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Abstract. Despite the absence of experimental evidence, the weak scale supersymmetry
remains as one of the best motivated and studied theoretical models beyond the Standard
Model. This article summarises recent ATLAS results on inclusive searches for squarks
and gluinos in R-parity conserving SUSY scenarios, including third generation squarks
produced in the decay of gluinos. The searches involve final states containing jets, miss-
ing transverse momentum with and without a light lepton. No significance excess above
the Standard Model prediction is observed and exclusion limits are set on 2-dimensional
mass planes of benchmark signal models.

1 Introduction

Supersymmetry (SUSY) [1-6] is one of well-motivated Standard Model (SM) extensions, and it pre-
dicts new bosonic partners for the fermions and new fermionic partners for the bosons of the Standard
Model. If R-parity is conserved [7], SUSY particles are produced in pairs and the lightest supersym-
metric particle (LSP) is stable and represents a possible dark-matter candidate. The scaler partners of
the quarks, squarks (§), and the fermionic partners of the gluons, gluinos (g), could be produced in
strong-interaction processes at the Large Hadron Collider (LHC) and decay to the stable LSP, which
is undetectable, producing substantial missing transverse momentum (p?iss).

Recent ATLAS [8] results use the data recorded in 2015 and 2016 in +/s = 13 TeV proton-proton
collisions at the LHC, corresponding to an integrated luminosity of 36.1 fb~!. There are various
squarks and gluinos searches based on topology in the final state aiming to cover all possible decay
chains. Our searches consider various cascade decays including direct, one-step and two-step decays
as shown in Figures 1-3. The ’0-lepton (2—6jets)’ analysis [9] is based on event topology with 26 jets,
aiming at squarks or gluinos with direct or one-step decay via charginos. The benchmark signals are
shown in Figure 1. In these signals, the gluino and squark are modeled in the simplified model [10-
12], in which the gluino and squark decay via virtual light-flavour squarks. Hence no bottom or top
quarks are produced in the final states. The ’0O-lepton (7—11jets)’ analysis [13] is based on event
topology with 7 or more jets, targeting gluino pair-production with one-step or two-step decay via
charginos or the second lightest neutralinos (Figure 2). The one-step decay predicted in a scenario
of the phenomenological Minimal Supersymmetric Standard Model (pMSSM) [14, 15] has high jet-
multiplicity caused by the decays of top quarks and other bosons appearing in the decay chains. The
two-step decay in the simplified model has high jet-multiplicity caused by these long decay chains.
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The ’1-lepton’ analysis [16] is based on event topology with one isolated lepton (electron or muon)
and jets, in which there are 3 categories with different jet multiplicities. Categories with at least 2 jets,
4-5 jets and at least 6 jets are aiming at squark and gluino pair-productions with one-step decay in
Figures 1b and 1d, and the category with at least 9 jets is designed for higher jet-multiplicity signals
as shown in Figure 2. The last analysis is "multi-b" analysis [17], which is prepared for special cases
of gluino direct decays that have many bottom quarks in final states as shown in Figure 3, and requires
multi b-quark jets in the selection. These signals are well-motivated because stop or sbottom mass
could be relatively lighter than the other light-flavour squarks due to "naturalness’ and gluino could
decay via off-shell stop or sbottom to top or bottom quarks. A summary of the signal topology in
these 4 analyses is given in Table 1.

Table 1: Coverage of each analysis searching for squarks or gluinos production.

Decay process | Direct decay One-step decay Two-step decay
O-lepton 0O-lepton (2—-6jets) [9] O-lepton (7-11jets) [13]
1-lepton - 1-lepton (2-6jets, jets) [16]
b-quarks Multi-b [17] - -
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Figure 1: The decay topologies of (a) (b) squark pair production and (c) (d) gluino pair production in
the simplified models with direct decays (a) (c) or one-step decays (b) (d).
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Figure 2: The decay topologies of gluino pair production in (a) the pMSSM scenario with one-step
decay and (b) the simplified model with two-step decay.
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Figure 3: The decay topologies of gluino pair production in the simplified models with direct decay
to neutralinos and (a) b-quarks or (b) top-quarks via off-shell sbottom or stop.

2 0-lepton (2-6jets) and 1-lepton (2—6jets) analyses
2.1 Signal region definitions and background estimation

In these analyses, the powerful discriminating variable between signal and SM background is ’ef-
fective mass’, meg, that is scalar sum of E?iss and. prs of all jets and leptons, where E‘Tniss is the
magnitude of the transverse missing momentum (p7"*). Signal regions (SRs) are defined to enhance
the expected signal yield relative to the SM backgrounds. Because the effective mass is strongly cor-
related to masses of SUSY particles, the SRs with various effective mass cuts need to be prepared
in order to cover the wide mass ranges. To estimate the SM backgrounds, control regions (CRs) are
defined for each of the SRs. They are chosen to be orthogonal to the SR selections in order to provide
independent data samples enriched in particular backgrounds, and are used to normalize the back-
ground MC simulation. Cross-checks of the background estimates are performed with data in several
validation regions (VRs) selected with requirements such that these regions do not overlap with the
CR and SR selections. These CRs and VRs have a low expected signal contamination.

2.2 Results and interpretation

To extract the final results, two kinds of likelihood fits are employed: background-only and model-
dependents fits. A background-only fit is used to estimate the background yields in each SR. The fit is
performed using the observed event yields in the CRs associated with the SR as the only constrains, but
not using the yields in the SR itself. It is assumed that signal events from physics beyond the Standard
Model (BSM) do not contribute to these CR yields. The scale factors represent the normalization
of background components relative to MC predictions, and are determined in the fit to all the CRs
associated with a SR.

A model-dependent fit is used to set exclusion limits on the signal cross-sections for specific
SUSY models. The fit proceeds in the same way as the background-only fit, where yields in the CRs
are used to constrain the predictions of backgrounds in each SR, while the SR yield is also used in the
likelihood.

The results of background-only fits are shown in Figures 4a and 4b. Figure 4a shows SRs with
various number of jets selections and m.g cuts in "Meff-based searches’ in the O-lepton analysis. Meft-
based searches use a conventional variable of m.g as a discriminating variable. In addition to them,
R-jigsaw-based searches are performed, which use new variables obtained from "Recursive Jigsaw
Reconstruction” technique [18-20]. This technique can improve the sensitivity especially for the
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signals with small mass difference between squark or gluino and LSP. In the both searches, there is
no significant excess. Figure 4b shows the SRs in the 1-lepton analysis including at least 9jets regions
described in Section 3. There is no significant excess in all of the SRs.

LA s s s L e e e
ATLAS Preliminary + Data2015and 2016
<235 SM Total
Ys=13TeV, 36.1 fo" [ W-ets
10° [ i+EW) & single top
[ Z+jets
10° [E] Diboson
W Multi-jet

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
ATLAS + Data === Total SM H
f5=13TeV, 36.1 fo" 3 B Single top
* 1l +jots + ET™ . Wjets B Diboson
ers

Events
3

Data/SM Total

Meff Signal Region

() (b)

Figure 4: Comparison of the observed data and predicted background event yields in (a) signal regions
of the O-lepton (2—6jets) analysis [9], and (b) signal regions of the 1-lepton analysis [16]. Each bin
indicates a yield in one signal region. The bottom panel in Figure (a) shows the ratio of observed data
yields to the total predicted background yields, and that in Figure (b) shows the difference between
the observed data yields and the predicted total background yields divided by total uncertainties. The
regions in Figure (b) are all of the signal regions in the 1-lepton analysis including at least 9jets regions
described in Section 3.

Since there is no excess, the model-dependent fits are performed for the benchmark signal mod-
els. The fit results are interpreted in 2 dimensional mass planes. Figure 5 shows interpretation of the
O-lepton (2—6jets) analysis on squark- or gluino-LSP mass planes in the direct decay signals. Fig-
ures 6 and 7 show interpretations of the O-lepton (2—6jets) and the 1-lepton analyses on the same 2
dimensional mass plane in one-step decay signals of squark and gluino pair-production, respectively.
The contours present expected and observed 95% CL exclusion limits. In the O-lepton analysis, the
limits are obtained by using the SR with the best expected sensitivity at each mass point in Meff- and
R-jigsaw-based searches. In the 1-lepton analysis, the limits are obtained by a model-dependent fit
over all of the 2—6jets SRs. The squark mass is excluded up to 1.6 TeV and 1.2 TeV in the cases of
direct decay and one-step decay, respectively. The gluino mass is excluded up to 2.0-2.1 TeV in both
cases.

3 O-lepton 7-11jets and 1-lepton (9jets) analyses
3.1 Signal regions and background estimation

The O-lepton (7—11jets) analysis and 9jets SRs in the 1-lepton analysis are aiming at the signals with
high jet-multiplicity. SRs with various jet-multiplicities and various bottom quark multiplicities are
prepared to cover various signal decays. An accurate modeling of high jet-multiplicity processes from
QCD calculations and matrix-element MC event generation is difficult. Hence, to confidently estimate
the background, the prediction is mainly based on data-driven methods. The background in the SR
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Figure 5: Exclusion limits for (a) light-flavor squark pair-production with direct decay and (b) gluino
pair-production with direct decay from the 0-lepton (2—6jets) analysis [9]. Expected limits from Meff-
and R-jigsaw-based searches separately are shown. Results are compared with the observed limits
obtained by the previous ATLAS searches with the 0-lepton (2—6jets) analysis [21].
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Figure 6: Exclusion limits for light-flavor squark pair-production with one-step decay obtained from
(a) O-lepton (2—6jets) analysis [9] and from (b) 1-lepton analysis [16]. Results are compared with
the observed limits obtained by the previous ATLAS searches with combination of the 0-lepton and
1-lepton analysis [22].

is predicted by extrapolating in 2 dimensional plane of a specific variable X and jet multiplicity. In
the O-lepton (7—11jets) analysis, X is E¥““ / \/Hr, where Hr is the scalar sum of all jet prs. In the
1-lepton (9jets) analysis, X is the transverse mass, mr. mr is defined from the lepton transverse
momentum p‘i and the transverse missing momentum, p%‘iss as

my = \/2p§EfT“i“(1 — cos[Ag(ph., pi)]), (D

where Ag(p%., p™'%) is the azimuthal angle between p’ and pi*S. my can discriminate between signals
and W+jets or semi-leptonic 7 backgrounds because mr has an upper end-point at the W mass in these
backgrounds. In this estimation, it’s assumed that the specific variable’s distribution is approximately
invariant under changes in the jet multiplicity requirements. This assumption is found to be valid
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Figure 7: Exclusion limits for gluino pair-production with one-step decay obtained from (a) the 0-
lepton (2—-6jets) analysis [9] and from (b) the 1-lepton analysis [16]. Results are compared with the
observed limits obtained by the previous ATLAS searches with the 0-lepton analysis [21] and the
1-lepton analysis [23].

when tight m.¢ requirements as used in this analysis are applied such that the overall activity in the
calorimeter and thus the missing transverse energy resolution are not significantly affected by varia-
tions in the jet multiplicity. Exclusive control regions CR4 g ¢ are defined in this X-Nje; 2 dimensional
plane as shown in Figure 8, where CR, is located at high-X and low-Nje, CRp at low-X and low-Nije,
and CRc¢ at low-X and high-N;. Based on these regions the background in the high-X-high-Nje, signal
region can then be estimated with the following equation

Ncr,
Ncr

Ncr,  Nsr

Ngg = Ncres @

Ncry  Ncre B

where N(frit) . is the (estimated) number of events in a given region.
gion>

3.2 Results and interpretation

The background-only fit results in the O-lepton (7-11jets) analysis are shown in Figure 9, and the
result in the 1-lepton (9jets) analysis is shown in Figure 4b. No significance excess is observed in the
both cases. Then, the model-dependent fits are performed for the signal benchmark models. In the
0-lepton analysis, the limits are obtained by using the SR with the best expected sensitivity at each
mass point. In the 1-lepton analysis, the limits are obtained by a model-dependent fit over all of the
9jets SRs. Figure 10 shows interpretations on the 2 dimensional mass plane of gluino pair-production
in a scenario of pMSSM model. Figures 11 shows interpretations on the 2 dimensional mass plane
of gluino pair-production with two-step decay in simplified models. In pMSSM scenario, the gluino
mass is excluded up to 1.6 TeV, and in two-step decay case the mass is excluded up to around 1.8 TeV.



ICNFP 2017

500 T T
450 ATLAS

1-lepton + jets + E7"*°
400

350
300
250
200
150
100

50

| | I I | |
c5 6 7 8 9 10

m; [GeV]

CRA VR m; SR 9J

Aplanarity > 0.07

CRA’ VRN

jet

Aplanarity > 0.07

=z o

Kl

Figure 8: An example of data-driven background-estimation method used in the 1-lepton (9jets) anal-
ysis. Control regions, CRy4 pc, are used to estimate background event yields in SR as in Eq. 2. VR
mr and VR Nj¢, are validation regions, and CRy’ and CR are regions used to estimate background
event yield in the validation regions.
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Figure 9: Comparison of the observed data and predicted background event yields in signal regions
of the 0-lepton (7-11jets) analysis [13], Each bin indicates yields in one signal or validation region.
The bottom panel shows the ratio of observed data yields to the total predicted background yields.
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Figure 10: Exclusion limits for gluino pair-production in a scenario of pMSSM model obtained from
(a) the O-lepton (7-11jets) analysis [13] and from (b) 9-jets signal regions of the 1-lepton analysis [16].
In this pMSSM scenario, M; = 60 GeV, tang = 10, u < 0, M, = 3 TeV, the squark mass= 5 TeV
and the slepton mass= 5 TeV are assumed. X-axis and y-axis indicate masses of gluino and chargino
appearing in the decay chain. Results are compared with the observed limits obtained by the previous
ATLAS searches with the O-lepton analysis [24] and the 1-lepton analysis [23].
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Figure 11: Exclusion limits for gluino pair-production with two-step cascade decay obtained from (a)
the O-lepton (7-11jets) analysis [13] and from (b) 9-jets signal regions of the 1-lepton analysis [16].
and the result is compared with the observed limits obtained by the previous ATLAS searches with
the 1-lepton analysis [23].
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4 Multi-b analysis

The multi-b analysis specially requires at least three b-quark jets and the procedure of background es-
timation is similar to analysis described in Section 2.1. The SM background estimations are performed
by using control regions defined for each of the SRs to normalize the background MC simulation.

4.1 Results and interpretation

The results of background-only fits are shown in Figure 12, where no significant excess in data is
observed. In the absence of a significant excess, exclusion limits are set by the model-independent
fits. Here, multi-bin fits over the signal regions defined to exclude the signals are performed, where
the definitions of the SRs are different from the SRs used in Figure 12 in order to maximise signal
exclusion limit. The exclusion limits are shown in Figure 13. The assumed signals are gluino-pair
production decaying to the LSP via off-shell stop or sbottom. The gluino mass in the signals is
excluded up to 1.9-2.0 TeV.
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Figure 12: Comparison of the observed data and predicted background event yields in the SRs in the
multi-b analysis [17]. Each bin indicates yields in one SR. The bottom panel shows the difference
between observed data yields and the total predicted background yields divided by total uncertainties.

5 Conclusion

The ATLAS experiment have various searches for squark and gluino using the 201542016 dataset
recorded at /s = 13 TeV, which require different event topology such as different number of jets in
order to cover from direct decay signals to two-step decay signals. In the various searches, there is
no significant excess. Thus, exclusion limits are set on 2 dimensional mass planes of gluino or squark
and the other SUSY particle appearing in decay chain in a given signal model. The squark mass is
excluded up to 1.6 TeV in direct decay signal, and the gluino mass is excluded up to 2 TeV in direct
and one-step decays including special cases with multi top- or b-quarks in final states by the multi-b
analysis. Exclusion limits are set not only on the signal models shown here, but also other various
signal mass spectra, which are described in the ATLAS publications [9, 13, 16, 17].
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Figure 13: Exclusion limits for gluino pair-production with direct decay to (a) neutralino and bot-
tom quarks via virtual sbottoms and (b) neutralino and top quarks via off-shell stops [17]. Results
are compared with the observed limits obtained by the previous ATLAS searches with the multi-b
analysis [25].
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