h{P-diiy®d;+h{” Ui y°u)), (1)  andCP violation in the system of neutral kaons, as shown in
Fig. 1. Second, if sgoldstinos are sufficiently light, they can
where be produced in kaon decays. Let us discuss these two effects
in turn.
di=(d,S,b), Ui:(U,C,t). (2)

Il. LIGHT PSEUDOSCALAR SGOLDSTINO IN THREE-

In general, the coupling constarhﬁD'U) receive contribu- BODY KAON DECAYS

tions from various terms in the Lagrangian of an underlying

theory. In particular, there are always contributions propor- We begin with the pseudoscalar sgoldstidf it is light,
tional to the left-right soft terms in the matrix of squared my<m,, its contribution to KE_K(S’ mass difference is

masses of squar?(s readily calculated in chiral theory
)= Mo, &) A M=M= Mig
. (D)y2 (D)\2 of
h(!”:i@ " =[(Reh3z") = (Imhy3’) ]m, 8
bov2 B wheref,=160 MeV and the consta, is related to quark

condensate(0[qq|0)= — 3B,f2, f,=130 MeV, that isB,
=M§/(md+ mg)=1.9 GeV. Neglecting the mass &f and
requiring that sgoldstino contribution does not exceed the
actual value ofAmy , we obtain in the case of light pseudo-
scalar sgoldstino

We will use Egs.(3) and(4) later on to estimate the sensi-
tivity of low energy experiments to the scale of supersym-
metry breakingy/F.

The low energy interactions of scalar sgoldstiScare
governed by the same coupling consta@gain assuming

parity conservation |(Reh(l'§>)2—(lm h(12>)2| <5x10°15 9)

Lsq=—S (h{? did;+h{P - Tuy). (5)  Inwhat follows we will not assume any cancellation between
_ _ _ (Reh{®)? and (Imh{2))?, so we estimate

It has been pointed out in Refg7], [8] that sgoldstino
interactions generically violate quark flavor aG®. Flavor |h{D)|=7x1078, (10
changing processes an@P violation occur due to off-
diagonal elements in théHermitian matrices of couplings The contribution of the pseudoscalar sgoldstino exchange
hi(jD'U); these off-diagonal elements are generally complexinto CP-violating termm’ that mixesK; and K, (we use
In this paper we will be primarily interested in kaon physics, standard notatiofil4]) is also straightforwardly evaluated in
in which case the relevant flavor-violating terms in the lowchiral theory
energy Lagrangian are

BZfZ
— r_— (D) | (D) 0'K
Lpq=—P-(h5-diy’s+H.c), (6) Am’=Reh;; - Imh;; my(mz—m32) "’ (D
£Sq=—S-(h(12)-Es+ H.c). 7 Requiring that the corresponding contribution into the pa-

rametere of CP violation in the kaon system is smaller than
its measured valuéand again neglecting sgoldstino mpass
2f parity is not conserved in sgoldstino-quark interactions, thewe find
particleP couples to both pseudoscalar and scalar den@b;«?qj

= D D —
andq;q; . If the scalar coupling is considerable, low energy phe- |Reh(12)- Im h(12)|<1-5>< 1074, (12
nomenology ofP is similar to that ofS The latter will be discussed . ) .
toyvard the end of this paper. Now, light pseudoscalar sgoldstino can be produced in

One of the conditions ensuring parity conservation in sgoldstinokaon decays, as shown in Fig. 2. Parity conservation implies

fermion interactions is that the left-right soft mass matrices arethat these decays involve at least two pions in the final state

Hermitian,[M&R2]T=mER2 and similarly form{-P? andm(-??,

wherem{-R)2 refers to sleptons. K— 7mP.
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P Br(K*— o' 7°P)~8.5x 10'%- |h{D|2. (15
5 / d The ranges of Bi{— 77P), allowed by constraint$9)
KO m+ and (12), depend on the phase bfY). Hence, we have to
U consider three cases.
d . (i) Generic phase oh{3), ie., Imh{2~Reh>. We
make use of the constraintl2) to obtain the following
J - bounds:
FIG. 2. Kaon decay into sgoldstino and pions. Br(K{— 7" m P)<2x10%,
The dominant amplitudes come from nonderivative cou- Br(K?— #%7°P)<1x 1073,
plings of mesons and, so the pions are is-wave state
within this approximation. Then it is straightforward to see Br(Kg—> ma P)=3x105, (16)
that the charged kaon dec#y" — =" 7°P is forbidden at
this level? On the other hand, the nonderivative couplings of Br(K2— m°7P)<1.5x 10",
KO, pions, andP is straightforward to calculate in chiral
theory Br(K*— 7" 7°P)<1.5x10"®.
2By 1 We note that in this case the decays@fare not particularl
=9 p. h(D)*(KO + o 4+ Z K070 o) _ _ ay _ p rly
L k0,77 3f, 12 ™ T interesting, whereas the branching ratiokof — 7 7°P is

about 3 orders of magnitude lower than BE(—m-m-rP),

_ 1
+h<D>(K° T+ >KOm0 0) : 13
N (13 Br(K*—a*7°P) 1Br(K'—m"7'P)

Br(KO—="7p) 2 Br(K'—#7P)

~10° 3.
(17)
D)

(i) Small phase oh{2’, i.e., Imh{3)~0. In this case the
0 4+ 0 0.0 constraint Eq(12) is irrelevant. The constraint E¢9) does
T(K{—a m P)=2l(K[—m"7P) not imply any meaningful bounds on Btf—7xP) but
myB2 gives forK* decay
:(Rehgg))zmz-F(mp,mﬂ-,mK),

Neglecting for a moment the standard mo@#& violation in
the neutral kaon system, we find the partial width&3fand
KS,

Br(K*— " #7%P)<4x10 4. (18)
(14 . . . .
The relation between the branching ratios, Efj7), still
I(K2— 7" 7 P)=2I'(K2— 7°7°P) holds. The decay&2— 7P occur due toCP violation in
the standard modéEM) and are suppressed by the square of
B (D)2 mKsé the SM parametee. Bounds on Br((%—m-m-rP) are very
_(Im h12 ) W'F(mpamw!mK)! Strong’
whereF(mp,m_,my) is a correction factor accounting for Br(Kg—m" 7 P)<6x10°,
finite masses of pions ang; at mp~0 it is equal toF
~0.3. Br(K2— 70mP)<3x10°, (19

Decay of charged kaon&*— 7+ 7°P, are due to iso-
spin violation as well as chiral loops and derivative cou-SO in this case search for light pseudoscalar sgoldstinkg in
plings in the effective meson—sgoldstino Lagrangian. Thesdecays is hopeless.
are numerically small15,16], and the decay amplitudes are (i) Phase oh{2) is close ton/2, i.e., Reh{>)~0. Again,
somewhat suppressed. A chiral theory estin{fage= Appen- the constraint Eq(12) is irrelevant. In this case the decays
dix B) gives, at smalmp, K- 7P are unsuppressed, whereas the dec#fs
— ararP are suppressed bsf, as they originate from th€P

violation in the standard model. The constraint E®). then
“4As the only relevant term in the effective Lagrangian is given byimplies the following bounds:

Eq. (6), sgoldstinoP behaves in the procegs— w7P as a compo-
nent of an isodoublet. By Bose statistisayave state of two pions Br(KE—» mta P)=3x10°6,
has either isospin 0 or isospin 2. In the cas&of— 7+ 7°P, the
isospin-0 state of two pions is impossible, so the total isospin of the
final state is at least 3/2. Hend¢,” — =+ #°P is forbidden, in the

leading order of derivative expansion, by the conservation of total o L 5
isospin. Br(Ks—#" 7 P)<1x10 °, (20

Br(K?— 7°7°P)<1.5x 1075,

054008-3



D. S. GORBUNOV AND V. A. RUBAKOV PHYSICAL REVIEW D64 054008

Br(Kg—> 7°7°P)=<0.5x 103, at the same level, is also of interest. For most values of the
phase of the sgoldstino-quark couplihég), the branching
Br(K*— 7 #m°P)<4x104, ratio of the decayK* — 7+ 7P is about 3 orders of magni-

_ _ ~ tude lower than Bik?— mmP), whereas the decay
Thus, unlike the previous two cases, the search for light, .p are strongly suppressed. In the special casb{Re
pseudosgalar 3_90|d5t'”0 In thg—.;e-body decayKdandK* =0, however, the most promising places to search for light
is of particular interest for R{3)~0. pseudoscalar sgoldstino are three-body decayX bfand

To complete the picture oK — 7 xP, let us briefly dis- K2 The interesting ranges of the branching ratios of the
cuss the decays of sgoldstinos. Light sgoldstino decays intgecays

two photons or into a pair of charged leptons due to the

following terms in the effective low-energy Lagrangian Kg—mmP, (P— yy,invisibleg*e™) (27
[12,13,5:
. and
Lp =0, P-3e,, ,F*F, Lo =—h{"-P-1iyl;,
P Syt P b K*—mta%P, (P—yy,invisbleete™) (28
where start in that case at
1Mm,, Br(K"— " 7°P)~4x104, Br(K:—7wP)~103,
=" 22 29
9=075 F (22) (29

while Br(K?— 7#P) is 3 orders of magnitude smaller than

M., is on the order of the photino mass, and the contnbutlorhr(Kg_)WWP), and 2 orders of magnitude smaller than

to h{{) related to soft slepton masses is Br(K* — 7" 79P).
= (LR)2 To the best of the authors’ knowledge, there exists only
_(_L):i My ij (23) one experimental limif17] directly related to the processes
Y, N S under discussion
Scalar sgoldstino interacts with photons and leptons in a Br(K*— 7" 7°X(X—invisible)) =4 x 10~°,
similar way. AlImost everywhere in the parameter space, two-
photon decays of sgoldstinos dominate, although there exist my<80 MeV; (30

regions where sgoldstinos decay mostly into edre ™ -pair ) . o ) )

[8]. Depending org., and KL sgoldstino decays either in- for the heavierX particle the limit is weaker. This result is

side or outside try1e detltjscior' as an example, My important for the models with light pseudoscalar sgoldstino
: , Mg,

~100 GeV andyF~1 TeV, sgoldstino flies away from the escaping from_ the detector. Indeed, the limit E80) is 1 _
detector ifmp=<10 MeV; otherwise it decays inside the de- _Ofd‘?r of magnlt_L_Jde stronger than the bound from ka_on mix=
tector into two photons. AtM. ~100 GeV and \F ing in the cases§i) and(iii) [see Eqs(18) and(20)]. Besides

S Yy ; this direct constraint, there are two other experimental results
~10 TeV the borderline is ahp~200 MeV. Given the un- '

o . which are of interest in our context. These are measurements
certainties in supersymmetry breaking parameters, no reli-

0 oo atay— —7 0
able estimate of sgoldstino lifetime can be presently made.2f B(KL—7 7 e e )=3.5x<10 [18] and BrKs

+o—ata")= —5
To summarize, a very interesting probe of the physics of ™ g ee )t_t51>; %r? [19].r']|'?ese relzulttls d((ajmonstratg
supersymmetry breaking is the search for processes possibie sensilivity o +e_seafc or sgoidstino decaying n-
side a detector into ae” e~ pair, although no limits on the

KOsatm P KO mOnoP partial widths ofK — "7~ X(X—e*e”) have been ob-
tained yet.
=YY =YY (24)
IIl. SENSITIVITY TO SUPERSYMMETRY BREAKING
Kl—nm"m P, K’—a%p°P, invisible P. SCALE
(25

o o . . To get an idea of the sensitivity of searches for pseudo-
Generally,K| —Kg mass difference does not impose any up-scalar sgoldstino in kaon decays to the fundamental param-
per bounds on the branching ratios of these decays, but frogter of supersymmetric theorie§, let us make use of Eq.

Eq. (16) we infer that it is most interesting to search for these(3). we recall that the off-diagonal entriﬁ&ﬁl"zR)z in the ma-
decays at the level BK)—w7P)~10"2 and below. A trix of squared masses of squarks are constrained irrespec-

search for tively of light sgoldstinos. These constraints again come
0 L 0 0.0 from FCNC processes ar@P violation, but now occur due
Kimm'm P Ki—m P to the exchange of superpartners of ordinary partifRes.
The bounds depend on the masses of squagkand gluinos
—e'e”, —e'e” (26)  Mj. As an example, at
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Mo=M3=500 GeV (31 1 (U)_h(D) 0 7)
Ewmeixing:‘/_ Bof n(h1’—hyy’)- P (3
one haq20] ’

If sgoldstino is relatively light, these mixing terms also give

~(LR)2\2 _ ~(LR)2\2
1= \/|(RemD’12 )"~ (Im Mg 1277 rise to rare kaon decays. NameK?— P mixing Eq. (36)

VIR (82)?]|=

mg induces decays
<2.7x10°% from Amy, (32 K& yy, Kloete , Kloum*u™,
= .~ (38
/||m[(5<13))z]|5\/2|RemEL,T%zlmmf3L,T%2l KEH'}’% KEHeJ’e‘, KE‘>M+M_1
m
Q

L, with rates proportional to r@)z and depending on cou-
=3.5X10° " from e, (33)  plings of sgoldstinos to photons and leptdsse Eq.(21)].
To illustrate the situation with these decays, let us take

Im(5)|= |Im M52 2 0x105 y =1 TeV, M,,=100 GeV, and m"F?=mA,, m{-}?
m(d12’) - C rom e'/e. =m,A,, andA,=100 GeV. Making use of the constraints

(34) (9) and (12) one finds that the branching ratios of these de-
cays must be fairly small,

Note that the limits Eqs(32) and (33) apply precisely to

those combinations of FEL)2 and ImiLR?, which enter  Br(Ki—yy.e"e”,u’pn7)<4.5<10",

Egs.(9) and(12), respectively.

In the case of maximur@P violation in the squark sector, Reh{3'~Imh{3’,
ie., at Im&2’~Red>), one may take, as the best case, L L o)
8{2)~2x1075; then the constraint Eq12) implies Br(Ki—yy.eTe ,u n)<1.5X10°% Imhi;’~0,
JF>30 TeV. (35 Br(Ki—yy.efe ,u*u7)<75x10% Reh)~0,

Searches for decay6?— 7P would be sensitive to larger Br(Ks—yy,e"e”,u"u™)<7.5x107*
JF. The values of/F accessible to these searches are com-
parable to astrophysical and reactor linfi& which, how- RehD)~Imh{D,
ever, apply only to models with very light sgoldstinas,
=<1 MeV. Also for comparison, current collider searches forBr(Ks— yy,e e, u u")<1x107%, Imh{3'~0,
sgoldstinos of massesp s=200 GeV are sensitive tgF at
the level of 1 TeV[4-6]. Br(Ks—yy.ete ,u*u")<2x10° ', RehD’~0.
If CP is not significantly violated in the squark sector, (39
Im M52~ 0, then larger values of flavor violating squark
masses are allowed, see E§2). With the above values of At larger JF the allowed branching ratios are even smaller.
squark and gluino masses, Eg§1l), 5(12) may be as large as The branching ratios ng decays are below the sensitivity
3% 10 3. If this is so, searches for pseudoscalar sgoldstin@f current experiments. In other words, available data on the
in kaon decays are sensitive to even higher values of thdecays (38) do not add extra constraints on B
scale of supersymmetry breakingE =85 TeV. —amP). On the other hand, current experimental dd
We present these estimates for illustration purposes onlygn leptonic decays ok}
as the allowed range 05(13) depends substantially on the

parameters of superpartners in MSSM. is worth noting Br(Ki—efe )=(973)x10°* (40
that the branching ratios & — 7P decrease rather mildly o .
as \F increases: they scale agR) *. Br(K{—u"n )=(7.15-0.16 X 10" (41)

are comparable and even below the right hand sides of Egs.
(39). This means that Eq$40) and (41) may give stronger

Effective interactions Eq(1) also lead to direct mixing of bounds on sgoldstino-quark coupling, as compared to Egs.
neutral kaons and pions with the pseudoscalar Goldstino (9) and (12). The bounds coming from Eq$40) and (41),
however, depend strongly on unknown parameters {ike

Lxp—miing=Bofk- P(ND* KO+ h{DKO), @6 m{"Y?, and sgoldstino masses; in fact, in most parts of the
parameter space the analysis of decb(ﬁs—»e*e* and K‘L’

D —utu” either does not lead to new constraints, or leads to

SAt M3=mgq=1 TeV one would have/F=120 and 240 TeV in- relatively weak bounds on the branching ratios of the three-
stead of 30 and 85 TeV, respectively. body decays of kaons. As an example, witF=1 TeV,

IV. TWO-BODY KAON DECAYS
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K+ 0, P rare kaon decaysK™—x"S is in the range up to
i 10°-10* TeV, provided that the scalar sgoldstino mass is
Ll smaller than tx—m_) (see Ref.[8] for detailg. Similar

analysis applies td(EHWOS decay, and searches for rare
FIG. 3. K" — 7P decay due tar’-P mixing. neutral kaon decays have sensitivity\t6 of the same order.
Let us again note that if parity is violated substantially in
m{"-f?=meA;, A,=100 GeV, and assuming BP( sgoldstino-quark interactions, the discussion of this section
—e"e")~1, one finds from Eq(40) the following new applies toP as well. The best place to search fmth Pand
bound: S[if any of them is lighter thanrfik —m_) ] is then two-body
decaysK— 7P andK— 7S.
Br(K!— w7 P(P—e'e ))<3x10 % (42)
VI. FLAVOR PHYSICS AND CP VIOLATION WITH

This is to be compared to Eq16); we see that the new HEAVY SGOLDSTINOS

bound is indeed not much stronger than that coming from

Eqg. (12). In a more realistic case of highefF, the bound Finally, as mentioned in Ref7], sgoldstinos heavier than
implied by Eq.(40) is weaker than Eq.16). kaons, although they cannot be observed in kaon decays, still
The most interesting consequencerdf— P mixing [Eq.  contribute toKE— K‘S’ mass difference through the diagrams
(37)] are the decays of Fig. 1. If mgp are larger than the hadronic scale, sgolds-

. . o o tino exchange induces effective four-quark interactions at
K'—=#"P, K'—7"P, (43 low energies

which involves ordinary weak interaction as shown in Fig. 3. 1 o o
As the mixing term(37) does not involve the flavor-violating L=— (h{Pdid;+h{""TGu)) (h{P* did; + h{*Tru))
coupling h(lg), the constraintg10) and (12) do not apply S

here. It is straightforward to see that current searches for 1 _

two-body decays43) with P subsequently decaying into + — (h{Pd;°d; +h{ "t y%u))

vy,ete ,utu”, orflying away from the detector, are sen- Mp

siltllvoe_lfo the scale of supersymmetry breaking gpx/%~1 X (hP*d, yd; + h(V* T you,). (45)

+ eV, depending on squark masses, provided minat

<(mg—m). Making use of the Fierz identities one obtains, within

vacuum insertion approximation,
V. LIGHT SCALAR SGOLDSTINO -
szBo

My

For completeness, let us now discuss kaon physics in the Amg=— 1Re(hg))
case when, instead of pseudoscalar sgoldsthoscalar 6
sgoldstinoS is light. If mg<(my¢—m,), both charged and
neutral kaons can decay inteS, the rates being

(46)

11 1
ms m3)’

This implies a constraint oh{3) similar to Eq.(10) but now
depending onmg,mp. Similarly, the mass differences of
B2 neutral D and B mesons constrain{y’ and h{2), respec-
I(K'—7"9)= |h(13)|2m -F'(mp,m;,my), tively. These constraints are summarized in Table | where we
K assume for definiteness that,<<mg (the general case is

2 treated in the same way
1“(KE—>7-rOS)=(Reh(1'§))216 ©  F'(mp,m..,my), To illustrate the sensitivity of meson mass differences to
Mk JF, we again choose parameters according to (B#), set
B2 Re(@"®?)=Rd((m{};;)/m&)?] equal to their experimen-
I'(K2— 7°S)=(Im h(lg))zl&T?n F'(Mp,m,,,my), tal limits [20], namely, |Re(3?)|¥?=2.7x10"%,
K

" |Re@®y)?)|¥?=3.1x1072, |Re(2?)|¥?=3.3x1072, at
Mo =M3=500 GeV and under these assumptions transform
whereF’ is again a correction factoE’~0.9 atmpmo_ the limits on h” into limits on \/E The results are also
Search for scalars in two-body decays of kaoks, Presented in Table I.
— S, with S either flying away or decaying into two pho-  Heavy sgoldstino exchange would contribute alscCt®
tons or lepton pairs inside the detector, is a well exploredviolation in neutral meson systems. The corresponding con-

area of experimental kaon physics. In particular, dependingtraints on |m|0(13)2) and Img{3’%) are summarized in Table
on the channel o8 decay, the existing limits oK "-decay |l, where we again assume th& is lighter thanS The

are in the range BK*—7"S)<10 ' to Br(K*—='9) bounds on\F presented in Table Il are obtained by taking
<10 °. These limits are much stronger than the boundsng=M3;=500 GeV, setting |m¢1'g>2) equal to its upper
analogous to Eqg10) and(12), so the consideration &€} limit, [Im(&3'?)|¥?=3.5x1074, and assuming that 183’

— K2 mass difference an@P violation in the kaon system is ~Re&3'~3x 1072, We see that theCP-violating param-
not relevant ifSis light. The sensitivity to/F of searches for eters in both kaon anB-meson systems are sensitive to the
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TABLE |. Constraints on SUSY models from measurements of mass differences of neutral mesons at
various mp; flavor violating terms Ref2'?)= Re{(fr5.2/M3) %], Re@3?) = Re{(frp.2/ M) ], Re@®%'?)
—Re[(msz/mQ)z] are set equal to their current limitsee text at equal masses of squarks and gluino,
M;=Mgy=500 GeV.

Experimental datfl14] mp=10 GeV mp=100 GeV mp=1 TeV
Amg=35x10 2 MeV  |RehiD?)|<1x10 %  |RehiD)?<1x1071°  |RehiD)?<1x108
JE>22 TeV JE>7 TeV JF>2.2 TeV
Amp<5x10~** MeV |IRet{?)|<1.5x10° 1 |Reh{P)?<1.5x10°° |Retly)?<1.5x1077
JF>38 TeV JF>12 TeV JF>3.8 Tev
Amg=3.1x10 MeV  |Reh{3?)|<1.5x10°*  |RehD))?<5x107°  |Reh{D)?<5x1077
JF>29 Tev JF>9 TeVv JE>2.9 TeVv

similar range of\F as the mass differences. Notably, sgold-evant terms in the effective Lagrangian are determined by a
stino exchange may contribute significantly@® violation ~ superpotential

in B mesons.

Clearly, the above estimates ¢F depend on many un- T s AT ) .
known parameters. Still, we conclude that meson mass dif- W=FZ+ gz HYVQ @+ 7Q
ferences and parameters ©P violation are sensitive to an _ ‘
interesting range ofF even for relatively heavy sgoldstinos. +yVZQTr @V, Q0+: -,
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APPENDIX A

, . and the Kaler potential
A prototype model with natural tree-level parity conser-

vation in sgoldstino-quark and sgoldstino-gluon interactions
is the supersymmetric left-right theory whose gauge group is
SU(3). X SU(2), X SU(2)g . Besides gauge superfields, it con- - _ L .
tains goldstino superfield(cf. Ref. [13]) Z=(1V2(S the latter containing canomcgl kinetic terms for chiral super-
+iP),i,,F,), which is a gauge singlet, quark superfie@s fields and also non-renormalizable terms

andQ° (the generation index is suppressé@nsforming as 124

(2,2 and (1,2 under SUW2), X SU(2)r, two Higgs bidou- I bl 2% _ 2CACk o ...
blets, both in(2,2) represent;tion, pIuRs other fiegllgs which are ' nonren— 4z BolZI"QQ" ~Borl ZI°Q° Q% +1
required to break left-right symmetry spontaneoughge (A5)
Refs.[21], [9], [10] for detailg. For convenience, let us de-

note the two Higgs bidoublets aB") and ®P). The rel- The supersymmetric Lagrangian is then

K=Kcant Knon-rem (A4)

TABLE II. Constraints on SUSY models froi@P violation in K°—K° andB°—BP systems at various
mp ; assumptions entering the bounds @k are presented in the text.

Experimental datfl4] mp=10 GeV mp=100 GeV mp=1 TeV

e=2.3x1073 IM(hD)?|<6.5x1071° |Im(h{D))2|<6.5x10° 1 |Im(h{3)?|<6.5x 10~
JF>28 TeV JF>8.7 Tev JF>2.8 TeV

€g<1x102 IM(hR)?<1.4x10° %  |Im(h{D)?|<1.4x10° 1% [Im(h{?)?|<1.4x10°®
JF>85 TeV JF>26 TeV JF>8 TeV
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, (1 1 Soft masses of squarks and gauginos, as well as trilinear soft
£=f d®6| 5 faWaWat W +J d E(ng\/\/’;\/\/’; + W terms, are also generated. In particular, the gluino mass is
_ M, = 73F, (A12)
+f d?6d?oK. (AB)
and trilinear soft terms involve
Left-right symmetry is realized as an involution, with the AT (). =c
interchange of S(2)_ < SU(2)g Loot=ATQ 1, @TmQ%  1=U.D, (A12)
00 whereQ and Q° are squark fields.
Finally, breaking of S{), is arranged in such a way that
Q- QS (V') obtain real vacuum expectation valyds]
(i) (it 0 v 0
PHed DU = , o@=| " ) vy p=real.
Uy 0 0 ’
Z—27* (A7a) (A13)
W —WR The soft term Eq(A12) then produces left-right entries in
the matrix of squared masses of squarks
Wsua) = Wsya) - mER2=ACly,, mEiR2=AUy, .  (A19)
This symmetry imposes the following constraints on the pa- . . . . .
rameters of the model: The interactions of sgoldstinoS and P with ordinary
quarks and gluons are read off from Eé7a). Sgoldstino-
F=F* gluon interaction is due to the second term in ER)
o=0* 1 1
L =— ——93SG,,G*"+ — n3Pe, ) ,G* G,
O S,P,G V3 7395, v N3P €N p
Y=y (A15)
AD=ADTj=U,D, (A7b)  Equations(A11) and (A15) illustrate the relations between
the gaugino mass and sgoldstino couplings to gauge bosons,
N3= 13 cf. Eq. (21). Note that the relationfA7a) and (A7b) indeed
ensure parity conservation at the tree level.
7LR=MRL The couplings of sgoldstinos to quarks come from the last
term in Eq.(A1). In view of Eq.(A14) they can be written in
Bo=Bqe the following way:
where Lsq=—(h{P'sdd;+h{P'Sdiy®d;+(d—1)),
AD=FyD, (A16)
— _(h®pdisd. +TPSdd.
To solve the strongP problem, one also requires Lpq=—(hi7 Pdiiy>dj+hj’Sddj+ (d—u)),
w=nt, =75 (A8) where we restored the generation indices and denoted
o ) ) =~ (LR)2 | rs(LR)27T D t
All these conditions are valid above the schlg at which o_ L M52+ (MG R _luwp AP +[APIT,
the left-right symmetry is spontaneously broken. Below this " 2,5 F ~w»v F 2 '
scale, the model reduces to MSSM with the sgoldstino su-
perfield and with relationgA7a) and (A7b) valid at the tree N 1 »m%f;)z_[»m%mz]it 1 vp Ai(,D)_[A(D)*r]i,
level. hij)z— L - 2270 =
There exists a local supersymmetry breaking minimum of 2v2 IF 2 F 21
the scalar potential at which tiiecomponent of the sgolds- (A17)

tino superfield has nonzero value L -
P Due to Eqs(A7a) and(A7b), the matricen(; )2, M 1)? are

(F)=F. (A9) Hermitian above the scalag, and we come to Eq$l),(3),
(5). Hence, parity is conserved in sgoldstino-quark interac-
Due to supersymmetry breaking, scalar and pseudoscaléions at the tree level.

components o¥ acquire masses Below the scalang of left-right symmetry breaking, rela-
) 5 ) 5 tions Egs.(A7a) and(A7b) are no longer valid. In particular,
mg=a,F°+oF, mp=a,F°—oF. (A10)  A(UD) receive non-Hermitian contributions in loops, and
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parity-violating couplings are generated. At the one-loopAssuming, by analogy to quark mixing, mild hierarchy

level, contributions to the non-Hermitian parts AfY'?)  |A(D)|/|AQ)|< (afew)x 1072 we would find instead
come from diagrams involvings)quarks and Higg@o)s
[assuming the validify of Eq. (A8)]. One obtains for the )|
non-Hermitian part oA(®) WO <(a few)x1075. (A23)
(D)_ A(D)T
A A — . (Y(U)Y(U)TA(D) b
2 327° Similar contributions toh( ) are expected from threshold
M2 effects. In terms of the branching ratios of kaon decays, this
+A(U)Y(U)Ty(D)_H_C_).|ogM2R , means
weak
0
(A18) Br(K—mP) 107
Br(K . —mmP) '

whereM ,.a iS the electroweak scale. The tree-level values
of Y(U:D) andA(Y:P) entering the right hand side are Hermit-

0
ian; by unitary rotations of quarks one mak&®) diagonal, _Br(KSHWP) <1077, Imh3’~RehQ,
Y®)=v)  whereasy (") takes the form Br(Ks—m7P)
YW =vyih (A19) Br(K"—7"P)
g’ =3%10°5
Br(K*— 7"+ #%P) =3x107 (A24)

whereV is the Cabibbo-Kobayashi-Maskawa matrix.
Parity-violating coupling relevant for kaon decays is pro-

portional to A(®—AM®)T) . The contribution to this term

that does not contain small Yukawa couplingsdpfi, s, and

c quarks is

Of course, these estimates depend on many unknown param-
eters, but they do suggest that the two-body decays of kaons
are suppressed as compared to three-body decays.

Yet another source of parity violation in sgoldstino-quark
1 interactions is the radiatively induced non-Hermitian part in
_(A<D>—A<D)’r)12 the Yukawa matrixy(P). Its effect, however, can be shown to
2 be even smaller than the estim&#e3), cf. Ref.[22].

Y2 2
D) R
(A20) Charged kaon decay into pseudoscalar sgoldstino and

pions is suppressed in chiral theory. There are two types of
Assuming thatA{>) is not particularly small compared to contributions into this process. The first one is due to isospin

AD andA®), we find that the largest contributions here areViolation and originates from tree-level diagram proportional
to the mass difference between up and down quarks,

hy _(AD-APT),
(D)~ (D) Bo(m,—m —
hlZ 2A _ O( u 5 d) + 077_770_ (Bl)
.2 AD) vz 2v2f2
; _
= W VCthSeI ¢l+ |A(D)| thVtSe In 2 y o

weak This leads toK " — 7~ 7°P decay viak®— P mixing
(A21)

_ Bafkhiy)(m,—my)

where the phaseg, , are irrelevant for our estimates. With 5 ~ 7P,
Y~1 and|A{)|~|AD)| we obtain 2v2fmy

. o oy Bofk(My 2

—D)|~10 (A22) T(K'—7m #°P)= |h o “F(mp,m_,my),

|h 84 3f4

- where F(0,0m¢)=1, F(Om,,mg)=0.3. For myg—m,
®If Eq. (A8) does not hold at the tree level, there are also one-loop=5 MeV we obtain

contributions involving gauginos. These contributions, however, are
proportional to quark Yukawa couplingd AP «Y(®) and hence

+ 0 0

are diagonal in the basis wheYé® is diagonal. As the kaon decays Br(K* — 7~ 7°P)=1x10'Yhi3|% (B2)
occur due to nonzera{D), the latter contributions are irrelevant for

our purposes. A similar contribution from the kinetic term
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L where 3X3 matrix U describes light mesons. The dimen-
L=——| (7" 9,7~ 70,7 )(K"9*KO~KO9#K™) sionless coupling constaht; depends on the normalization
V2t point ; it runs according to

V3 _ _
+ Z((woaﬂw—K*a,ﬂro)(|<°aﬂqf—wvaO) 3 w1
Ls(uz)=Ls(uq)+ T&rrZIOgE (B5)

+(7776MK+—K*(?Mﬂ'f)(Koﬁ“ﬂ'O—TrO&“Ko)) ) )
and its value at thep-meson mass isLs(m,)=(1.4
(B3) +0.5)x 102 [16]. The dependence dfs; on u is cancelled
out in physical quantities by chiral loop&5].
is suppressed at least by an order of magnitude as compared The part ofZ;,, relevant for the decai " — 7+ 7°P is
to Eq. (B2).

The second type of contributions occurs in the next-to- 8v2B,
leading order in momenta. Generically, the next-to-leading L +,p, z0r~ = Ls—3 h3Pa,K* (7 3,m°— 7% ,m").
amplitudes are sums of chiral loops and tree level contribu- G (B6)
tions due to explicit higher order terms in the chiral Lagrang-
ian [15]

The calculation of chiral loops is performed by making use
Liw=LsTr[4,UT9,U(UTh®)—in(®TU)]. 2B,P, of the general technique developed in Réd5]. In standard
(B4) notations[15] the amplitude reads

Boh!D (— ( 1 (mﬁ—mz)(mz—m§)> _
=———| J(K,7,(pp+ Pst)>)| ME o+ = 7 —J(K, 7,(pp+ Pn0)?
1 (Mi—m2)(m2—mz)| — ( 3(mﬁ—m2)2) _
X| ME ++ > e +I(K, 7, (Pp+ Prt)D)| BMKE o+ 5 ———— | = I(K, 7, (pp+ P,0)?
KEz+T 5 (pp+p2)2 ( (PptPx+)9) K > (pp+p;)2 ( (PptP0)°)
3 (mg—m3)?
X| BME ++ 5 ———0—5 | +2(E+—E ,0) (5k(K, 7, 1) +K(K, 7, ) —512m2L 5( ) (B7)
2 (pP+p7r)
|
where ing kaon. The dependence on the normalization pgiri-
5 deed cancels out. In the limit of massldéd®ne obtains
_ my v (stv)?—A2
JAB S =2+ oy )Inz - sIns—yz—az Br(K* — 7 7°P)=7.5x 101Yh{D)|2. (B9)
S=mi+mi, A=mi-m? ~ We note further that the isospin violatioln, E®1), gives
rise to sswave amplitude, whereas the chiral loops together
v2232+mj{+m‘é—25(mi+m§)—2m,§mé, with the tgrm(BG) lead to thep-wave amplitude. Thus, these
two amplitudes do not interfere, and we merely sum up the
2 sz contributions,(B2) and (B9). We obtain finally

2 A2
ma In—— mBIn?

+ -, 0p)— 0/h(D)|2
K(ABu)— ' B8) Br(K*— a7~ m°P)=8.5x10"9n{3|%. (B10)
m3—m3
We recall that this result is valid at small mass of the pseu-

andE, is energy of particl& in the rest frame of the decay- doscalar sgoldstin®.
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