PHYSICAL REVIEW D 66, 093005 (2002

Flavor changing Z decays from scalar interactions at a gigaZ linear collider
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The flavor changing decaz—>d|aj is investigated with special emphasis on the final state. Various
models for flavor violation are considered: two Higgs doublet mo@DM'’s), supersymmetrySUSY) with
flavor violation in the up- and down-type squark mass matrices and SUSY with flavor violation mediated by
R-parity-violating interaction. We find that, within the SUSY scenarios for flavor violation, the branching ratio
for the decayZz — bs can reach 10° for large tang values, while the typical size for this branching ratio in the
2HDM'’s considered is about two orders of magnitude smaller at best. Thus, flavor changing SUSY signatures
in radiativeZ decays such agd— b?may be accessible to futur&Z“factories” such as a gig&-version of the

DESY TESLA design.
DOI: 10.1103/PhysRevD.66.093005 PACS nuni®erl3.38—b, 12.60.Jv, 14.76-e
[. INTRODUCTION I, Jindicate the generation index of a chargé/3 quark, in

various models. In the SM, Bf(—bs+bs)~3x10 8, for

Rare processes involving various particles have alwaysn,=175 GeV andVgy,,=0.04[3]; we do not repeat the SM
been a gold mine for extracting interesting phy$it2]. For  calculation here. For an approximate analytic expression of
example, the smallness of flavor changing neutral currentthe leading contribution td’(Z—bs) see[3]. Also, in what
(FCNOQ) in the K system prompted the introduction of the follows, we only consider the new physics contributions to
Glashow-lliopoulos-Maiani(GIM) mechanism and subse- Z—bs, without interfering them with the SM diagrams.
quently the predictiorm,~1.5 GeV and the discovery of Such interference terms can effect the results presented in
J/¥ andD’s. BB mixing was a precursor to a heavy top this paper only where the new physics contribution yields
quark, as confirmed by experiment. FCNC rare top decay$f(Z—bs+bs)~107°. Three of the models we discuss
for which there are only weak upper bounds, will hopefully have already been considered in connection vtk bs,
be discovered in future experiments, thus serving as direct@mely the 2 Higgs doublets model type(BHDMII) [4],
indications for deviations from the standard modsM),  SuUPersymmetrySUSY) [5] and SUSY withR parity viola-

since the latter leads to branching ratios which are smallehion (RPV) [6]. Therefore we comment, wherever it is rel-
than 1010 evant in the coming sections, about differences and similari-

ties with previous works. Note that in addition one can find

The situation in rare decays, which is the subject of this | ; , i )
y J in the literature discussion of FCNC hadrordcdecays, in

paper, bears some similarities to raréecays. In both cases i
the SM results from the loop induced FCNC decays are very/'0dels not covered by us in the present artjalp

small, beyond reach, at least forin the foreseeable future. ~ EXperimentally, }h‘i attention devoted to FCNCZrde-
Therefore, any significant detection of a rare decay at th&3yS at the CERNe"e™ collider LEP and SLAC Large De-

level higher than 10'° or 1078 for t or Z, respectively, tector(SLD) has been close to nil. The best upper limit83$
would serve as an indisputable proof for physics beyond the
the SM. If new physics is “around the corner,” i.e. at — 3
. ’ Br(Z—bqg)<1.8x10 t 90% C.L. 1
~1 TeV, theZ boson and the top being so close to that q:Eds "(Z—ba) a ° @
scale, are expected to be the particles most affected by new
physics. . This preliminary result is based on about 8.50° hadronic
In this paper we study the rare deca¥s-d,d;, where decays, and we usd8] Br(Z—hadrons)0.7. We urge our
experimental colleagues to sift through their LEP data to
improve the current, rather loose, limit.

*Electronic address: atwood@iastate.edu In the future, there will be at least two venues in whith
TElectronic address: shaouly@physics.technion.ac.il bosons will be produced in much larger quantities than their
*Electronic address: eilam@physics.technion.ac.il number in LEP. In a high luminosity Large Hadron Collider
$Electronic address: soni@bnl.gov (LHC) with an integrated luminosity of 100 3, one ex-
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pects 5.5 10° Z bosons to be producdd0]. A cleaner en- dq
vironment for the processes at hand, will be provided by a S
future e"e” linear collider. In particular, there is a viable - o
possibility to lower the DESY TeV Energy Superconducting /\Ntl,\, f;
Linear Accelerator TESLA center of mass energy down to ;\

B

Js=m;, the so called “gigaz” option. With integrated lu-
minosity of 30 fb !, it is possible to produce more than®10
Z bosons[11], about 2 orders of magnitudes larger than in
LEP. To grasp the improvement in going from LEP to the 8] @
gigaZ option of TESLA, we note that while the sensitivity
of LEP to Z—ru was ~10 ° [9], it is expected to be
~10 % in gigaZ TESLA [11].

Beyond the CERN LHC and the*e™ linear collider,
there is also considerable interest in the community in a high
energy muon collidef12]. If this ever becomes a reality, it
would also afford another very good opportunity for studying
rare flavor changing decays and interactiph3).

The paper is organized as follows. In Sec. Il we present a

generic calculation of th&d,d; vertex at the one loop level.

This result will assist us to evaluate the branching ratio for ~FIG. 1. One-loop diagrams that contribute to the flavor changing
the FCNCZ decays in any particular model. In Sec. Ill, the transitionV—d,d;, due to scalar-fermion exchanges.

results of two variants of the two Higgs doublet model

(2HDM), namely the so called type Il 2HDNRHDMII) and  pling due to charged or neutral scalar exchanges are depicted
the top-Higgs two doublets modéT2HDM), will be re- in Fig. 1.

ported. In 2HDMII, T2HDM we get the disappointing results  In what follows, we will denote the internal scaldf in
Br(Z—bs+bs)~10"1, 1078, respectively. We then move the loops by Greek letters and fermiof§) will be given

on to Sec. IV, where our results in supersymmetry withlatin indicesi.j.

squark mixing are displayed. Again, two options are pre- From Fig. 1Iit is evident_that we have only _three types of
sented, the first one wifh-s mixing and the second one with interaction vertices to consider. These are defined as follows:

t-c mixing. In the first case the branching ratio can reach a 1. V,—fi—f; interaction

respectable BE—bs+bs)~10"6 while the second case
yields a branching ratio o©(10°8). In Sec. V we turn to
SUSY with R-parity violation, where the effects af' trilin-

ear coupling terms in the RPV superpotential and ¢érms

(b is the coefficient of the soft breaking RPV bilinear t¢rm
are considered. Two categories of RPV are considered:
Those which lead to a branching ratig\’ X \')? and those
with a branching ratie<(b\")?. For the first category we get
typically branching ratios at the level of 1€, while for the where L(R)=[1—(+)ys]/2. For the case of the SM cou-
second t_ype_of RPV, we find an encouraging possibility OfpIings of a vector bosoSN' t6 a pair of fermions, i.ef=u
Br(Z—Dbs+bs)~10 °. In Sec. VI we discuss the experi- (up-quark or f=d (down-quark, there are only diagonal
mental feasibility of the process at hand. Finally, in Sec. VIl ff couplings. In this case we have

we summarize our results.

3) @)

a:_j,R(Vf)(i =j)=a_ ri> (3
Il. GENERIC SCALAR CALCULATION
where
In this section we outline the generic framework for cal-
culating th_e radiative one-loop flavor changing interaction aL rzn= _gz(TE,(ll;’)_S\zNQf)r 4
vertexVd,d; with 1#J andV=Z or y. We define the one-
loop amplitude folv—d,d; in terms of form factors which A (yH=ARHNT T 9,Q, ®)

are calculat.ed, in the unitary gauge, for the complete set %ith T3 = 1/2 andT3@=—1/2 for an up and down-quark,
one-loop diagrams that can potentially contribute o . 3(f)_ .

— ST . respectively, and' i’ =0. Also, Qs is the charge of and
—d,d; in the presence of flavor violating interactions be-

tween neutral scalars and fermions as well as nondiagonal e
vertices of charged scalars with fermions of different genera- 9z= » g,7€ (6)
i SwCw
ions.
The diagrams that modifyat one loop the Vd,d; cou- 2. V,—S,— Sz interaction
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whereS, andS; are charged or neutral spin 0 particles with
incoming 4-moment®,, andpg, respectively.
i—d; interaction

3. S,—f

(®)

i (biLj(a)L + bjg(a)R)

whered is a down-quark.

The one-loop amplituded, (k=1,2,3,4 corresponding
to diagrams 1,2,3,4 in Fig. 1, respectivefpr the decayv
—d,d; can be parametrized generically as follows:

MII(J_

1672 e (@ ug (P{Y*(AL L +ARR)

+(BL +BRR)P{ v, (), 9)

where €V(q) is the polarization vector oV, q is its
4-momenta anudI (vgj) is the Dirac spinor of the outgoing
d, with 4- momentao, (dJ with 4-momentap;) such thatg
=p,+p;. Also, AL K ARk, BL K B'F;'"k are momentum de-
pendent form factors.

Using the Feynman rules in Eq&), (7), and (8), these
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where I5i=—1 if the internal fermion in the loop is a
charged conjugate staté/} or elseP;=1.

Combining the contribution of the two self-energy dia-
grams, i.e. ,/\/l3+ /\/l4 ./\/l34, and similarly for the form fac-

tors, e.g. A L 4—AL 34 €1C., we have
ALz~ aL(Vd)E b (ayPL) B (14
B’3,=0. (15

The right-handed form factorg\y,, and BRk, are obtained
from the corresponding left handed on ,k and BL « re-

spectively, by interchanging—R andR—L in all the cou-
plings which appear in Eq$10)—(15).

The three-point one-loop form factoré:!ﬁ with X
€0,11,12,21,22,23,24, and two-point form fact@$ with
xe 0,1, correspond to the loop integrals of diagrakssl
—4 and are given by

Ci=Cx(m7 ,mg ,m& mj,a%mg), (16
i, ), @
BR=B(m{ ,m§ ,mj), (18)

whereB,(m?,m3,p?) andC,(m3,m3,m3,p?,p3,p3) are de-
fined in the Appendix.
In terms of the above form factors, the partial width for

the decayz—d,d, is

form factors can be readily calculated for each diagram. Ne-

glecting terms of®(m,/\/g?) we get

Al=-2 2 9v7bl(obL)Ca- (10)

U= 22 me 9v”bR(wbLls(Co+Cily), (13)

-2 2 bL(a)bjLJ(a){ag(Vf)[pl : pJ(Cga_ ng) - C34]

+ I’:\)iﬁ)jmfimfja:_j(vf)cg}, (12)
22 bR(a L(a){P my. aL(Vf)(Cll C%)
+ Pym¢ advn CTat, (13

o Ng( L \EIMg[ ,
PZ-dd)=7| 1o 16, {2(|A| +|AZ?)
M3
+ - (IB{[>+[BR) (19
whereNs=3 is the color factor and
AP=AS 1+ AR+ AS 5, (20
Bp=Bp,+Bp,+Bpay, (21)

for P=L andR.

Ill. TWO HIGGS DOUBLET MODELS

In a 2HDM with flavor diagonal couplings of the neutral

Higgs to down-quarks, the flavor changing decy-d,d;
proceeds through the one-loop diagrams in Fig. 1.

The interaction vertices required for the calculation of the
form factors defined in Eq9) in such models are

Vﬂfif_jHZMUin y
V,S,Ss—Z,H"H™, (22

Saf_|d]—>H+U|d] y

093005-3



ATWOOD, BAR-SHALOM, EILAM, AND SONI PHYSICAL REVIEW D 66, 093005 (2002

TABLE I. The couplings required for the calculation E(Zad,a) in a 2HDMII and a T2HDM. The
couplings follow the notation used in the Feynman rules of E2)s.(7) and (8). Also, ar(zy), a(zy are
given in Egs.(3)—(6).

2HDMII T2HDM
scalar §,-) H* H*
fermion (f;) U, i=123 U, i=123
aE(Zf) A (zu) a(zu)
a'FJz(Zf) aRr(zu) aRr(zu)
bl(o-1) My Y; R ! )—E
. Y”Xmﬁt UL my tarf g/ M
i My My
R(a=1) YIJXH YIJXH
1-2<5, 1-2<,
gz Pt € s st
where theZ#uiU,— coupling is the SM one as given in Egs. Uﬁ—>Gij><(6j1+ dj2),
(3)—(6), S;=H" is the only charged Higgs present in this
type of model andf;=u;, i=1,2,3 for the three up-type Uizj—>Gij><5j3, (29
quarksu;=u, u,=c, uz=t.
The Z,H*H™ coupling is obtained from the scalar ki- Di2j—>0,

netic term O#®;)"(D,®;), where®, , are the two S(P)
Higgs doublets. This coupling is, therefore, generic to anywhereG is again an unknown Yukawa>33 matrix in quark
version of a 2HDM. flavor space.

The couplingH “u;d; is obtained from the Yukawa poten- _ Using the Lagrangian pieces given above, we list in
tial. The most general Yukawa interaction of a 2HDM can beTable | all the couplings required for the calculation of
written as(see e.g.[14]) I'(Z—d,d;) in a 2HDMII and in a T2HDM.

In Table I, sy, cy are the sine and cosine of the weak-
— ~ ~ ; mixing angle 6\, m, =m,, m., m, for i=1,2,3, respec-
z:Y:—iZj QLI(U{ @1+ U5 @, uk+ (D@, + D7 dy)dk] tvely, and u = Mus Me, My

tHC., 23) m ._
Y tanBViuw (25)

e
whereQ, is the SU?2) left-handed quark doubletiz anddg W

are the right-handed and down singlets, respec- . . . :
i 9 : *up ;N 2(8!”1 I g P with Vcxum the Cabibbo-Kobayashi-Maskaw@KM) matrix
tively, and @, ,=i0,®; . Also, U7,U",D",D* are general 54 tanB=tz=v,/v,; (we will loosely refer to the ratio
Yukawa 3x3 matrices in flavor space. The different types of ;,_/, . either as tagg or tz), wherev,(vy) is the VEV of
2HDM's are then categorized according to the choice of thep_(¢,). Also, the matrix3, introduced in Table | is com-
H 1712 1 N2 i !
Yukawa matrices)",U<,D*,D”. ~ _ posed out of the unitary matrix that diagonalizes the right-
In what follows we will focus on two specific versions of |,5n4ed up-type quarks and the Yukawa malt!frdefined in
a ZHDM: Eq.(24). It, therefore, arises from the specific structure of the
(i) 2HDM of type Il (2HDMII). The 2HDMII follows vk awa interactions in the T2HDM and can be parametrized

. 1_ 2_ - -
from the choiceU”=0 andD"=0 in which case onlyP; 55 fol10ws[17] (neglecting the mass of the first generation
generates the masses of the up-type quarks and ®nlis up-quark:

responsible for the mass generation of the down-type quarks

[15]. This version of a 2HDM is realized in the minimal 0 0 0
supersymmetric standard modMSSM). 21 12 .

(i) 2HDM *for the top-quark” (T2HDM). In the T2HDM 3= 0 meegd] Mee cié ., (26
[16], the large mass of the top-quark is accommodated in a 0 meéVl—|eql? my(1- |ecié]?)

natural fashion by coupling the second Higgs doubie}),

which has a much larger vacuum expectation vaMEV),  wheree..=m./m; and¢ is an unknown parametéassumed
only to the top-quark; all other quarks are coupled to the 1shere to be realwhose “natural” size is ofO(1).

Higgs doublet ). This scenario is, therefore, realized by  Notice that the specific structure of the T2HDM'’s Yukawa
setting in Eq.(23) potential does not give rise to tree-level flavor changing cou-
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2HDMII T2HDM plingsbZ? andbZ’, see Table)lequals that of the top-quark.
As tang is further increased (tgf>13) both the top and
charm-quark loop exchanges are dominated by the right-

5

10 T T T T T T T T

. — my=100 GeV handed down-quark Yukawa coupling$ in Eq. (8) (which
107 ¥ 7 f - mp=400GevV 3 is «tanB) and are, therefore, comparable and increasing
------------ my=600 GeV .
with tang.
10”7 1 3 Note that the curves in Fig. 2 for the 2HDMII scenario

(the left side pass through unrealistic values in the
tanB-my+ plane. In particular, the decay—sy imposes
strong constraints on the t@my+ plane [18]: my+
=400 GeV independent of tgh Thus, if tanB=1, then the
largest allowed value for the BR(bs+bs) is ~10 10 if
my+ lies close to its lower bound frorb—svy. For even
smaller values of tag, say tan3=<0.5, theb— sy constraint

requiresmy+ =500 GeV for which the BRE—bs+bs) is
again<10 0 in the 2HDMII.

BR(Z->bs)
=

B. Z—bsin T2HDM

The main difference between the T2HDM and the
2HDMII charged Higgs sectors lies in the structure of the
" ‘: cdH" Yukawa interactionsd;=d, s, b fori=1, 2, 3 re-

spectively. In particular, while in both models the top
. o L Yukawa coupling to down-quarks, i.e., thed, H" coupling,
0 10 20 30 40 50 0 10 20 30 40 50 is o«mV /tanB, the charm-quark Yukawa coupling
tanB is completely altered by the presence of the mafix
o in Eqg. (26). Specifically, the cgb H* coupling is

FIG. 2. BR(ZHb.s+ bs) as a functi.on of tagB, for mH+:.1OO, f><mC§*VthKM tang and the ERSLH+ coupling is
1010 (?izitegg;ev' in a 2HDMI(left side and a T2HDM with& “chCcSKM té}nﬁ- Thus,_one can show that, for_ thoequark

exchange diagrams with a large t@nthe couplings of the

) ) ) T2HDM are enhanced relative to the 2HDMII roughly by a
plings between a neutral Higgs and a pair of down-quarksactor of m2/ (mymgVE2,,) ~70.

(while allowing for tree-level neutral Higgs-top-charm cou-  ag can be seen from Fig. @he right sidg, in the range
plings). Therefore, the deceg—d,d; is not affected at one-  (3n3<5 the BRZ—bs+bs) is practically identical in both
loop by flavor changing neutral Higgs-quark interactions.  the T2HDM and the 2HDMI; in this range it is dominated
by the top-quark loop and, therefore, by the top-quark
Yukawa couplings to thb ands-quarks which are essentially
the same in these two versions of a 2HDM. On the other

The charged Higgs one-loop contribution to the deZay hand, for larger values of tg, in contrast to the case of a
—bs in a 2HDMII was examined before i4]. Here we 2HDMII, in the T2HDM the charm-quark loop starts to
wish to recapitulate the salient features of this decay. dominate due to the enhancement in tbgb,H* and

On the left side of Fig. 2 we plot BR(— bs+bs) asa c.s H* Yukawa couplingssee discussion aboeln fact,
function of tang for charged Higgs masses of 100, 400, andthe?RbLH* coupling is doubly enhanced in the T2HDM:;
600 GeV. As can be seen, BR{-bs+bs) is maximal for  first by the tarB factor and second by a factor of

low tang~O(1) for which it is controlled by the top-quark /& /v i in this model this coupling does not suffer

Yukawa coupling which is<1/tang. Thus, in this range the om the CKM suppression factOff;ki(M.

required flavor transition is mediated bly—s and the It should be emphasized that a large gne.g., tar3
BR(Z—bs+bs) is, therefore, essentially proportional to =©(10), is the “working assumption” of the T2HDM. In
(m/tanB)*x (VEw) 2(VExw)? which is the square of the particular, the T2HDM loses its attractiveness in the small
product of thetbH™ andtsH* Yukawa couplings. tanB regime, since in this range it fails to explain the large
At around tarnB~13 there is a “turning point” at which  top-quark mass—this being the main motivation behind this
the BRZ—bs+bs) starts to increase with tgh At this  version of a 2HDM. At the same time, taking into account
point the contributions from the top and charm-quark looplow-energy experimental data frok-K mixing, ex andb
exchanges become comparable, since the charm-quark effectsy, the tan3—my+ plane is also constrained in the
being ocm?m? tarf B(VE ) 2(Vixw)? (for tang=13 the T2HDM [17,19, especially in the large tgB region in
charm-quark exchange is dominated by the Yukawa couwhich this model differs from the usual 2HDMII. For ex-

A. Z—Dbsin 2HDMII
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ample, foré=1 and taking the SM best fit value for the where §U(2®, sY(32 5823 5UG2) ang 5P sP2
Wolfenstein parameters and 7, then thee, constraint im- 5223 5B represent flavor mixings in thec andb-s
plies my+=500 GeV for tan3~20 andmy+=4 TeV for  gectors, respectively. These flavor violating quantities ema-
tanB~50 [19]. Imposing these bounds we find that BR( nate from nondiagonal entries in the bilinear soft breaking
—bs+bs)~0O(108) is the best case value in this model terms M&, M3, and M3 in Eq. (27). Similarly, 5/,

assuming a large tgt. 582 and 6P, P32 are associated with nondiagonal
(flavor changing entries in the trilinear soft breaking terms
IV. SUPERSYMMETRY WITH SQUARK MIXINGS A, and Ay defined in Eq.(27). As in [21] we adopt the

In SUSY, flavor changing phenomena can emanate fron‘%onoWlng simplified ansatz:

mixings of squarks of different generations through the soft

breaking Lagrangian terms in the squark sector: 0O 0 O
- -~ o~ -~ ~ varwet={ 0 0 x,]|A, 31
£33~ Bl (M3), 0, - Tl (M3), T, ~Bl(M3), B, S O s
P —~ A —~ u
+AIQHU;+AJQiH4D; (27)
~ . ~ o~ and
whereQ is the SU2) squark doublet ant, D are the up-
squark, down-squark SB) singlets, respectively. Alsa,j
are generation indices. 0 0 O
The mass matrices in the up-squark and down-squark sec- VPASVRT=| 0 0 x4 A, (32)
tors may then be generically expressed as 0y, 1
d
2 2
M2 _((mgyﬁ)u_ (mﬂyﬁ)LR) 28
U,D (m%’B)IR (m%,B)RR such thatA is a common trilinear soft breaking parameter for

both up and down-squarks and the parameigrs/,, and
where (m% )L (mE ~)rrand (mE ~)_ g are 3x3 matrices  Xd.Yd represent flavor mixing effects in ttiec andb-s sec-
- o b o - rs, respectively. It then follows that’@®, sYG? and
in squark flavor space. In the super CKM basis the squarRODSvg) esg(esczz) ely. en Tloflows LR Olr @
fields are rotated “parallel” to their fermionic super-partners. o.r - OLr ~ are related toc,, y, andXq, yq via:

In this basis, and assuming that there is a typical common
mass scale for the squarksg, which is sufficiently heavier

than the electroweak mass scat@(M3>1), these matrices U P = —x, ﬂ Xé, SV =~ yuﬂ XU;AZ‘ ,
are related to the soft breaking bilinear and trilinear terms in V2 o V2 Mg
Eq. (27) via [20]: (33

(M) =VEMAVYT,  (md)  =VPMEVPT,

: : RE=x, TR, Ry, K
(M5)rr=VRM{TVR',  (Mm5)re=VRMZ'VR', V2 mg V2 mg
(34)
2 =_vsin,B U pan Ut
(Mg)LrR= 2 VEAWVR (29 Within this mixing scenario, in which flavor changing effects
in the squark sector are present only in the second and third
v cos generations, the 6 mass matrices in the up and down-
(M3) r=———VPA;VRT, squark sectors reduce to<4+ matrices.
V2 For thet-c sector, in the basi®d=(c, ,Cg.T, ,tr), We
then have

whereVEvR andV{ , are the rotation matrices that diagonal-

ize the down and up-quark fermion mass matrices, respec-

tively (the CKM matrix isVeyy= VL VP, 1 0 R
Assuming that flavor changing squark mixings are signifi-

0 1 SUE sU@d
cant only in transitions between the third and second genera- g2 —| = LR "R m2,
tion squarks, we choose the following textures for the3 ¢ PN 1 —X¢/mg
. 2 2
matrices (T‘D,B)LL and (mD,B)RR3 5tlé23) 53(R32) —Xt/mé 1
(35
1 0 0
2 _ U,D(23) > o
(Mg g)iLre=| O ui(sz) OLLRR | Mg, (300 gpg similarly for the b-s sector, in the basis®Y
0 5LL,RR 1 :(EL, ER! BL! BR)! we have
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1 0 53523) 53&23) TABLE Il. The couplings required for the calculation &f(Z

0 L Jeves) 509 —bs) in the MSSM withb-s mixing. These couplings follow the
~ 5 LR RR 2 notation used in the Feynman rules defined by E2js.(7) and(8).
Mg,= m

sb 5D(32) 6D(32) 1 _ X /m2 0"
Lo o e SUSY with b3 mixi
with b-s mixin
@) LGy o m2 1 J
(36) scalar 8,) &y, a=1234
fermion (f;) g

The factorsX; and X, are responsible for mixings between

ij
left and right handed squarks of the same generation and are ah(zﬂ 0
: a 0
given by Rz - *
b (a) —V295T3(RY 3,03+ RY 1,92
vsing M R(a) — 29T (R 4093+ R 2,62
X,= N +tanB’ (37) e . -
ges Z_SC(RD,laRD,1/E+RD,3aRD,3,8_ 3Swbap)
v COSf3
sz—TA+mb tanBu, (38)
where i is the usual Higgs mass parameter in the SUSY The one-loofh-s mixing effect on the decaszs was
superpotential considered more than a decade agd5h where it was as-

. - =2 ~ , sumed that flavor violation in the down-squark sector is con-
After diagonalization oM¢, andMy,, one obtains the new o164 by radiative corrections to the down-squark mass ma-
mass-eigenstates which are now andb-s admixtures, re-  trix induced by off-diagonal CKM elements. Instead, as
spectively. The diagonalizing matricé®, and R, are de- described above, we assume here that the flavor violation is
fined through rooted with nondiagonal entries in the soft SUSY breaking
sector. The approach taken here is, therefore, fundamentally

0 _ 0 _
Pyi=RuikPuk: Ppi=RpikPpi; (39 different from the one suggested [if].*
where The following interaction vertices are required for the cal-
culation of '(Z—bs) in theb-s mixing scenario:

CL €1 V,S,8—2,05 Do 4,
c c

q)EJE ~R ;o Dy= ~2 ) o _
t ty S.fidj—®g ,ad;. (41)
tr 1
~ ~ These are derived frof22],
SL S1
ER §2 ~ e le ~ ~

Py=( |, @p=|_" |, 40 ——i| -2 =A3+Z 2B, |dr gL

o= 5, o=\ 5, (40 L(V,dd)=—i| -5 st 5 oy Bu|dl 7 Gdu
br b, le - o, o~
_Iga\/BMdR’laglL R, 1 (42)

andu_g, d_ g (u=c,t andd=s,b) are the SR) weak

states, Whileﬁlyz, 81,2 are the corresponding physical states o

(mass-eigenstates £(dgd)=gs\2T3g(—d} \L+dg R)d;+H.c., (43
Let us now consider separately the cases in which the

one-loop flavor changing decaZ/—>b§is driven either by

~ —— where g5 is the SU3) coupling constant and? are the
the t-c or by theb-s mixing phenomena.

SU(3) group generators.
o Using the above interaction Lagrangian terms, the cou-
A. b-s mixing plings required for the calculation &f(Z— bs) in the form
Here the flavor changing decag— bs is generated by gg{g:g}{,ﬂ Itzfi(r?()a aﬂds(ga?rseta?:g'negc?:)ér:;)i;at'?c?éh(eggeak
one-loop exchanges of tHe's admixture statesd,, and Do Py D g 10 =)

i ~ ) These couplings are given in Table II.
gluinos, g. We thus haveS,=®p , with a=1—-4, andf
=4 in the diagrams of Fig. 1. Note that diagrd® in Fig. 1,

which requires the/ff coupling, does not contribute since INote also that the top-quark and squark masses usgs imere
the Z-boson does not couple to gluinos at the tree-level.  too light.
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The relevant low-energy SUSY parameter space for the o"=0.5 &P-0.9
b-s mixing scenario is characterized as follofvs: t5=50 , A=1500 GeV
(i) Some of the flavor changing parameters in the 10° ' ' ' T my=200 GeV’
sector are severely constrained by the sy decay[20,23. 10° [ 1z b -7 mp=600 GeV
In particular,sP(%), sP3?<O(107?) is required in order to 0 1o ]
keep BRb—sy) within its experimental measured valtie. . g A\
On the other handgP(®®, 6P, 5223 and 8282 of 107 ¢ JLf N 3
O(1) are not ruled out byp—sy nor by any other low 10”° | 181 W E
energy process that we know of. We will, thus, use lile 10" A
andRR delta’s as the only source fb¥s mixing. Moreover, "
. . - ; 10 . ; ; ; ; ;
since there is n@ priori theoretical reason for the fowrL .
andRRdelta’s to be significantly different, we will set all of & 10 E 3
them to a common value denoted 1y. That is, we fix 4§ 107 | ist
SDP= 5P (= 5REI= RE= 5P, and vary &° in the T o | 1=
range 6<s°<1. I RN g
(ii) The SUSY parameter space needed to evalligie 107k 2 I
—bs) in this scenario isng, «, A tang, my, ands®. The 107 e
low-energy values of these six parameters fully determine 14
the b-s scalar spectrunti.e., masses and mixing matriges ;< | 1s
and the gluino massnfg), from which all the couplings in . )
Table Il are calculated. These six parameters will be varied 19 1€
subject to the requirement that squark masses as well as th  10® | 15
gluino mass are heavier than 150 GeV. 0 L 18
In Figs. 3, 5, and 7 we plot BR(— bs+ bs) as a function AN , s R
w, 6°, and tang, respectively, for three values of the com- -4000 -2000 0 2000 -2000

mon squark massny= 1000, 1600 or 2200 GeV. The rest of
the parameters are varied subject to the above crifgdh

In_order to better understand the dependence ofBRbs FIG. 3. BRZ—bs+bs) as a function of the Higgs mass pa-
+bs) on the physical squark mass spectrum, we accompangmeteru, for combinations ofmy,=1000, 1600, 2200 GeV with
Figs. 3 and 5 by Figs. 4 and 6, respectively, in which wemz=200, 600 GeV, fort;=50, A=1500 GeV and fors®=0.5
depict the masses of the four physical squarks, andmg, , (left plots) and 5°=0.9 (right plots.
that correspond to the same choices of the SUSY parameter _
space as in Figs. 3 and 5. (b) As expected, BREZ—bs) drops sharply as® is de-
Let us summarize the results shown in Figs. 3—7: creased. Clearly, this is traced to the fact that the mixing
(a) The branching ratio of the dec&—bs is enhanced 2MONg the bottom and strange type scalars diminishes in the

dramatically with the increase of the mass splittings betweef{Mit 8°—0, see Figs. 5 and 6. —

the four physical squarks. This is due to a GIM-like cancel- (c) For a sufficiently large tag, BR(Z—bs) is almost
lation which is operational in the limit of degenerate squarkinsensitive to the value of the common trilinear soft breaking
masses as a result of the unitarity of the rotation magx*  parameteA as long a is large enough to drive the desired
Thus for example, a typical mass spectrum that can drive th@ass splittings between the squarks. This behavior is due to
branching ratio to the IC level is when the lightest down the dominance of the. term in the quantityX,, defined in
squarkb,, has a mass below 250 GeV, while the rest of theEd- (38) for large t, (recall thatX, is responsible for the

squarks have masses at the 1-3 TeV range. mass splitting between the two bottom-type scalads the
other hand, fot;~ (1), theterm <A in X, [see the right-

hand side of Eq(38)] becomes important whef~ w. This

°The term “low-energy” refers to the electrowealor collider feature can be seen in E'g' 7. -
energies scale and is used in order to distinguish it from the scale (d) For the reason outlined above, BR{:bs) is symmet-
in which the soft breaking couplings are generatedy., the GUT  ric aboutu=0 for large tar3, in which case the term w in
scale. X, dominates and the effect of thfeterm is negligible.
3The bounds on the different delta’s reported 20,23 were ob- (e) For Mz/A2>1, BR(Z—>b§) is increased with tap.

tained using the mass insertion approximation, while we perform aNgain, this is related to the dominance of theterm in X
exact diagonalization of the squark mass matrices. Therefore, in thl%r large tang.

cases wheré(1) delta’s are allowede.g., fors°?) these bounds — _

may only serve as indicative for their expected size, since the mass (f) BR(Z—bs) drops W',thmﬁ :

insertion approximation necessarily assumes small delta’s. TE conclude this section, we hal"i shown that BR(
“The unitarity ofRp also ensures that the infinities that appear in —bs)~O(10~%) can be achieved in thes mixing scenario

the individual diagrams of Fig. 1 cancel. provided that the gluino mass and one of the third generation

LIGeV]
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&°=0.5 &°=0.9 m; = 200 GeV m; = 600 GeV
t,=50 , A=1500 GeV te=50 , A=1500 GeV
. . . . . . 10° P ——————
3000 | . P 1
> 3 — My —6 i > L i
2000 | 18 mg, ] e gl 1
n e, 1
1000 | 18T 1 10* 181 ]
0 o= 107
3 .
<) . . . ; . . 10
2 3000 | 1ot ]
%] > - _
Z 3 2w’ 181 -
E 2000 o oomomsmeeme—essmt Tl =4 S B ll\ - -
o = N 10 €t 1
B b o] " g 1
5100 p — ——Jg ) 10 18t .
0 L L | 10-9
T T T T T T 10° . . .
o0 ¢ _ e[ R . - U=-1000 GeV .
"""""""""""" ] 107 F---- U=-2000GeV  [i{% ¢ 1
—— U=-3000GeV /||
2000 [ 1gf ] N K v Jilg
M « 10 3 o g E 1
n "
= =
1000 g >< 10° [ gL ]
L L ! -9

0 1 1 1
-4000 -2000 0 2000

LLIGeV]

00 02 04 06 08

1.000 02 04 06 08 10

SD

FIG. 4. Physical masses -Of the second and third genel’ation FIG. 5. BR(Z_> bg-l,-gs) as a function of the flavor mixing pa-
down-type squarks as a functign The rest of the parameters are rameters®, for combinations ofny=1000, 1600, 2200 GeV with
as in Fig. 3. pu=—1000, —2000, —3000 GeV, fOﬂlg=50, A=1500 GeV and

for mg=200 GeV(left plots) andny=600 GeV(right plots.

down-type scalar masses lie close to the electroweak mass
scale, while the rest of the down-type squark masses are at
the TeV range, i.e., a large mass splitting between the lightest

Safld _>CDU aXi d

and rest of the down- -type squarks is needed. Such a mass These vertices are taken frof22]

hierarchy in the squark sector requires a typical “heavy”
SUSY mass scale with soft breaking parameters at the level

e
of a few TeV. This scenario is somewhat motivated by the ﬁ(V,L)m X,)_ - m

C ij ij c

nonobservability of SUSY particles in past and present high (45)
energy colliders.
_— 1 1le ~, >
il a3+ — * W
B. T-¢ mixing LV =i 2 SWA“ 6 CWB" UL gt
In the stop-scharm mixing scenario the flavor changing 2 e . o
decayZ—bs proceeds through one-loop exchanges of the Tl 3 QBMUR,I JGUR/ (46)
t-c admixture statesp;, and charginosy. More specifi-
cally, we haveS,=® , with a=1-4, andf;= x{ with i L(GxCd) =Ty d;(FEIDL+FRIDR) yovilx
=1,2 for the two chargino$éwe find it convenient to calcu-
Iacte the exchanges of the charged conjugate chargino states +Ug, dj(FRIL+ FRUDR) vV + H.c.,
Thus, in thet-c mixing scenario the following interaction
vertices are required: where
V, i =2, a7,y = (Z1Z1]" +COS 268)), (48)
V,S,Sp—Z,d0 Dy g, (44) Rz = (Z1i"Z1;+ coS 20 8)), (49)
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H=-1000 GeV H==3000 GeV
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FIG. 6. Physical masses of the second and third generation

down-type squarks, as a function 8, for my= 1000, 1600, 2200
GeV with u=—1000 GeV(left plots andu=—3000 GeV(right
plots). The rest of the parameters are as in Fig. 5.

m
FLO) — e di
L) —

J2s,, Mw cosp Zai s
y e
D= Sz,
FLID — 0,
. e
(R U —— 54 (50)

andZ™ are the chargino mixing matrices given[22]. Also,
A3 andB are the S2) and U1) gauge fields, respectively,

andTJL,R are the SW(2) weak states of the up-type scalars.

PHYSICAL REVIEW D 66, 093005 (2002

A=1000 GeV A=3000 GeV
8°=0.9, m3=200 GeV
10°
10° [ 1= E i
107 V s 181 v ]
sy = )
100 o 0 e 1==1000 GeV 4
o | e g ---- u=-2000 GeV
10° L 15 L — 1=-3000GeV 1
10_10 L L L 1 L L L L
10° ——— ——————
6 .
g 10 E
A 10-7 P
| S
N . 18
g 10 "
107 s
10—10
10° ——
10° | 1
=7 U
107 | ig
-1
10° | P
10° L L A g
10'10 \ 1 it L L % el
0 10 20 30 40 50 0 10 20 30 40 50
tanf}

FIG. 7. BRZ—bs+bs) as a function of tag, for combina-
tions of my=1000, 1600, 2200 GeV withu=—1000, —2000,
—3000 GeV, for my=200 GeV, 8°=0.9 GeV and for A
=1000 GeV(left plots andA=3000 GeV(right plots.

(i) The quantities that mediate the flavor changing transi-
tion b—s in the t-c mixed scenario ares’(®¥, s°(%?),
Su2% 5032 sU(2) and 5P, Recall that the L andRR
delta’s originate from the bilinear soft terms in E@®7),
while the LR delta’s are associated with the trilinear soft
breaking SUSY terms. Thus, we will separate these two
types of flavor violating sources in our numerical analysis. In
particular, we define 55 = 67?¥= sV 39= 52(&)= 5232
and 8% = 6242 = 5°3? and we vary eithesy, or 55 in the
range[ 0,1]. Note that anO(1) value for eithersy, or 65 is
consistent with all experimental dafta0,23.

(i) The required SUSY parameter spacemg, w, A,
tanB, m, andsyy , 6% , wherem, is the SU2) gaugino mass
parameter. The low-energy values of these six parameters fix

thet-c scalar spectrunti.e., masses and mixing matriges

Here also, the couplings needed for the calculation ofand the chargino masses and mixing matrices from which all

['(Z—bs) in the form defined in Eqs(2), (7) and (8) are
obtained from the Lagrangian terms in Eq45)—(50) by
rotating the weak stateSI)f’J, to the physical statesp,

couplings in Table Il are derived. As in tfes mixing case,
these parameters will be varied subject to the requirement
that the squark masses are heavier than 150 GeV and, in

according to Eq(39). These couplings are summarized in addition, that the charginos are heavier than 100 GzAJ.

Table Il1.

Taking maximal flavor violation in thé-c mixing sce-

The contribution of the-¢c mixed states to the one-loop nario, i.e.,ép~O(1) or 55~ O(1), andvarying the rest of

diagrams in Fig. 1 are characterized as follows.

the SUSY parameters involved subject to the above criteria,

093005-10
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TABLE lIl. The couplings required for the calculation diT(Zﬂbs) in the t-c mixing scenario. The

couplings follow the notation in Eq$2), (7) and(8). Also, aL(ZXc) and aR(ZXC) are given in Eqs(48) and

(49), fR@) | £R@) and f-(@) are defined in Eq(50). Ry is the rotation matrix defined in E¢39).

SUSY witht-¢ mixing

scalar §,) Py, a=1234
fermion (f;) xt, i=1.2
all €
L(zf) T 25 o @
4l €
R(zf) T 280 RE
Ll(a) R(mj)*(RU 1aV(23KM+ RU BaV?éJKM)
£ R} . .
+ (mth*J,zaV?:JKM"‘ m; RB,MV%]KM)
-~ . .
bll%(a) ft( ) (RU,laVCJKM+ RU,SaVCJKM)
e
928 25w (R 1aRU 18T R 3.RU 38— 33W5a,3)

we find that BRZ — b§+Hs) can reach fewx 10 8 at best.
Here also, the BR{—bs+hs) is significantly enhanced

-7

when large mass splittings between the four up-type squarks 10
., and my, , are present. Such a hierarchy in the up-type
squark mass spectrum makes the GIM-like cancellation men- 10
tioned earlier less effective.

Indeed a two orders of magnitude difference between the ;4
t-c and b-s mixing cases is expected due to amg(a)?
enhancement factor in the's scenariolcompared to thé-c 107
mixing case which arises from the gluino QCD coupling. e

In Fig. 8 we plot BRZ— bs+ bs) as a function of tas,
for combinations ofmy=1000,1600 and 2200 GeV with &
m,=200,600 and 1000 GeV and for eithgs=0.9, 8% 4 '°
—0} or {6Y=0, 6Y=092° For illustration we setA g o

-}

=1000 GeV andu=—2000 GeV. In Fig. 9 we depict the
masses of the four physical up-type squank§ andny |

and the masses of the two chargino states as a functlon o W07

tang, for the same SUSY parameter choices as in Fig. 8 1¢”
[24].
10"
V. SUSY WITH Rp VIOLATING INTERACTIONS
If Rp is violated in the SUSY superpotential, then flavor ~ 107
changing transitions can emerge from interactions of squarks
or sleptons with fermions. In particular, there are two types 19

of RPV terms that are allowed in the superpotential if the

0

6Yy=0.9,8",=0 6Y%=0, 8Y,=0.9
A=1000 GeV , 1=—2000 GeV
>
L
V 12 ]
N [
"\,—,..:_:.I..T § """""""""
L I —— m,=200 GeV
g ---- mM;=600 GeV
------------ m,=1000 GeV
>
L
f el il
[
! [
A &
T T L T T T T T T TR T T e T T T —
L IR
£
>
L
L 10
(=4
]
v ———————————. ]
[}
E 1 .
g
10 20 30 40 50 0 10 20 30 40
tanf

50

Note that the physmal up-squark masses have the same depen- FIG. 8. BR(Z—>bs+ bs) as a function of ta, for combina-
dence ondy, or 55 when one of the two delta’s is set to zero. Thus, tions ofmy= 1000, 1600, 2200 GeV witm,= 200, 600, 1000 GeV,

for examplerrri(z‘)‘U 0,65=0.9),i=1,2,3

and 4.

0.9,53="0)=nm (6y=
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squarks charginos whereFlu is the up-type Higgs supermultiplet ane 1, 2 or
m;=1000 GeV m,=200 GeV 3 labels the lepton generation.
T T C T T In addition, if one does not impos®s, then the usual set
3000 eeme ]} e of Rp conserving(RPQ soft SUSY breaking terms is ex-
2000 | o mz: 1 .. —my ] tended by new trilinear and bilinear soft terms which corre-
— m? spond to the RPV terms of the superpotential, i.e., to the ones
woo b ’ 1T 1 in Egs. (51) and (52). For our purpose, only the following
soft SUSY breaking bilinear term is relevd@6 —28:
_ m)=1600 GeV m,=600 GeV Vrpve= €apbiLAHE, (53)
@ 3000 | it 1 ~ R R
S whereL andH, are the scalar components bfandH,,,
& 2000 [T Y . respectively.
z The RPVT operator€\') in Eq. (51) gives rise to the
£ 1000 1 F . following scalar-fermion-fermion RPV interactions:
0 m,=2200 GeV m,=1000 GeV L= )‘i,jk{ VILarl;dJL + d{_ar;ivll_"_ (dll;)*( VIL)Cd{__ e:_ar;iu{_
3000 i ] —ul diel —(d&)*(el)°ul} +H.c., (54)
2000 1 [Tttt 7 whered(u) is a down(up) -quark,e(v) is a charged-lepton
(neutring and scalars are denoted with a tilde.
000 ¢ .. 1 The RPVB operator< u;) in Eq. (52) gives rise to mix-
) L L ings among charged leptons and charginos as well as be-

0 10 20 30 40 50 0 10 20 30 40 50 tween neutrinos and neutralinos. However, low energy flavor
changing processdg9], flavor changing leptoni@ decays
tanf [30] and neutrino mass¢26,30—32 suggest that the,; are

FIG. 9. Physical masses of the second and third generation uéa_xpected to be vanishingly small. We will, therefore, neglect

type squarks(left plot9 and of the charginogright plots, as a  'ts contribution to the decay—d,d, ." On the other hand,
function of tang. Squark masses are shown fop=1000, 1600 the soft breaking RPVB termx(b;) in Eq. (53) gives rise to
and 2200 GeV and fosy=0.9, 8Y=0 (equivalent to the case Mixings between sleptons and Higgs-bosons which may be
55':0, 52:09’ see te))tand Chargino masses are given mE eXChanged in the |OOpS Of the diagl’ams ShOWI’\ in F|g 1.
=200, 600 and 1000 GeV. The rest of the parameters are as in Fig. Let us now categorize the different types of RPV interac-
8. tions that contribute at one-loop to the flavor changing decay
of Z—d,d;. Since the decay—d,d; conserveRp, there

discreteRp symmetry is not imposed. These are the RPVshould be two insertions of RPV vertices in the one-loop
trilinear Yukawa-like(RPVT) operators and bilinedRPVB)  djagrams of Fig. 1. We can thus divide the various types of

operators. ) ) RPV one-loop exchanges into two categories, type A and
_In the usual convention, the RPVT are proportional to theyype B, according to the pair of RPV couplings involved:
dimensionless couplings, A" and\”, see e.g.[25]. Here Type A: The RPV contributions that are proportional to

we will assume thah"<\’ and investigate the one-loop o producth'\’, i.e., T(Z—d,d;)<(\'\")2, where)’ is

effects_of thex” type operator on our flavor changing decay yefined in Eq(5).
Z—dd;:° Type B: The RPV contributions that are proportional to
the producto\’, i.e., I'(Z—d,d;)(b\")2, whereb is the

1 fTaAbRC
WrevD €aphijLiQj Dy, (52) soft breaking RPV bilinear coupling defined in E§3).

where® andLL are SU2) doublet quark and lepton super-

multiplets, respectively, an® is the SU2) singlet down- A. Type A RPV effect

type quark supermultiplet. Alsa,j,k=1,2 or 3 are genera-  The type A RPV contribution t&—d,d, emanates from
tion indices anda,b are SU2) indices. the first five RPV Yukawa-like interaction vertices in Eq.
The RPVB operator is (54). In this case we assume thlat—0 such that mixing

b effects between sleptons and the Higgs fields are absent.
Wrpve= ~ €apiiliHy, (52

"The one-loop exchanges of possible lepton-chargino and
®Note that at the one-loop level thetype couplings do not con-  neutrino-neutralino admixture statesZn-d,d, will be controlled
tribute to the decay—d,d;. by the square of the RPV couplings produgt<\'.
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TABLE IV. The couplings required for the calculation B(Zﬂd@,) in the type A RPV scenario. The
couplings follow the notation in Eq$2)—(8).

type Al type A2 type A3
scalar §,) e ., a=123 d ., a=123 dr., @=12,3
fermion (f;) u, =123 vi, 1=1,2,3 v, i=1,23
a_‘ﬂ(zt) a| (zu) a(zv) —aRzy)
a‘l_{(zn aRr(zu) aAr(zv) —ai(zy)
| !
bR(a) _)\aij )\iaj 0
2
apB C\N_Si\l € 2 1 Sw
g —e—35, ———(1-23)s, e ls,
‘ 2500w B S o
type A4 type A5 type A6
scalar §,) Vi a@=123 V. a=123 U ., a@=123
fermion (f;) d, i=123 d, 1i=123 e, =123
alz a(zd) ag (zd) ai(ze
aR(z1) ar(zd) ar(zd) ar(ze)
1] ’
bh(ﬂ) )\Olji 9* Orr
bR(a) 0 aij ~Nigj
6 e e e (1305
a - - 3 af3
9z 256 Sap 25,6 Oap 25 Cyy

We can further sub-divide the type A contributions into 6two types of '\’ product combinations which enter the
types according to the type of scal@® and type of fermion
(f) that are being exchanged in the loops:

type Al: S,=e

type A2: S,=d,
type A3: S,=dg
type Ad: S,=7,
type A5: S,=v{ ,,

type A6: S,=

wherea=1,2,3 andi=1,2,3.

For each of the type A RPV exchanges above, the generi
couplings defined in Eq$2), (7) and(8) are summarized in

fi=u
fi=wi
fi=vf
fi=d,
fi=d,
fi=¢, (55

Table IV. In particular, for a giver, the Zff couplings of
Eq. (2) are given by Eqs(3)—(6). The Sdf couplings are
taken from the Yukawa-like interactions in E@4), while
the ZS Scouplings are extracted froi(V ,uu) in Eq. (46),
from £(V,dd) in Eq. (42 and from theVLL interaction

Lagrangian:

I
£V, LD)=~i5L

W

whereA3 andB are the SU2) and U1) gauge fields, respec-

tively, L= (Q) and7°=(3 _9).

Given the couplings in Table IV and the structure of the
form factors in Eqs(10)—(15) it is evident that there are only

e3A eB
S Bocyw M

Ny
#T,, (56

type A RPV contribution to the deca&d—d,d;:

(i) The product\ [, A mng- Types Al, A2, A5 and A6 are
proportional to this couplings product.

(i) The product\ /7 A 3, Types A3 and A4 are propor-
tional to this couplings product.

Furthermore, since none of the scalars have both a left
and a right handed RPVT coupling to fermions in the type A
scenario, i.e., in the notation of E¢B) eitherby ;=0 or
bi,y=0 (see Table IV, the form factorsB’, and By, in
the amplitude(9) (which requires a nonzero value for both
the left and the right handed scalar-fermion-down quark cou-
plings) vanish. Also, sincé',y=0 for the RPV contribu-
tions of types A1, A2, A5 and A6, they contribute only to the
fight-handed vector-like form factoAg,. Similarly, the
RPV contributions of types A3 and A4 hate,,=0, there-
fore contributing only toA}”, .

It should be noted that for any one of the type A RPV
exchanges, if the scalars of different flavors that are being
exchanged in the loops are degenerate and upon neglecting
all fermion masses except for the top-quark, then there re-
main only three distinct types of contributions of thé
products in the type A RPV scenario. That is, under this
assumption BR{—d,d;) can have only three different val-
ues which we denote by BRL BR2"” and BR3’ as fol-
lows:

BR1Y=BR(Z—d,d;)

when (\;; X\{j;)?#0; j#3, i=1,2.3 (57)
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TABLE V. Results for the three types of branching ratios BR1IBR2%?2, BR3*2 as defined in Egs.

(57)—(59), each scaled by its appropriaté\’ coupling
slepton masses as indicated.

product. Results are given for two sets of squark and

BR1%? _ BR2%2 BR3%?
’ 1 N\2' J?ﬁ ’ ’ 2 ’ ’ 2
(Aj3XNjjp) (Nz3X iz (M3 X Nig))
m;=500 GeV,mj=200 GeV 4.%10° 2.4x10°° 3.4x10°°
m;=1000 GeV,mj=500 GeV 3.%10°’ 6.4x10° 8 3.0x10°°
BR2V=BR(Z—d,d;) much larger BRZ— bs) within the experimentally allowed
, L ) range of values for its relevant RPV parameter space.
when (Njg X\j3;)°#0; =123 (58
o B. Type B RPV effect
1J_
BR3™=BR(Z—~dd,) The type B RPV effect arises when a Higgs particle that is
when (N x)\iij)Z;eo; i, j=1,2,3, (59  being exchanged in the loops mixes with a slepton through

such that BRZ—bs)=BR1%*2, BR2*? or BR3*? depending
on which of the threa A\’ product combinations is nonzero.

In Table V we give a sample of our numerical results for
the three BR’s in Eqs(57)—(59) scaled by the square of the
appropriate\"\" product. The results presented in Table V
correspond to the case of a single nonzef®’ product(one
index combinatioh contributing to each of the BR's BR{,
BR2%? and BR32. In addition, the masses of the squark and
slepton being exchanged in the lofpr a given index com-
bination of the corresponding’ A" produc) are set to either
m;=500 GeV withm;=200 GeV ormg=1000 GeV with
m;=500 GeV.

The existing limits on the.” coupling products in Egs.
(57)—(59) seem to indicate that the typical allowed values of
N X\’ for any of the index combinations in Eq&7)—(59)
are at the level of~fewx 10 2 [33]. It should be noted,
however, that the limits reported i183] assume 100 GeV
scalar masses. These limits scale with the scalar mass
(typically as[mz/100 GeV?, wherent; is the scalar mags
and are, therefore, relaxed as the scalars become h&avier.

Using A" X\’ ~O(107?) in conjunction with the results

presented in Table V, we see that the expected branching

ratio for Z—bs in the type A RPV scenario investigated in

this section lies in the range BR(d,d;)~10 11—10"1°
This type A RPV one-loop effect in BR(—d,d;) was

also investigated ih6]. Although[6] evaluated some distinct

limiting cases of the type A RPV contributions, our results

agree with the highlights of their analysis, i.e., that the typi-

cal BR@Z—d,d;) is expected to be at the level of 18
=10 10§f X' XN'~0O(10?).

the RPVB operator in Eq53) and then couples to the ex-
ternal down quark via &’ type coupling.

For simplicity we will assume thdt; #0 only fori=3 in
Eq. (53), thus, considering only the mixing between the third
generatlon sleptond g) and the Higgs scalar field$i( and
H,).° It should be noted thab;+0 leads in general to a
nonvanishing tau-sneutrino VEY3;. However, since lepton
number is not a conserved quantum number in this scenario,
the H4 and L superfields lose their identity and can be ro-

tated to a particular basi§-l(, ,IZé) in which eitherus orvg
are set to zerd26,28,32,3% In what follows, we find it
convenient to choose the “no VEV” basig,;=0, which
simplifies our analysis below.

Let us define the S(2) components of the up-type Higgs
boson, down-type Higgs boson ahg scalar doublet fields
(settingvz=0):

h+
UE< ) 1

u

(E+v,+ipd1V2

es
H

(E3+vg+iod/\2

Hg= hy ) (60)
5 (”Vi+i7/°)/\/2)
La= ,

e

where 7%, 7° and'e; are the SR2) CP-even, CP-odd

Thus, the type A RPV scenario is expected to yield a BR:_sneutrino and left handed stau fields, respectively.
smaller even than the SM one. We, therefore, proceed below

to the second RPV type B scenario which seems to give

8Note thatb— sy, which is proportional to.’ X\’ products with
the same index combinations as #h—bs, allows some of the
abovel’ X\’ coupling products to be at the 1blevel [34].

a

%The consequences bf#0 and/orb,#0 are to introduce addi-
tional mixings among sleptons of different generations and mixings
between the selectron and/or smuon scalar doublets with the Higgs
fields. These extra mixing effects are not crucial for the main out-
come of this section.
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Whenb3+# 0 the 3rd generation slepton &) fields in Eq.(60) mix with the Higgs fields. In particular, in the basI!.‘%
=(h; ,hg ,e3), the squared mass matrix in the charged scalar sector betbmes

cgl(mR)?+my]  speal(mR)?+m] bs
M2=| spcpl(mR)?+mg]  SEL(mR)?+mg] bsts ' 6D
bs bst (mg,)?—m{, cos 28

where mg and mgy are the pseudo-scalar Higgs boson mass and the tau-sneutrino mass, respectively, in the RRC limit
—0.

Similarly, in the basisb2=(£3,£2,7°), the CP-even neutral scalar squared mass matrix becdatesee-level'!

(MmR)2sp+mics;  —[(mR)2+milsscs  batg
MZ_ _[(m0)2+m2]3 c (m0)202+m232 —b
E= A 71588 A)"CpT MzSg 3 |. (62
bat, —by (m2)2

Finally, in the CP-odd neutral scalar sector and in the basisneutral and charged Goldstone bosons that are absorbed by

D2=(43,4°,7°) one obtains the Z andW-bosons and are, therefore, the states with a zero
eigenvalue ifM3 andM2, respectively.
(mR)?cs;  (MR)%cgsg bty The physical state®. , @ and @, are related to the
weak statesb?, &2 and 2 via:
M3=| (md)Zcesy (MR)?s; by |. (63 E o

bstg bs (mg,)?

2 =Re ke,

The new charged scalar a@iP-even andCP-odd neutral

gcalar mas.s-eigens.tatése;., thg physicgl stat&are. then de- <I>E =Re i Pe (65)
rived by diagonalizingMz, Mg and Mg, respectively. Let ’ ’ ’

us denote the physical states by

@i =Ro xPoy
H* A
de=| G|, de=| h |, do=| G|, (64 whereRc, Re andR, are the rotation matrices that diago-
= 7 > nalizeMZ, M2 andM2, respectively.

Notice that the mass matricé42, M2 and M3 depend
such that, for a small RPVB in the scalar potential, the newonly on four SUSY parametersng, mg,,bs and tans.
physical states in Eq64) are the states dominated by what These parameters, therefore, completely fix the rotation ma-
would be the corresponding physical states in the RPC limitfricesRc, Rg andRg from which theC P-even andC P-odd
b;=0, for which the Higgs sector decouples from the slep-neutral scalar spectrum as well as the charged scalar spec-
ton sector in Eqs(61), (62) and (63). In particular, ifb;  trum is completely determined.

—0, thenH, h, A andH™ become the usual RPC MSSM'’s Clearly then, the type B RPV contributions involve the
CP-even heavy Higgs bosoiG; P-even light Higgs boson, 3rd generation sleptons that can mix with the Higgs fields
CP-odd pseudo-scalar Higgs and charged Higgs states, réarough abs bilinear RPV coupling which enters the slepton-
spectively. Similarly, in this limit". and»” become the two Hi99S mixed mass matrices in Eq§1)—(63). Here also, we

mass-degenera@P-even andC P-odd sneutrino states with can further sub-divide the type B RPV effects according to
0 L~ the type of scalatS) and type of fermior(f) that are being
a common massi,- =nmr =m while 77 is the usual

v exchanged in the loops:
pure left handed stau field with a massn;+
=+/(m2,)2—m2, cos 2B. Note also thaG and G are the type BL: S,=Dc.: fi=y, (66)

19 neglect the mixing between the right-handed(®Ustau ~ With @=1,3,1=1,2,3 and
singlet and the charged Higgs fields which is proportional to the tau
mass. . _ . _
type B2: S,=®g, and &g 4; fi=d;, 6
The one-loop corrections to thex2 Higgs block inM2 can P o TEa 0.5 b €7
cause a significant deviation to the tree-level mass of the light
Higgs. This effect will be discussed below. with «=1,2,3,8=13,i=1,2,3.
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TABLE VI. The couplings required for the calculation b{(Z Using our generic notation for the one-loop amplitude in
—d,dj) in the type B1 RPV scenario. The couplings follow the Eq. (9), we calculate the form facton%:jk, A:-ik and B:_J’k,
notation in Egs(2), (7) and(8). The couplings gz, are givenin  BY, with k=1—10, which emerge from diagrams 1-10 in

Egs.(3)-(6). Fig. 10 (takingmy =0, for d, s andb-quarks:
type B1 1J B (E)il |1(0)iJ ~1
AS=—-2 2Pl bl e Coas
scalar 8,) dc,, a=1,3 L1 a,E,B:,i 92 B Piip) ~24 (70
fermion (f;) u, =123 13 Bap(O)il (E)id ~2
alzn a2y AL,zzza%:‘i 97°bi{e) bL(s) C2a (72)
a'FJe(Zf) aRr(zu)
i e My ., 1 o_ S pEpEP[2c3 2,3 3
250 ™iss RE™Vij Al s= aR(Zd)a’i’j B (a) PL(2y [2C 24— MZ(C55— C3)) ],
bll% a e mdj 2ay7  _y\ 1*R3a (72)
(a) Taon s RE*Vij— N3 R
ap — 0)il 11 (0)j 2
9z € Cot g AII_J,4: aR(Zd)gj b(L(c)vI)Ib(L(c)vj)J[ZCg4_ mZ(C§3— ng)],
(73
Note that we have omitted virtual exchanges of the two
Goldstone boson& andG™ since the one-loop amplitudes o (E)il w(E)iJ a5
are being calculated in the unitary gauge. Alss= aL(Zd);{ b (2) PL(a) B1 (74)
The two RPV effects, of types B1 and B2 above, are
driven by the Higgs-slepton scalar admixtufes, &g, o . Ol (O)iJ 7
which couple to quarks through a combination »of and Al7g= aL(Zd); b(L(c)yl) b(L(c)yl) B, (75
Higgs-Yukawa coupling. Hence, the Higgs-like components ’
in &, & andd, will couple through the Higgs-Yukawa FNE RN — (76)
terms, while the slepton-like component interact with the Lo TL.10m
quarks via thex'-type RPV couplings in Eq54). where we have combined the contribution of the self-energy

For the type B1 RPV contribution in Eq66) the form  giagrams 5-6 and #8: Mg+ Mg=Mzs and M,+ Mg
factors defined in Eq(9) are calculated following the pre- = Mg, which leads accordingly t&\’c+ A=Al and
scription described in Sec. Il. The generic couplings define%u +AN =AY Also ’ ’ ’
in Egs. (2), (7) and(8) are summarized in Table VI for the ~ -7 ~L& L& ’
type B1 RPV exchanges. In particular, thd f couplings(for B,=0 for k=1-8 (77)

S=®. andf=u) are a combination of the Yukawa-like tri-

linear RPV interactions in Ed54) (those with the third gen-
er_ation slgpton indicesand the .charged Higgs-Yukawa cou- B:_J,QZ aL(Zd)E ggzanb(L%)a')J 2((:91’2_ C?l)
plings which are the same as in the 2HDM of typddiven a
in Sec. llI).
The ZSScouplings(for S=®.) in Table VI are derived 1 5 =
>couplings( c) , (@388, (79
from L(V,LsL3) in Eq. (56) and from the following mz
L(V, HgHg) andL(V, HH,) pieces[22]:
13 _ « (E)1J 10_ ~1
1 e e PN BL,lO_aR(Zd)E 9770 by | 2(C1z C1(1))
il 353 o E
L(VMHde)——|§Hd gVT AM_EVBM dEHq, (69
1 ... =
1 Te . +—=(C+CY | (79
il 353 m
LV HH)=—isHj A, + —B

TEH,, (69 z

Here also the right-handed form factorsy , and BY ., are
obtained from the corresponding left handed ones by inter-
changingL —R andR—L in all the couplings in Eq.70)—

2 M

Sw Cw

where the S(R) scalar doublet fieldd ;, Hy and H, are

defined in Eq{(60). (79
For the type B2 RPV casksee Eq.(67)] there are 10 : . . .

one-loop diagrams that can potentially contribute to the de- The two-point and three-point loop form factdié with

di _ K\ _
cay Z—d,d;. These diagrams are depicted in Fig. 10. Thek 5;7' C_" with xe 11,12,21,22,23,24 ?nk’ 1’2’3",1'9’10
; i i in Ei nd CX with xe0,11,12, anck=9,10 which appear in Egs.
first eight diagrams in Fig. 10 have the same topology as th&Nd “x U, 1L,1e, , pp a
generic diagrams of Fig. 1, while diagrams 9 and 10 involvel70—(79) are given by

virtual exchanges of &-boson through th&Z®¢ interac-

tion. ’ ’ - B?: Bl(mgi ’méE,a,mgl)' (80)
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dg dy
®E,/ ®O,'
Zu ,"; Z],l /’L
NV dj ’\/W\/\\ di
R 3\
q)o N CI)E N
) 2
dy
Pr s
Z i
u 4
dy
3

@) ®)

and

X

2
X

(81)

Ce=Cu(Mg Mo MG, MG, 02, ), (82

CR=Cu(mg, mi,_ M MG, a%mj ), (83

PHYSICAL REVIEW D 66, 093005 (2002

3

FIG. 10. One-loop diagrams
that contribute to the flavor chang-
ing decaysZ—d,d; in the type
B2 RPV scenario.

®

Ci=Culmy, Mg, MG, mg,, 4% mg),  (84)

Cx(MG M, Mg, MG, 0% MG, ), (85
Cyi CR=C,; Cumi ,mZ,mi_ .mj .q°m3), (86)
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TABLE VII. The couplings required for the calculation of The Coupllngg of aZ boson to abg acI)OB pair follow
I'(Zz—d, d, J) in the type B2 RPV scenario. The couplings follow our generic definition of the/SSvertex in Eq.(7). It is
from the Feynman rules in Eqg2), (7), (88), (89) and (90). The  derived from the Lagrangian terms in Eq$6), (68) and

couplingsa, gr(zq are given in Eqs(3)—(6). (69).
The couplinggs,4_ of &g , to a pair ofZ-bosons is de-
type B2 . E '
fined as
scalar 8,) e ,, a=123 andby,, a=13 .
fermion (f,) d, =123 AMZ,Z,Pe ) =19770 9puv (90)
alz a (zq)

and is obtained from the followingZ£3 andzz¢2 interac-

ij
Ar(z) Arezd) tion terms[recall thatggyu are theCP-even SU2) compo-
e e my 1 nents ofH, , as defined in Eq(60)] [22]:
L(e) —— ot —=MgiRe
Sw MnCp V2 o2
£(22g5 )= . 5Z,ZM(vaéatvéd), (91
b _i& a 1 nsa (2swew)
R(a) 25w Moty &+ \/E)\sij REg
wherevy andv, are the VEV’s of the down-type and up-
o type Higgs doublets, respectively.
b(L(z)xl)J Ré“ — N5 R Before presenting our numerical results for the type B
ZszNc \/_ 3 LI . . .
RPV contribution let us discuss some of its salient features
and outline the main assumptions and notations regarding the
0)ij a 123 a i .
b& i R%, )\3” R relevant parameter space“lnvoI:/ed. o _
Sw MaCp \/_ (i) The pseudo-scalar “bare” magse., its mass in the
RPC limit of b;—0) can be approximated from the tree-
&3 Q| @ « i i 2> i 0 2~
ggh stHW(R}E RY— RRY+RERY) Ievgl relation which, fortz>1, gives _(nA) potﬁ, whe_re
by is the usual RPC soft-breaking bilinear Higgs term in the
o scalar potential, i.eVgrpcDboHg4H, . Thus, without loss of
” —n1Z(CﬁR|15“+SBR,ZE“) generality, we trade the bilinear couplifg with a dimen-
2z9¢ Swlw sionless RPV parametet, as follows:
bs=e&(m32)2cotp, (92)

cl0; Cl=c,; Cu mgl,mg ,méE i ’m§| ,qz,ng), (87)  such that~bs/b, parametrizes the relative amount of RPV
‘ in the scalar potential. In particulag<1 for small bilinear
5 2 2 9 o9 o9 o RPV ande~1 if RPV/RPC~1 in the SUSY scalar sector.
\ivhere Bl(ml’m2’p2)’ Cx(my,m.m3,p3,p2.p3) and The existing experimental limits o come from the fol-
Cu(mf,m3,m3,pi,p3,p3) are defined in the Appendix. lowing: (a) a nonvanishind; can generate a radiatiyene-
The couplingsa, zq), ar@zay. b . bSA . biQ% .  loop) tau-neutrino mass. The laboratory limit on the tau-
(R(()ZJ)J , g5# andgzzq, needed for evaluating the form factors neutrino mass allows, however, the quantig/by,~ ¢ to be
above are given in Table VII. In particulagy_gzq are the Of ~O(1) [28]. (b) The parametebs, or equivalently the
SM left and right-handed couplings of tieboson to a pair dquantitye~bs/b,, can have important consequences on the
of down quarks as given in Eq$3)—(6). The rest are ob- CP-even andCP-odd Higgs-like scalar mass spectrum, see
tained from the relevant interaction Lagrangian terms by ro{36,37. In particular,e can drive the mass of the physical
tating the SU2) weak statesb? . , to the physical states CP-even light Higgs below its present LEP2 lower bound
®c g0 according to Eq(695). In particular, theb:d, d; cou- which, for m,=200 geV is roughlym,=110 GeV irre-
(B)i] (0)ij spective of tarB [38].” Also, a nonzerce can give rise to
plings b{"z(,) and Dod; d; couplingsby; z(,, follow the no-

tati i S fyert EQ(®). for S= ® negative eigenvalugse., to the physical square massts
ation of the generi ver ex in or S=d¢ or ; ;
and =, 9 g. EOT®o  theCP-even andC P-odd mass matricelsl2 andM?2 in Egs.

(62) and(63), depending on the values of the rest of the type
B parameter space, i.e., any, mJ, andtz. Therefore, in

AP ,did) =i (b L+bER), (88)
A(QandA):i(b(L(()c)(l)jL_,r_b(O)ljR) (89) 2This bound is applicable in the maximal stop mixing scenario

with typical SUSY squark masses of 1 TeV. Note also that since
bs;#0 thehZZ coupling is smaller than its value in the RPC case
These couplings emanate from both the Yukawa-like trilineafeading to a smallee*e™—Zh production rate. Thus, the limits
RPV interactions in Eq(54) and the neutral Higgs-Yukawa reported in[38] should be slightly relaxed in the type B RPV sce-
vertices of a 2HDM of type Il as given in E23). nario.
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what follows, we will vary the parametefsn? ,m, ,tz,e} =3 , tg=50
subject to the existing LEP2 lower bound on the light Higgs A 33=1

mass and to the requirement tha;:, m;- and nr+ are 10° —— ——
>150 GeV. Since the light Higgs mass is very sensitive to 10" =¥

higher order corrections to thex2 Higgs block inM2, as 107 St

in [36,37], in order to derive realistic exclusion regions for 10° f

the parameter spacgmy,mg,,tz,e} through the require- 10” o<

mentm,=110 GeV, we include the dominant higher order 10™

correctionscoming from thet-t sectoj to the (£3,£2) block 0"

in M2, following the approximate formulas given {89] 10° R B

and taking the maximal mixing scenario with a typical
squark mass ofig=1 TeV. (c) a nonvanishing: can also
alter the cross-section foZZ and WW pair production
through s-channel exchanges of th€ P-even scalarsbg
[36,37]. The measured@Z and WW cross-sections in LEP2 & -
can thus be used to place limits en as a function of
{mQ,m?, ,t;}. These limits, however, can be evaded if the 10

i
600 GeV
/
'

.
=
/
;
m’,

vie e" trilinear RPV coupling\y3; is assumed small 10° ——— ——

enough(see[36,37). We will, therefore, not consider such 10° [ 1 | . ]

limits below. 10 L 18t \\
(if) Sincebs is not a flavor changing parameter, the tran- 4% L 18 b~

sition between down-quarks of different generations, i.e., be-
tween the external down-quarks,—d;, is necessarily w0 [
driven by a\’ coupling with the appropriate nondiagonal . T o
indices(disregarding flavor changing transitions due to small 10 200 400 600 800 1000 400 600 800 1000 1200
nondiagonal CKM elemenks Thus, the type B RPV one-

loop effect inZ—>d,E, is necessarily proportional to either

bsh3; or bahgy, . In particular, forZ—bs we find that the FIG. 11. BRZ—bs+bs) as a function of the “bare” sneutrino
dominant contribution is attributed to the type B1 exchangesnass parameten?, (see tex, for some combinations of values of
of the charged scalars and it arises whgg,#0. The only ~ m} ande (as indicated in the figupeand fort,=3 (left plots) and

other possible index combination f@—bs, which is\j,;  ts=50 (right plots. A35,=1 is used and is defined in Eq(92).
#0, yields a much smaller branching ratio. This enhance-

ment for the(332) index combination can be traced to the “bare” tau-sneutrino mass?, (i.e., what would be its mass
fact that, for this particular combination, the charged scalajy the RPC limij, for various possible values @f®, & and
amplitude involves also a top-quark exchange, thus gaining g, t,=3 (left side andt,="50 (right side [24]. Evidently,

factor of m/m; compared to thex},,#0 case(which in- — T . . .
volves a charm-quark exchange in the loops BR(Z_—>bs+ bs_) |somuch larger in the high tgB scenario
and it drops withmg,, .

(i) In the limit e—0 the type B2 effect vanishes. How- . .
ever, sincee—0 causes the charged Higgs sector to de- The masses of the hea@P-even Higgs CP-odd Higgs
couple from the stau sector and since the RPC MSSM HigngSon and charge_d Higgs boson as w_eII as (ﬂ%evc_en, .
sector is similar to the 2HDM of type I, the type B1 contri- C.P—odd tau-sneutrino and the stau part|cl.es are depicted in
bution approaches that of the type Il 2HDM in this limit. F'9: 12, fort,=50 and for the same combinationsfand
Thus, fore—0, the type B1 RPV effect will be proportional Ma that are used in Fig. 11. We note that in the limit

to the off-diagonal CKM elements as in the case of the typdMa)*>m3 (applicable to the values aff in Figs. 11 and
Il 2HDM discussed in Sec. lll. 12) one hasmy~ma~my+ and if in addition (m2,)?>m3,

(iv) In the numerical analysis below we will se§;,=1, then also theCP-even,CP-odd tau-sneutrinos and the stau
while all other lambda’s with different index combinations are roughly degenerate. Thus, only two curves are shown in
are set to zero. The experimental limit on this coupling, de€ach plot in Fig. 12, which are sufficient to approximately
rived fromR=T'(Z—hadrons)I'(Z—I1) [40], is (at the 2, describe all these six scalar masses.

level) A35,=0.45 for squark masses of100 Gev, while (G S e eentinuous fump
N33,=1 is allowed for squark masses650 GeV. The per- P Jump,

o hi g is /.. — h at which point they “switch” identities. This phenomenon is
turbativity bound on this coupling i833,=1.04[41]. Thus, caused by the particular dependence of the physical scalar

we will assume that the squarks are heavy enough to allow -<<cs on the “bare” masses, andm?, in the presence of
N33, to lie near its perturbativity limitrecall that no squarks £+0. In particular, the corrections 5;0 the “bare” scalar

are involved in the type B RPV contribution B bs). masses due to a nonvanishibg term are proportional to
In Fig. 11 we show BRZL—bs+bs) as a function of the factors of[(m,‘i)—(mg,,)]‘l (for more details se¢36,37),

[
&
T
-
,
’
/
/
'
’
!
./
o _
A=

m’g, [GeV]
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€=0.4 €=0.9 Such a signal should appear in the detector as an event
with one b-jet and one light-je{assuming no distinction is
made between lightd,u or s-quarkg. In the spirit of the
analysis made with the 1992—-1995 LEP dataZenbs [8],
T one definess; and e to be the efficiencies that a quaftr
anti-quark of flavor q is tagged as &-jet (B) and light-jet

500 - ] (L), respectively. Thus, the key efficiency parameters for the
e} ] detection ofZ—bs are e}, €jy, and e, where the latter

0 L P represent the probability thattgjet is identified as a light-jet
and is important for controlling the dominant backgroutad
theZ—B+L signa) coming fromZ—bb. Note, that due to
the expected smallness of the “purity” parametefl;,, e

and et (see[8]), the background t&@— B+ L caused by the

I i | SM Z—dd, ss, uu, cc decays will be sub-dominant.

500 //’_— / With 10° Z b_osons, the expected number of events com-
J ing from Z—bs (i.e., from new physigsand identified as
Z—B+L,is

-

5
tn
[

1500

—— my~my~my
-—- - M~ g~ pras
1000 F sV sv st e

P, =300 GeV

1500 T T T T T T T T

. L

scalar masses [GeV]
¥ 600 Gev
A

1500

- S~10°X e el BR(Z—Ds). (93
1000 | —_—

?, =900 GeV

Similarly, the expected number of tEckgrouﬁdeBJrL
500 - = / events coming from the SM dec&@/—~bb is

. . . . . . . . - B _L T

%200 400 600 500 1000 400 600 800 1000 1200 B~10°X ey e;BR(Z—bb). (94)
m’, [GeV] Using Egs.(93) and (94), the expected statistical signifi-
cance, S/\/B, of the new physics signaf—bs, with a
CP-odd Higgs (), charged Higgsri,- ), CP-even tau-sneutrino branching ratio of order I, can reach beyond the 3-sigma

(mZ,), CP-odd tau-sneutrinorti.,) and the staurfy,), as a func-  1€V€l for €5~ 0.6- 0.8, ehghtfvo's_ 0.5 and e;~O(10"%).
tion of the “bare” tau-sneutrino massr(,), for t,=50, for mg These_values require an mprovegnent t(B the 1992-1995
=300, 600 or 900 GeV and for=0.4 (left figureg ande=0.9  analysis[8], by a factor of 2—3 fore;; and €4, and by an
(right figures. ¢ is defined in Eq(92). order of magnitude foe, . With the expected advancement
in the jet-tagging methods, in particular, for two-body decays
thereby changing sign at the turning points. Moreover, thef the Z boson, these required values for the efficiency pa-
off-diagonal elements of the rotation matricRs, Rop and  rameters above should be well within the reach of the future
Rc, which are responsible for the slepton-Higgs mixings,Linear Collider.

FIG. 12. Physical masses of the hea@y-even Higgs y),

are also inversely proportional to factors[¢m2) —(m2,)], We can also get a clue about how low one can go in the
therefore enhancing the type B RPV effectaapproaches  value (or limit) of BR(Z— bs) with 10° Z bosons, from the
mSV as can be seen in Fig. 11. fact that the LEP preliminary resul{s] achieved BRZ

To summarize this section, with a large f@na BRZ . ps)<©(1073) with O(10°) Z bosons. Scaling this limit,
—bs+bs)~0O(10 °) is possible within the type B scenario, especially with the expected advance in b-tagging and iden-
e.g., for 40% lepton number violation in the SUSY scalartification of non-b jets methods, af(10~®) branching ratio
potential €=0.4) and if the sleptons masses lie aroundshould be attainable at a gigafactory.
~200 GeV. For a heavier slepton spectrum a largeis
required in order to push the branching ratio to the 80

ovel VII. SUMMARY
evel.
It should also be emphasized that since BR{bs-+ bs) We have re-examined the flavor changing radiative decays
is dominated by\},,, the decayZ—bs is an efficient probe Of @ Z boson to a pair of down-quark&—d,d,, with I
of this specific flavor changing trilinear RPV coupling. #J. TheseZ-decay channels may prove useful in searching
for new flavor physics beyond the SM at the TESLA collider,
VI. EXPERIMENTAL FEASIBILITY or any other future collider, which may be designed to run on

the Z pole with high luminosities, thus accumulating more

In this section we will very briefly comment about the than 10 on-shell Z bosons. With advances in technology,
feasibility of observing(or achieving a limit a signal ofZ  e.g., improved-tagging efficiencies, the flavor changing de-
—bs with a branching ratio of order 16, at a Linear Col- cay Z—bs—most likely the easiest to detect among the fla-
lider producing 18 Z bosons. vor changing hadroniZ decays—may be accessible to a
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TABLE VIIl. The best case values for the branching ratiobf- bs+bs for each of the six models
considered in this paper upon imposing the available experimental limits on the relevant parameter space of
each of them. The SM prediction is also givesee Footnote 13

Model scalars in the loops BR(Z— b§+35)
SM W-boson(no scalars 3x10°8

2HDMII charged Higgs 10%0

T2HDM charged Higgs 10°

SUSY witht-¢ mixing t-¢c admixtures 10°°
SUSY withb-s mixing b-s admixtures 10°°
SUSY with trilinearRp-violation squarks and sleptons 1%
SUSY with bilinearRp-violation slepton-Higgs admixtures 16

gigaZ option even for branching ratios as small as BR( lation in the popular 2HDMII and will, therefore, rule out
—bs)~10"7-107°, these options.
The d,—d, transition was assumed to be generated at The same conclusions can be drawn in the stop-scharm

mixing and the trilineaR-parity violation SUSY scenarios.
one-loop through flavor violation in interactions betweenOn the other hand, SUSY with mixings between the bottom
scalars and fermions.

, o , and strange-type squarks and/or mixings between sleptons
A_complete analytical derivation of the width'(Z  ang Higgs fieldgbilinear R-parity violation, both of which
—d, d, 3) is presented using the form factor approach for themay originate from the soft SUSY breaking sector, can drive

Zd, d; ; interaction vertex. These form factors are evaluatedhe BRZ— bs) to the 10 © level for large tarB values. This

for the complete set of scalar-fermion one-loop exchangesnhancement is typical to these two flavor-violating SUSY

with generic scalar-fermion flavor-violating couplings. scenarios if there are large mass-splittings between the sca-
This prescription is then applied to the decay- bs in lars exchanged in the loops due to a GIM-like cancellation

six beyond the SM model scenarios for flavor-violation in Which is operational in the scalar mass-matrices and is, there-
the scalar sector: fore, less effective as the scalar masses depart from degen-

(i) Two Higgs doublet models with nonstandard charged- eracy. . . .
Higgs couplings to quarksa) A two Higgs doublet model of A Z—Dbs signal in a gigaZ TESLA or any other collider

) : “ may, therefore, be a good indication for the underlying dy-
chg(—aqua(rZI(H(%'\élll-ll?Dl\(/lt;) a two Higgs doublet model *for the namics of these two flavor-violating SUSY scenarios and, if

interpreted in that way, will provide evidence of a hierarchi-
cal structure in the mass spectrum of the SUSY scalar sector.

Note added in proofThe BRZ— bs+ bs) was also cal-
culated in a 2HDM of type Ill in[44]. Using the current
constraints, one can get BR{-bs+bs)~108 in this
model[45].

(ii) Supersymmetry with flavor-violation in the squark
sector:(a) Supersymmetry with stop-scharm mixingp) su-
persymmetry with sbottom-sstrange mixing.

(iii) Supersymmetry with flavor-violation fronR-parity
violating interactions: (a) Supersymmetry with trilinear
R-parity violation; (b) Supersymmetry with trilinear and bi-
linear R-parity violation.

Folding in the existing experimental limits on the relevant
parameter space of each of these models, we calculated the G.E. and A.S. thank the U.S.-Israel Binational Science
branching ratio for the decag— bs.1® The highlights of our Foundation. G.E. also thanks the Israel Science Foundation

¢ and the Fund for Promotion of Research at the Technion for
partial support. This work was also supported in part by U.S.
OE Contract Nos. DE-FG02-94ER40817SU) and
E-AC02-98CH10886BNL).
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results are summarized in Table VIII. In particular, we fin
that the 2HDMII with flavor violation originating from
charged scalar interactions with fermions are expected t

yield an extremely small BM—>b§), smaller than the SM

prediction and smaller than_the reach of a giga*|~ col- APPENDIX: ONE-LOOP EORM EACTORS
lider. Thus, a signal oZ—bs (=10"7) in TESLA will be

inconsistent with the underlying mechanisms for flavor vio- !N this appendix we give the two-point and three-point

one-loop form factors which are defined by the one-loop mo-
mentum integrals as follow[g2]:

13Note_that in the cases where the new physics yields BR( Co; C
—Dbs+bs)~1078 (e.g., in the T2HDM, the total BRZ—bs
+bs) may reach~10"7 due to the possibility of constructive in- _ d4q 1; J.: 9.9
terferences with the SM contributions. Clearly, if the new physics =T 272 2 2 2 2 2.
R — — + — — -
gives BRZ—bs+bs)<1078, then the total width intdos will be tr” [a7=my]l(a+py)=ma]L(a=pg)"—m3]
dominated by the SM value. (A1)

. 2 2 2 2 2 2
wo C,u,]/(m_‘]_lm21m31p]_!p21p3)
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Co; Cu(mi,mj,m3,p3,p3,p3)

Ef@ o’ o?a,
im? [q°=mf][(a+py)>~m3][(q—ps)®~m3]’
(A2)
whereX;p;=0 is to be understood above,
d*q 1; q
Bo; B (mz,mz,pz)zf.— - :
S im? [q2-mi][(q+p)?—m3]
(A3)
The coefficients B, with xe0,1, C, with x

€0,11,12,21,22,23,24, arfﬁx with x€ 0,11,12 are then de-
fined through the following relationg!3]:

PHYSICAL REVIEW D 66, 093005 (2002

BMZ p”Bl, (A4)
CL=P1,C11+P2,C12, (A5)
E;L: plﬂéll+ pzﬁalzy (AB)

and

CLv=P1,P1,Co1F P2,P2,Coot {P1P2} v C23t 9,1 Cou,

(A7)

where{ab},,=a,b,+a,b,.
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