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Abstract

We examine the discovery potential for SUSY new physics at a pp collider
upgrade of Tevatron with /s = 5.4 TeV and luminosity £ ~ 4 x 103% cm 257!
(the Tripler). We consider the reach for gluinos (§) and squarks (¢) using the
experimental signatures with large missing transverse energy (fr) of jets + for
and 10 + jets + fir (where (=electron or muon) within the framework of
minimal supergravity. The Tripler’s strongest reach for the gluino is 1060
GeV for the jets + Fr channel and 1140 GeV for the 1£ 4+ jets + Jir channel
for 30 fb=! of integrated luminosity (approximately two years running time).

This is to be compared with the Tevatron where the reach is 440(460) GeV

in the jets + Fr channel for 15(30) fb~! of integrated luminosity.



I. INTRODUCTION

The Tripler [I] is a proposed energy upgrade of the Tevatron, in which its ring of 4 Tesla
NbTi superconducting magnets would be replaced by a ring of 12 Tesla NbsSn magnets.
Thanks to improvements in Nb3Sn technology and in dipole design methodology, it is now
possible to extend dipole fields up to and beyond 12 Tesla. Prototype magnets are being
developed using several different methodologies at Brookhaven National Lab [2], Fermilab
[3], Lawrence Berkeley National Lab [4], and Texas A&M University [5].

The rationale for the Tripler is that the upgrade opens an energy window in which
the particles of the Higgs sector and new physics are expected to be produced in a mass
range of < 1 TeV. The Tripler furthermore accesses this energy window primarily through
quark-antiquark annihilation and gluon fusion, whereas the Large Hadron Collider (LHC)
will access a similar window primarily through gluon fusion and gluon-quark/quark-quark
interaction. The proposed Next Linear Collider (NLC) with its center-of-mass (c.m.) energy
of 500 GeV [G] will access a limited energy window through e*e™ annihilation, but with more
precise measurements of the parameters of theories. Complimentarity has often proved vital
in understanding new phenomena at the high-energy frontier. The Tripler would use the
existing tunnel, existing p source and injector accelerators, and existing detectors CDF and

~2571 and live time of

D@ with minimal changes. With a luminosity of about 4 x 10%* ¢m
2 x 107 sec/year, the Tripler would deliver about 8 fh™!/year for each detector [1].

The present paper is concerned with evaluating the reach of the Tripler for new physics.
Reference [it] analyzed the signals for the Standard Model (SM) Higgs boson at the Tripler
and compared them with those at the LHC [8,9]. It is remarkable that the Tripler can
discover a Higgs boson up to 680 (600) GeV mass with 40 (10) fb™" of integrated luminosity,
which is close to the triviality upper bound of 710 GeV [1U]. A light Higgs boson (< 130 GeV)
would be accessible via WW H coupling with 7.5 fb™' at the Tripler, while its production

at the LHC proceeds predominantly via processes involving Yukawa couplings.

Another important benchmark for the physics is the potential to discover the particles of



supersymmetry (SUSY) [11]. There have been extensive analyses of the discovery potential
for SUSY particles, based on minimal spergravity (mSUGRA) model [12] or minimal Super-
symmetric Standard Model (MSSM), at the Tevatron [13-23] and at the LHC [§,24]. In the
Tripler case, SUSY studies on pp — 3¢ + fir + X (dominantly from YFY9 production) and
pp — (£(* + jets + Jr (dominantly from §g/gg production) have been carried out in Ref.
[7]. In this paper we present a comparative study of the discovery reaches for gluinos and
squarks with large missing transverse energy (fr). We examine the signals from jets + Fr
and 10 + jets + Jir ({=electron or muon) at the Tripler and compare these signals at the

Tevatron.

II. MSUGRA MODEL

To test the reach of the Tripler for gluinos (g§) and squarks (), we consider SUSY
models for which grand unification of the gauge coupling constants occur at a GUT scale
Mg = 2 x10'° GeV. These models are consistent with the LEP measurements of o;(i=1,2,3)
at the electroweak scale Mz when the renormalization group equations (RGE) are used to
run the «; up to Mg, We restrict our analysis here to the simplest such model where R-
parity is conserved and there are universal soft breaking masses at Mg (i.e., mSUGRA).
Such models depend on four parameters and one sign : mg the universal soft breaking scalar
mass at Mg; my/; the universal gaugino mass at Mq. Ag the universal cubic soft breaking
mass at Mq; tan 8 =< Hy > /| < H; > where < Hyy > gives rise to (d,u) quark masses,
and the sign of u, the Higgs mixing parameter which appears in the pH; Hy contribution
in the superpotential. (Note that the gluino mass scales approximately with my,, i.c.,
mz = 2.4my5.) No assumptions are made on the nature of the GUT group which breaks
to the SM group at M. The model used here is the same as that used in LHC analyses
by ATLAS and CMS [§,24]. Over almost all of the parameter space, the lightest neutralino
(X7) is the lightest supersymmetric particle (LSP), and is a natural candidate for cold dark

matter [25].



In the present study, we fix Ag = 0 and the sign of u to be positive (¢ > 0) for simplicity,
and choose tan 3 = 3, 10, and 30. Here the ISAJET sign convention for x4 [26] is used. The
top quark mass is set to 175 GeV. We restrict the parameter space so that the lighter
third generation squarks (i)l and ;) remain heavier than the lightest chargino Yi and the
next to lightest neutralino x3, and also develop cuts sensitive to gluinos and squarks. These
would decay to the SM particles plus the 9. For example, § — q' X5, §;, — ¢'xXE, followed
by Y& — ¢@'XV or X¥ — (Fux). The {9 then would pass through the detector without
interaction. Thus, the experimental signatures of pair-produced squarks and gluinos are
multi jets and appreciable missing energy associated with either no lepton or some leptons.
It should be noted that the event selection with a large jet multiplicity presented later in
this paper is not efficient to detect the production of §rGp, because each right chiral scalar

quark dominantly decays to a quark and a 9.

III. MONTE CARLO SIMULATION

We use ISAJET [26] for SUSY and ¢l events and PYTHIA [27] for all other SM processes
(W/Z + jets, dibosons, QCD events) along with TAUOLA [2§] and CTEQ3L parton distribu-
tion functions [29]. As for SUSY events, we generate all processes for the analyses described
in Section [Vi. For detector simulation we use SHW [3(], a simple detector simulation package
developed for Run II SUSY /Higgs workshop [23]. The particle identification and misidenti-
fication efficiencies are parameterized to an expectation for Run II based on the CDF/D®
measurements at Run I in 1992-96. The SHW code provides the following objects: electron
(e) with isolation, muon (y) without isolation, hadronically decaying tau lepton (), photon
(7), jets, and calorimeter-based fr. fir is the energy imbalance in the directions transverse
to the beam direction using the calorimeter energies in an event [31]. We modify the SHW
code to provide a muon with the isolation and the fr correction due to muon(s). The

pseudorapidity (n) coverage is || < 2.0 for e and v [23]. For p, 7, and tracks |n| is < 1.5,
and for jets it is < 4.0 [23]. Jets are formed with a cone size of AR = /An? + A¢? =



0.4. A non-instrumented region of the detector is also simulated as a geometical acceptance
for each object. (For example, SHW will reject a particular object at a rate of 10%, if the
fiducial volume in a given pseudorapidity coverage is 90%.) The isolation for an electron is
defined to be the calorimeter energy (excluding the electron energy) within AR = 0.4 which
is less than 2 GeV. The isolation for a muon is defined as a scalar sum of track momenta
(excluding the muon momentum) within AR = 0.4 to be less than 2 GeV. It should be
noted that hadronically decaying taus (73,) are treated as a jet.

Throughout the paper, the leptons and jets are selected with p% > 15 GeV and E]T >
15 GeV, and the reach in mass is obtained as 50 in a significance (= Ns/\/Ng) for 15 fb™!
and 30 fb™! at the Tevatron and 30 fb™" at the Tripler. Here Ng (Np) is the number of

signal (background) events after a set of selection cuts.

IV. RESULTS

We consider first the jets + fr channel and proceed to optimize the cuts for SUSY events
where mg o~ mg. Our optimized selection is (a) N; > 6; (b) veto on isolated leptons (e or
w); (¢) Fr > 200 GeV; (d) minimum azimuthal angle between the fip direction and any jet
Agmin > 30°% (e) Ms = Fr + Y0 E% > 1000 GeV. Figure 1 shows the distributions in Mg
for tt, W/Z+jets, dibosons, and QCD events. The SUSY events are also superimposed in
the same figure. We require in our analysis Ng 2 30 events. Using these cuts the total SM

background is 7.0 fb (Table ).
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FIG. 1.  Distributions of Mg for various SM processes and SUSY events with Mg > 600
GeV and Fr > 200 GeV in the jets + Fr analysis at Tripler. Dotted, dashed and solid lines are
cumulative contributions from tt, W/Z /dibosons, and QCD processes, respectively. Horizontally
and vertically hatched histograms are for SUSY events (tan 5 = 3) with mg ~ mg = 800 GeV and

1000 GeV, respectively. The final cut on Mg is set at 1000 GeV.

Significances for SUSY events (mq~ ~ mg) are plotted as function of mg in Fig. . We
see that the reach in the gluino mass is ~ 1000 GeV (corresponding to mq; >~ 420 GeV).
Also there is no significant dependence between the tan  values of 3, 10 and 30, ¢.e., the

Tripler is sensitive to high tan 3.
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FIG. 2. Significance as a function of mg (m(j ~ mg

triangles), and 30 (open circles) in jets + Jir channel at the Tripler.

In Fig. 8 we plot the significance as a function of mg at mq/, = 410 GeV. We see that at
the highest gluino mass, the Tripler is sensitive to relatively large mo, i.c., mo <450 GeV

for this channel.
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FIG. 3. Significance as a function of mg at my,, = 410 GeV (m; ~ 980 GeV) for tan 3 =
3 (filled circles), 10 (down triangles), and 30 (open circles) in jets + Jr channel at the Tripler.

mo ~ 150 GeV is theoretically forbidden for tan 3 = 30.



In Fig. B, there are three distinct regions: (i) mo <150 GeV, (ii) 150 S mo S 300 GeV,
(iii) mo =300 GeV. For mg > 300 GeV, all sleptons are heavier than ¥ and {9. The jet
multiplicity in the SUSY events is determined by the W, 7, and light Higgs boson (%) decays
in Yf — Wx?and ¥ — AYY/ZxY, whose branching ratios are independent of mg. Thus
there is no change in the event topology, but the cross section for §g and §¢§ decrease as
mg (i.e., squark masses) increases. For 150 < mg < 300 GeV, the mq dependence becomes
somewhat gradual. This is because, as 7 (and ég) gets lighter than Y, the decay mode
xE = A starts competing with Y& — W*{9. Thus the jet multiplicity in the SUSY events
invloving Yf decay mode is reduced to affect its event acceptance (with N; > 6). In contrast,
X5 — 771 decay (competing with X9 — AX{/Z XY especially for tan # = 10 and 30) does not
alter the jet multiplicity. We notice the significance has a tan [ dependence at a fixed my.
This can be explained by (a) a change of the third-generation squark masses (especially
the #,), resulting in the change of squark production cross sections and (b) an enhancement
of branching ratio for Yf — 71 in large tan 3 region, The decay mode Y& — WY is
dominant in low tan 3 region, resulting in the change of jet multiplicity. A characteristic
change for mo < 150 GeV at tan 3 = 3 and 10, where ¢ and & become lighter than ¥ and
1Y), is explained by a monotonic decrease of rates of Yf — W*{? and ¥ — Ay} decays as
mg decreases. Thus the significance of the SUSY events with N; > 6 is degraded.

Figure 4 gives a comparison of what might be expected at Run II at the Tevatron with
15 fb=*. Our selection cuts in this case were: (a) N; > 4; (b) veto on isolated leptons;
(¢) Fr > 100 GeV; (d) Agmin > 30°; (e) Mg, (= Fir + E} + E) > 350 GeV [12]. The total
SM background is 73 fb (Table ).

One sees that the maximum reach for the jets 4+ channel in Fig. 4 is 410 GeV in
gluino mass, which rises to 440(460) GeV for 15(30) fb~! of data when m; < mj;. (These
results are consistent with previous Tevatron studies [13,18].) The latest bound on the Yi
mass of 2 103 GeV from LEPII [32] requires mj 2 420 GeV, since we have Mok ™ m;/3

from gaugino unification. In addition, one may show that Run II will also be able to sample

limited range of myg, t.e., for mg < 200 GeV for m; = 420 GeV. Thus there is a significant
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improvement in going from the Tevatron to the Tripler.
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FIG. 4. Significance for 15 fb™! of luminosity as a function of mg (m(j o~ mg) for tanf3 =3

(filled circles), 10 (down triangles), and 30 (open circles) in jets + Jr channel at the Tevatron.

We consider next the 1¢ 4 jets + [ channel. This channel gives the largest reach for the
LHC, and we will see that there are regions of SUSY parameter space where the discovery

reach for gluinos is also improved. Here we select events with (a) N; > 4; (b) N, = 1;

(c) Br > 200 GeV; (d) Ag™™ > 30° (e) Mp(= \/2Brph[l — cos Ag(L, Fr)]) > 160 GeV;
(f) Ms > 600 GeV. The My cut is applied to remove W events. The SM background is
0.32 fb (Table ).

In Fig. 5, we compare the mgy dependence of the significance for tan 3 = 3, 10 and 30 at
my /2 = 410 GeV (my ~ 980 GeV). We see here the mg reach is not as large as in the jets +
Fr channel. In this parameter space, the (1, and the © are lighter than the YT and the Y9

when mo < 150 GeV. Thus, the branching ratios of Y& — (& (ZLI/) and Yy — (/ increase as

mg decreases, and the significance in the 1/ + jets + Fr channel is improved dramatically
and is significantly higher than for the jets + fr channel (See Fig. 8). An interesting feature
occurs at mop =~ 140 GeV which distinguishes between the tan # = 3 and 10 scenarios. The

SUSY particle masses for these two tan g values are very close, except for the 71 mass. The



7 mass at tan 3 = 10 is lighter, so that the branching ratios of Y¥ — 7 and Y — 77, are

larger to decrease the 14 + jets + fr signafure.
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FIG. 5. Same as in Fig. 8 (my/2 = 410 GeV), but in 1£ + jets + Jr channel.

As before, for comparison, we show the significance for m,/, = 160 GeV in this channel
for the Tevatron in Fig. 6. The event selections for this figure was made with the following
cuts: (a) N; > 2; (b) N, = 1; (¢) Fr > 40 GeV; (d) A¢™m > 30°; (e) M7y < 50 GeV or
> 110 GeV; (f) Mg, > 350 GeV. The My cut is applied to remove W events. The SM
background size is 70 fb (Table Il). The significance is found to be always below 5o for the

entire region of parameter space.
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FIG. 6. Significance for 15 fb™! of luminosity as a function of mg for tan 3 = 3 (filled cir-
cles), 10 (down triangles), and 30 (open circles) in 1¢ + jets 4+ Jir channel at the Tevatron for

my/y = 160 GeV (m; ~ 420 GeV).

From Figs. 3 and 5, the significance in jets + fr and 1 + jets + fr channels appear to be
maximized at my = 140-160 GeV and 100 GeV respectively, for m,/, = 410 GeV. To obtain
the strongest reaches we therefore systematically scan mSUGRA points at tan § = 3 for
my/2 = {360,400, 440,470, 500,540} GeV and mo = {100, 140,180, 220,260} GeV. Figure
7. shows significance as a function of the gluino mass in both jets + Jr (hatched region
bounded by the dashed lines) and 1/ 4 jets + Fr (region bounded by the dotted lines)
analyses for the above mSUGRA points. We see that the strongest reach in the jets + for
channel is my ~ 1060 GeV (mip =~ 440 GeV) and m; =~ 1140 GeV (my); =~ 480 GeV)
in the 1/ + jets + Fir channel. The dot-dashed line represents jets + [y channel for mo=
650 GeV and tan 8 = 3. Even for this large mg, we can see that the 5o significance can be
achieved for mj ~ 900 GeV (mg, , ~ 970 GeV, where mg, , are the squark masses of the first

two generations).
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FIG. 7. Significance as a function of mg for tan 8 = 3 in jets + Fr (hatched region bounded
by the dashed lines) and 1¢ + jets + fr (region bounded by the dotted lines) channels at the
Tripler. Ranges scanned are 360 < m;/, < 540 GeV and 100 < mg < 260 GeV. The dot-dashed

line represents jets + Fr channel for mo= 650 GeV and tan 3 = 3.

V. CONCLUSION

We have studied the signals for gluinos and squarks within the framework of mSUGRA
models in the jets + fr and 1/ + jets + Fr channels for the Tripler pp accelerator with
Vs = 5.4 TeV. The Tripler would have a maximum reach of mj; ~ 1140 GeV with 30 fb~*
in the 14 + jets + Fir channel (for mg ~ 100 GeV, tan 3=3-10) and m; ~ 1060 GeV in the
jets + Fr channel (for 140 < me< 200 GeV, tan 8 = 3). This gluino mass reach is comparable
to the Tripler’s reach of 380 GeV chargino (with 40 fb™!) in the trilepton channel [7] via direct
chargino-neutralino (Yi-Y3) production, since gaugino unification implies m ok mz/3. The
above results can be compared with 440(460) GeV for the jets + Jr channel for 15(30) fb~*
of luminosity at the Tevatron. For m; ~ 980 GeV, the Tripler covers relatively large values
of my, i.e., to me< 420 GeV in the jets + Jir channel. Note also, from Figs. 2 and 3, that

this gluino and mq reach of the Tripler is valid for large tan/ while the trilepton analysis [7]
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is sensitive only for small tang (e.g., tan3=3).

In the above analysis we have set Ag=0. The results for the maximum Tripler reach are
not very sensitive to Ag. Thus there is almost no change for Ag > 0 and for Ag = —1000 GeV,
tanfS=3, the gluino reach is increased by about 20 GeV in the 1/ + jets + Fr channel.

In SUGRA models of this type, the ! is the LSP and hence is the main candidate
for cold dark matter. The astronomical constraints on the amount of relic neutralinos
generally implies mg <200 GeV, for m; /S 350-400 GeV. For higher m;,, coannihilation
effects dominate [33] and for high tan /3, mg can rise to < 400-500 GeV [B4]. Thus the Tripler
would be sensitive to much of the cosmologically interesting part of the parameter space.

The LHC gluino reach is m; < 2.5 TeV [B.24], which is much higher than the Tripler.
The Tripler is however complementary to the LHC in that the production of squarks and
gluinos go in part through different channels, as are the detector signals for the charginos

and neutralinos. Thus provided SUSY lies sufficiently low to be seen at the Tripler, the two

accelerators would be sensitive to different supersymmetric interactions.
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TABLES

TABLE I. The background cross sections in fb (after cut) of jets + Jr and 1€ + jets + Fr

channels. Cuts are specified in the text.

Tripler Tevatron
Process jets + Fr 10 4 jets + Fr jets + for 10 4 jets + Fr
tt 2.5 0.06 25 14
W+jets 1.1 0.21 23 48
Z+jets 1.2 0.05 15 6
diboson 0.0 0.0 1 2
QCD 2.2 0.0 9 0.0
Total 7.0 0.32 73 70
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