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Flavor-changing top quark decays inR-parity-violating supersymmetric models
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The flavor-changing top quark decals>cV (V=2,v,9) induced byR-parity-violating couplings in the
minimal supersymmetric standard model are evaluated. We find that the deeays can be significantly
enhanced relative to those in tifeparity-conserving supersymmetric model. Our results show that the top
quark flavor-changing neutral current decay can be as large as-Bd)~10 3, Br(t—cZ)~10"4, and
Br(t—cvy)~10"°, which may be observable at the upgraded Fermilab Tevatron and/or the CERN LHC.
[S0556-282198)07315-9

PACS numbds): 12.60.Jv, 11.30.Hv

The unexpected large mass of the top quark suggests thketvels[8]. In this paper we will show that in the case of the
it may be more sensitive to new physics than other fermionsR-parity violating MSSM[9,10] with the existing bounds on
In the standard mod€BM) the flavor-changing neutral cur- the R-parity violating couplings that violate the baryon num-
rent (FCNC) decays of the top quark—cV suppressed by ber, Brt—cV) might reach the detectable level at the up-
the Glashow-lliopoulos-Maiar{iGIM) mechanism, are found graded Tevatron and the LHC. However, as shown below,
to be far below the detectable levdl,2]. So, searching for the effects of the lepton-number-violating couplings in
FCNC top-quark decays serves as a powerful probe to effectSCNC top-quark decays are negligibly small under the cur-
of new physics. The CDIF3,4] and DO[5] Collaborations rent constraints.
have reported interesting bounds on these de¢dlsUn- In the MSSM the superpotential witR-parity violation is
doubtedly more stringent bounds will be obtained in the fu-given by[10]
ture at the Tevatron upgrade and the LHC.

A systematic theoretical study of the experimental observ- Wa=NijLiL ES+ A Li QDS
ability for FCNC top-quark decays at the Tevatron and the
LHC has been made in Refs,7]. The results show that the + N[ €U, D5, D+ miliHo, (6)

detection sensitivity can be significa,7]:
where L;(Q;) and E;(U;,D;) are the left-handed lepton

— — 3 — 4
Br(t—c2)=4x10"(6x 107, @ (quark doublet and right-handed leptdquark singlet chi-
Br(t— ~4x10°4(8X 1075), 2 ral superfle!ds.l,!,k are generation indices ar'td Qenotes

(t=cy) ( ) @ charge conjugationa, b, andd are the color indices and
Br(t—cg)=~5x 10 3(1x 10°3), 3 €"is the total antisymmetric tensoH,, are the Higgs-

doublets chiral superfields. The;;, and )\i’jk are lepton-
at the upgraded Tevatron of integrated luminosity of 10number-violating ) couplings and)\i’;k baryon-number-
(100 fb~!. The two electroweak modes can be improvedviolating (B) couplings. Constraints on these couplings have
severalfold at the LHC with similar integrated luminosities: been obtained from various low-energy procedsels-2Q

and their phenomenologies at hadron and lepton colliders

Br(t—cZ)=8x10"%2x10"%), (4 have also been investigated recently by a number of authors
~ _ [19,21].
Br(t—cy)=2x10"°(5x10"°). (5) Although it is theoretically possible to have bdthand i

Despite the ab int i . tal ibilit interactions, the nonobservation of proton decay prohibits

thESp' € eda ove tlnt_eres_ln?h exp_er_lmeln al possi "'te.stheir simultaneous presen¢&4]. We therefore assume the
ere 15 ho cemonswation in the minimat SUpersymmetric, istence of eithet. or B couplings, and investigate their

standard mode(MSSM), which is the most favored candi- te effects in t K d

date for physics beyond the standard model, that such Iimit:s:,epara € etiects in fop-quark decays. .

can be realized. In MSSM conservilfgparity’ the predic- The FCNC decayt—cV can be induced by either the

tions for branching ratios of these FCNC top-quark decaysor A" coupling at the one loop level. In terms of the four-

were found to be significantly below the above detectabl{92?13%62;55?92?,?2?2’;ir\]/zrl]‘%%/ranglan of theouplings
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L= =N [d&(up)ed] +dk(df) Cul +Ug(d])°df ]+ H.c., V#(tcy)=ie[ik,o*"PgB], (10)
€S)
\I/Evge(ree) the color indices ig " are totally antisymmetric as in VH(tcg) =ig T ik,0*"PrBY], (12)

Let us first considet—cV induced byl couplings. At
one-loop level, they give rise to effectiteV vertices of the

form wherePg | = 3(1* ys) andk is the momentum of the vector

boson. The form factor8?, B, etc., are obtained by iden-
VE(tcZ) =ie[ y*P A%+ik ,0**PgB?], (9) tifying AZ=AT+Aj andBV=BY+B) (V=2Z,7,9), where

1
A%: }\iIZk}\iIBk (UC+aC)Bl(MtYMeiYMak)

1672
1 2
—(vetae)| 24— 5T MZ(C1o+ C23) | (— Pt s P Mei, Mgk, Mi)
+ &y[2C4+ ME(Cq1— Cipt Co1— Co3) 1(— Pr K, M i, M, Mgi) 1 (12

1
B%:@)\mk)\isk{(ve"' ag)M{[C11— C1ot Co1— Coa](— Pt s Pc,Mei, Mgk, Mei)

+ &yM{[ €11~ C1pF Co1— Coal (— Pr K, M i, Mg, MgK) }, (13

1
AZ= NiakNizk] (et ac)Bi(M¢, Mgk, M3i)

_16772
1 2
—(ag—vq) 2024_§+Mz(012+023) (= Pt,Pe Mgk, M3, M gk)
— E[2Co4+ ME(Cq3— C1o+ Co1— C22) 1(— Py K, Mgk, M3, M3i) ¢, (14

Bgzﬁkirzk)\irsk{(ad_ va)Mi[C11— C1oF Coy— Coa](— Py, P, Mgk, M3, M gk)

—&yM{[ €11~ C1pF Co1— Co3](— Pt K, M gk, M3, M73i)}. (15

The sum over family indicesk=1,2,3 is impliedp; andp, ~ B{, are obtained froan2 by the substitution®]=B%(a,

are the momenta of the top and charm quarks. The functions,0y.—e.), Bl= Bg(adﬁo,vd_,ed), BY= Bf(aeﬂo,ve

B, andc;; are two- and three-point Feynman integrals given_, gy andBY=B%(ay— 04— 1) and settingl,—O0.

in Ref. [22], and their functional dependences are indicated pNgte that the ultraviolet divergencies are contained in
in the bracket following them. The constad, (£,)=  Feynman integral8, andc,,. We have checked that all the

—egSw/Cw [~ (1-253)/25wcw], e(—1), 1(0) are for the  yjtraviolet divergencies cancelled as a result of the renormal-
Z boson, photon, and gluon, respectively;f=(|§ izability of the MSSM.

- 2efs\2,\,)/25WcW andaf=lg/25WcW are the vector and axial- Similarly, we have calculated the effectiveV vertices
vector couplings withe; being the electric charge of the induced by théB couplings at the one-loop level. The effec-
fermion f in unit of e, andlf3= +1/2 the corresponding third tive vertices have forms similar to those of Eq9)—(11)
components of the weak isospin. The form factBis, and ~ with the substitutionAY—FY, BY—FY, where
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1
F%P?\%kh%jk[ (vet+ag)Bi(My, My, Mgk)
T

+(vgtag)

1 2
57 2C4—My(Cy2tCpa)

X(=Pt»Pc,Mai, Mgk, Mgi)

— &[2Co4+ MZ(Cq— Cip+ Coy— Cp)]
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Br(t—cg)<10&. (19
If we consider the mass splitting between sleptons, these
upper limits on the branching fractions still persist. Thus we
conclude that the contributions of thié couplings tot
—cV are too small to be of interest.

B-violating couplingsFor theB couplings\” the bound
on the top-quark rare decay rates can be significantly in-
creased since the\” couplings stand relatively uncon-

strained, except fox7,;, and\7,; which have been strongly
bounded from the consideration of double nucleon decay

into two kaong12] and ann-n oscillation[12], respectively.
Under the assumption that the masses of all down-type

squarks are degenerate, Br{cV) is proportional toA?

with A being the product of the relevaBtcouplings defined

by

X (=Pt K, M gi, Mgk, Mgk)

, (16)

1
Z__
Fz_l@#

X (= Py,Pe s Mgi, Mgk, Mgi) — EyM,
X[C11— C121 Cp1—Cog]

X (= Pr.K,Mai, Mg, Mg},

N2k 3t (Vat @@ Ml 11— Cagt Co1— Cag

1

A=N510 3101 N1\ 3131 Nopgh 3p3= E)\gjk)\gjk . (20
17
While the experimental bounds oxf have been derived
from the ratio of hadron to lepton width of thg°, R,
=I",,/T"| [20], we are not aware of any experimental bounds
on A3 although one can make general estimates from cer-
tain low-energy data. Therefore, we do not have an experi-
mental bound forA. We discuss these points in some detalil

y—EZ g_pZ
F2_F2|ad—>0,vd—>eda Fz_F2|adﬁ0,ud—>—1,§va—§v-

(18)

The sum over family indiceg,k=1,2,3 is implied.
Now we present the numerical results for B«cV). We
take M;=175 GeV,m;=91.187 GeV,m,=80.3 GeV,G¢ below.
=1.1663% 10 °(GeV) 2, a=1/128, a;=0.108, and ne- First we will argue that it is likly that only one term ifs,
glect the masses of charged leptons, down-type quarks, arily. (20), can be significant. This comes from the consider-
the charm quark. The decay rates increase with the relevagtijon of the low-energy processes»sy andK°-K° mixing.
A or \ couplings and decrease with the increase of therhis may provide strong constraints to the producis\i,
sparticle mass. and\/;;\ /s (sum overi is implied), respectively{24]. Thus
We note that there are two mass eigenstates for each flghe simultaneous presence of any two termd imight con-
vor squark and slepton, and the nonzero off-diagonal termgict with these low-energy processes. However, the exis-
in the fermion mass matrix will induce the mass splitting tence of only one of the terms\’y A1, Nahays, OF

. . 2
between the two mass eigenstatg®3]. Since the off- Nsy3\ s, Will NOt be constrained by them.

diagonal terms in the mass matrix are proportional to the The bound om%jk from R=T', /T, is 1.46 at 2r for

mass pf the correspondmg fermigas], the off-diagonal down squark mass of 100 G420]. We can obtain another
terms in the mass matrix of the down-type squark and the

slepton are relatively small. For simplicity, we assumed allconstraint from the FNAL data at events by examining the
the down-type squark masses to be degenerate, as well as #xotic top-quark decay—d] +d¥. For the top-quark mass
masses of the sleptons. As we shall discuss later, these teab-175 GeV, we have

nical assumptions do not affect our results.

L-violating couplings.To calculate the bounds of the I(t—dl +d¥) R Mk 212
Br(t—cV) in the presence of thié terms, we use the fol- RtEmzl-lz()\'éjk) 1=\ {75 Gev
lowing limits on thell couplings(obtained for the squark
mass of 100 Ge)} |)\|;ij|<0.012 k,j=1,2,3i=2) [16], mg
INi5]<0.16 (=1,2) [18], |\j3d<0.001[15], |Ap5/<0.16 O] (2D)

(1=1,2,3), and\ 35|<0.26 (=1,2,3)[19]. There are also
the following constraints on the products of thé couplings
[17,18: Nighiz, Apghoy<1.1x107° (i=1,2;j=1,2,3),
)\i,nZ)\j’nl<1075(i!jvn:112=3)1 and NipNpss Mo aors
Nahzg2s Mah 3 <107 .

Using the upper limits of the relevaiit couplings and
taking the lower limit of 45 GeV for slepton mass, we find
the maximum values of the branching fractions to be

Thedk can decay into alg plus a lightest neutralingand
gluino if kinematically allowed as well as quark pairs in-
duced by theB terms. The decay modes-d] +dk can en-
hance the total fraction of hadronic decays of the top quark
and alter the ratio oft events expected in the dilepton chan-
nel. The number of dilepton events expected in the presence
of the decayt—d] +df and that in the SM is given by
R(f)=(1—f)?, wheref=Br(t—d! +dX). The CDF mea-

Br(t—cz)<10 % Br(t—cy)<10 1°
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FIG. 2. A versus squark mass for given values of branching
ratios. The solid, dashed, and dotted lines correspond td Br(
—cg)=1x10"3 Br(t—c2)=2x10"% and Brt—cy)=5
X108, respectively.

FIG. 1. The plot of Br{—cV)/(0.2A)? as a function of squark
mass.

surement of thett production cross section istt]ex
=8.3"%3 pb in the dilepton channgR5], while the SM ex-  Br(t—cV)/(0.2A)? as a function of squark mass. For a
pectation for a top-quark mass of 175 GeV d$tt_]Qco squark mass no greater than 170 GeV we have

=5.5"57 pb [26]. By requiringR(f) to lie within the mea-

- o ~ 2 — 4

sured range of[ tt ]e,,/ o[ tt]ocp, We can obtain the bounds Br(t—¢2)~(0.64)"x10", @3

on the relevand” couplings. The 2 bound from dilepton _
channel is found to bep k P Br(t—cy)=~(0.31)?x10"°, (24)
Br(t—cg)~(0.4A)?x 103, (25)

Mak 212
" R

()\Bjk)z{l_(m) <0.71. (22 we conclude from Eqe23)—(25), Egs.(1)=(5), and aA as

large as 5 that the contribution & couplings to the decay

t—cV might be observable at the upgraded Tevatron and
ForMakR= 100 GeV, we havagjk< 1.25, comparable to the | HC.

bound fromR, [20]. Constraints on%;, from the experimen- If the decayst—cV are not observed at the upgraded
tal data oftt in other channels are weaker. Tevatron and LHC, we can obtain the experimental upper

Although we are not aware of any experimental bound forbound forA. We illustrate this in Fig. 2 where_ we plat

xgjk, theoretical bounds can be derived under specific as\éersuds tlhe degenerate sO?uark Ir3‘nass. -Ehf nggé daBshed, and
sumptiong 11]. The constraint of perturbative unitarity at the otte . INes ﬁorrespon to _Fng)_,GX L r(t
SUSY breaking scal# g5y would bound all the couplings, _>CZ)_2.X 10°°, and Br¢_>.c7/)._5><10 ' respectlvely.
and in particular(\gjk 24m<1, i-e-,KZ,-k<3-54- A stronger The region above the solid line corresponding to tBr(

bound can be obtained if we assume gauge group unificatiogcg)>1>< 10"® will be excluded if the decay—cg is not
at My=2x10% GeV and the Yukawa coupling¥,, Y, bserved at the upgraded Tevatron. The region above the

and Y, to remain in the perturbative domain in the whole dashed and dotted lines corresponds 1o tBi¢2)>2
T —4 —6 \whi i i
range up oM. This implies Y;(u)<1 for u<2x 101 X 10" * and Br{—cvy)>5X10""° which will be excluded if

. i he LHC. Th -
GeV. Then we obtain an upper bound of 0.6 fonﬁﬂk [11]. corresponding decays are not observed at the LHC. The cor

his | it all th N exi 4 take thei responding value of\ which sets its upper bound can be
In this latter case, if all the terms IA exist and take their o4 off from the figure. For example, for a squark mass of

maximum value of 0.6, theA is at most of the order of 1. 150 GeV, the upgraded Tevatron can probe Ahelown to

But there is noa priori reason to take this theoretical as- 5 3 This hound is not very strong but may serve as the first
sumption. Taking the former scenario of perturbative u”'tar'experimental bound on this hitherto experimentally uncon-
ity at the SUSY breaking scale and letting, for exampl8,  girained product ok” couplings.

and\5,, have their maximal allowed values and taking all The following remarks are due regarding the above re-

the other\”’s to be small, then we hava as large as 5, gylts.

which would make the top-quark neutral current decays ob- () For the upgraded Tevatron or LHC, the limits on some

servable as our results below show. individual or combinations of these couplings may be obtain-
Now we present the numerical results for the effects'of able from direct squark search. However, we think that our

couplings by considering. as a variable and dividing it out results are complementary to the direct search and the pro-

from the branching ratios. In Fig. 1 we present the plot ofcesses discussed in the present article may involve different
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combination of the couplings. Since tlkeviolating SUSY

PHYSICAL REVIEW D58 055001

and', is proportional to the strange-quark md28]. We

contains many parameters, it is desirable to obtain as margiso checked that our numerical results are not sensitive to

constraints as possible.

(b) If the HERA anomalous event27] were the result of
R-parity-violating termg 28], namely, nonzero values fdir
couplings\’, all the B couplings\” would be very small
since proton stability imposes a upper bound of 4@0 %)
for any products ol '\" in the absencépresencgof squark
flavor mixing [14]. Then the effects of any\” coupling
would, of course, not be observable.

(c) As we have pointed out, only one termAncan exist,
either A3 50515, Aj13h513, OF Ao\ 3,5. Let us assume the

existence of\5; A3,
rare decays$— cV, the three-body decays-cdd (exchang-

ing a3¥) andt—css (exchanging al) can also open. Al-

though these decay modes just give rise to three light jets an

thus are not easy to detect at the upgraded Tevatron or LHC! ) o ,
gonserving SUSY model. In an optimistic scenario where

a detailed examination for the possibility of detecting thes
decay modes is needéad].

(d) In the contributions ofA” couplings, the masses of
down-type squarksl, 3, andb are involved. In our calcula-
tion, we assumed the degeneracy of these masses so that
extracted a factorA in Eq. (20). However, as we have
pointed out, only one term iA can exist. Correspondingly,

only one flavor of down-type squark is involved. So actually
our assumption of mass degeneracy between different flav

down-type squarks does not affect our numerical results.

the small mass splitting.

Although the possible mass splittings between different
flavor squarks cannot significantly enhance the rates of top-
quark rare decays, they would cause some unexpected effects
in low-energy processes. For example, the large mass split-
ting between charm squark and up squark, which are not
relevant to our calculations in this paper, would lead to large
FCNC processes in thB-meson system. This will be exam-
ined in detail in our future work.

(e) Finally, we should point out that with couplings as

as an example. Besides the two-bodylarge as 3.5, the model cannot be extrapolated beyond a few

TeV, which will take away many of the motivations of su-
persymmetry.

d In summary, we found that the decays cV can be sig-
ificantly enhanced relative to those in the-parity-

one of the products ok in Eq. (20) attend the allowed limit

by perturbative unitarity at the SUSY breaking scale and by
R,, the branching ratios can be as large astBr€Q)
~10 3, Br(t—cz)~10 %, and Brg—cy)~10 °, which

A2 potentially observable at the upgraded Tevatron and/or
the LHC. If not seen, upper bounds can be set on the specific
combination of the relevart couplings. Together with low-

ergy processes suchlas>sy andK®—K° mixing, strong
ounds on most of the” couplings can be set.

Further, we assumed the mass degeneracy between theyye thank A. Datta, T. Han, and C. Kao for discussions.
two mass eigenstates for each flavor down-type squarkphis work was supported in part by the U.S. Department of

Again, let us assume the existence of the tafp\%,,as an
example. Then only the strange squ&k i€ involved. There
are two mass eigenstates for it, namé&y,ands,. We as-
sumedm§1=m§2 in our calculation. Theoretically this is a

good approximation because the mass splitting betvégen
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