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We report on a search for the supersymmetric partner of the top qimgrlsquark produced intt events
using 110 pb? of pEcoIIisions atys=1.8 TeV recorded with the Collider Detector at Fermilab. In the case
of a light top squark, the decay of the top quark into a top squark plus the lightest supersymmetric particle
(LSP) could have a significant branching ratio. The observed events are consistent with standardtmodel
production and decay. Hence, we set limits on the branching ratio of the top quark decaying into a top squark
plus LSP, excluding branching ratios above 45% for a LSP mass up to 40c&eV/

DOI: 10.1103/PhysRevD.63.091101 PACS nuni®erl4.80.Ly, 13.85.Rm

With the observation in 1995 of a heavy top quatk?], The Collider Detector at FermilafCDF) detector{10] is
an important prerequisite was met for low energy supersymwell suited to search for supersymmetric top quark decays.
metry (SUSY) [3] to explain electroweak symmetry break- The following components are relevant to this analysis: the
ing. In the minimal supersymmetric extension of the standaratentral tracking chamber, which is inside a 1.4 T supercon-
model (MSSM), all known patrticles of the standard model ducting solenoidal magnet, measures the momentum of
(SM) acquire supersymmetric partners, or superpartners. Faharged particles with a resolution &p;/p;=0.00% p;
fermions the superpartners are bosons, while for bosons thg+ in GeV/c) [11]. The silicon vertex detector, with an
superpartners are fermions. We assume conservation ofianer radius of 3 cm and an outer of 8 cm, identifies second-
multiplicative quantum numbef®R parity, which requires ary vertices with a resolution of 13@m in the transverse
these new particles to be produced in pairs and prevents detane. The electromagnetic and hadronic calorimeters cover
cays of the lightest supersymmetric parti¢leSP). From  the pseudorapidity regiofy|<4.2 and are used to identify
cosmological considerationg!], the LSP is normally as- jets and electrons, and to measure the missing transverse
sumed to be the lightest neutralino. energyE+ [11]. An outer layer of drift chambers provides

The. I.arge Yukawa coupling qf thg top qugrk opens up themuon identification in the regiofy| <1.0.
possibility of a large mass splitting in the third generation of The search reported here is based on 110pti pB

fermionic superpartnerghe squarks and sleptons'he su- . B . .
perpartners of the right-handed and left-handed top quarRO"'S'OnS atys=1.8 TeV recorded with the Collider Detec-

(the top squarkscombine to form the mass eigenstates. Thetor at Fermilab during the 1992-1993 and 1994-1995 col-

. ~ . lider periods. The analysis is a combination of a CDF single
lightest top squarkt(;) could then be lighter than the super- . . .
partners of all other squarks. Most limits on squark masse epton plus jet top analys{d] and a kinematic analys{d.2].

he analysis cuts are slightly revised to improve sensitivity.
[5] do not apply to the top squark because they are usually . )
based on a model of five degenerate squarks. Current to The I_eptonch decay from the SM top.decay ylelds an
squark mass limits are significantly lowd] than these lim- nergetic lepton. Events are selected as in the single lepton

: : - plus b-jet top analysis by requiring a central electron
its or based on the assumption of a very heavy chargin .
P y y g §|7;|<1.1) or central muon||=<1.0) with transverse mo-

(x1) [7]. The latter searches are complementary to thefnentumpTBZO GeVk.

analysis presented here since the top squark~decay ®ode  The neutrino from th&V decay, as well as any LSP’s, will
+LSP does not coexist with the decay mdute x; . If the  escape the apparatus without detection, resulting in an en-
top squark is light, decays of the top quark into a top squarkergy imbalance. Th&; measured by the calorimeter is cor-
plus the lightest neutralino could be kinematically allowed. Ifrected if the lepton is a muon. We have increased Ehe
this neutralino is the LSP it will be stable and only weakly requirement, from#;=25 GeV in the single lepton plus
interacting. Such a particle would pass through the detectqg-jet top analysis t&;=45 GeV, as our signal is expected
without interaction, causing a considerable energy imbaltg have a harde spectrum. To reject now background,
ance. For the top squark we assume decays analogous to i@ require the transverse mabs; of the lepton andZ
standard model top quark decay, i.e., into chargino Bnd system to be larger than 40 GeV. While the top analyses are
quark. The chargino could then decay into a LSP plus eitheg . .oned with separatirtg from W plus jet production, in

a quark-antiquark pair or a lepton and antineutrino. this analvsi ; PR o

. . ysis we are interested in minimizidgplus multijet
. Branching ratios as large as 40-509% for the top qeca)éackground and then focusing on separating SUSY top de-
into a top squark have been suggedted In such scenarios

cays from SM top decays. In both SUSY and SM top decays
about one-half oftt events would have one SM and one thew has a substantial transverse momentum. An additional
supersymmetric top decay. If the SM top decay Wand a  requirement that the lepton—E; system have py

b quark is followed by the leptonic decay of th¢ then the =5 GeVk has therefore been made.

dataset selection, and the event identificatior{ 1] will all three additional jets from the other top decay whenWher
be satisfied. The decay of the second top quark can then like chargino decays hadronically. We require two [éf3]
used to search for decays into a top squark. with transverse energf;=20 GeV and a third jet with

Er=15 GeV, all within|»|<2.0. Jet energy is corrected
according to an average response function prior to event se-
*Now at Carnegie Mellon University, Pittsburgh, PA 15213. lection[12]. We require one of the jets to be identified as a

091101-3



RAPID COMMUNICATIONS

T. AFFOLDERet al. PHYSICAL REVIEW D 63 091101R)
8 5 175
845 F @ "'l' l/:"l/'l'
§ 4 = ¥ RUN 1A+1B DATA _"'"'l"l""'""'l' t— t,+LSP Kinematically Forbidden
B35 E — SUSY top Decay 160 l,“l"l“l"’l"l}
i + ~ Sttp e ot
s E X
25 i— \3
2E &
15 £ 140 [
1F by — IS
05 o U - BR(t - 7, + LSP)
o Bt e L b S Ky Excluded at 95% CL
0 20 40 60 80 100 120 140 160 180 200 120 R B BR > 55%
Ejoi2)/GeV Qo
kN F I BR > 50%
IR
e 5 & BR>45%
845 o) =
s 4F ¥ RUN 1A+1B DATA 100
836 & . :E{S;;'gec]):;:y BR(X: — v +LSP )= 1/9
g2 3¢ T BR(i, = %* + b)= 100%
25 F 80 BR(t - Wb) + BR(t — 1,+LSP)= 100%
2 T Y- M) =80Gevic
15 & T, M(z) =60 GeVic® >
1 E_ - _: M(LSP)= 20 GeV/c2 CDF;;Direct Search
05 £ | T 60 Lo N AR N NN N NN TN RN
0 E .2 L .4| L | L1 !--..-’J.h. .1I2. L .1I4. L |1I L |1I L .2 60 70 80 90 lgo 110 5 120 130 140 150
0 0 0 60 80 100 0 0 160 gg m?/o MO GeVi)
FIG. 1. Transverse energy distribution @f the second€(2) FIG. 3. Top into top squark plus LSP branching ratio limits as a
and(b) third jet Ele‘(s) for events with two SM top decays and for function of top squark and chargino masses for a LSP mass of
events with one SM and one SUSY top decay. 20 GeVk?

b-jet candidate. We use a secondary vertex tagging methoahd jets |coq6* (jet))|<0.9, [cog#* (jet))|<0.8, and

[1], based on SVX information, that reconstructs secondarycod 6* (jet,))|<0.7, where the jets j,k are ordered accord-

vertices from B hadron decays. As in the kinematic ing to |cos@*)|. These requirements were relaxed from the

top analysis[12], we require the three jets to have large requirement ofcos(¢* (jet; ; x))|<0.7 in[12] in order to ob-

polar angles in the rest frame of the leptoir, tain a good acceptance for the SM-SUSY top decays. For
simplicity, these polar angles are calculated assuming a null

@ M E T T T T 3 longitudinal component for the neutrino. In order to insure
§ 4 F -+~ SM-SUSY top decays @ 7 that the three jets are well separatedyia space, we require
§ 35 SMSMiopdecays SM-like Region AR(jet, jet)=0.9, whereAR(jet, jet)= VA 7?+A¢? is the
B 7F  sicwdiie Regiori 3 minimum distance between the jets. _ _
25 & E With these jet requirements our sample is defined. In the
1; : : : data nine events pass the above cuts. For the theorétical
'1 3 E production cross section of 5 pb4] we expect 9.5 events. A
s B E non-top standard model background contributes less than
'0 T T N o 3 half an event.
6 5 -4 3 2 4 0 1 2 3 4 5 6 Jets from a SUSY top decay are less energetic than jets
iRy from a SM top decay due to the presence of LSP’s and pos-
® 6 —T— T — sible small chargino mass. In order to best distinguish be-
g s " v RUN1A+1B DATA ) E tween SM and SUSY top decays, we combine the transverse
5 E SM-SM top decays 1 energy information of the second and third most energetic jet
€ 4 C—1SM-SM + SM-SUSY top decays ‘ = in a likelihood variable defined as
2 F BR(t— {,+LSP)=45% | E
3 E PSM-SM(Eie2)  pSM-SMEet3)
2 _ — ‘ _ RL:PSM—SUSY(EjTetz)XPSM—susv(EjTets)’
1 - 25
o b ----I----I-:lT!u—rH-n-luInnlnnlunlnud.l_l_lj whereP are the expected differential transverse energy dis-

&

-5 -4 -3 -2 -1 0 1 2 3 4 5 6

(R, tributions (16)do/dE; evaluated from the Monte Carlo cal-

culator.

FIG. 2. (a) Comparison of InR,) for SM-SM top decays and Figure 1 shows thosEy distributions while Fig. 2 shows
SM-SUSY top decays after all the cuts have been appil®dThe  the distribution of the likelihood variable for SM and SUSY
In(R,) distribution for CDF run 1 data. top decays. Events with one top quark decaying into a top

091101-4



SEARCH FOR THE SUPERSYMMETRIC PARTNERR . .

175

160 {4/)]

140 |

GeV/c? )
8

Mt

100 |

80 |~

"':'""i /
Wy

/
/
/
/
/
/

/
/
/

N

Mﬁ%%mm%%

f
(4} t— t,+LSP Kinematically Forbidden /
/

J

/

,
7
/
/
/
X,

/]

7
//

I/

/

,
]

/,w
I s

%%%%%%m /
%%%%%/M%

N

BR(t— 1, + LSP)
Excluded at 95% CL
I BR255%

~ I BR250%

BR245%

BR(%*— v I+LSP )= 1/9
BR(t, = X" + b)= 100%
BR(t — Wb) + BR(t = 1,+LSP)= 100%

N

i Y

CDF 11 Direct Search
NA A VAT AT .

40 GeV[?.

positive values[15]. The region InR, )<—1 defines our

90

IZQ_D 110
MY )(GeV/c?)

120 130 140

150

RAPID COMMUNICATIONS

PHYSICAL REVIEW D 63 091101R)

production cross section and to the integrated luminosity is
negligible since we normalize the Monte Carlo predictions to
the data in the SM dominated region of large likelihood. We
note that this normalization has a large statistical uncertainty
due to the small number of events in this region. The uncer-
tainty in the mass of the top quark becomes important in the
region of large top squark mass, close to the kinematic limit.
The effect of using parton distribution functions other than
CTEQ-3(LO) [8] is within the statistical uncertainty of the
Monte Carlo samples. The total systematic uncertainty for
both the expected number of events and fraction of events
with In(R )< —1 from SM-SUSY top quark decays is typi-
cally around 40%. The major systematic uncertainty comes
from the calorimeter energy scale and it varies between
+15% and=*=25% in the region of the analyzed parameter
space. The uncertainty on the top quark mass contributes
about =15% for most of the parameter space. The uncer-
tainty due to the gluon radiation, on both number of events
and shape, is always less tharl0%.

All nine events are observed in the data cluster in the

SM-like region of large InR, ). To set a limit on the branch-
ing ratio of top decaying into a top squark plus LSP, we
FIG. 4. Top into top squark plus LSP branching ratio limits as acalculate the branching ratios that would yield at least one
function of top squark and chargino masses for a LSP mass otvent in the SUSY-like region 95% of the time as a function
of top squark, chargino, and LSP mass. The method used is
essentially a Bayesian-style integration over the systematic
squark plus LSP are clustered in the region of negative valand statistical uncertainties in the SM-SM, SM-SUSY, and
ues of INR_), whereas events with two SM top decays are atSUSY-SUSY contributions, where the uncertainties are as-

sumed to be Gaussian distributed. Figures 3 and 4 show the

SUSY search region. The region R()>—1 is dominated 95% confidence level top decaying into a top squark plus
by double SM top decays and will be used to normalize the_SP branching ratio limit as a function of top squark and
expected number of these decays. Our search is then indehargino mass, for a LSP mass of 20 and 40 @8VFor

larger LSP masses the kinematically allowed region shrinks.

pendent of thet production cross sectioii6].

To study the distributions of the kinematic variables in theThe sensitivity of this analysis, however, stays rather con-

supersymmetric top decays, the signals are produced with ttgtant.
In conclusion, we have looked for the top decay into a top

ISAJET Monte Carlo generatdil 7] and passed through detec-
tor simulation program$18]. We have fixed the top quark squark plus the LSP. In the case of a light top squark, the top
mass to 175 Ge\? and varied the top squark, chargino, is allowed to decay into a top squark plus a LSP. The number
and LSP masses. Different branching ratios for top decayingf events observed in the data is consistent with the standard
into a top squark plus LSP are obtained by analyzing thénodel top decay expectation. We exclude branching ratios

three possible combinations of top deca@MV-SM, SM-

for top decaying into a top squark above 45% for an LSP

SUSY, and SUSY-SUSY individually and recombining mass up to 40 Ge\?. The upcoming run at the Tevatron,
which will feature an approximately 20-fold increase in the

them with appropriate weights.

Systematic uncertainties in the simulatiort blevents can

total integrated luminosity as well as a significantly im-

impact both the expected number of events and the shape gfoved CDF detector, should allow these results to be greatly

the two jetE distributions and thus the likelihood distribu- €xtended.

tion. We have evaluated the systematic uncertainties for mul- \we thank the Fermilab staff and the technical staff of the
tiple points in the parameter space of the top squark anf@articipating institutions for their vital contributions. This
Charglno masses. The systematic uncertainties are expectwé)rk was Supported by the U.S. Department of Energy and
to become significant close to the kinematic bounds. In th@yational Science Foundation, the Italian Istituto Nazionale di
region of small chargino mass the uncertainties due to gluogisica Nucleare, the Ministry of Education, Science and Cul-
radiation and the calorimeter energy scale are important. Thgre of Japan, the Natural Sciences and Engineering Re-
procedure used to evaluate these systematic uncertaintiesggarch Council of Canada, the National Science Council of

the same as that of R€f19]. The uncertainty due to the
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the Republic of China, and the A. P. Sloan Foundation.



RAPID COMMUNICATIONS

T. AFFOLDERet al. PHYSICAL REVIEW D 63 091101R)
[1] F. Abeet al, Phys. Rev. Lett74, 2626(1995. [10] F. Abeet al, Nucl. Instrum. Methods Phys. Res. 2Y1, 387
[2] S. Abachiet al, Phys. Rev. Lett74, 2632(1995. (1988.
[3] For reviews of the MSSM and supergravity, see H. P. Nilles,[11] In the CDF coordinate system, is the azimuthal angle ant
Phys. Rep110, 1(1984; P. Nath, R. Arnowitt, and A. Cham- is the polar angle with respect to the proton beam direction.

The pseudorapiditys is defined asnp= —Intan(6/2). The
transverse momentum of a particlepgs= p sin 6. If the mag-
nitude of this vector is obtained using the calorimeter energy
rather than the spectrometer momentum, it becomes the trans-
verse energ\Er. Jets are defined as clusters of energyyin

. — ¢ space with a fixed cone of 0.4. The missing transverse
[4] J. Ellis et.al., Nucl. Phys.B238 453 (1984). energy &q) is defined as the difference between the vector
[5] S. Abachiet al,, Phys. Rev. Lett75, 618(19959; F. Abeet al, sum of all the transverse energies and zero.

ibid. 76, 2006(1996; T. Affolder et al., ibid. 84, 5273(2000; (15 . Abeet al, Phys. Rev. [51, 4623(1995: 52, 2605(1995.

seddine Applied N=1 Supergravity ICTP Series in Theoreti-
cal Physics Vol. I(World Scientific, Singapore, 1984H.
Haber and G. Kane, Phys. Retl7, 75 (1985; X. Tata, The
Standard Model and Beyonddited by J. E. KimWorld Sci-
entific, Singapore, 1991p. 304.

84, 5704(2000. [13] F. Abeet al, Phys. Rev. D45, 1448(1992.
[6] G. Abbiendiet al, Phys. Lett. BA56 95(1999; K. Ackerstaff  [14] p. Nason, S. Dawson, and R. K. Ellis, Nucl. PhB803 607

et al, Eur. Phys. J. 08, 225 (1999; Z. Phys. C75, 409 (1989; S. Catani, M. L. Mangano, P. Nason, and L. Trenta-

(1997; M. Acciarri et al, Phys. Lett. B445 428 (1999; R. due, Phys. Lett. B378 329 (1996.

Barateet al, ibid. 413 431(1997. [15] Events with two SUSY top decays have small acceptance due
[7] S. Abachiet al, Phys. Rev. 57, 589(1998; Phys. Rev. Lett. to the W requirement in our selection.

76, 2222(1996. [16] Thett production cross section measured by CDF is based on
[8] H. L. Lai et al, Phys. Rev. D65, 1280(1997). the assumption of only SM top decays. Theoretical calcula-
[9] J. Guaschet al, Proceedings of the 2nd Joint ECFA/DESY tions may omittt contributions from processes such as gluino

Study on Physics and Detectors for a Linear Electron Positron  production.
Collider, Frascati, Italy, 1998; M. Hosctt al, Phys. Rev. D [17] We used CTEQ-®.0) as the Parton Distribution Function. H.

58, 034002(1998; G. Mahlon and G. L. Kanebid. 55, 2779 Baeret al, Proceedings of the Workshop on Physics at Cur-
(1997; S. Ambrosanicet al, ibid. 54, 5395(1996; S. Mrenna rent Accelerators and the Supercollider, Argonne, 1993, p.
and C. P. Yuan, Phys. Lett. B67, 188 (1996; J. Sender, 703.

Phys. Rev. D54, 3271(1996; J. D. Wells and G. L. Kane, [18] T. Affolder et al,, Phys. Rev. D63, 032003(2001).

Phys. Rev. Lett76, 869 (1996. [19] F. Abeet al, Phys. Rev. D60, 2966(1994.

091101-6



