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Abstract:  During the Tevatron data-taking period from April 2001 top&snber 2011
(Run-l11), several searches for supersymmetric particlesevperformed. The results from
searches by the CDF and D@ collaborations are conciselgwed. This includes results up
to the summer conferences of 2013. Model-independent anie lraiependent limits on new
particle production are set, and interpretations in sypensetric models are given. Several
limits from the Large Electron Positron (LEP) era have bedereled. Specific results are
placed into the context of the Tevatron performance expieatand a few of the current
results from searches at the Large Hadron Collider (LHC).
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1. Introduction

The search for supersymmetric particles was pioneerecedbdlper Proton Synchrotron (SPS) and
Large Electron Positron (LEP) colliders at CERN (Conseitdpéen pour la Recherche Nucléaire) and
has been extensively advanced at the Tevatron (chiefly Ruith data taken 2001-2011). A wide
range of analyses is presented, illustrating major impre@s in the analysis sensitivities. This review
is not inclusive of all searches for supersymmetric paticbut rather, is intended to give an overview
of several important results and relating them to the ugdegltheoretical framework. For details of
specific experimental analysis techniques and the evestttgmis of the individual search channels, the
reader is referred to the publications by the CDF and D@ bolations. After the first few years of
data-taking with rather low instantaneous luminosity, Teeatron collider achieved significantly higher
collision rates in the second half of Run-II. The total defizd luminosity is about 12 fB, of which
about 10 fb'! were recorded by each experiment. Figifd] shows the delivered Run-1l luminosity
between 2001 and 2011.
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Figure 1. Delivered Tevatron luminosity (data-taking period: Ap2001 to September
2011) [].
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The discovery of a supersymmetric particle would extendtiaedard Model (SM) of particle physics
and lead the way to a new level of understanding of the fundéathelements of our Universe.

Supersymmetric particle searches at the Tevatron arewedidor di-photon signatures in the
gauge-mediated supersymmetry breaking (GMSB) interpioetgSection 2.1), tri-lepton signatures
(Section 2.2), gluinos and scalar quarks (Section 2.3)lasdaps (Section 2.4), scalar bottoms
(Section 2.5) and charged massive particles (Section 2®)Section 3, first, LHC results2] are
compared with the Tevatron results, and a brief outlookvemi An overview of the reviewed analyses
is given in the Appendix A.

2. Supersymmetric Particle Searches at the Tevatron

In the production of supersymmetric particles (sparticlgee lightest supersymmetric particle (LSP)
is stable (if the so-called R-parity is conserved) and essajetection, leading to missing momentum
and missing energy in the recorded events. Examples of sugstiseare shown in Figur2[3-5]. The
events reported by the D@ and CDF collaborations have jetdaage missing energy (for DZBH4],
large Hy is defined as the sum of the transverse jet momenta, and for[g]DiEis defined as the sum
of the transverse jet energies).

Previous combined results from the LEP experiments haveséet on several sparticles with masses
close to the kinematic reach. Figus¢6] shows the excluded region in then 5 versus LSP mass plane
in the Minimal Supersymmetric extentions of the StandardiflMSSM) and in the Gauge Mediated
Symmetry Breaking (GMSB) model. The position in the GMSBgpaeter space of an intriguing CDF
eeyy candidate from the Tevatron Run-I is indicated (dashed [ifle The GMSB interpretation for this
event was later excluded at 95% Confidence Level (CL) by the &fperiments.
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Figure 2. Examples of events with large missing momentum and energye tfacks
result from charged particles produced at the interactiomtp The height of the
towers indicates the energy deposited in the calorimetBrdhe CDF event display, the
arrow indicates the direction of the missing momentura) I H;r = 410 GeV [3];
(b) CDF Hy = 404 GeV [5].
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Figure 3. (a) Combined LEP limits in thetén 3, neutralino mass) plane in a constrained
MSSM [6]; (b) Combined LEP exclusion in the (selectron mass, neutratiass) plane
from acoplanar photon searché&$ [The CDF Run-keyy candidate event is indicated in the
excluded region{].
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2.1. Di-Photon (GMSB Inter pretation)

In the GMSB model, chargino-neutralino production has beesarched for by the CDF and D@
collaborations. In the GMSB model, the lightest neutraligly is the Next-to-Lightest Supersymmetric
Particle (NLSP) and decays to a gravitig,and a photon. In this model, the LSP is the gravitino, which
is a very light and weakly interacting particle. The prodorctreaction is illustrated in Figuré. The
expected signal can be well separated from the backgrowsrdsf]. There is no indication of a signal
in the early data, and combined limits on the chargino mass f£DF P] and DJ [B] were given [L(].
Large progress has been made in recent years, and the nesinlgs6.3 fo'! for D@ and 2.6 fly! for
CDF are shown in Figures[11] and6 [12]. The experimental sensitivity on the production crosstiea
at 95% CL is now, below 7 fb. As a result, in the SPS8 (Snowmagst$and Slopes, parameters in
scenario 8) benchmark, the D@ collaboration excluded a&atiie Supersymmetry breaking scale below
124 TeV at 95% CL, as well as the lightest neutralino and éghthargino masses below 175 GeV and
330 GeV, respectively. A search for a long-lived particlatttiecays into a pair of photons resulted in a
95% CL lower mass limit of 101 GeV on the lightest neutraliba &-ns lifetime L3]. Recently, updated
results for searches for massive, long-lived particles dieaay to photons in the exclusive photon and
missing energy final state have been reported by the CDFoawli#éion [L4]. Figure7 shows a simulated
signal and the experimental measurement. No indicatiorsajraal is observed.

Figure 4. Production graph for D@ GMSB di-photon searches.

Figure 5. D@ GMSB di-photon, copyright (2010), with permission by tAenerican
Physical Society11]. (a) Missing transverse energyp)(The limit at 95% CL for the SPS8
(Snowmass Points and Slopes) benchmark parameter scenario
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Figure 6. CDF GMSB di-photon searches, copyright (2010), with pesois by the
American Physical SocietylP]. (a) Missing transverse energy ard-; (b) The limit at
95% CL. For a neutralino lifetime above about 1.5 ns, theiseitg decreases.
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Figure 7. CDF delayed photon searched4]. (a) Expected timing distribution
divided into components. Standard model backgrounds iboter right and wrong vertex
Gaussians and cosmics contribute a flat background. Thal$rgm a long-lived neutralino
would look approximately like a falling exponential smehtgy the detector resolution;
(b) Measured timing distribution with the best fit of the baakgnds.
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2.2. Tri-Lepton Sgnatures

The sparticle production with a tri-lepton final state isuglirated in FigureB. This scenario is
called “Supersymmetry golden mode” because of the sma#arpd background level. As an example,
Figure 9a shows early results for theu/ final state 15-18]. Furthermore, the other tri-lepton final
states€ul, eel, er, ut) were studied. Good agreement between data and simulatkdrband for the
various final states with tri-lepton signatures was obskrdde data does not show any indication of a
supersymmetric signal above the background.
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With increasing luminosities, the expectations from 20@%le chargino mass reach were 170, 210,
235 and 265 GeV with one, two, four and 8t respectively, for a scenario with a maximal leptonic
branching ratio, as shown in Figu®e [19].

Examples of the updated D@ results with 2.3'flare shown in Figurd0 [20] and CDF results in
Figure11[21,22). With 5.8 fb~! CDF data, a chargino mass below 168 GeV is excluded at 95% CL
in the minimal SUperGRAvity (InNSUGRA) model. The CDF collaaiion also searched for final states
involving tau leptons. Results from these searches arershofiguresl2and13[2324].

Figure 8. Production graph for D@ tri-lepton searches.
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Figure 9. D@ tri-lepton searchesa] Invariant di-muon mass,,, copyright (2005), with
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Figure 10. D@ tri-lepton searche{)]. (a) The upper limit at the 95% CL om x BR(3/)

as a function of they: mass from the tri-lepton searches and expectations for two
Supersymmetry scenario8/fmax and largem,); (b) The region in themg-m,/, plane
excluded by the combination of the D@ analyses (green), by k&arches for charginos
(light grey) and sleptons (dark greyd][and CDF searches based on 2.0'fldata (black
line) [21,22]. The assumed MSUGRA parameterstanes = 3, A, = 0 andu > 0; (¢) The
upper limit at the 95% CL o x BR(3/¢) as a function oftan § and a prediction for a
chargino mass of 130 GeV with; — my =1 GeV.
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Figure 11. CDF tri-lepton searches in thgu channel £1,22].
(b) Missing Er; (c) The limit from ee and .0 channels combined.
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Figure 12. CDF tri-lepton searche28]. (a) The summed missing; and Er in the er
channel; ) The tau clusterfr, in theur channel.
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Figure 13. CDF tri-lepton searches in thie channel. The limits are at a 95% CL for a
simplified gravity model with a 33% and 100% decay branchihgharginos into scalar
taus R3]. (a) for a 120 GeV lightest supersymmetric particle (LSB);for a 220 GeV LSP.

Limits on SUSY 6, CDF Ru

I Preliminary, 6.0 fb™ (a) 330_Limits on SUSY 5, CDF Run Il Preliminary, 6.0 ft" (b)

2207 — —
—— Expected Limit ; Expected Limit

210 32073 Observed Limit
200{— Sl

£190- ,5300-

> 1801 52907 simplified Gravity

S Simplified Gravity Mode! ©2801 M(LSP) = 220 GeV/c?

73701 M(LSP) = 120 Gevic? 270 BR({" - 7+ X) = 100%

§1 601 BR (ZI ST X) =133% M(l) > M(Zf) 5260_ —->T+X)= 0 M(T) S M(%ir)
150 250-
1oy 240-
T} e— : ; : 230+ . . . ,

130 140 150 160 170 180 230 240 250 260 270 280 290
M{) (GeV/c?) M({i) (GeV/c?)

2.3. Gluinos and Scalar Quarks

Depending on the masses of squarks and gluinos, €jthe or g could be produced. For gluinos
heavier than squarks, squark pair-production dominagaglihg to a signature of two acoplanar jets
and missing energy from the escaping neutralino. If the dguare heavier than the gluinos, gluino
pair-production is expected, leading to four or more jetokth masses are about equal, squark-gluino
production is expected. Figufiel[25] shows a summary of the production cross-sections for reiffe
reactions involving supersymmetric particles. The masgeafor a cross-section of about 1 pb is
largest for scalar quark pair-production. The figure alsonshthe mass limits from early results with
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0.3 fb~! [3,4] and sensitivity expectations for two, four and 8 fduminosity per experimentl).

These expectations are compared to the results from asalyitle higher data statistics. Results
from D@ with 2.1 fo! are shown in Figure45-17 [26], and results from CDF with 2.0 fi are
shown in Figuresl8 and 19 [27]. For both experiments, the achieved sensitivity for glumasses
is about 300 GeV at 95% CL for large squark masses. This isistens with the expectations from
2005 (Figureldb [19]). No indication of a signal is observed, and limits are sethie (m;, m;) and
(mo,my/2) planes.

Figure 14. (a) The Next-to-Leading-Order (NLO) production cross-sasi included
in PROSPINO (PROduction of Supersymmetric Particles IntNexeading Order) as a
function of the final state particle mass. The arrows in@i¢he SUGRA inspired scenario:
my 2 = 150 GeV, my = 100 GeV, A, = 300 GeV,tan § = 4, p > 0. All cross-sections are
given at the average mass scale of the massive final-staide=af25]; (b) DG squark-gluino
searches. Excluded regions at 95% CL in the gluino and sauoask plane by direct searches
interpreted in the mSUGRA framework withn g = 3, Ay = 0, 1 < 0. The region excluded
by this analysis and previous D@ Run-Il resul®4] in the most conservative hypothesis
(omin) is shown in dark shading. The thick (dotted) line is the tiafithe observed (expected)
excluded region. The band delimited by the two dashed lihewss the effect of the Parton
Distribution Function (PDF) choice and of the variation @hormalization and factorization
scale by a factor of two. Regions excluded by previous erpamis are indicated in light
shading P8-34]. The two thin lines indicate the indirect limits inferrecbin the LEP2
chargino and slepton search&$][ The region where no mSUGRA solution can be found
is shown as hatched. With 0.31fh only a small region beyond the LEP limits near the
diagonal was excluded. The sensitivity reach with largerihosities is also showrip].
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Figure 15. D@ squark-gluino searches, copyright (2008), with perimrssirom
Elsevier R6]. Distributions of ;- after applying all analysis criteria except the oneltn

for the “di-jet” (a); “three-jets” p); and “gluino” (C) analyses. The signal drawn corresponds
to (mg, m12) = (25,175) GeV,mg = mz = 410 GeV and(mg, m1/2) = (500,110) GeV
from left to right. The fitted Quantum ChromoDynamics (QCRrkground contribution is
also shown.
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Figure 16. D@ squark-gluino searches, copyright (2008), with perimrssirom
Elsevier R6]. Upper limits at 95% CL on squark-gluino production cregstions are shown
fortanf = 3, Ag = 0, u < 0, observed (closed circles) and expected (opened trigngles
combining the analyses forn, = 25 GeV @); mg = m;z (b); andm, = 500 GeV ().
The nominal production cross-sections are also shown. fi&eesl bands correspond to the
uncertainties from the PDF, and renormalization and fazdtion scale uncertainties.
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Figure 17. D@ squark-gluino searches, copyright (2008), with perimrssfrom
Elsevier p6]. (a) Excluded regions at 95% CL in the gluino and squark massepkan
direct searches interpreted in the mSUGRA framework with same mSUGRA model
parameters, as in Figude4, for 2.1 fo~! data; p) Region excluded at the 95% CL in the
(mg, m1/2) plane for the mSUGRA framework withan 3 = 3, 4y = 0, ¢ < 0 (dark
shaded area). The thick line is the limit of the excludedaedor theo,,,;, hypothesis. The
corresponding expected limit is the dashed line. The bahdhided by the two dotted lines
shows the effect of the PDF choice and of the variation of meadization and factorization
scale by a factor of two. Regions excluded by the LEP2 chargimd slepton searches are
indicated in light shading35]. The region where there is no electroweak symmetry brgakin
is shown in black.
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Figure 18. CDF squark-gluino searches, copyright (2009), with pesiaisby the American
Physical Societyd7]. (a) MeasuredH and £ distributions (black dots) in events with at
least two bottom), three (niddle), and four {op) jets in the final state compared to the
Standard Model (SM) predictions (solid lines) and the SM {UGRA predictions (dashed
lines). The shaded bands show the total systematic unagriaithe SM predictions}y) The
observed (solid lines) and expected (dashed line$) @& upper limits on the inclusive
squark and gluino production cross-sections as a functfomg (left) and m; (right)

in different squark and gluino mass relations, compared t® NnSUGRA predictions
(dashed-dotted lines). The shaded bands denote the totitamty in the theory.
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Figure 19. CDF squark-gluino searches, copyright (2009), with pesiaisby the American
Physical Societyq7]. The exclusion plane at 95% CL as a function of squark andglu
masses in an MSUGRA scenario with = 0, ¢ < 0 andtan3 = 5. The observed
(solid line) and expected (dashed line) upper limits are mamed to previous results from
SPS and LEP experiments at CERN (shaded bands), and fromutiné & the Tevatron
(dashed-dotted line2B-34]. Unlike in Figure 17 where the LEP2 chargino and slepton
search results are shown for the given mSUGRA model poimg, hanly the limits from
LEP squark searches are presented. The hatched areaesdivatregion in the plane with

no mSUGRA solution.
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2.4. Scalar Tops

Scalar top quarks (stops) decay almost instantly. The mogioitant decay modes in
the Tevatron kinematic reach are illustrated in Figd@ The signature of pair-production
of light scalar top quarks is characterized by two c-quarks j@and missing energy in
the Y'c decay mode. In 2005 (0.163 fb analyzed Iuminosity), the experimental
cross-section sensitivity approached the expected sigrads-section (Figur®la [36,37]) at a

stop mass of about 110 GeV.

Figure 20. (a) t; — Yc diagram; b) t, — xib — blo diagram.
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Higher luminosity was required to reach sensitivity for $ealar top mass of up to about 160 to
180 GeV, as shown in Figuzilb [36,37]. Scalar top results from the D@ collaboration with I ftfor
the yc mode are shown in Figu22 [38]. Results from the CDF collaboration with 2.6 including
the development of the excluded stop-neutralino massmegie shown in Figurea3and24[39].

As seen in Figur@4b, a minimum stop-neutralino mass difference of at leastb®® GeV is required
for sensitivity at 95% CL. This is in contrast¢de™ colliders, like the LEP§] or the International Linear
Collider (ILC) [40,41], which have also sensitivity for small mass differences.

Figure 21. (a) CDF scalar top cross-section limit at 95% C26]; (b) CDF and D@ scalar

top sensitivity reachd7].
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Events

Figure 22. D@ scalar top searches in thg'c mode, copyright (2008), with
permission from Elsevier 3B]. (a) Distributions of Hy for a signal with
my = 150 GeV and mgyp = 70 GeV (hatched histogram); b The final
distributions of - for the data (points with error bars), SM background (histog) and
a signal withm; = 150 GeV andmy = 70 GeV (hatched histogram).
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Figure 23. CDF scalar top searche®q). (a) Neural network output to reject the heavy flavor
(HF) QCD background. The arrow indicates the applied selectut; @) Neural network
output for the final discriminant used to extract the limits.
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Figure 24. CDF scalar top searche89. (a) The observed (black line) and expected
(red line) cross-section limits at 95% CL assuming a 80 GeVtma#no with 1o
uncertainty bands. The expected cross-section in NLO lzdlon is also shown;
(b) The excluded region at 95% CL in the scalar top massus the neutralino mass plane.
Regions excluded by previous analysé2-{4] are also shown.
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In the first part of this section, thg¢)c mode was addressed. In the following, the mode is
reviewed. An early D@ search for tlﬁ&l — bbut o reaction was performed with 0.339thdata,
and the results are shown in Fig@d®[45]. Updated D@ results for the search in the electron plus muon
and di-electron final states were released by the D@ colaioorfor 1.0 fb! data B6]. CDF scalar top
quark search results with 1.0fhfor theee, ey and i channels are shown in Figur@é and27[47]
for the yi'b mode. Recent results from D@ with 5.4 foare shown in Figure®8 and29[48] for the ey
final state.

Figure 25. D@ t;t; — bbu*tu 7 searches45]. (a) Di-muon invariant mass;
(b) The excluded region at 95% CL in the scalar Wepsus scalar neutrino mass plane.
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Events / 17 GeV

129

Figure 26. CDF scalar top searches, copyright (2010), with permisbipthe American
Physical Society47]. Combined eeuu andeu channels in the scalar top search. The
data is shown as the points with error bars (statisticallowhas stacked histograms are
the backgrounds arising from misidentified hadrons andydegaflight (/+fake), bb and

cc (HF), Drell-Yan, di-bosons and production. For reference, the expected signal for
(mg, m;) = (150,75) GeV, multiplied by five, is shown as the dashed l{ggZr; (b) Hr.
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Figure 27. CDF scalar top searches, copyright (2010), with permisdqignthe
American Physical Society4[]. (a) The upper limits at 95% CL on the scalar
top production cross-section for fixed stop-sneutrino madifferences. The expected
cross-section is shown as the solid curve. The band repgee@ntheoretical uncertainty
in the cross-section, due to uncertainties in the renopatin and factorization scales and
the PDFs; I9) The observed and expected limits in the stop-sneutrinsplane. The LEP
limits are for a mixing angle of zero, which provides the Esgreach.
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Figure 28. D@ scalar topt,t; — bbutu~ 7 searches, copyright (2011), with permission
from Elsevier i8]. Distributions of # (a); Electronpr (b); And muonpr (c); Comparing
data and all background processes. The thick dashed arddbiicl lines represent the
small-Am (mg,my) = (110,90) GeV, and largévm (m;, my) = (200,100) GeV signal
benchmarks, respectively.
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Figure 29. D@ scalar topt,t; — bbutu~ 7 searches, copyright (2011), with permission
from Elsevier §}8]. The observed (expected) 95% CL exclusion region is shastovbthe
solid (dashed) line. The shaded band around the expecteadkiows the effects of the scalar
top quark pair production cross-section uncertainty. Tinerkatically forbidden region is
represented in the upper left part of the plot. The regioctuebed by LEP | and LEP l1q],

by previous D@ searched§,50] and by a previous CDF search?] are also shown.

el //////WW? )

60 80 100 120 140 160 180 200 220 240
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The D@ collaboration searched for reactions involvingleptons Eﬁl —  bburiy and
f1t — bbrri) using 7.3 flo'. Three neural networks are trained to identify tau decayesponding
to 7t — 7tv (n), 77 — 1% (w), andtF — 7ErEaT(70) v (73). Two signal points are chosen
[mz,,ms] = (180,60) GeV and (120,80) GeV, labeled “Signal A" and ‘&) B” in the following, to
illustrate the impact of the selection criteria for largg, and Am (Signal A) and for lowm; and
Am (Signal B). The selection results are shown in Figd@éor the higgsino scenario. Limits are shown
in Figure31 for the wino and higgsino scenaric$d.
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Figure 30. D@ scalar top searches, copyright (2012), with permissiomfElsevier #9].
Distributions of the Boosted Decision Trees (BDT) outpwtcdiminants in the higgsino
scenario for the sample witN (jets) = 1, for Signal A @); for Signal B p); N (jets) = 2,
for Signal A (); for Signal B @); N(jets) > 2, for Signal A €); for Signal B ); where
Signal A and B are defined in the text.
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Figure 31. D@ scalar top searches, copyright (2012), with permissiomfElsevier £9].
(a) The contour of exclusion at 95% CL in the sneutrirmosus scalar top quark mass plane
obtained for the assumptiaB(t, — bui) = B(t; — bro) = 1/3 (wino scenario). The
shaded areas represent the kinematically forbidden regidithe LEP-1$1] and LEP-II [6]
exclusions. The dashed and continuous lines represenkpieeted and observed 95% CL
exclusion limits. The region excluded by a D@ sea§ for the t1t — bbeu reaction
in the wino scenario is indicated by the dotted linie) The contour of exclusion at 95%
CL in the sneutrinaversus scalar top quark mass plane obtained for the assumption—
bui) = 0.1 andB(t; — br) = 0.8 (higgsino scenario).
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2.5. Scalar Bottoms

In the kinematic reach under investigatidn, — b decays are expected, leading to two b-jets
and missing energy in the final state of sbottom pair-pradactin order to demonstrate the progress
at the Tevatron, first, the early results are shown. The D@simgsEr and mass limits in the
sbottom-neutralino plane are shown in Fig®d2 [52,53] for 0.31 fb~!. Recent CDF results with
2.65 fb! are shown in Figur83[54], and results from the D@ collaboration with 5.2 fbare shown in
Figure34[55]. The signal topology of two b-quarks and missing energgéstical to the one from the
Higgs boson searchp — ZH — vobb [56-58].

Figure 32. D@ scalar bottom searches, copyright (2006), with permisby the American

Physical Societyq2,53]. (a) The missingE; distribution for the 0.31 fb! data; p) The
sbottom-neutralino mass limits at 95% CL.
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Figure 33. CDF scalar bottom searches, copyright (2010), with periprdsy the American
Physical Societyd4]. (a) Measuredir and Hr + Hr distributions (black dots) for lowAm
(top) and highAm analysesl{ottom), compared to the SM predictions (solid lines) and
the SM + MSSM predictions (dashed lines). The shaded baruis gfe total systematic
uncertainty on the SM predictionsb)( The exclusion plane at 95% CL as a function of
sbottom and neutralino masses. The observed and expegied lupits from this analysis
are compared to previous results from CDF and D@ experinaritee Tevatron in Run Il
and from LEP experiments at CERN with squark mixing artgle 0°. The hatched area
indicates the kinematically prohibited region in the plane

(@) (b)

—SM —e— CDF Runll DATA (L=2.65 ft)
A CDF DO CDF
Total Syst. Uncertainty ---= SM + MSSM 120 AR NN (2650 pd) (310 pH) (295 pH)

N S Observed Limit
10% low AM analysisf s By M, < Mip+ My | esw e . -

- Expected Limit
M; =123 GeViEf 1

2005 Gl e e

10 MH:QOGeV/é 3

high AM analysis|

events per bin

M; =193 GeVRR L
Mk.v, =70 GeVié

TR R VBT R VR ol
F, [GeV] H, + . [GeV]




Symmetry 2014 6 134

Figure 34. DJ scalar bottom searches, copyright (2010), with permisom Elsevier$5].
(a) The missingE distribution for 5.2 flo! data; b) The sbottom-neutralino mass limits.
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The increase of the sensitivity and the extension of theuebex region to higher sbottom masses
are illustrated. Note that in Figufb for a 100 GeV sbottom mass, sensitivity is achieved for asmas
differencem;, —myo of about 30 GeV, and for a 150 GeV sbottom for a mass differehabout 50 GeV.

In contrast to these large values, the LER ™ collider achieved sensitivity over the whole kinematic
reach for a mass difference closetg — mgo = my,.

2.6. Charged Massive Particles

Many quasi-stable particles could appear in supersymotewidels (In particular, the next to lightest
supersymmetric particle can have a long lifetime). Sead¢bequasi-stable particles were performed
and interpretations given in several supersymmetric nsodéie production of stable scalar tau leptons
would result in a signature in the detector similar to a pdimwons, but with mass and speed
inconsistent with the production of muons. The spged v/c of these charged massive particles is
expected to be significantly different compared to muonshasvn in Figure35a [59]. In the nearly
mass-degenerate neutralino-chargino scenario, whiclurecoaturally in the anomaly-mediated
symmetry breaking (AMSB) model, limits are shown on the givay mass (Figur&5b). Figure35c
shows an example in the MSSM when the chargino is higgske-li

Recent results from the D@ collaboration with 5.2 (6.3) fbluminosity exclude a
pair-produced long-lived gaugino-like chargino below 2878) GeV and higgsino-like charginos below
217 (244) GeV at 95% CLG0,61], as well as long-lived scalar top quarks with mass below G8¥.
These results are shown in Figu@&and37.

The scalar top quarks can have a distinct signature, sirmedppear in charged or neutral stop
hadrons. These hadrons may flip their charge as they pasggthtbe detector. In the simulation,
approximately 60% of stop hadrons are charged followinggihihadronizationj.e., 84% of the events
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will have at least one charged stop hadron. Furthermorigrdcg hadrons may flip their charge through
nuclear interactions, as they pass through material.

It is assumed that stop hadrons have a probability of 2/3 ofgoeharged after multiple nuclear
interactions and anti-stop hadrons, a probability of 1/Behg charged, consistent with the numbers of
possible scalar top and anti-stop hadronic final states. g&formed a search for long-lived charged
massive particles produced in 1.0 tbusing a high transverse-momentgmmuon trigger. The search
sets an upper bound on the production cross-section. heterg this result within the context of a stable
scalar top-quark model resulted in a lower limit at 95% CL loa particle mass of 249 GeV, as shown
in Figure38[62).

Figure 35. D@ searches for charged massive partickd.[ (a) The speed significance
(1 — speed)/ospeed of charged massive particledy)(The anomaly-mediated symmetry
breaking (AMSB) gaugino interpretatiorg)(The MSSM higgsino interpretation.
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Figure 36. D@ searches for charged massive particles, copyright (20dith permission

by the American Physical Societg(]. (a) Distributions of speed; (b) The distribution

of dF/dx for data, background and signal (gaugino-like chargindb wimass of 100 and
300 GeV) that pass the selection criteria. The histograrme haen normalized in order to
have the same number of events. The scale of fhiélr measurements is scaled so that the
dE/dz of muons fromZ — pp events peak at one. All entries exceeding the range of the
histogram are added to the last bin.
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Figure 37. D@ searches for charged massive particles, copyright (22023), with
permission by the American Physical Socie®@,p1]. Cross-section limits at 95% CL as a
function of mass. &) Gaugino-like charginosp) Higgsino-like charginos;d) Stop quarks.
The stop quark limits are displayed for the assumed changgiriy (38% charge survival
probability) and for no charge flipping (84% charge survmalbability).
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Figure 38. CDF searches for charged massive particles, copyrigh©92®dth permission

137

by the American Physical Societ$?]. (a) Observed (histogram) and predicted (band)

mass distributions for candidate tracks in the muon samplée curves on the right
show the simulated distributions expected for a 140 and a @8V long-lived stop;
(b) Observed 95% CL limits on the production cross-section stable top-squark pair
(points), compared to the theoretical NLO cross-sectiamvg).

The band represents

theoretical and parton distribution function uncertasti The intersection of the band with
the limit curve yields a lower mass limit for a stable top styuat 249 GeV.
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3. LHC

In 2005, it was planned that the LHC would operate up to 14 Vehich is about seven times the
center-of-mass energy of the Tevatron. Sensitivity protspr discovering supersymmetric particles
were given for this LHC operation scenario. In the first sialge LHC operated at 7 TeV center-of-mass
energy in 2011, increasing to 8 TeV in 2012. Although the egponding production cross-sections
are reduced compared to the design center-of-mass enlkeegyndreased LHC energy compared to the
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Tevatron greatly extends the reach to discover new pasticle
In the search for supersymmetric particles, the LHC hastgregntial at 14 TeV for a discovery

within a short period of data-taking. In order to compare lidrgg-term expectations and the actual
achieved sensitivities, an example from 2005 of the expiecimat 14 TeV to discover supersymmetry

is shown in Figure39 [63], assuming the mMSUGRA model. A variety of supersymmetractiens

are in reach of the LHC sensitivity. While a signature fronpesisymmetry cannot escape detection
at the LHC, determining the precise model structure is a wgllenging task. Further precision

measurements would be possible at a linear collider, aswed, for example, ing4,65]. It will be

particular difficult for the LHC to determine the relevantisr top parameters in the cosmologically
interesting region of stop-neutralino co-annihilatiorhese a future linear collider can perform more

precise measuremen&(41].



Symmetry 2014 6 138

Figure 39. Squark-gluindo discovery reach for a signal with jets plus missing energién
MSUGRA model §3]. In the forbidden region on the left (smaill,) the neutralino is not the
LSP, and in the lower region (smail, ;,), there is no electroweak symmetry breaking. The
cosmologically plausible region (co-annihilation) isséao the forbidden regions on the left
bottom. This cosmological plausible region could be codevéhin the first period of LHC
data-taking at 14 TeV. With the luminosity of 100fh scalar quarks of up to 2500 GeV
could be discovered.
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The first LHC results allow, in some cases, a direct comparisith the Tevatron results. Two
examples of LHC search results are used for this compariissiy searches with di-photons and, second,
searches for scalar quarks.

As reviewed for the Tevatron (Sectiof.l), the LHC results (ATLAS (A Toroidal LHC
Apparatus) 66]) are also presented for a specific scenario in the framewbrke supersymmetric
model, the SPS8 benchmark for gauge-mediated supersyynbnesiking. Similar results were obtained
by CMS (Compact Muon SolenoidpT]. Table 1 compares the limits on the excluded effective
Supersymmetry breaking scale, the lightest neutralinosnaasl the lightest chargino mass between
the D@ results (6.3 fb' data taken at 1.96 TeV) and the ATLAS results (1.07'fdata taken at 7 TeV).

It is interesting to note that the LHC superseded the limith about 1/6 of the luminosity collected
at the Tevatron. Figurésand40 show the missindgy distributions, as well as the SPS8 limits for the
Tevatron (DQ) and LHC (ATLAS), respectively.
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Table 1. Di-photon results for the SPS8 benchmark from the Tevati@ with 6.3 fo!
data taken at 1.96 TeV) and the LHC (ATLAS with 1.07 flwlata taken at 7 TeV). The limits
on the effective Supersymmetry breaking scalgthe lightest neutralino massig, and the
lightest chargino mass+, are given at 95% CL.

Accelerator (Experiment) A (GeV) myo (GeV) m+ (GeV)

Tevatron (DQ) 124 175 330
LHC (ATLAS) 145 205 396

Figure 40. LHC (ATLAS) GMSB di-photon searches, copyright (2012), wgermission
from Elsevier p6]. (a) The missingEr; (b) The limit at 95% CL for the SPS8 benchmark
parameter scenario.
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In the following, the Tevatron results for squark-gluinasmes are compared with recent LHC
results. The LHC results are also placed into the contexthef ¥4 TeV sensitivity predictions
(Figure39). The squark-gluino searches presented here rely on tlaeatem of QCD background and
supersymmetric signal events with a multi-jet and missimgygy characteristic. In order to achieve this,
a so-called razor variable is defined by the CMS collabonatidnich gives the name to this analy6s].
For the ATLAS collaboration, the ratidjr/+/Hr, is used for the separation of signal and background,
where Hr is the scalar sum of the jet momen@®]. It is a measure of the significance of the in the
event. No indication of a signal was observed. The resultmgs in the (mg, m,,,) plane are shown
in Figure41in the framework of the mSUGRA model (constrained MSSM, CMI$SThe early result
from ATLAS nicely displays the increase in sensitivity cosngd to the Tevatron results (as given in
Figure 17 for D@ with 2.1 fb! and in Figurel9 for CDF with 2.0 fb'!). Recently, ATLAS and CMS
published updated results with about 20 fldlata, each taken at 8 TeV(,71]. Thus, the lower Tevatron
gluino mass limitincreased from about 300 GeV (CRA[ DY [26]) to a current LHC mass limit above
about 1.1 TeV (ATLAS 70Q], CMS [71]). The LHC has already largely extended the excluded paeme
region of supersymmetric models compared to the Tevatsultee This extension is mostly due to the
about 3.5-4.0 times higher center-of-mass energy at the LtH&also remarkable that first LHC results



Symmetry 2014 6 140

with 4.7 fb~! data taken at 7 TeV (2011 running period) excluded a parameg@n quite similar to the
sensitivity prediction for 1 fb! at 14 TeV (Figure89).

The search for scalar top quarks allows a direct comparistmden the Tevatron and the first LHC
results. At the Tevatron, a scalar top quark mass was extlugeto about 180 GeV (for example,
CDF Figure24 [39] 2.6 fb~! at 2 TeV), while at the LHC for small mass values of the lightes
supersymmetric particle, scalar top quark mass values amptond 650 GeV are excluded (for example,
CMS Figure42[72] 19.5 fb~! at 8 TeV).

Figure 41. LHC squark-gluino searches. Limits in the,m,/,) plane at 95% CL.
(@) CMS razor analysis, copyright (2013), with permission bg tAmerican Physical
Society B8]; (b) ATLAS multi-jet analysis, copyright (2011), with permisa from
Springer p9]. Details of the Tevatron results are given in Figdigfor D@ with 2.1 fo !
and in Figurel9for CDF with 2.0 flo L.
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Figure 42. LHC scalar top searches, copyright (2013), with permis&iom Springer [2].
CMS observed 95% CL excluded regions for the: x)c model for the case of unpolarized,
right-handed and left-handed top quarks.
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4. Conclusions

The search at the Tevatron for supersymmetric particlescvasacterized as an era of sensitivity
increases compared to the previous results at LEP and arptepgphase for the LHC operation. Results
from the Tevatron are reviewed in the context of sensitiintyprovements over the last, about, eight
years (2005 to 2013). The sensitivity predictions from 2@@%e remarkably well with the achieved
results using the full Tevatron dataset. The Tevatron testiow impressive progress in sensitivity for
supersymmetric signatures involving di-photons, tritéeys, scalar quarks and gluinos, scalar top and
scalar bottom quarks and for charged massive particlesel$mentific advances are also based on many
new and optimized search techniques and methods, whichraily applicable to current searches at
the LHC. The first LHC results based on seven and 8 TeV celigrass energies are compared with
the 14 TeV LHC predictions from 2005; and they agree wellingknto account the reduced operation
energy in the first LHC stage. Examples of Tevatron and init#C results have been compared, and the
LHC has much extended the sensitivity with respect to thaffem results from the 100 GeV scale to the
terascale. The achieved experimental Tevatron resultg 8tad sensitivities can be reliably predicted for
long-term planning of future performances at particleidells. At the Tevatron, a major step towards
discovering supersymmetry or ruling it out was made, and_tH€ has taken over this exciting field
of research.
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Appendix: Overview of Reviewed Analyses

Table Al. Overview of the analyses included in this review.

142

Search reaction  Experiment Final state L Ref. note L Ref. note
(fb—1) spring 2005  (fb1) update
%9 CDF + D@ vy + By 0.202 +0.263  0504004L(]
— XYWz D@ vy + Hr 6.3 1008.213311]
— GYW+GHZ CDF Ny + By 2.6 0910.360612]
A% D@ T + Hr 0.325 474015
— (tulte DD erl + Hr 0.325 474116]
— 0wt XY D@ url + By 0.326 474217)
D@ ee(ep)(pup)(ur)l + Hy 2.3 0901.064640]
CDF ee(up) + Hr 5.8 10636 22]
CDF er(ut) + By 6.0 10611 23]
aa — axyaxy D@ jets+Hlr 0.31 4737 B,4]
ag — ax¥aaxy D@ jets+lr 2.1 0712.380576]
88 — qqxiqax? CDF jets+y 2.0 0811.251277]
1t CDF c-jets#y 0.163 7457 36]
— Wexle DD c-jetsHr 1.0 0803.226338]
CDF c-jetsH#ly 2.6 9834 B9
1t DD bbup + Hy 0.339 486645]
— Xibx{b D@ bbee(ep) + Hr 1.0 0811.045946]
— 0tbolth D@ bbep + Hr 5.4 1009.595048]
CDF bbee(ep)(up) + Hr 1.0 1009.026647]
D@ bbur(r7) + Hr 7.3 1202.197849
b1by DY bb + Hy 0.31 4832 52]
— XIbxb D@ bb + By 5.2 1005.222295]
CDF 2.65 1005.360094]
XXy D@ “heavy " 0.390 4746 B9
D@ “heavy " 5.2 1110.3302q0]
D@ “heavy i’ 6.3 1211.246661]
1t CDF “heavypu” 1.0 0902.126662]
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