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113.1. Introduction

Supersymmetry (SUSY), a transformation relating fermions to bosons and vice
versa [1{9], is one of the most compelling possible extengig of the Standard Model of
particle physics (SM).

On theoretical grounds SUSY is motivated as a generalizatio of space-time symmetries.
A low-energy realization of SUSY,i.e., SUSY at the TeV scale, is, however, not a necessary
consequence. Instead, low-energy SUSY is motivated by thegssible cancellation of
guadratic divergences in radiative corrections to the Higg boson mass [10{15].
Furthermore, it is intriguing that a weakly interacting, (m eta)stable supersymmetric
particle might make up some or all of the dark matter in the universe [16{18]. In
addition, SUSY predicts that gauge couplings, as measured xperimentally at the
electroweak scale, unify at an energy scal®(101%) GeV (\GUT scale") near the Planck
scale [19{25].

In the minimal supersymmetric extension to the Standard Mocel, the so called
MSSM [11,26,27], a supersymmetry transformation relates \ery fermion and gauge
boson in the SM to a supersymmetric partner with half a unit of spin di®erence, but
otherwise with the same properties (such as mass) and quanim numbers. These are
the \sfermions": squarks (¢) and sleptons (5 %), and the \gauginos". The MSSM Higgs
sector contains two doublets, for up-type quarks and for dow-type quarks and charged
leptons respectively. After electroweak symmetry breakim, ve Higgs bosons arise, of
which two are charged. The supersymmetric partners of the Higs doublets are known
as \higgsinos." The weak gauginos and higgsinos mix, givingise to charged mass
eigenstates called \charginos" &3 ), and neutral mass eigenstates called \neutralinos"
(AY). The SUSY partners of the gluons are known as \gluinos" . The fact that such
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2 113. Supersymmetry, part Il (experiment)

particles are not yet observed leads to the conclusion thatjf supersymmetry is realized,
it is a broken symmetry. A description of SUSY in the form of an e®ective Lagrangian
with only \soft" SUSY breaking terms and SUSY masses at the Te/ scale maintains
cancellation of quadratic divergences in particle physicsnodels.

The phenomenology of SUSY is to a large extent determined byhe SUSY breaking
mechanism and the SUSY breaking scale. This determines thel88Y particle masses,
the mass hierarchy, the eld contents of physical particles,and their decay modes.
In addition, phenomenology crucially depends on whether tle multiplicative quantum
number of R-parity [27], R = (j 1)3(Bi L)*2S \where B and L are baryon and lepton
numbers and S is the spin, is conserved or violated. If R-parity is consered, SUSY
particles (sparticles), which have odd R-parity, are prodwed in pairs and the decays
of each SUSY particle must involve an odd number of lighter S\$Y particles. The
lightest SUSY particle (LSP) is then stable and often assumd to be a weakly interacting
massive particle (WIMP). If R-parity is violated, new terms _ jjx , , i(j’k and | i(j’,? appear
in the superpotential, where ijk are generation indices;, -type couplings appear between
lepton super elds only, , %%ype are between quark super elds only, and, “type couplings
connect the two. R-parity violation implies lepton and/or b aryon number violation. More
details of the theoretical framework of SUSY are discussedigewhere in this volume [28].

Today, low-energy data from °avor physics experiments, highprecision electroweak
observables as well as astrophysical data impose strong cstmaints on the allowed
SUSY parameter space. Recent examples of such data includee@surements of the rare
B-meson decayBs! 1*1i [29,30], measurements of the anomalous magnetic moment
of the muon [31], and accurate determinations of the cosmolgical dark matter relic
density constraint [32,33].

These indirect constraints are often more sensitive to higer SUSY mass scales than
experiments searching for direct sparticle production at olliders, but the interpretation of
these results is often strongly model dependent. In contrds direct searches for sparticle
production at collider experiments are less subject to intepretation ambiguities and
therefore they play a crucial role in the search for SUSY.

The discovery of a Higgs boson with a mass around 125 GeV impes constraints on
SUSY, which are discussed elsewhere [28,34].

In this review we limit ourselves to direct searches, coverig data analyses at LEP,
HERA, the Tevatron and the LHC, with emphasis on the latter. For more details on LEP
and Tevatron constraints, see earlier PDG reviews [35].

113.2. Experimental search program

The electron-positron collider LEP was operational at CERN between 1989 and
2000. In the initial phase, center-of-mass energies arounthe Z-peak were probed, but
after 1995 the LEP experiments collected a signi cant amou&tof luminosity at higher
center-of-nbass energies, some 235 pb per experiment at © s, 204 GeV, with a
maximum s of 209 GeV.

Searches for new physics age* e colliders benet from the clean experimental
environment and the fact that momentum balance can be measuwed not only in the plane
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transverse to the beam, but also in the direction along the bam (up to the beam pipe
holes), de ned as the longitudinal direction. Searches at LIP are dominated by the data
samples taken at the highest center-of-mass energies.

Constraints on SUSY have been set by the CDF and DO experimest at the Tevatron,
a proton-antiproton collider at a center-of-mass energy ofup to 1:96 TeV. CDF and DO
have collected integrated luminosities between 10 and 11 fb' each up to the end of
collider operations in 2011.

The electron-proton collider HERA provided collisions to the H1 and ZEUS experiments
between 1992 and 2007, at a center-of-mass energy up to 318 \GeA total integrated
luminosity of approximately 0.5 foi 1 was collected by each experiment. Since irep
collisions no annihilation process takes place, SUSY sedres at HERA typically look for
R-parity violating production of single SUSY patrticles.

The Large Hadron Collider (LHC) at CERN started proton-prot on operation at a
center-of-mass energy of 7 TeV in 2010. By the end of 2011 thegeriments ATLAS and
CMS had collected about 5 fi 1 of integrated luminosity each, and the LHCb experiment
had collected approximately 1 fo 1. In 2012, the LHC operated at a center-of-mass
energy of 8 TeV, and ATLAS and CMS collected approximately 20fbi 1 each, whereas
LHCb collected 2 fbi 1. In 2015, the LHC started Run 2, with a center-of-mass energyof
13 TeV. At the end of 2016, ATLAS and CMS had both collected appoximately 36 fbi 1,
and LHCb had collected 2 fo 1.

Proton-(anti)proton colliders produce interactions at higher center-of-mass energies
than those available at LEP, and cross sections of QCD-mediad processes are larger,
which is re°ected in the higher sensitivity for SUSY particles carrying color charge:
squarks and gluinos. Large background contributions from &ndard Model processes,
however, pose challenges to trigger and analysis. Such baglounds are dominated by
multijet production processes, including, particularly at the LHC, those of top quark
production, as well as jet production in association with vector bosons. The proton
momentum is shared between its parton constituents, and in ach collision only a fraction
of the total center-of-mass energy is available in the hard prton-parton scattering. Since
the parton momenta in the longitudinal direction are not known on an event-by-event
basis, use of momentum conservation constraints in an anags is restricted to the
transverse plane, leading to the de nition of transverse vaiables, such as the missing
transverse momentum, and the transverse mass. Proton-pran collisions at the LHC
di®er from proton-antiproton collisions at the Tevatron in t he sense that there are no
valence anti-quarks in the proton, and that gluon-initiate d processes play a more dominant
role. The increased center-of-mass energy of the LHC compad to the Tevatron, as well
as the increase at the LHC between Run 1 and Run 2, signi cantlyextends the kinematic
reach for SUSY searches. This is re°ected foremost in the seitigity for squarks and
gluinos, but also for other SUSY particles.

The main production mechanisms of massive colored sparties at hadron colliders
are squark-squark, squark-gluino and gluino-gluino prodation; when \squark" is used
\antisquark” is also implied. The typical SUSY search signaure at hadron colliders
contains highspt jets, which are produced in the decay chains of heavy squarkand
gluinos, and signi cant missing momentum originating from the two LSPs produced at
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the end of the decay chain. Assuming R-parity conservationthe LSPs are expected to be
neutral and weakly interacting massive particles, since dberwise the model contradicts
standard cosmology. These particles then escape detecticat colliders. Standard Model
backgrounds with missing transverse momentum include leptnic W=Z-boson decays,
heavy-°avor decays to neutrinos, and multijet events that may be a®ected by instrumental
e®ects such as jet mismeasurement.

Selection variables designed to separate the SUSY signaloim the Standard Model
backgrounds includeHy, Ef"%, and mge. The quantities Hy and ET"SS refer to the
measured transverse energy and missing transverse momentuin the event, respectively.
They are usually de ned as the scalar sum of the transverse jemomenta or calorimeter
clusters transverse energies measured in the evenH( ), or the negative vector sum of
transverse momenta of reconstructed objects like jets andelptons in the event ET"®).
The quantity meg is referred to as the e®ective mass of the event and is de ned as
Mee = Ht + JET'®%). The peak of the mqg distribution for SUSY signal events correlates
with the SUSY mass scale, in particular with the mass di®erene between the primary
produced SUSY particle and the LSP [36], whereas the Standadr Model backgrounds
dominate at low mgg. Additional reduction of multijet backgrounds can be achieved by
demanding isolated leptons or photons in the nal states; in sich events the lepton or
photon transverse momentum may be added tdHt or mgg for further signal-background
separation.

At the LHC, alternative approaches have been developed to iorease the sensitivity
to pair production of heavy sparticles with TeV-scale masse focusing on the kinematics
of their decays, and to further suppress the background frommultijet production.
Prominent examples of these new approaches are searches ngsithe ®; [37{41],
razor [42], stransverse masg myy) [43], and contransverse masymct) [44] variables.
Recently, the topological event reconstruction methods hae expanded with the super-
razor [45] and recursive jigsaw reconstruction [46] techniques. Furthermore, frequently
the searches for massive SUSY particles attempt to identifytheir decay into top quarks
or vector bosons, which are themselves unstable. If these amproduced with a signi cant
boost, jets from their decay will typically overlap, and such topologies are searched for
with jet-substructure [47] techniques.

113.3. Interpretation of results

Since the mechanism by which SUSY is broken is unknown, a gera approach to
SUSY via the most general soft SUSY breaking Lagrangian adds signi cant number
of new free parameters. For the minimal supersymmetric stadard model, MSSM, i.e.,
the model with the minimal particle content, these comprise 105 new parameters. A
phenomenological analysis of SUSY searches leaving all the parameters free is not
feasible. For the practical interpretation of SUSY searche at colliders several approaches
are taken to reduce the number of free parameters.

One approach is to assume a SUSY breaking mechanism and lowgne number
of free parameters through the assumption of additional costraints. Before the start
of the LHC, interpretations of experimental results were predominately performed in
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constrained models of gravity mediated [48,49], gauge-méated [50{52], and anomaly
mediated [53,54] SUSY breaking. The most popular model washe constrained MSSM
(CMSSM) [48,55,56], which in the literature is also referrel to as minimal supergravity,
or MSUGRA.

These constrained SUSY models are theoretically well motiated and provide a rich
spectrum of experimental signatures. However, with univesality relations imposed on the
soft SUSY breaking parameters, they do not cover all possilel kinematic signatures and
mass relations of SUSY. In such scenarios the squarks are eft nearly degenerate in mass,
in particular for the rst and second generation. The exclusion of parameter space in the
CMSSM and in CMSSM-inspired models is mainly driven by rst and second generation
squark production together with gluino production. As shown in Fig. 113.1 [57] these
processes possess the largest production cross sectionspioton-proton collisions, and
thus the LHC searches typically provide the tightest mass Imits on these colored
sparticles. This, however, implies that the allowed paraméer space of constrained SUSY
models today has been restrained signi cantly by searches dm ATLAS and CMS.
Furthermore, confronting the remaining allowed parameter space with other collider and
non-collider measurements, which are directly or indirecly sensitive to contributions
from SUSY, the overall compatibility of these models with all data is signi cantly worse
than in the pre-LHC era (see section 1.8 for further discus#on), indicating that very
constrained models like the CMSSM are no longer be good benafark scenarios to solely
characterize the results of SUSY searches at the LHC.

For these reasons, an e®ort has been made in the past years tonggement the
traditional constrained models with more °exible approaches.

One approach to study a broader and more comprehensive sultsef the MSSM is via
the phenomenological-MSSM, or pMSSM [60{62]. It is derivedfrom the MSSM, using
experimental data to eliminate parameters that are free in pginciple but have already
been highly constrained by measurements oé.g., °“avor mixing and CP-violation. This
e®ective approach reduces the number of free parameters in ahMSSM to typically
19 or even less, making it a practical compromise between th&ll MSSM and highly
constrained models such as the CMSSM.

Even less dependent on fundamental assumptions are interptations in terms of
so-called simpli ed models [63{66]. Such models assume a litad set of SUSY particle
production and decay modes and leave open the possibility tavary masses and other
parameters freely. Therefore, simpli ed models enable comghensive studies of individual
SUSY topologies, and are useful for optimization of the expemental searches over a wide
parameter space without limitations on fundamental kinematic properties such as masses,
production cross sections, and decay modes.

As a consequence, ATLAS and CMS have adopted simpli ed modelas the primary
framework to provide interpretations of their searches. In addition to using simpli ed
models that describe prompt decays of SUSY particles, the geriments are now also
focusing more on the use simpli ed models that allow for decay of long-lived SUSY
particles as they can arise in di®erent SUSY scenarios (seectien 1.7 for further
discussion). Today, almost every individual search provies interpretations of their results
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in one or even several simpli ed models that are characterist of SUSY topologies
probed by the analysis.

However, while these models are very convenient for the int@retation of individual
SUSY production and decay topologies, care must be taken wimeapplying these limits
to more complex SUSY spectra. Therefore, in practice, simpled model limits are often
used as an approximation of the constraints that can be placg on sparticle masses
in more complex SUSY spectra. Yet, depending on the assumedUSY spectrum, the
sparticle of interest, and the considered simpli ed model Imit, this approximation can
lead to a signi cant mistake, typically an overestimation, in the assumed constraint on the
sparticle mass (see for example [67]) . Only on a case-by-@basis can it be determined
whether the limit of a given simpli ed model represents a goodapproximation of the
true underlying constraint that can be applied on a sparticle mass in a complex SUSY
spectrum. In the following, we will point out explicitly the assumptions that have entered
the limits when quoting interpretations from simpli ed mode ls.

This review covers results up to September 2017 and since nenof the searches
performed so far have shown signi cant excess above the SM beground prediction, the
interpretation of the presented results are exclusion limis on SUSY parameter space.

113.4. Exclusion limits on gluino and squark masses

Gluinos and squarks are the SUSY partners of gluons and quasg and thus carry
color charge. Limits on squark masses of the order 100 GeV hawbeen set by the LEP
experiments [68], in the decay to quark plus neutralino, andfor a mass di®erence between
squark and quark plus neutralino of typically at least a few GeV. However, due to the
colored production of these particles at hadron colliders ¢ee e.g. Fig. 113.1), hadron
collider experiments are able to set much tighter mass limis.

Pair production of these massive colored sparticles at hadm colliders generally involve
both the s-channel and t-channel parton-parton interactions. Since there is a negligible
amount of bottom and top quark content in the proton, top- and bottom squark
production proceeds through s-channel diagrams only. In tle past, experimental analyses
of squark and/or gluino production typically assumed the rst and second generation
squarks to be approximately degenerate in mass. However, iorder to have even less
model dependent interpretations of the searches, the expanents have started to also
provide simpli ed model limits on individual rst or second ge neration squarks.

Assuming R-parity conservation and assuming gluinos to be bavier than squarks,
squarks will predominantly decay to a quark and a neutralinoor chargino, if kinematically
allowed. The decay may involve the lightest neutralino (typically the LSP) or chargino,
but, depending on the masses of the gauginos, may involve he&r neutralinos or
charginos. For pair production of rst and second generationsquarks, the simplest decay
modes involve two jets and missing momentum, with potentialextra jets stemming from
initial state or nal state radiation (ISR/FSR) or from decay modes with longer cascades.
Similarly, gluino pair production leads to four jets and missing momentum, and possibly
additional jets from ISR/FSR or cascades. Associated prodation of a gluino and a
(anti-)squark is also possible, in particular if squarks ard gluinos have similar masses,
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typically leading to three or more jets in the nal state. In cascades, isolated photons or
leptons may appear from the decays of sparticles such as naalinos or charginos. Final
states are thus characterized by signi cant missing transvese momentum, and at least
two, and possibly many more highpy jets, which can be accompanied by one or more
isolated objects like photons or leptons, includingg, leptons, in the nal state. Table 113.1
shows a schematic overview of characteristic nal state sigatures of gluino and squark
production for di®erent mass hierarchy hypotheses and assung decays involving the
lightest neutralino.
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Figure 113.1: Cross sections for pair production of di®erent sparticles as
function of their mass at the LHC for a center-of-mass energyf 8 TeV (solid curves)
and 13-14 TeV (dotted curves), taken from Ref. [57]. Typicaly the production
Bross section of colored squarks and gluinos, calculated thi NLL-FAST [58] at

s =8 and 13 TeV, is several orders of magnitlbde larger than the oe for electroweak
gauginos, calculated with PROSPINO [59] at” s =8 and 14 TeV for higgsino-like
neutralinos. Except for the explicitly shown pair production of stops, production
cross sections for squarks assumes mass degeneracy of laftd right-handed u, d, s,
¢ and b squarks.
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Table 113.1:  Typical search signatures at hadron colliders for direct glino and
“rst- and second-generation squark production assuming di®ent mass hierarchies.

Mass Main Dominant Typical
Hierarchy Production Decay Signature
Mgé¢ Mg ool & ! q%? , 2jets + EfMSS + X
Mg ¥s Mg g by & ! qﬁigo , 3jets + EMISS 4 X

: 9! 0¥y |
mg A mg g9 g! qyA? , 4 jets + EMISS 4+ X

113.4.1. Exclusion limits on the gluino mass

Limits set by the Tevatron experiments on the gluino mass assme the framework of
the CMSSM, with tan ~ =5 (CDF) or tan = 3 (DO0), where tan s the ratio of vacuum
expectation values of the Higgs elds for up-type and down-type fermions. Furthermore,
Ap=0and t< 0 is assumed, and the resulting lower mass limits are about LGeV for
all squark masses, or 390 GeV for the casmg = mg [69,70]. These limits have been
superseded by those provided by ATLAS and CMS, and the tightst constraints have been
set with up to approximately 36 fbi 1 of data recorded at the LHC at a center-of-mass
energy of 13 TeV.

Limits on the gluino mass have been established in the frameark of simpli ed
models. Assuming only gluino pair production, in particular three primary decay chains
of the gluino have been considered by the LHC experiments foimterpretations of their
search results. The rst decay chaing-! qu? assumes gluino mediated production
of rst and second generation squarks (on-shell or o®-shell) kich leads to four light
°avor quarks in the nal state. Therefore, inclusive all-hadronic analyses searching for
multijet plus E{"S° "nal states are utilized to put limits on this simpli ed model. These
limits are derived as a function of the gluino and neutralino (LSP) mass. As shown in
Fig. 113.2 (upper left), using the cross section from next-t-leading order QCD corrections
and the resummation of soft gluon emission at next-to-leadig-logarithmic accuracy as
reference [58], the ATLAS collaboration [71] excludes in tis simpli ed model gluino
masses below approximately 2000 GeV, for a massless neuira. In scenarios where
neutralinos are not very light, the exciency of the analyses s reduced by the fact that jets
are less energetic, and there is less missing transverse mentum in the event. This leads
to weaker limits when the mass di®erence #n = mg i mjo is reduced. For example, for

neutralino masses above about 1000 GeV no limit on thelgluinamass can be set for this
decay chain. Therefore, limits on gluino masses are strongla®ected by the assumption
of the neutralino mass. Similar results for this simpli ed model have been obtained by
CMS [72,73].

The second important decay chain of the gluino considered fointerpretation in a
simpli ed model is g ! bbA‘l). Here the decay is mediated via bottom squarks and thus

leads to four jets from b quarks and E%’“SS in the nal state. Also for this topology
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'S‘ 2500fFF T T T T T T T T T T T ’xvla{ 2911
[ [ATLAS Preliminary Vs=13TeV, 14.8-36.1 " |
9 L o® qqc 0 -lepton, ATLAS-CONF-2017-022 J
S r g® qﬁWc O-lepton, ATLAS-CONF-2017-022 B ~0
(&} 20005 3® qAWE,, 1-lepton, ATLAS-CONF-2016-054 | Squark-gluino-neutralino model, m(x1)=0 GeV
S L 3® G@WZE’,® 7-11 jets, ATLAS-CONF-2017-033 | >60007""'=?"""""""""'7
[} = ATLAS Preliminary 0O-leptons, 2-6 jets —
B 9® qﬁWZc SS leptons, ATLAS-CONF-2017-030 (Q] C {s=13TeV, 36.1 fb Al limits at 95% CL. 7
r go fie”, ss leptons, ATLAS-CONF-2017-030 | = goo0l oL obs. imit (16525 ]
1500— — 1o = they i
g® ttc 3 3b jets, ATLAS-CONF-2017-021 B E C " N
s o (RN cu R RS P Exp. limits (+10,,,)
L ® bbc 3 3b jets, ATLAS-CONF-2017-021 i C b
N i 4000 [ OL obs. limit (20.3fb™", 8 TeV ) ]
o \ b C Meff or RJR (Best Expected) 1
1000 /_/__¥ \ 1 C G443, @d53) 7
] 3000|— -
500 - 2000/~ =
1 L I [ TR I Y A I ] 1000_| PRI B RN R RS B
1000 1200 1400 1600 1800 2000 1000 2000 3000 4000 5000 6000
PP — 99, g — bbX% Moriond 2017 pp — 99, 9 =t X% Moriond 2017
;‘ [ T ‘ T T ‘ T T T ‘ L | T T | T T ‘ L ‘ LI ] ;‘ 2000 gl ‘ L ‘ T T T ‘ L | T T | T T ‘ L ‘ T T \7
8 1800 }CMS Preliminary 35.9fb™ (13 TeV) 8 rCMS Preliminary 35.9fb" (13 TeV) -
~, I 4 2, 1800~ I =
1600 —5US-16-033 (HF™) wExpected | oy [ —SUS-16-033, 0-lep (HT'?) e Expected ]
= - —SUS-16-036 (Mr,) —Observed | g 1600 —SUS-16-036, 0-lep (Mr,) —Observed_]
r ] F —SUS-16-037, 1-lep (M) :
14001 E 14001 —SUS-16-042, 1-lep (A9) =
F ] F —SUS-16-035, >2-lep (SS) 1
1200; 3 1200F SUS-16-041, >3-lep -
1000F B 1000~ -
800~ 3 800 =
6001~ B 600~ -
4001 - 400 =
200 = 200 ] =
: 1 ‘ - ‘ 111 ‘ 11 1 | 11 1 | 11 1 ‘ I i ‘ \E 11 : : 1 ‘ - ‘ 111 ‘ 11 1 | 1 101 | 11 1 “ 1 ‘E ‘ E\ 11 ]
800 1000 1200 1400 1600 1800 2000 2200 800 1000 1200 1400 1600 1800 2000 2200
mg [GeV] m; [GeV]
Figure 113.2:  Upper left and lower left and right plots: lower mass limits, at 95%

C.L., on gluino pair production for various decay chains. The upper left plot shows
limits from the ATLAS collaboration; the lower plots display CMS results for the

decay chainsg- bb&? (lower left) and g ! thg’ (lower right). The limits are de ned

in the framework of simpli ed models assuming a single decayhain, i.e. a 100%
branching fraction. The upper right plot shows 95% C.L. masslimits on gluinos and
squarks assuming gluino and squark production and masslesgutralinos.

inclusive all-hadronic searches provide the highest sersiity. However, with four b quarks
in the nal state, the use of secondary vertex reconstructionfor the identi cation of jets
originating from b quarks provides a powerful handle on the SM background. Thesfore,
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in addition to a multijet plus E%“iss signature these searches also require several jets to be
tagged asb-jets. As shown in Fig. 113.2 (lower left), for this simpli ed model CMS [72]
excludes gluino masses belows 2000 GeV for a massless neutralino, while for neutralino
masses abové/s 1400 GeV no limit on the gluino mass can be set. Comparable liits for
this simpli ed model are provided by searches from ATLAS [74]

Gluino decays are not limited to rst and second generation sgarks or bottom squarks,
if kKinematically allowed, top squarks via the decayg-! tt are also possible. This leads
to a \four tops" nal state titt AYA9 and denes the third important simplied model,
g! ttAQ, characterizing gluino pair production. The topology of this decay is very rich
in di®erent experimental signatures: as many as four isolatéleptons, four b-jets, several
light “avor quark jets, and signi cant missing momentum from t he neutrinos in the W
decay and from the two neutralinos. As shown in Fig. 113.2 (laver right), the CMS
inclusive Ht based search [73] and a search requiring one isolated leptamd large-radius
jets [75] rule out gluinos with masses below/s 1900 GeV for massless neutralinos in this
model. For neutralino masses abové/ 1100 GeV, no limit can be placed on the gluino
mass. The ATLAS multiple b-jets search [74] obtains similarlimits.

The ATLAS collaboration also provides limits in a pMSSM-inspired model with only
gluinos and rst and second generation squarks, and a bino#e Acl’ [71]. As shown in
Fig. 113.2 (upper right), assuming mAcl) =0 GeV, gluinos with masses belowYs 2000 GeV

are excluded for any squark mass and vice versa. Fang %2 mg, the mass exclusion is
about 2700 GeV.

R-parity violating gluino decays are searched for in a numbe of nal states. Searches
in multilepton nal states set lower mass limits of 1 to 1:4 TeV, depending on neutralino
mass and lepton °avor, on decays mediated by and , 9 couplings [76,77], assuming
prompt decays. Searches for displaced vertices are sens#i to non-prompt decays [78].
Multijet nal states have been used to search for fully hadroric gluino decays involving
.9 by CDF [79], ATLAS [80,81] and CMS [82,83]. Lower mass limis range between 600
and 2000 GeV depending on neutralino mass and °avor content athe nal state.

113.4.2. Exclusion limits squark masses

Limits on rst and second generation squark masses set by the @vatron experiments
assume the CMSSM model, and amount to lower limits of about 38 GeV for all gluino
masses, or 390 GeV for the casmg = mg [69,70].

At the LHC, limits on squark masses have been set using up to gmoximately
36 fbi 1 of data at 13 TeV. Interpretations in simpli ed models typica lly characterize
squark pair production with only one decay chain of g qA?. Here it is assumed that
the left and right-handed &, & s and e squarks are degenerate in mass. Furthermore,
it is assumed that the mass of the gluino is very high and thus ontributions of the
corresponding t-channel diagrams to squark pair productio are negligible. Therefore, the
total production cross section for this simpli ed model is eight times the production cross
section of an individual squark (e.g. uy ). The CMS collaboration provides interpretations
using di®erent all-hadronic searches for this simpli ed mode As displayed in the upper
plot of Fig. 113.3, best observed exclusion is obtained fronthe analysis using them,
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variable [72], which excludes squark masses just below 15%8eV for a light neutralino.
The e®ects of heavy neutralinos on squark limits are similard those discussed in the
gluino case (see section 11.4.1) and only for neutralino mases below’ 800 GeV can any
squark masses be excluded. Results from the ATLAS collabotin [71] for this simpli ed
model are similar.

For the same analysis ATLAS also provides an interpretationof their search result
in the aforementioned pMSSM-inspired model with only gluiros and rst and second
generation squarks, and a bino-likeA‘l1 [71]. In this model, squark production can
take place with non-decoupled gluinos, enhancing the squérproduction cross section
through gluino exchange diagrams. For example, for gluino®f 6 TeV, squark masses up
to 2:2 TeV are excluded, much higher than in the simpli ed model uncer consideration.

If the assumption of mass degenerate rst and second generatn squarks is dropped
and only the production of a single light squark is assumed, e limits weaken signi cantly.
This is shown as the much smaller exclusion region in the upgeplot of Fig. 113.3, which
represents the 95% C.L. limit on pair production of a single ight squark, with the gluino
and all other squarks decoupled to very high masses. Under th assumption, the lower
limit on squark masses is only%: 1050 GeV for a massless neutralino, and for neutralinos
heavier than ¥ 450 GeV no squark mass limit can be placed. It should be notedhat
this limit is not a result of a simple scaling of the above mentoned mass limits assuming
eightfold mass degeneracy but it also takes into account thafor an eight times lower
production cross section the analyses must probe kinematicegions of phase space that
are closer to the ones of SM background production. Since sigl acceptance and the
ratio of expected signal to SM background events of the analses are typically worse in
this region of phase space not only the 38 reduction in production cross section but also
a worse analysis sensitivity are responsible for the much veker limit on single squark
pair production.

For single light squarks ATLAS also reports results of a dedtated search, atp s=8
TeV, for pair production of scalar partners of charm quarks B4]. Assuming that the
scalar-charm state exclusively decays into a charm quark ah a neutralino, scalar-charm
masses up to 490 GeV are excluded for neutralino masses bel@®0 GeV.

Besides placing stringent limits on rst and second generathn squark masses, the
LHC experiments also search for the production of third geneation squarks. SUSY at
the TeV-scale is often motivated by naturalness arguments,most notably as a solution
to stabilize quadratic divergences in radiative correctims to the Higgs boson mass. In
this context, the most relevant terms for SUSY phenomenolog arise from the interplay
between the masses of the third generation squarks and the Yawa coupling of the top
guark to the Higgs boson. This motivates a potential constrant on the masses of the top
squarks and the left-handed bottom squark. Due to the large bp quark mass, signi cant
mixing between tj and tr is expected, leading to a lighter mass statey and a heavier
mass statet». In the MSSM, the lightest top squark (t1) can be the lightest squark.

Bottom squarks are expected to decay predominantly tobA% giving rise to the
characteristic multi b-jet and E{"S® signature. Direct production of bottom squark
pairs has been studied at the Tevatron and at the LHC. Limits from the Tevatron are
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The upper plot shows 95% C.L. exclusion contours in the squd-

neutralino mass plane de ned in the framework of simpli ed mocels assuming a
single decay chain ofg+ qA? [72]. Two assumptions for the squark pair production
cross sections are displayed; a) eightfold degeneracy fohe masses of the rst and
second generation squarks and b) only one light “avor squark.The lower left plot
shows the 95% C.L. exclusion contours in the sbottom-neutrino mass plane de ned
in the framework of a simpli ed model assuming a single decaylain of B! bA? as
obtained by CMS. The lower right plot shows the 95% C.L. exclwsion contours in
the stop-neutralino mass plane de ned in various simpli ed malels of stop decay, as
obtained by ATLAS.
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my > 247 GeV for a massless neutralino [85,86]. The LHC experimeihave surpassed

these limits, and the latest results are based on 36 fb! of data collected at’ s =13 TeV.
As shown in the lower left plot of Fig. 113.3, using inclusiveall-hadronic searches [72,73]
as well as a search requiring signi cantE{"® and two jets reconstructed asb-jets [87],
CMS has set a lower limit of m,; >%. 1200 GeV for massless neutralinos in this model.
For mAg Y, 550 GeV or higher no limit can be placed on direct bottom squak pair

production in this simpli ed model. Limits from ATLAS are com parable [88]. Further
bottom squark decay modes have also been studied by ATLAS [889] and CMS [87,90].

The top squark decay modes depend on the SUSY mass spectrumnéon the tj -tg
mixture of the top squark mass eigenstate. If kinematicallyallowed, the two-body decays
! tA® (which requiresm.i mao > m¢) and t! bAS (which requires m.i mas >my)
are expected to dominate. If not, the top squark decay may praeed either via the two-
body decayt! cA? or through t! bff'%° (wheref and f-%denote a fermion-antifermion
pair with appropriate quantum numbers). For m.j mzao > my, the latter decay chain

represents a four-body decay with aw boson, charged HiggH , slepton ™ or light °avor
squark @ exchange. If the exchangedV boson and/or sleptons are klnematlcally allowed
to be on-shell (m.j mgzs > myu+ my and/or m.j m.>my), the three-body decays

t! WbA? and/or t! bl™~will become dominant. For further discussion on top squark
decays see for example Ref. [91].

Limits from LEP on the t; mass arem, > 96 GeV in the charm plus neutralino nal
state, and > 93 GeV in the lepton, b-quark and sneutrino nal state [68].

The Tevatron experiments have performed a number of searctsefor top squarks,
often assuming direct pair production. In the b'® decay channel, and assuming a
100% branching fraction, limits are set asm, > 210 GeV for ma < 110 GeV and
m.i ma > 30 GeV, orm, > 235 GeV forma < 50 GeV [92,93]. In thet! cA® decay
mode, a top squark with a mass below 180 GeV is excluded for a n#alino lighter than
95 GeV [94,95]. In both analyses, no Ilmlts on the top squark &n be set for heavy
sneutrinos or neutralinos. In the t! bA decay channel, searches for a relatively light
top squark have been performed in the dllepton “nal state [9697]. The CDF experiment
sets limits in the tj AO mass plane for various branching fractions of the chargino ecay
to leptons and for two value of m;s . For mAg = 105:8 GeV and on =47:6 GeV, top

squarks between 128 and 135 GeV are excluded fov -like leptonic branchlng fractions
of the chargino.

The LHC experiments have improved these limits substantialy. As shown in the right
plot of Fig. 113.3, limits on the top squark mass assuming a sipli ed model with a
single decay chain oft"! tA‘f now approach or surpass 1 TeV. The most important
searches for this top squark decay topology are dedicated aeches requiring zero or one
isolated lepton, modestE ", and four or more jets out of which at least one jet must be
reconstructed as ab-jet [98{101]. For example, CMS excludes top squarks with mases
below about 1100 GeV in this model for massless neutralinosyhile for mA(l) > 500 GeV

no limits can be provided.
Assuming that the top squark decay exclusively proceeds viahe chargino mediated
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decay chaint! bAS, A3 | WS(A? yields stop mass exclusion limits that vary

strongly with the assumptions made on thetj A% i A‘l) mass hierarchy. For example,

for Mzs = (my+ mAg):Z, a stop mass below¥s 1000 GeV for a IightA{:{ is excluded,
1

while no limit can be placed for mAg > 500 GeV [98]. These limits, however, can weaken

signi cantly when other assumptions about the mass hierarcly are imposed. For example,
if the chargino becomes nearly mass degenerate with the tomsark the key experimental
signature turns from an all-hadronic "nal state with b-jets and E{"® into a multi-lepton
and E?‘iss topology vyielding typically weaker limits for this top squark decay (see e.g.
[99,101,102]) .

If the decayst! tA9 and t! bA3, A3 | WSE(®A? are kinematically forbidden, the
decay chainst! WHbHA? and t! cA? can become important. As shown in the lower
right plot of Fig. 113.3, the zero-lepton ATLAS search provides for the kinematic region
myi Mas >mp+ my lower limits on the top squark mass of%2 400 GeV for a neutralino
lighter than ¥ 300 GeV [100], while the corresponding CMS analyses [72,B8] push this
limit to about 550 GeV for neutralino masses belowvs 400 GeV. Furthermore, analyses
with one or two lepton nal states [99,101{103] also place sigi cant constraints on this
decay channel.

For the kinematic region in which even the production of real W bosons is not
allowed, ATLAS and CMS improve the Tevatron limit on t! cA? substantially. Based
on a monojet analysis [104] ATLAS excludes top squark massdselow m A9 Y. 450 GeV

along the kinematic boundary for the t! cA? decay. The CMS collaboration uses the
hadronic searches [72,98] to place constraints on this padular stop decay and excludes
m, %2550 GeV for mA‘{ below 450 GeV. The exclusion at the diagonam,. % mA(l> is also

about 550 GeV.

The other decay chain relevant in this phase region ig-! bff%0. Here the ATLAS
one-lepton search [101] excludes up ten, %2 350 GeV for mAcl) below 250 GeV, while the

monojet analysis [104] excludes at the kinematic boundary dp squarks below 400 GeV.
As for the t! cAO depay, CMS uses the zero-lepton searches [72,98] to also ¢#a
constraints on t!  bf %0, Also in this case CMS excludesn, % 550 GeV for Mg below

450 GeV.

In general, the variety of top squark decay chains in the phas space region where
t! tA‘l) is kinematically forbidden represents a challenge for the xperimental search
program and more data and re ned analyses will be required to drther improve the
sensitivity in this dixcult but important region of SUSY para meter space.

R-parity violating production of single squarks via a , “type coupling has been studied
at HERA. In such models, a lower limit on the squark mass of theorder of 275 GeV
has been set for electromagnetic-strength-like couplings ®= 0:3 [105]. At the LHC,
both prompt [76,77] and non-prompt [78,106] R-parity violating squark decays have been
searched for, but no signal was found. Squark mass limits areery model-dependent.

R-parity violating production of single top squarks has bea searched for at LEP,
HERA, and the Tevatron. For example, an analysis from the ZEUS collaboration [107]
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makes an interpretation of its search result assuming top sgarks to be produced via a, ©
coupling and decay either to bAf or R-parity-violating to a lepton and a jet. Limits are
set on , 231 as a function of the top squark mass in an MSSM framework with gugino
mass uni cation at the GUT scale.

The search for top squark pair production in the context of R-arity violating
supersymmetry has now also become a focus point for searchas the LHC. The CMS
collaboration has performed a search for top squarks using gariety of multilepton nal
states [108]. It provides lower limits on the top squark massin models with non-zero
leptonic R-parity violating couplings , 122 and , »33. For a bino mass of 200 GeV, these
limits are 1020 GeV and 820 GeV, respectively. The analysisIso provides limits in
a model with the semileptonic R-parity violating coupling , 833. The | ®mediated top
squark decayt! b’ has been studied by ATLAS for prompt decays [109], and by CMS
for non-prompt decays [110]. CMS also searched for the®mediated decayt! b'qq
setting lower stop mass limits of 890 GeV ¢) or 1000 GeV () [111]. The fully hadronic
R-parity violating top squark decays t! bsand t! ds, involving , ° have been searched
for by ATLAS [112], and lower top squark mass limits between 40 and 610 GeV were
set. CMS [113] have searched for a top squark decay to a bottomuark and a light-°avor
quark, and excludes top squarks with masses between 200 an@3 GeV in this decay
mode.

It should be noted that limits discussed in this section belmg to di®erent top and
bottom squark decay channels, di®erent sparticle mass hierehies, and di®erent simpli ed
decay scenarios. Therefore, care must be taken when interpting these limits in the
context of more complete SUSY models.

113.4.3. Summary of exclusion limits on squarks and gluinos assuming R-
Parity conservation

A summary of the most important squark and gluino mass limits for di®erent
interpretation approaches assuming R-parity conservatio is shown in Table 113.2.

For gluino masses rather similar limits of about 2 TeV are obtined from di®erent
model assumptions, indicating that the LHC is indeed probing direct gluino production
at the TeV scale and beyond. However, for neutralino masseshamve approximately 1 to
1:4 TeV, in the best case scenarios, ATLAS and CMS searches caonplace any limits on
the gluino mass.

Limits on direct squark production, on the other hand, deperd strongly on the chosen
model. Especially for direct production of top squarks thee are still large regions in
parameter space where masses below 1 TeV cannot be excludethis is also true for rst
and second generation squarks when only one single squark éensidered. Furthermore,
for neutralino masses abové/s 500 GeV no limit on any direct squark production scenario
can be placed by the LHC.
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Table 113.2:  Summary of squark mass and gluino mass limits using di®erent
interpretation approaches assuming R-parity conservatio. Masses in this table are
provided in GeV. Further details about assumption and analyses from which these
limits are obtained are discussed in the corresponding seicins of the text.

Model Assumption Mg Mg
Simpli ed model mAg= 0, mg ¥amg Y2700 % 2700
ot ot mag=0, all mq - 1/, 2000
Mjzo= 0, all m Y, 2000 -
p A9 <} 4
Simpli ed models g¢
g! qyA? Mag =0 - 1, 2000
M40 >%21000 - no limit
1
g! bbA? Mg =0 - Y4 2000
Mo >% 1400 - no limit
1
g! ttA Mag =0 - Y4 1900
mAcl) >1,1100 - no limit
Simpli ed models ag
0 =
&! oAy m A9 =0 Y4 1550 -
mA(1> >1,800 no limit -
t ! gAY Mag =0 Y, 1050 -
mAcl) > 1,450 no limit -
bl bA? Mo =0 /41200 -
1
mA(l) > 1/, 550 no limit -
r1 tA Mo =0 Y4 1100 -
1
mAcl) >1,500 no limit -
t! bAS M40 =0 Y4 1000 :
1
[mA§ = (Mg mAg):Z] mAcl) >1,500 no limit -
r! WhA? Mg <% 400 Y4 550 -
[Mw <My i mMgo <mMy]
t! A Mag <¥: 450 Y4 550 -
my ¥a mA(l) Y4 550 -
r! bff %9 Mag <4450 Y4 550 -
me Va M40 Y4 550 -
1

[Mei Mo <myy]
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113.5. Exclusion limits on the masses of charginos and neutr alinos

Charginos and neutralinos result from mixing of the chargedwino and higgsino states,
and the neutral bino, wino and higgsino states, respectivgl. The mixing is determined
by a limited number of parameters. For charginos these are th wino mass parameter
Mo, the higgsino mass parametert , and tan , and for neutralinos these are the same
parameters plus the bino mass parameteiM . If any of the parameters M1, M2 or
1 happened to be substantially smaller than the others, the clargino and neutralino
composition would be dominated by speci c states, which are eferred to as bino-like
(M1 ¢ Mo;1), wino-like (M2 ¢ M1;1), or higgsino-like (* ¢ M1;M»). If gaugino
mass uni cation at the GUT scale is assumed, a relation betwee M1 and M2 at the
electroweak scale followsM1 = 5=3tanuy M> ¥ 0:5M5, with py the weak mixing
angle. Charginos and neutralinos carry no color charge.

113.5.1. Exclusion limits on chargino masses

If kinematically allowed, two body decay modes such asA% ! 9 (including “® and
) are dominant. If not, three body decay A3 | ff90 are mediated through virtual
W bosons or sfermions. If sfermions are heavy, th&/ mediation dominates, andf f%are
distributed with branching fractions similar to W decay products (barring phase space
e®ects for small mass gaps betweek® ~and A9). If, on the other hand, sleptons are light
enough to play a signi cant role in the decay mediation, leptaic nal states will be
enhanced.

At LEP, charginos have been searched for in fully-hadronic,semi-leptonic and fully
leptonic decay modes [114,115]. A general lower limit on théightest chargino mass of
1035 GeV is derived, except in corners of phase space with low @gon sneutrino mass,
where destructive interference in chargino production, ortwo-body decay modes, play
a role. The limit is also a®ected if the mass di®erence betweeﬁ ~and A is small;
dedicated searches for such scenarios set a lower limit of 9zeV.

At the Tevatron, charginos have been searched for via assaafed production of
A% Ag [116,117]. Decay modes involving multilepton nal states povide the best
discrimination against the large multijet background. Analyses have looked for at least
three charged isolated leptons, for two leptons with missiig transverse momentum, or for
two leptons with the same charge. Depending on the A% i A?) and/or (A9 A9) mass
di®erences, leptons may be soft.

At the LHC, the search strategy is similar to that at the Tevat ron. As shown in
Fig. 113.1, the cross section of pair production of electroeak gauginos at the LHC, for
masses of several hundreds of GeV, is at least two orders of muaitude smaller than for
colored SUSY particles (e.g. top squark pair production). For this reason a high statistics
data sample is required to improve the sensitivity of LEP and Tevatron searches for direct
chargino/neutralino production. With the full LHC Run 1 dat a and the rst set of Run
2 data, ATLAS and CMS have started to surpass the limits from LEP and Tevatron in
regions of SUSY parameter space.

Chargino pair production is searched for in the dilepton pluis missing momentum nal
state. In the simpli ed model interpretation of the results, assuming mediation of the
chargino decay by light sleptons, ATLAS [118] sets limits onthe chargino mass up to
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740 GeV for massless LSPs, but no limits on the chargino massn be set forA? heavier
than 350 GeV. Limits are fairly robust against variation of t he slepton mass, unless the
mass gap between chargino and slepton becomes small. At 8 TeWfst limits were also
set on charginos decaying via aW boson [119]: chargino masses below 180 GeV are
excluded for massless LSPs, but no limits are set for LSPs heir than 25 GeV.

The trilepton plus missing momentum nal state is used to set imits on A? Ag
production, assuming wino-like A3 and A9, bino-like A9, and Mas = mAg’ leaving m4s
and mAg free. Again, the branching fraction of leptonic nal states is determined by the

slepton masses. If the decay is predominantly mediated by adht 7 , i.e. "r is assumed
to be heavy, the three lepton °avors will be produced in equal aounts. It is assumed
that 7 and sneutrino masses are equal, and diagrams with sneutrisoare included. In
this scenario, ATLAS [118] and CMS [120] exclude chargino meses below 1140 GeV for
massless LSPs; no limits are set for LSP masses above 700 GéMhe decay is dominated
by a light "r, the chargino cannot be a pure wino but needs to have a large bgsino
component, preferring the decays to tau leptons. Limits areset in various scenarios. If,
like for 7, a °avor-democratic scenario is assumed, CMS sets limits of060 GeV on the
chargino mass for massless LSPs, but under the assumption &b both AS and Ag decay
leads to tau leptons in the nal state, the chargino mass limit deteriorates to 620 GeV for
massless LSPs [120]. ATLAS assumes a simpli ed model in whicktaus are signi cantly
lighter than the other sleptons in order to search for a similr multi-tau nal state, and
sets a lower limit on the chargino mass of 760 GeV in this modeJ121].

If sleptons are heavy, the chargino is assumed to decay to W boson plus LSP, and
the Ag into Z plus LSP or H plus LSP. In the WZ channel, ATLAS [118] and CMS [122]
limits on the chargino mass reach 610 GeV for massless LSPsutono limits are set for
LSPs heavier than 250 GeV. In theWH channel, for my = 125 GeV and using Higgs
decays tobb, °° and WW (ATLAS [123]) , or Higgs decays tobb, °°, WW, ZZ and
¢teél (CMS [122]) , assuming a SM-like branching fraction in thesenal states, chargino
mass limits extend up to 480 GeV for massless LSPs, but vanisfor LSP masses above
100 GeV.

The results on electroweak gaugino searches interpreted isimpli ed models are
summarized in Fig. 113.4 for the two cases of light or decoupld sleptons. For both cases,
ATLAS and CMS have comparable limits.

In both the wino region (a characteristic of anomaly-mediated SUSY breaking models)
and the higgsino region of the MSSM, the mass splitting betwen /3:? and A? is small.
The chargino decay products are very soft and may escape deatigon. These compressed
spectra are very hard to nd, and have triggered dedicated seah strategies, which,
however, still have limited sensitivity. Photons or jets from initial state radiation may
be used to tag such decays. An alternative production mode oélectroweak gauginos is
provided by vector-boson-fusion, where two additional jes with a large rapidity gap can
be used to select events and suppress backgrounds [124,125]
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Figure 113.4: LHC exclusion limits on chargino and neutralino masses in a
number of simpli ed models. Left: limits on chargino and neutralino masses for pair
production of charginos, pair production of heavier neutrdinos, or pair production
of chargino and neutralino, under the assumption of light septons mediating
the decays. Right: limits on chargino and neutralino massedor pair production
of chargino and neutralino, under the assumption of decoumd sleptons, and
chargino/neutralino decay through W*°, Z® or H.

113.5.2. Exclusion limits on neutralino masses

In a considerable part of the MSSM parameter space, and in paicular when
demanding that the LSP carries no electric or color charge, he lightest neutralino A‘f is
the LSP. If R-parity is conserved, such aﬁccl) is stable. Since it is weakly interacting, it will
typically escape detectors unseen. Limits on the invisiblewidth of the Z boson apply to
neutralinos with a mass below 45% GeV, but depend on theZ-neutralino coupling. Such
a coupling could be small or even absent; in such a scenario ¢he is no general lower limit
on the mass of the lightest neutralino [126]. In models with @ugino mass uni cation
and sfermion mass uni cation at the GUT scale, a lower limit on the neutralino mass is
derived from limits from direct searches, notably for chargnos and sleptons, and amounts
to 47 GeV [127]. Assuming a constraining model like the CMSSMthis limit increases
to 50 GeV at LEP; however the strong constraints now set by theLHC increase such
CMSSM-derived Ag mass limits to well above 200 GeV [128].

In gauge-mediated SUSY breaking models (GMSB), the LSP is tgically a gravitino,
and the phenomenology is determined by the nature of the nexto-lightest supersymmetric
particle (NLSP). A NLSP neutralino will decay to a gravitino and a SM particle whose
nature is determined by the neutralino composition. Final dates with two high pr
photons and missing momentum are searched for, and interpted in gauge mediation
models with bino-like neutralinos [129{133].
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Assuming the production of at least two neutralinos per evem, neutralinos with large
non-bino components can also be searched for by their decan inal states with missing
momentum plus any two bosons out of the collection®; Z;H . A number of searches at
the LHC have tried to cover the rich phenomenology of the varous Z and H decay
modes [120,132{135].

Heavier neutralinos, in particular A9, have been searched for in their decays to
the lightest neutralino plus a °, a Z boson or a Higgs boson. Limits on electroweak
production of Ag plus A% from trilepton analyses have been discussed in the sectionno
charginos; the assumption of equal mass o§8~and A% make the limits on chargino masses
apply to Ag as well. Multilepton analyses have also been used to set ling on AgAg
production; assuming equal mass and decay through light sfgons, limits are set up to
680 GeV for massless LSPs [124]. Again, compressed spectrahwsmall mass di®erences
between the heavier neutralinos and the LSP form the most chiéenging region.

In Ag decays toﬁrcl’ and a lepton pair, the lepton pair invariant mass distributi on may
show a structure that can be used to measure théA3-j A9 mass di®erence in case of a
signal [36]. This structure, however, can also be used in theearch strategy itself, as
demonstrated by ATLAS [134] and CMS [136].

In models with R-parity violation, the lightest neutralino can decay even if it is the
lightest supersymmetric particle. If the decay involves a ron-zero, coupling, the nal
state will be a multi-lepton one. Searches for events with far or more isolated charged
leptons by ATLAS [76,137] and CMS [77] are interpreted in sub models. With very
small coupling values, the neutralino would be long-lived,leading to lepton pairs with a
displaced vertex, which have also been searched for [78,]06

Searches for events with a displaced hadronic vertex, with owithout a matched
lepton, are interpreted in a model with R-parity violating n eutralino decay involving
a non-zero , % coupling [78,138]. Neutralino decays involving non-zerq ©lead to fully
hadronic nal states, and searches for jet-pair resonancesra used to set limits, typically
on the production of colored particles like top squarks or glhinos, which are assumed to
be the primary produced sparticles in these interpretatiors, as discussed earlier.

The limits on weak gauginos in simpli ed models are summarizé in Table 113.3.
Interpretations of the search results outside simplied mockls, such as in the
phenomenological MSSM [139{141], show that the simpli ed mdel limits must be
interpreted with care. Electroweak gauginos in models thatare compatible with the relic
density of dark matter in the universe, for example, have paticularly tuned mixing
parameters and mass spectra, which are not always capturedybthe simpli ed models
used.
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Table 113.3: Summary of weak gaugino mass limits in simplied models,
assuming R-parity conservation. Masses in the table are pnaded in GeV. Further
details about assumptions and analyses from which these liits are obtained are
discussed in the text.

Assumption mA
A3, all ¢ m(AS; AD) > 92
A’ ¢m> 5 ma> 300 > 1035
A§ _ _
A7, M ~a) —(mA§ + mAcl))—Z
mzo0 Y0 > 740
1
Af . mjo > 350 no LHC limit
A mo>m;
1 A%
M 4o Y40 > 180
1
A, Mag > 25 no LHC limit
mA§ = mAg, m- :(mA§ + mAcl)):Z
mA(l) Y0 > 1140
mAcl) > 700 no LHC limit
mA§ = mAg, m. = ( mA§ + mAg)zz °avor-democratic
mAcl) Y0 > 1060
mAcl) > 600 no LHC limit
mA§ = mAg, m, =(mA§ + mAg)=2 &dominated
mAcl) Y40 > 620
Mag > 260 no LHC limit
mA§ = mAg, m. > mA§ , BF(WZ)=1
mA(l) Y0 > 610
mAcl) > 250 no LHC limit
mA§ = mAg, m..>mA§ , BF(WH) =1
mAi) Y0 > 480
mAcl) > 100 no LHC limit

113.6. Exclusion limits on slepton masses

In models with slepton and gaugino mass uni cation at the GUT <ale, the right-
handed slepton, ", is expected to be lighter than the left-handed slepton,™ . For tau
sleptons there may be considerable mixing between the L and Rtates, leading to a
signi cant mass di®erence between the lightegr~and the heavier ¢.
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113.6.1. Exclusion limits on the masses of charged sleptons

The most model-independent searches for selectrons, smud@nd staus originate from
the LEP experiments [142]. Smuon production only takes plae via s-channel®®=Z
exchange. Search results are often quoted forgy since it is typically lighter than <
and has a weaker coupling to theZ boson; limits are therefore conservative. Decays
are expected to be dominated by' g ! 1A8, leading to two non-back-to-back muons
and missing momentum. Slepton mass limits are calculated inthe MSSM under the
assumption of gaugino mass uni cation at the GUT scale, and dpend on the mass
di®erence between the smuon andd~ A Lr with a mass below 94 GeV is excluded for
Moy mAg > 10 GeV. The selectron case is similar to the smuon case, exdefhat an

additional production mechanism is provided by t-channel reutralino exchange. Theegr
lower mass limit is 100 GeV foron < 85 GeV. Due to the t-channel neutralino exchange,

€r€_ pair production was pOSSIb|e at LEP, and a lower limit of 73 Ge&/ was set on
the selectron mass regardless of the neutralino mass by sasing over MSSM parameter
space [143]. The potentially large mixing betweery;~and g not only makes the ¢ light,
but can also make its coupling to theZ boson small. LEP lower limits on the ¢ mass
range between 87 and 93 GeV depending on thé2~mass, form, j mA(l) > 7 GeV [142].

At the LHC, pair production of sleptons is not only heavily suppressed with respect to
pair production of colored SUSY particles but the cross segbn is also almost two orders
of magnitude smaller than the one of pair production of chargnos and neutralinos. Only
with the full Run 1 LHC data set and the rst data of Run 2, ATLAS a nd CMS have
started to surpass the sensitivity of the LEP analyses undercertain assumptions.

ATLAS and CMS have searched for direct production of selecton pairs and smuon
pairs at the LHC, with each slepton decaying to its corresponling SM partner lepton
and the A? LSP. In simpli ed models, ATLAS [118] and CMS [120] set lower nass
limits on sleptons of 500 GeV for degeneraté] and g, for a masslessA‘ll and assuming
equal selectron and smuon masses, as shown in Fig. 113.5. Thenits deteriorate with
mcreasmg,éc0 mass due to decreasing missing momentum and lepton momentumAs a
consequence, no limits are set foAQmasses above 270 GeV.

In gauge-mediated SUSY breaking models, sleptons can be (QbILSPs, i.e., the
next-to-lightest SUSY particles and almost degenerate in nass, decaying to a lepton and
a gravitino. This decay can either be prompt, or the slepton @n have a non-zero lifetime.
Combining several analyses, lower mass limits oA g- of 96:3 GeV and oner of 66 GeV
are set for all slepton lifetimes at LEP [144]. In a considerhle part of parameter space in
these models, thes~is the NLSP. The LEP experiments have set lower limits on the nass
of such a¢-between 87 and 97 GeV, depending on the tifetime. ATLAS has searched
for nal states with ¢s, jets and missing transverse momentum, and has interprete
the results in GMSB models setting limits on the model paramé¢ers [145]. CMS has
interpreted a multilepton analysis in terms of limits on gauge mediation models with
slepton NLSP [146]. CDF has put limits on gauge mediation moels at high tan  and
slepton NLSP using an analysis searching for like-chargedht leptons and taus [147].

Limits also exist on sleptons in R-parity violating models, both from LEP and the
Tevatron experiments. From LEP, lower limits on +g and eg masses in such models are
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Figure 113.5: LHC exclusion limits on slepton (selectron and smuon) masse
assuming equal masses of selectrons and smuons, degeneraty; and "r, and a
100% branching fraction for ™! ‘A? [118].

97 GeV, and the limits on the stau mass are very close: 96 GeV 4B].

113.6.2. Exclusion limits on sneutrino masses

The invisible width of the Z boson puts a lower limit on the sneutrino mass of about
45 GeV. Tighter limits are derived from other searches, nothly for gauginos and sleptons,
under the assumption of gaugino and sfermion mass universg at the GUT scale, and
amount to approximately 94 GeV in the MSSM [149]. It is possibe that the lightest
sneutrino is the LSP; however, a left-handed sneutrino LSP s ruled out as a cold dark
matter candidate [150,151].

Production of pairs of sneutrinos in R-parity violating models has been searched for
at LEP [148]. Assuming fully leptonic decays via, -type couplings, lower mass limits
between 85 and 100 GeV are set. At the Tevatron [152,153] andtdhe LHC [154,155],
searches have focused on scenarios with resonant produgatiof a sneutrino, decaying
to el, I, and e¢ nal states. No signal has been seen, and limits have been seho
sneutrino masses as a function of the value of relevant RPV aglings. As an example,
the LHC experiments exclude a resonant tau sneutrino with a nass below 1500 GeV for
, 312> 0:07 and, §,, > 0:01.

The limits on sleptons in simpli ed models are summarized in Tble 113.4.
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Table 113.4: Summary of slepton mass limits from LEP and LHC, assuming
R-parity conservation and 100% branching fraction for ™! ‘A?. Masses in this
table are provided in GeV.

Assumption M.

g, ¢ m(LR;A&O) > 10 > 94

er, ¢ m(er; A7) > 10 > 94

€r, any ¢Am > 73

Ry ¢ M((zr;AD) > 7 > 87

%, ¢ m(er;A9) > 10 > 94
Me g = My g, mAg Y40 > 500- |
mAcl) >Y,270 no LHC limit

113.7. Exclusion limits on long-lived sparticles

Long-lived sparticles arise in many di®erent SUSY models. Inparticular in co-
annihilation scenarios, where the NLSP and LSP are nearly mss-degenerate, this is
rather common in order to obtain the correct Dark Matter reli ¢ density. Prominent
examples are scenarios featuring, €o-annihilation, or models of SUSY breaking, e.g.
minimal anomaly-mediated SUSY breaking, in which the apprgriate Dark Matter
density is obtained by co-annihilation of the LSP with an almost degenerate long-lived
wino. However, in general, also other sparticles can be lonlived and it is desirable to
establish a comprehensive search programme for these spadiong-lived cases, which lead
to distinct experimental search signatures, including diplaced vertices or disappearing
tracks, etc.

Already in the past experiments performed dedicated searabs for long-lived SUSY
signatures, but with the absence of any experimental evidece for SUSY so far, it is
expected that in the future even more e®ort and focus will be @ced on SUSY scenarios
involving long-lived sparticles. As for the interpretation of the canonical SUSY searches,
also for long-lived scenarios simpli ed models are a conveait tool to benchmark these
special cases (see e.g. [156,157]) .

In the following we give an overview of the most recent and redvant results for
dedicated long-lived SUSY searches.

If the decay of gluinos is suppressed, for example if squark asses are high, gluinos
may live longer than typical hadronization times. It is expected that such gluinos will
hadronize to long-living strongly interacting particles known as R-hadrons. In particular,
if the suppression of the gluino decay is highly signi cant, & in the case that the squark
masses are much higher than the TeV scale, these R-hadrons rcdbe (semi-)stable in
collider timescales. Searches for such R-hadrons exploitbé typical signature of stable
charged massive particles in the detector. As shown in the uper left plot of Fig. 113.6, the
CMS experiment excludes semi-stable gluino R-hadrons withmasses below approximately
1:6 TeV [158]. The limits depend on the probability for gluinos to form bound states
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known as gluinoballs, as these are neutral and not observedithe tracking detectors.
Similar limits are obtained by the ATLAS experiment [159]. Limits ranging between 1
and 1:6 TeV are set in the scenario of R-hadron decays inside the dettor, using dE=dx
measurements and searches for displaced vertices, fog ranging from 1 mm to more than
10 m, as shown in Fig. 113.6 (bottom left).
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Figure 113.6: The upper left plot shows the observed 95% C.L. upper limits
on the cross section for various long-lived charged sparties. For gluinos, di®erent
fractions of gluinoball states produced after hadronizaton scenarios are indicated.
The observed limits are compared with the predicted theoreical cross sections
where the bands represent the theoretical uncertainties orthe cross section values.
The other plots show observed 95% C.L. lower limits on di®erdnsparticle masses
in the mass-vs-lifetime plane for gluino R-hadrons (bottomleft), stopped R-hadrons
(top right) or charginos (bottom right).
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Alternatively, since such R-hadrons are strongly interacing, they may be stopped in
the calorimeter or in other material, and decay later into energetic jets. These decays are
searched for by identifying the jets [160{162] or muons [16Boutside the time window
associated with bunch-bunch collisions. As shown in the uper right plot of Fig. 113.6,
the CMS collaboration sets limits on such stopped R-hadronsver 13 orders of magnitude
in gluino lifetime, up to masses of 1385 GeV [162]. A summaryfoa variety of di®erent
ATLAS searches for long-lived gluinos is shown in the loweréft plot of Fig. 113.6. It
displays constraints on the gluino mass-vs-lifetime plandor a split-supersymmetry model
with the gluino R-hadron decaying into a gluon or light quarks and a neutralino with
mass of 100 GeV.

Top squarks can also be long-lived and hadronize to a R-hadrg for example in
the scenario where the top squark is the next-to-lightest SBY particle (NLSP), with
a small mass di®erence to the LSP. Searches for massive stalolgarged particles are
sensitive to such top squarks. Displayed in the upper left pbt of Fig. 113.6 are the
results of the CMS analysis [158], which sets limitsn,. > 800 GeV in such scenarios,
while ATLAS [159] reports limits of m, > 900 GeV. Limits from the Tevatron are about
m, > 300 GeV [164,165].

In addition to colored spatrticles, also sparticles like chaginos may be long-lived,
especially in scenarios with compressed mass spectra. Clganos decaying in the detectors
away from the primary vertex could lead to signatures such akinked-tracks, or apparently
disappearing tracks, since, for example, the pion in&% Y A? might be too soft to be
reconstructed. At the LHC, searches have been performed fosuch disappearing tracks,
and interpreted within anomaly-mediated SUSY breaking mockls [166{168]. The lower
right plot of Fig. 113.6 shows constraints for di®erent ATLAS searches on the chargino
mass-vs-lifetime plane for an Anomaly Mediated SUSY Breakig (AMSB) model with
tan =5and !> 0. Itis assumed that wino-like charginos are pair-producedand decay
to wino-like neutralinos and very soft charged pions. For eample, for speci c AMSB
parameters, charginos with lifetimes between @ and 10 ns are excluded for chargino
masses up to 500 GeV. Within AMSB models, a lower limit on the targino mass of
430 GeV is set, for a mass di®erence with the LSP of 160 MeV and #etime of
0:2 ns. Furthermore, charginos with a lifetime longer than the time needed to pass
through the detector appear as charged stable massive padies. Limits have been
derived by the LEP experiments [169], by DO at the Tevatron [165], and by the LHC
experiments [159,170,171]. For lifetimes above 100 ns, agnos below some 800 GeV
are excluded.

In gauge mediation models, NLSP neutralino decays need not é prompt, and
experiments have searched for late decays with photons in #n nal state. CDF have
searched for deIayedA(ll! °G decays using the timing of photon signals in the
calorimeter [172]. CMS has used the same technique at the LH{173]. Results are given
as upper limits on the neutralino production cross section & a function of neutralino mass
and lifetime. DO has looked at the direction of showers in theelectromagnetic calorimeter
with a similar goal [174], and ATLAS has searched for photon andidates that do not
point back to the primary vertex, as well as for delayed photms [175].

Charged slepton decays may be kinematically suppressed, f@example in the scenario
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of a NLSP slepton with a very small mass di®erence to the LSP. Sh a slepton may
appear to be a stable charged massive particle. Interpretabn of searches at LEP for such
signatures within GMSB models with stau NLSP or slepton co-N_LSP exclude masses
up to 99 GeV [169]. Searches of stable charged particles at ¢hTevatron [164,165] and
at the LHC [158,159] are also interpreted in terms of limits o stable charged sleptons.
The limits obtained at the LHC exclude stable staus with mas®s below 240 GeV when
produced directly in pairs, and below 490 GeV when staus are noduced both directly
and indirectly in the decay of other particles in a GMSB model [158].

113.8. Global interpretations

Apart from the interpretation of direct searches for sparticle production at colliders in
terms of limits on masses of individual SUSY particles, modedependent interpretations
of allowed SUSY parameter space are derived from global SUSMs. Typically these
“ts combine the results from collider experiments with indirect constraints on SUSY as
obtained from low-energy experiments, °avor physics, highprecision electroweak results,
and astrophysical data.

In the pre-LHC era these ts were mainly dominated by indirect constraints. Even for
very constrained models like the CMSSM, the allowed paramedr space, in terms of squark
and gluino masses, ranged from several hundreds of GeV to aweTeV. Furthermore,
these global ts indicated that squarks and gluino masses inte range of 500 to 1000 GeV
were the preferred region of parameter space, although vaés as high as few TeV were
allowed with lower probabilities [176].

With ATLAS and CMS now probing mass scales around 1 TeV and eve beyond, the
importance of the direct searches for global analyses of allved SUSY parameter space
has strongly increased. For example, imposing the new expienental limits on constrained
supergravity models pushes the most likely values of rst gearation squark and gluino
masses signi cantly beyond 2 TeV, typically resulting in overall values of 't quality much
worse than those in the pre-LHC era [128]. Although these costrained models are
not yet ruled out, the extended experimental limits impose \ery tight constraints on the
allowed parameter space.

For this reason, the emphasis of global SUSY ts has shifted twards less-constrained
SUSY models. Especially interpretations in the pMSSM [170139{141] but also in
simpli ed models have been useful to generalize SUSY seara)efor example to redesign
experimental analyses in order to increase their sensitity for compressed spectra,
where the mass of the LSP is much closer to squark and gluino nsaes than predicted,
for example, by the CMSSM. As shown in Table 113.2, for neutrino masses above
approximately 0:5 TeV the current set of ATLAS and CMS searches, interpreted n
simpli ed models, cannot exclude the existence of squarks ogluinos with masses only
marginally above the neutralino mass. However, as these ehssion limits are de ned in
the context of simpli ed models, they are only valid for the assumptions in which these
models are de ned.

As an alternative approach, both ATLAS [139] and CMS [140] hae performed an
analysis of the impact of their searches on the parameter s of the pMSSM. Fig. 113.7
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sholxvs graphically the LHC exclusion power in the pMSSM basean searches performed
at s =7 and 8 TeV. The plot on the left shows the survival probability in the
gluino-neutralino mass plane, which is a measure of the paraeter space that remains
after inclusion of the relevant CMS search results. As can beeen, gluino masses below
about 1:2 TeV are almost fully excluded. This result agrees well withthe typical exclusion
obtained in simpli ed models for gluino production. However, as shown in the right
plot of Fig. 113.7, when a similar analysis for other spartites is performed it becomes
apparent that exclusions on the pMSSM parameter can be signcantly less stringent than
simpli ed model limits might suggest. This is especially apmrent for the electroweak
sector, where even at rather low maﬁses several of the pMSSMedt points still survive
the constraint of ATLAS searches at’™ s = 7 and 8 TeV. This again indicates that care
must be taken when interpreting results from the LHC searche and there are still several
scenarios where sparticle% below the 1 TeV scale are not exded, even when considering
the most recent results at” s= 13 TeV.
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Figure 113.7:  The plot on the left shows the survival probability of a pMSSM
parameter space model in the gluino-neutralino mass planefter the application
of the relevant CMS search results. The plot on the right shovwe a graphical
representation of the ATLAS exclusion power in a pMSSM model Each vertical
bar is a one-dimensional projection of the fraction of moded points excluded for
each spaﬁticle by ATLAS analyses. The experimental resultsare obtained from data
takenat = s=7 and 8 TeV.

Furthermore, the discovery of a Higgs boson with a mass arouwh 125 GeV has triggered
many studies regarding the compatibility of SUSY parameterspace with this new particle.
Much of it is still work in progress and it will be interesting to see how the interplay
between the results from direct SUSY searches and more presg measurements of the
properties of the Higgs boson will unfold in the future.
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113.9. Summary and Outlook

'Bhe absence of any observation of new phenomepa at the rst rurof the LHC
at = s =7=8 TeV, and now also during operation at" s = 13 TeV, place signi cant
constraints on SUSY parameter space. Today, inclusive seeahnes probe production of
gluinos at about 2 TeV, rst and second generation squarks in he range of about 1
to 1:6 TeV, third generation squarks at scales around 600 GeV to 1 &V, electroweak
gauginos at scales around 309 800 GeV, and sleptons around 500 GeV. However,
depending on the assumptions made on the underlying SUSY spgum these limits can
also weaken considerably.

Fig. 113.8 show%a comparison of the results from the rst run bthe LHC (about
20 fbi 1 ?)f data at = s = 7=8 TeV) with the new results obtained from about 36 fbi 1
taken at = s = 13 TeV. Based on the example of a selected set of simpli ed moal limits
discussed in this review, it becomes apparent that for all sarticle sectors the new LHC
results push sensitivity deep into new territory. This is egpecially apparent for limits on
colored sparticles, which typically bene t most from the enagy increase, but also limits
on electroweakly produced sparticles have strengthened gi cantly since the last run
period.

With the LHC having reached almost its maximum energy of abou P s =14 TeV,
future sensitivity improvement will have to originate from more data and improvement of
experimental analysis techniques. Therefore, it is expeetd that the current landscape of
SUSY searches and corresponding exclusion limits at the LHCas, for example, shown in
Fig. 113.9 from the ATLAS experiment [177], will not change & rapidly anymore as it
did in the past, when the LHC underwent several successive oreases of collision energy.
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Figure 113.8: Comparison_of a selected set of simpli ed model limits based
on about 20 fb 1) taken at © s = 7=8 TeV, with the same limits derived from
36 fbi 1 taken at ~ s =13 TeV. Further details about the di®erent simpli ed models
displaced here are provided in the text.
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Figure 113.9: Overview of the current landscape of SUSY searches at the

LHC. The plot shows exclusion mass limjts of,ATLAS for di®eren searches and
interpretation assumptions [177]. The corresponding resiis of the CMS experiment

are similar [178].
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The interpretation of results at the LHC has moved away from constrained models like
the CMSSM towards a large set of simpli ed models, or the pMSSM On the one hand
this move is because the LHC limits have put constrained mode like the CMSSM under
severe pressure, while on the other hand simpli ed models lea more freedom to vary
parameters and form a better representation of the underlyng sensitivity of analyses.
However, these interpretations in simpli ed models do not cane without a price: the
decomposition of a potentially complicated reality in a limited set of individual decay
chains can be signi cantly incomplete. Therefore, quoted Imits in simpli ed models are
only valid under the explicit assumptions made in these modks. The recent addition of
more comprehensive interpretations in the pMSSM will compément those derived from
simpli ed models and, thus, will enable an even more re ned unérstanding of the probed
SUSY parameter space.

In this context, the limit range of 1:5; 2:0 TeV on generic colored SUSY patrticles only
holds for light neutralinos, in the R-parity conserving MSSM. Limits on third generation
squarks and electroweak gauginos also only hold for light néralinos, and under speci c
assumptions for decay modes and slepton masses.

The ongoing LHC run at P s =13 TeV, and future runs at 14 TeV with signi cantly
larger integrated luminosities (Run 3, and the High-Luminosity LHC), will provide a
large data sample for future SUSY searches. As mentioned alie, the improvement in
sensitivity will largely have to come from the larger statistics, and evolution of trigger
and analysis techniques, since there will be no signi cant eergy increase at the LHC
anymore. Although the sensitivity for colored sparticles will increase somewhat as well,
the expanded data set will be particularly bene cial for eledroweak gaugino searches,
and for the more ditcult nal states presented by compressed paticle spectra, stealth
SUSY, long-lived sparticles, or R-parity violating scenatos.
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