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Update of the effect of cascade decays on the Fermilab Tevatron gluino and squark mass bounds
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We present an improved and updated analysis of the effect of cascade decays on the gluino and squark
mass bounds recently obtained by the Collider Detector at Fermilab (CDF) Collaboration under the as-
sumption that gluinos and squarks only decay to the lightest supersymmetric particle. We delineate re-
gions of parameter space of the minimal model excluded by our cascade analysis, and combine these re-
gions with regions excluded by recent CERN LEP data. We find that the gluino bound is diminished by
10-30 GeV from its CDF value depending on model parameters. We show that a gluino as light as 135
GeV is allowed, in contrast with the absolute lower bound of 150 GeV obtained by the CDF Collabora-
tion. Corresponding bounds on the squark mass are reduced by typically 15-20 GeV, unless the lightest

supersymmetric particle is very heavy.

Supersymmetry [1] (SUSY) can stabilize the standard-
model Higgs sector provided that the superpartner
masses are lighter than ~1 TeV. Considerable effort has
been expended in the search for sparticles at high-energy
colliders. From the absence [2] of anomalous decays of
Z°% at CERN LEP as well as from a precise measurement
of its line shape [3], lower limits close to M, /2 have been
inferred on the masses of sleptons (7), squarks (7 ), sneu-
trinos (¥), and charginos (W;). Somewhat stronger limits
have been obtained on the masses of squarks and gluinos
(g) since they would be copiously produced at hadron
colliders if they are sufficiently light. Assuming that R
parity is conserved, these would then rapidly decay to the
lightest supersymmetric particle (LSP) which would es-
cape detection resulting in an apparent imbalance of
transverse energy (E;) in gluino anmd squark events.
Nonobservation of an excess of E, events above
standard-model expectations has led the UA2 Collabora-
tion [4] to conclude that

m,>74 GeV, m, >179 GeV (UA2) . (1a)

The CDF Collaboration at the Fermilab Tevatron has
also published comparable limits [5] of

mq>74 GeV, m, >73 GeV (CDF—1989), (1b)

based on an integrated luminosity of just 25 nb~!. The
bound on the squark and gluino mass has been obtained
assuming that only the direct decays §—¢Z, and
g->qgZ, are possible, where Z,, the lightest neutralino,
is assumed to be the LSP.

It is well known [6], however, that once § and g be-
come heavy enough so that their decays into charginos
and neutralinos other than the LSP are kinematically ac-
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cessible, these often dominate the direct decays to the
LSP. This is particularly true for the decays §—qgW _
and §; —qW_ which occur via the large SU(2) gauge
coupling, whereas direct decays to the LSP usually dom-
inate the decays of gz [7]. The chargino (or the heavier
neutralino) subsequently decays to the LSP which is typi-
cally softer than an LSP produced by the direct decay of
the squark or gluino. As a result, a smaller fraction of
squark or gluino events satisfy the experimental £ re-
quirement resulting in a somewhat weaker bound on m,
or m, as compared to the case where cascade decays are
ignored. In a previous analysis [8], we have shown that
the cascade decays can reduce the g bound from its value
in (1b) by 3-30 GeV, whereas the squark bound is re-
duced by <10 GeV unless the LSP is relatively heavy.
For even heavier sparticle masses, the cascade decays be-
come even more important; for instance, the branching
fraction for §—qgZ,; never exceeds about 55% for
m_=120 GeV, and is often considerably smaller.

Since the publication of the bound (1b), the CDF colla-
boration has accumulated an integrated luminosity of
over 4 pb~!, which represents more than a 150-fold in-
crease in the size of their earlier data sample. Based on a
nonobservation of a significant excess of £ events in this
larger data sample, the CDF Collaboration has an-
nounced preliminary bounds [9,10]

my > 150 GeV, mg > 170 GeV(if m, <400 GeV)

(CDF—1991), (2)

where it is once again assumed that the sparticles can
only decay to a massless LSP.
We present here an updated analysis of the effect of
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cascade decays on the bounds obtained from the new
CDF data for several reasons. First, the CDF Collabora-
tion has reported a preliminary mass bound of about 150
GeV on m, for over a year now. Secondly, we have made
a number of improvements in our Monte Carlo program
SUSYSM. SUSYSM generates simultaneously g2, §g, and gg
events while keeping track of squark flavor and left (L)
and right (R) types. This is important because g, and gy
are produced in different combinations, and have
different decays. We have also included [11] radiative
gluino decays g —>g2[, which can become important
when the supersymmetric Higgsino mass p is small; this
enables us to extend our analysis to a region of parameter
space not previously [8] accessible. SUSYSM incorporates
the predicted decays of gluinos, squarks, charginos, and
neutralinos as given by the minimal supersymmetric
model (MSSM). It has the option of being run at the par-
ton level, or in conjunction with the JETSET hadroniza-
tion [12] routines. Thirdly, important new constraints
from LEP data exclude significant regions of the parame-
ter space of the minimal model. It is interesting to see
how these regions compare with those excluded by the
CDF results.

Our basic strategy for obtaining the modification to the
CDF bounds is described in Ref. [8]. Briefly, we generate
at the parton-level gluino and squark events with m, and
m, equal to the CDF limit {9,10], allowing only direct de-
cays of squarks and gluinos to a massless LSP. We take
into account the CDF experimental cuts (described
below) to find the resulting signal cross section for E;
events. We then run the SUSYSM program at various
sparticle masses to obtain a matching cross section. The
matching cross section is always attained at higher sparti-
cle masses than the CDF limit due mainly to the softer
E; spectrum from cascade decays. Within the minimal
supersymmetric model [1] (MSSM), all the cascade de-
cays are completely determined [6,7,11,13] by fixing the
parameter set (mg,mq,y,tanﬁ,mH+,m,), where we have
assumed all gaugino masses are equal at the unification
scale. The parameter u (also referred to as —2m ) is the
supersymmetric Higgsino mass parameter, while
tanfS=v /v’ is the ratio of Higgs-field vacuum expectation
values. Finally, m, . is the charged-Higgs-boson mass
and m, is the top-quark mass.

In our Monte Carlo simulation of E; events from
squarks and gluinos, we have attempted to simulate the
CDF conditions [10] via the following acceptance cri-
teria.

(1) We coalesce partons within AR =V Anp>+A¢? <0.7
into single jets. We also require that all the jets satisfy
In;| <3.5, and each jet must have E;>15 GeV. The
highest E cluster is also required to be central (|| < 1).

(2) We require that there be no jet with E,>5 GeV
within a 30° cone back to back in azimuth with the lead-
ing jet.

(3) We require

E;>2.4XV3E;,

where ZE; is the total scalar transverse energy in the
event, including a soft scattering E4 contribution.
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(4) We require |¢jet~¢ET| > 30°.

(5) We require no electrons or muons with E;>15
GeV.

(6) For my, <mg, we require the jet multiplicity n; >4
and E£;>40 GeV. For m, <m,, we require n; =2 and
E;>100 GeV.

The gluino mass bound is shown in Fig. 1 for various
squark masses. The various lines correspond to the cases
(i) m, =400 GeV (solid), (ii) m,=1 TeV (dashes), (iii)
m,=m, +10 GeV (double-dot-dashed), and (iv)

m,=m, +10 GeV (dot-dashed). The CDF bounds [9,10]

correspond to the horizontal lines while the dependence
of the cascade decay limits on the SUSY Higgsino mass u
is shown by the different curves. We have taken tanf=2,
m +=500 GeV, and m, =150 GeV. The dotted region
of Fig. 1 is excluded by the LEP constraints discussed
below. Our results are insensitive to the charged-Higgs-
boson mass as long as m, + >>My,.

All the CDF limits have been given explicitly in Refs.
[9, 10] except case (ii), where m_ =1 TeV. Here, we have
found m, > 158 GeV by equating the cut cross section ob-
tained assuming that gluinos decay via §—qgZ,, with
that obtained for case (i), where m, = 150 GeV and
m, =400 GeV. The CDF bound on m, is larger for very
large squark masses due to a reduction of the destructive
interference between production amplitudes involving in-
itial state quarks.

From Fig. 1, we note the following.

(a) For each of the four cases, the incorporation of real-
istic decays of squarks and gluinos results in a diminution
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FIG. 1. The variation of the gluino mass bound obtained
from our analysis as a function of the supersymmetric Higgsino
mass u=—2m, for tanf=2, and for the various choices of
squark mass shown. The limits from direct decays to a massless
LSP, as obtained by the CDF experiment, are shown as horizon-
tal lines. The various curves show the dependence of the bound
obtained from the cascade analysis on pu. Other parameters are
as fixed in the text. The region excluded by LEP Z° data is
shaded with dots. These data also exclude the region —50
GeV <u <500 GeV for the whole range of m; in this figure.
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of the CDF bound by ~10-30 GeV for values of SUSY
parameters not yet excluded by LEP.

(b) For the cases where my, >>m,, we find a minimum
gluino mass of about 135 GeV, where the constraints
from LEP and CDF meet, at u~ —350 GeV.

(c) Again for m,>>m,, we see a large diminution of
the CDF bound at small values of |u|, within the LEP ex-
cluded region. In this region, the radiative decay
g—gZ, becomes very important because Z, contains a
substantial A-Higgsino component (which couples to the
top family via a Yukawa coupling). The Z, then decays
via Z,—Z  ff where fs are allowed fermions. As a re-
sult, only a small fraction of events pass the £, cut. This
diminution increases with squark mass because the radia-
tive decay amplitude is enhanced relative to the tree am-
plitude by In( m, /mg ).

(d) The diminution of the gluino mass bound is greater
for m, =1 TeV than for m, =400 GeV even though the
event kinematics (which determine detection efficiency)
and the branching fractions for various gluino decays are
essentially the same for large values of |u|. This is be-
cause the gluino pair production cross section falls slight-
ly less steeply with increasing my, in the m, =1 TeV case.
As a result, a greater reduction of m_ is needed in order
to match the cross section from SUSYSM with that given
by the direct decay Monte Carlo program.

(e) In the case where m,=m, +10 GeV, all three pro-
duction processes pp —gg, g, and g contribute to the
E cross section. Here, the gluino decays with equal like-
lihood into §—qq; or qqr. The gr does not couple to
charginos; it maintains a large branching fraction to the
Z,, which is in between a photino and pure U(1) gaugino,
with mass m z, ~30 GeV, over a whole range of i shown

in Fig. 1. Thus, only the decays of §; produced directly
or via §—qq, significantly diminish the CDF expected
bound. Since the LSP gaugino content and mass change
little over the range of u shown, the bound diminution
shows little variation. For u—0, the Higgsino content of
Z, rapidly increases, resulting in a diminished branching
of gr —qZ 1> and a much smaller mass bound. However,
this takes place well into the LEP excluded region. Fi-
nally, we note that the diminution of the bound due to
the mass of LSP is not very significant because the Z, is
never very heavy for the case under consideration [14].

(f) Finally, we consider the case where mq=mq+10
GeV. In this case, §—qZ; and g, —qW; as well as
g —qg8. The latter is strongly suppressed by phase space
and is only important for d; which has small U(1) cou-
plings. As |u| increases, the lighter charginos and neu-
tralinos become more gauginolike, resulting in enhanced
cascade decays of g and §; and a greater diminution from
the CDF bound. For this case, the diminution of the
gluino bound may be as large as 30 GeV.

The boundary of the region of the m, vs m, plane prel-
iminarily excluded by the CDF analysis [9,10] is shown
by the solid contour in Fig. 2. Since it is assumed that
squarks and gluinos can only decay directly to the LSP,
and since the sparticle production cross sections are fixed
by QCD in terms of m, and m,, this excluded region
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FIG. 2. The CDF sparticle mass limits are shown as the solid
contour in the m; —m; plane for u= —250 GeV, with other pa-
rameters as in Fig. 1. The X’s and O’s show the corresponding
results when complete cascade decays are included, for two
different normalization schemes described in the text.

does not depend on any other SUSY parameters if the
LSP mass is small. To illustrate the modification of the
CDF bound due to cascade decays, we have fixed the oth-
er parameters at typical values away from the LEP ex-
cluded region: p=—250 GeV, tanf=2, m, + =500 GeV,
and m, =150 GeV. The O’s mark the cascade bound ob-
tained by equating the cut cross section from the Monte
Carlo program with only direct decays at
(mg,mq)=(150,400) GeV (for mg<mq) or
(mg,mq)=(400, 170) GeV (for m, <mg) to the same
cross section obtained using SUSYSM. The X’s denote the
cascade bound obtained by a slightly different procedure:
here we fixed the heavier of m, or m, to the same value
in both direct and cascade Monte Carlo programs, and
searched for sparticle masses that gave matching between
SUSYSM cut cross sections and direct decay cross sections
fixed at CDF mass limits. The X’s and O’s do not quite
coincide because our parton-level Monte Carlo program
does not exactly reproduce the CDF contour. The
mismatch between the X’s and O’s gives an estimate of
the error introduced by simplifications in our procedure.
We see though that the bounds from the two procedures
coincide to within a few GeV and that the diminution
significantly exceeds this difference.

If m_>>m_, renormalization-group evolution drives
qu to negative values before the unification scale [15],
unless there exist new large Yukawa couplings. In spite
of this, we have illustrated the modification of the squark
mass bound when my>m,. The diminution of the
squark mass bound increases as m_ increases in Fig. 2.
This is mainly due to the fact that the LSP mass increases
with m,; the masses of the two Z,’s absorb much of the
energy of the squark-pair events, and hence few events
pass the ;> 100 GeV cut. In fact, for mg=400 GeV,

ms5 =50 GeV, and the bound on m, disappears.
1
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We now turn our attention to the region of parameter
space excluded by measurements at LEP. Constraints
which exclude regions of the u vs m_ plane include
[2,3,10] the following.

i) m 2, <my, ,so that the chargino is not the LSP.

z
~ >45GeV.

(ii) my,

(iii) The SUSY contribution to the Z° width is less than
63 MeV. This constraint excludes much the same param-
eter space as (ii).

(iv) The SUSY contribution to the invisible width of
Z°, which comes from Z°—Z,,Z,, is smaller than 11.2
MeV at 95% C.L. [16-18]. This mainly excludes the re-
gion near |u|=0.

(v) We have assumed that the branching fraction for
decays of Z° to visible neutralinos is smaller than
5X107°. The published results of the LEP experiments
which are based on a sample of about 20000 Z’s exclude
[19] such branchings at the level of a few X 10™*. Since
then, the sample of Z%s has increased by almost an order
of magnitude. Assuming SM backgrounds are still negli-
gible, an estimate of 5X 107> as the limit for this branch-
ing fraction should be conservative, especially if one com-
bines the results of the various experiments.

The region of the p—m, plane excluded by these con-
straints is shown in Fig. 3 for tan=1.6, 2, 3, 4, and 10
[20]. We see that for tanf > 3 almost the whole range of
gluino masses that is being explored at the Tevatron is al-
ready excluded by LEP measurements. It should, of
course, be stressed that this is only within the framework
of the MSSM, so that it is still crucial that gluinos be in-
dependently searched for at hadron collider experiments.
The smallest value shown in Fig. 3 is of tanf=1.6. This
is because smaller values of tanf yield a light Higgs scalar
that would have been seen at LEP [2,10]. Hence, at
present only Tevatron experiments can exclude the re-
gion 1.6 <tanf <3 for m, up to ~ 150 GeV. This is why
we did not vary tanf3 in Figs. 1 and 2.

It should, however, be stressed that in order to
translate the bounds on the Higgs-boson mass to a limit
on tanf3, one has to make use of tree-level mass relations
for the Higgs sector of the MSSM. Recent calculations
[21,22] have shown that if the top quark is heavy, radia-
tive corrections involving the top-quark Yukawa cou-
pling can substantially alter the light-Higgs-boson mass
from its tree-level value so that the constraints on tanf
may not be valid. It has been explicitly demonstrated
[21] that both scalar-pseudoscalar Higgs-boson pair pro-
duction and the Bjorken process may be unobservable at
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FIG. 3. The regions of the p vs m; plane excluded by the
LEP constraints described in the text, for various values of tanf3.

LEP if m, R 160 GeV even if tanf is close to unity. In
this case, the invisible width constraint becomes
ineffective since the coupling of Z to identical neutralinos
vanishes. We have checked, however, that except for a
small region near my, ~(, the excluded region is virtually
identical to that for tan3=1.6, i.e. the decay Z—~Z,Z,
effectively also excludes very small values of u.

To summarize, we have examined how the new CDF
bound on squark and gluino masses is altered when the
various cascade decays of sparticles through loop and
tree diagrams as predicted by the MSSM are incorporat-
ed into the analysis. We find a gluino as light as 135 GeV
is allowed for tan8=2 if squarks are heavy. This, along
with the other LEP constraints, translates to a bound of
18.8 GeV on the LSP mass [23]. For other squark
masses, the CDF gluino mass bound is typically reduced
by 10-30 GeV in the regions of parameter space not yet
excluded by LEP data. The squark mass is typically re-
duced by ~15-20 GeV, unless the LSP is very massive,
in which case there could be no bound at all.

We thank M. Drees and J. Freeman for discussions.
This work was supported in part by the U.S. Department
of Energy Contract No. DE-AMO03-76SF00235 and W-
7405-ENG-82, Office of Energy Research (KA-01-01),
Division of High Energy and Nuclear Physics.

[1] For a review, see H. P. Nilles, Phys. Rep. 110, 1 (1984); P.
Nath, R. Arnowitt, and A. Chamseddine, Applied N=1
Supergravity, ICTP Series in Theoretical Physics Vol. I
(World Scientific, Singapore, 1984); H. Haber and G.
Kane, Phys. Rep. 117, 75 (1985); X. Tata, University of
Hawaii Report No. UH-511-713-90 (unpublished).

[2] See, e.g., F. Dydak, in Proceedings of the 25th Internation-
al Conference of High Energy Physics, Singapore, 1990,

edited by K. K. Phua and Y. Yamaguchi (World
Scientific, Singapore, 1991).

[3] H. Baer, M. Drees, and X. Tata, Phys. Rev. D 41, 3414
(1990); J. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B
237, 423 (1990); M. Drees and X. Tata, Phys. Rev. D 43,
2971 (1991).

[4] R. Alitti et al., Phys. Lett. B 235, 363 (1990).

[S] F. Abe et al., Phys. Rev. Lett. 62, 1825 (1989).



44 UPDATE OF THE EFFECT OF CASCADE DECAYSON THE. .. 211

[6] H. Baer, J. Ellis, G. Gelmini, D. Nanopoulos, and X. Tata,
Phys. Lett. 161B, 175 (1985); G. Gamberini, Z. Phys. C
30, 605 (1986).

[7] H. Baer, V. Barger, D. Karatas, and X. Tata, Phys. Rev.
D 36, 96 (1987).

[8] H. Baer, X. Tata, and J. Woodside, Phys. Rev. Lett. 63,
352 (1989).

[9]1 L. Pondrom, in Proceedings of the 25th International
Conference of High Energy Physics (Ref. [2]).

[10] H. Baer et al., in Research Directions for the Decade,
Proceedings of the Workshop, Snowmass, Colorado, 1990
(Editions Frontieres, Gif-sur-Yvette, in press); for status of
CDF sparticle search, see the contribution by A. Beretvas
on behalf of the CDF Collaboration.

[11] H. Baer, X. Tata, and J. Woodside, Phys. Rev. D 42, 1568
(1990); E. Ma and G. G. Wong, Mod. Phys. Lett. A 3,
1561 (1988); R. Barbieri et al., Nucl. Phys. B301, 15
(1988).

[12] T. Sjostrand, JETSET version 7.2.

[13]1J. Gunion et al., Int. J. Mod. Phys. A 2, 1145 (1987); J.
Gunion and H. Haber, Phys. Rev. D 37, 2515 (1988); H.
Baer, A. Bartl, D. Karatas, W. Majerotto, and X. Tata,
Int. J. Mod. Phys. A 4, 4111 (1989).

[14] H. Baer, D. Karatas, and X. Tata, Phys. Lett. B 183, 220

(1987).

[15] U. Ellwanger, Phys. Lett. 141B, 435 (1984).

[16] To obtain this we have used the combined results of the
LEP experiments [1,17], T';,,=482+16 MeV (a 10 MeV
systematic error has been added in quadrature) in conjuc-
tion with [18] I'$M=502+5 MeV for 80 GeV <m, <240
GeV and 40 GeV < m o< 1000 GeV.

[17] E. Fernandez, CERN Report No. PPE/90-151, 1990 (un-
published).

[18] D. Bardin et al., in Z Physics at LEP 1, Geneva, Switzer-
land, 1989, edited by G. Altarelli, R. Kleiss, and C. Ver-
zegnassi (CERN Yellow Report No. 89-08, Geneva, 1989).

[19] ALEPH Collaboration, Decamp et al., Phys. Lett. B 244,
551 (1990); OPAL Collaboration, M. Akrawy et al., ibid.
248, 211 (1990).

[20] Since m, >>m,, we have confined our attention to values
of tan> 1. This is the range of tanf3 in all known models.

[21]J. Ellis, G. Ridolfi, and F. Zwirner, CERN Report No.
TH-5946, 1990 (unpublished).

[22] Y. Okada, M. Yamaguchi, and T. Yamagida, Prog. Theor.
Phys. 85, 1 (1991); H. Haber and R. Hempfling, Phys.
Rev. Lett. 66, 1815 (1991).

[23] L. Roszkowski, Phys. Lett. B 252, 471 (191).



