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I N T R O D U C T I O N

SUSY is a very compelling 
extension of the SM

Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
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Figure 1: Cross sections for SUSY particle production. at
p
s = 8 TeV and 13-14 TeV. The

colored particle cross sections are from nll-fast [14] and evaluated at
p
s = 8 TeV and

13 TeV; the electroweak pure higgsino cross sections are from prospino [15] and evaluated

at
p
s = 8 TeV and 14 TeV. The electroweak pair production cross section is sensitive to

mixing, and the higgsino cross sections (shown in the figure) are approximately a factor of

2 lower than the pure wino case.
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(a) (b) (c)

(d) (e) (f) (g)

Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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squark pair production
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Figure 2: The additional decay topologies of the varying gluino branching ratio model in addition to the ones of
Figure 1. The fermions originating from the �̃±1 decay are typically soft because the mass di�erence between the
�̃±1 and the �̃0

1 is fixed to 2 GeV.

3 ATLAS detector

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists
of silicon pixel and microstrip detectors covering the pseudorapidity region |⌘ | < 2.5, surrounded by a
transition radiation tracker, which enhances electron identification in the region |⌘ | < 2.0. Before the start
of Run 2, the new innermost pixel layer, the Insertable B-Layer (IBL) [28], was inserted at a mean sensor
radius of 3.3 cm. The ID is surrounded by a thin superconducting solenoid providing an axial 2 T magnetic
field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering |⌘ | < 3.2.
A steel/scintillator-tile calorimeter provides coverage for hadronic showers in the central pseudorapidity
range (|⌘ | < 1.7). The endcaps (1.5 < |⌘ | < 3.2) of the hadronic calorimeter are made of LAr active
layers with either copper or tungsten as the absorber material. The forward region (3.1 < |⌘ | < 4.9) is
instrumented with a LAr calorimeter for both EM and hadronic measurements. A muon spectrometer
with an air-core toroid magnet system surrounds the calorimeters. Three layers of high-precision tracking

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the center of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
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gluino pair production

LSPs: missing energy → MET 
large hadronic activity, multiple jets, multiple b-jets, leptons, photons … 

Missing information: impossible to fully reconstruct  event

most analyses use kinematic discriminating 
variables to improve S/B ratio

Javier Duarte 
Caltech

Consider squark pair 
production, where each squark 
decays to a quark and the LSP

Canonical MET Search
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Figure 1: Diagram of the top squark pair production processes considered in this analysis: (a) t̃1 ! t �̃0
2 and

�̃0
2 ! h/Z �̃0

1 decays, and (b) t̃2 ! h/Zt̃1 and t̃1 ! t �̃0
1 decays.

2 ATLAS detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

The ID provides precision tracking of charged particles for pseudorapidities |⌘ | < 2.5 and is surrounded
by a superconducting solenoid providing a 2 T axial magnetic field. It consists of pixel and silicon-
microstrip detectors inside a transition radiation tracker. One significant upgrade for the running period
at
p

s = 13 TeV is the presence of the Insertable B-Layer [31], an additional pixel layer close to the inter-
action point, which provides high-resolution hits at small radius to improve the tracking performance.

In the pseudorapidity region |⌘ | < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used. A steel/scintillator tile calorimeter measures hadron energies for |⌘ | <
1.7. The endcap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger and precision-tracking chambers, which provide triggering and tracking capabilities in the ranges
|⌘ | < 2.4 and |⌘ | < 2.7, respectively.

A two-level trigger system is used to select events [32]. The first-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by the software-based High-Level Trigger
stage, which runs o✏ine reconstruction and calibration software, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The pseu-
dorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln

⇥
(E + pz )/(E � pz )

⇤

where E denotes the energy and pz is the component of the momentum along the beam direction.

3

stop pair production
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2 1 Introduction
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Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.
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Figure 7: The observed numbers of events and prefit SM background predictions in the 174
search regions of the analysis. Numerical values are given in Tables B.1–B.5. The hatching
indicates the total uncertainties in the background predictions. The lower panel displays the
fractional differences between the data and SM predictions. The labeling of the search regions
is the same as in Fig. 3.

functions, one for each search region, and constraints that account for uncertainties in the back-
ground predictions and signal yields. These uncertainties are treated as nuisance parameters
with log-normal probability density functions. Correlations are taken into account. The signal
yield uncertainties associated with the renormalization and factorization scales, ISR, jet energy
scale, b jet tagging, pileup, and statistical fluctuations are evaluated as a function of meg and mec0

1
,

or meq and mec0
1
. The test statistic is qµ = �2 ln

�
Lµ/Lmax

�
, where Lmax is the maximum likeli-

hood determined by allowing all parameters including the SUSY signal strength µ to vary, and
Lµ is the maximum likelihood for a fixed signal strength. To set limits, asymptotic results for
the test statistic [75] are used, in conjunction with the CLs criterion described in Refs. [76, 77].

We evaluate 95% confidence level (CL) upper limits on the signal cross sections. The NLO+NLL
cross section is used to determine corresponding 95% CL exclusion curves. Beyond the ob-
served exclusion limits, we derive expected exclusion limits by using the expected Poisson fluc-
tuations around the predicted numbers of background events when evaluating the test statistic.
Signal contamination is taken into account by considering the expected contribution to the CRs
of the signal model being examined, and adjusting the signal region background predictions
accordingly when deriving the limits for that signal model.

The results for the T1tttt, T1bbbb, T1qqqq, and T5qqqqVV models are shown in the upper and
middle rows of Fig. 10. Depending on the value of mec0

1
, and using the NLO+NLL cross sections,

gluinos with masses as large as 1970, 1950, 1840, and 1800 GeV, respectively, are excluded.
These results significantly extend those of our previous study [16], for which the corresponding
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Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.
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1, representing the expected situation should the ec±
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In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0
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We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);
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The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.
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Figure 7: The observed numbers of events and prefit SM background predictions in the 174
search regions of the analysis. Numerical values are given in Tables B.1–B.5. The hatching
indicates the total uncertainties in the background predictions. The lower panel displays the
fractional differences between the data and SM predictions. The labeling of the search regions
is the same as in Fig. 3.

functions, one for each search region, and constraints that account for uncertainties in the back-
ground predictions and signal yields. These uncertainties are treated as nuisance parameters
with log-normal probability density functions. Correlations are taken into account. The signal
yield uncertainties associated with the renormalization and factorization scales, ISR, jet energy
scale, b jet tagging, pileup, and statistical fluctuations are evaluated as a function of meg and mec0

1
,

or meq and mec0
1
. The test statistic is qµ = �2 ln

�
Lµ/Lmax

�
, where Lmax is the maximum likeli-

hood determined by allowing all parameters including the SUSY signal strength µ to vary, and
Lµ is the maximum likelihood for a fixed signal strength. To set limits, asymptotic results for
the test statistic [75] are used, in conjunction with the CLs criterion described in Refs. [76, 77].

We evaluate 95% confidence level (CL) upper limits on the signal cross sections. The NLO+NLL
cross section is used to determine corresponding 95% CL exclusion curves. Beyond the ob-
served exclusion limits, we derive expected exclusion limits by using the expected Poisson fluc-
tuations around the predicted numbers of background events when evaluating the test statistic.
Signal contamination is taken into account by considering the expected contribution to the CRs
of the signal model being examined, and adjusting the signal region background predictions
accordingly when deriving the limits for that signal model.

The results for the T1tttt, T1bbbb, T1qqqq, and T5qqqqVV models are shown in the upper and
middle rows of Fig. 10. Depending on the value of mec0

1
, and using the NLO+NLL cross sections,

gluinos with masses as large as 1970, 1950, 1840, and 1800 GeV, respectively, are excluded.
These results significantly extend those of our previous study [16], for which the corresponding
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Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.
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Figure 8: The observed numbers of events and prefit SM background predictions in the 12
aggregate search regions, with fractional differences displayed in the lower panel. The hatching
indicates the total uncertainties in the background predictions. The numerical values are given
in Table B.6.

Table 3: Definition of the aggregate search regions.

Region Heavy flavor? Parton multiplicity Dm Njet Nb-jet HT [GeV] Hmiss
T [GeV]

1 No Low Small � 2 0 � 500 � 500
2 No Low Large � 3 0 � 1500 � 750
3 No Medium Small � 5 0 � 500 � 500
4 No Medium Large � 5 0 � 1500 � 750
5 No High All � 9 0 � 1500 � 750
6 Yes Low Small � 2 � 2 � 500 � 500
7 Yes Low Large � 3 � 1 � 750 � 750
8 Yes Medium Small � 5 � 3 � 500 � 500
9 Yes Medium Large � 5 � 2 � 1500 � 750
10 Yes High All � 9 � 3 � 750 � 750
11 et-like Small � 7 � 1 � 300 � 300
12 et-like Large � 5 � 1 � 750 � 750
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SUS-16-036
2 3 Event selection and Monte Carlo simulation

MT2 = min
~p miss

T
X(1)+~p miss

T
X(2)=~p miss

T

h
max

⇣
M(1)

T , M(2)
T

⌘i
, (1)

where ~pmiss
T

X(i) (with i=1,2) are trial vectors obtained by decomposing ~pmiss
T and M(i)

T are the
transverse masses obtained by pairing any of these trial vectors with one of the two pseudojets.
The minimization is performed over all trial momenta satisfying the ~pmiss

T constraint.

Table 1: Summary of objects and preselection. R is the distance parameter of the anti-kt
algorithm[15, 16] used to cluster particle flow [17, 18] candidates into jets. For veto leptons
and tracks, the transverse mass MT is determined using the veto object and the ~pmiss

T , while
psum

T denotes the sum of the transverse momenta of all the particle candidates around the lep-
ton or track. Details of the lepton selection are described in Ref. [5]. The ith highest pT jet is
denoted as ji.

Trigger
pmiss

T > 120 GeV and Hmiss
T > 120 GeV or

HT > 300 GeV and pmiss
T > 110 GeV or

HT > 900 GeV or jet pT > 450 GeV

Jet selection R < 0.4, pT > 30 GeV, |h| < 2.4

b-tag selection pT > 20 GeV, |h| < 2.4

pmiss
T

pmiss
T > 250 GeV for HT < 1000 GeV, else pmiss

T > 30 GeV

Df
�

pmiss
T , j1,2,3,4

�
> 0.3

|~pmiss
T � ~Hmiss

T |/pmiss
T < 0.5

MT2 MT2 > 200 GeV for HT < 1500 GeV, else MT2 > 400 GeV

Veto muon pT > 10 GeV, |h| < 2.4, psum
T < 0.2 ⇥ plep

T or

pT > 5 GeV, |h| < 2.4, MT < 100 GeV, psum
T < 0.2 ⇥ plep

T

Veto electron pT > 10 GeV, |h| < 2.4, psum
T < 0.1 ⇥ plep

T or

pT > 5 GeV, |h| < 2.4, MT < 100 GeV, psum
T < 0.2 ⇥ plep

T

Veto track pT > 10 GeV, |h| < 2.4, MT < 100 GeV, psum
T < 0.1 ⇥ plep

T

Collision events are selected using triggers with varied requirements on HT, pmiss
T , Hmiss

T , and
jet pT. The combined trigger efficiency, measured with a data sample of events with an isolated
electron is found to be >98% across the full kinematic range of the search. To suppress the
background from SM multi-jet production, we require MT2 > 200 GeV in events with at least
two jets. The minimum MT2 threshold is increased to 400 GeV for events with HT > 1500 GeV
to maintain SM multi-jet processes as a sub-dominant background in all search regions. To
protect against jet mis-measurement, we require that the minimum difference in azimuthal
angle between the ~pmiss

T vector and each of the leading four jets, Dfmin, is greater than 0.3
radians, and that the magnitude of the difference between ~pmiss

T and ~Hmiss
T is less than half of

pmiss
T . For the determination of Dfmin we consider jets with |h| < 4.7.

CMS search using MT2

4-dimensional search in: Njets, Nb-jets, HT, MT2 
Also contains a mono-jet bin 

Large phase space → Large number of SRs
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Figure 4: (Above) Comparison of estimated (pre-fit) background and observed data events
in each topological region. Hatched bands represent the full uncertainty on the background
estimate. The results shown for Nj = 1 correspond to the monojet search regions binned in jet
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is shown (in GeV). Bins with no entry for data have an observed count of 0.
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.
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G L U I N O  I N T E R P R E TAT I O N S
2 1 Introduction

p

p

g̃

g̃

t̄

t

�̃0
1

t

t̄

�̃0
1

p

p

g̃

g̃

t̄
b

�̃+
1

W�+

�̃0
1

t
b̄

�̃�
1

W��

�̃0
1

p

p

g̃

g̃

q̄
q

�̃0
2,�̃

±
1

Z,W±

�̃0
1

q
q̄

�̃0
2,�̃

±
1

Z,W±

�̃0
1

p

p

¯̃t

t̃

t̄

�̃0
1

t

�̃0
1

Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.
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Figure 10: The 95% CL upper limits on the production cross sections for the (upper left)
T1tttt, (upper right) T1bbbb, (middle left) T1qqqq, (middle right) T5qqqqVV, and (lower left)
T1tbtb simplified models, shown as a function of the gluino and LSP masses meg and mec0

1
. The

solid (black) curves show the observed exclusion contours assuming the NLO+NLL cross sec-
tions [59–63], with the corresponding ±1 standard deviation uncertainties [78]. The dashed
(red) curves present the expected limits with ±1 standard deviation experimental uncertain-
ties. (Lower right) The corresponding 95% NLO+NLL exclusion curves for the mixed models of
gluino decays to heavy squarks. For the T1tbtb model, the results are restricted to mec0

1
> 25 GeV

for the reason stated in the text.
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Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.

100% BR case

Exclude gluinos at ~ 2 TeV 
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Figure 10: The 95% CL upper limits on the production cross sections for the (upper left)
T1tttt, (upper right) T1bbbb, (middle left) T1qqqq, (middle right) T5qqqqVV, and (lower left)
T1tbtb simplified models, shown as a function of the gluino and LSP masses meg and mec0

1
. The

solid (black) curves show the observed exclusion contours assuming the NLO+NLL cross sec-
tions [59–63], with the corresponding ±1 standard deviation uncertainties [78]. The dashed
(red) curves present the expected limits with ±1 standard deviation experimental uncertain-
ties. (Lower right) The corresponding 95% NLO+NLL exclusion curves for the mixed models of
gluino decays to heavy squarks. For the T1tbtb model, the results are restricted to mec0

1
> 25 GeV

for the reason stated in the text.
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.
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Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.

more in formation at: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

❊
❊

❊
❊

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

ec±
1 is only 5 GeV greater than that of the ec0

1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
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consequently being produced far off-shell.
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1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.
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with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.
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tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.
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Figure 6: Observed data events and SM background predictions for the high Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do not
include the effects of the maximum likelihood fit to the data. The ratio of observed data to
prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

signal benchmark point. Signal models for which the 95% CL upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations) are
considered to be excluded by this analysis.

The inclusion of the single-lepton CRs in the likelihood fit ensures that any potential signal
contamination in the CR, based on the corresponding estimated event yields for the given sig-
nal model, is taken into account in the signal cross section excluded by the fit. The systematic
uncertainties assigned to the signal and background predictions are treated as nuisance pa-
rameters in the fit. Statistical uncertainties due to the limited statistics of simulated samples
are uncorrelated between all regions and between all backgrounds. The statistical uncertain-
ties in background predictions for different SRs that are derived from a common control region
are assumed to be correlated.

The experimental uncertainties related to the lepton and th vetoes, b tagging, soft b tagging,
jet energy scale, Emiss

T resolution, pileup reweighting, and the top and W tagging are correlated
across all SRs and for all backgrounds. The uncertainties in the lost-lepton background estimate
corresponding to the variations of its tt and W+jets fractions, or of the choice in simulation of
PDF, aS, and µR/µF are also correlated for all SRs and the single-lepton CRs. Uncertainties
due to the lepton correction factors are treated as anti-correlated between the single-lepton CR
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

ec±
1 is only 5 GeV greater than that of the ec0

1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap
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1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap
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Figure 6: Observed data events and SM background predictions for the high Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do not
include the effects of the maximum likelihood fit to the data. The ratio of observed data to
prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

signal benchmark point. Signal models for which the 95% CL upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations) are
considered to be excluded by this analysis.

The inclusion of the single-lepton CRs in the likelihood fit ensures that any potential signal
contamination in the CR, based on the corresponding estimated event yields for the given sig-
nal model, is taken into account in the signal cross section excluded by the fit. The systematic
uncertainties assigned to the signal and background predictions are treated as nuisance pa-
rameters in the fit. Statistical uncertainties due to the limited statistics of simulated samples
are uncorrelated between all regions and between all backgrounds. The statistical uncertain-
ties in background predictions for different SRs that are derived from a common control region
are assumed to be correlated.

The experimental uncertainties related to the lepton and th vetoes, b tagging, soft b tagging,
jet energy scale, Emiss

T resolution, pileup reweighting, and the top and W tagging are correlated
across all SRs and for all backgrounds. The uncertainties in the lost-lepton background estimate
corresponding to the variations of its tt and W+jets fractions, or of the choice in simulation of
PDF, aS, and µR/µF are also correlated for all SRs and the single-lepton CRs. Uncertainties
due to the lepton correction factors are treated as anti-correlated between the single-lepton CR
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6 4 Event reconstruction

framework [75]. The merged top (W) BDT is trained using as “signal” those candidates that
are truth-matched to hadronically decaying top quarks (W bosons) in a simulated signal (tt)
sample, and as “background” those candidates which could not be truth-matched. The effi-
ciency to correctly identify a truth-matched merged top or W is shown in Fig. 2 as a function of
the pT of the generated particle. The merged W tagging efficiency is measured from W bosons
stemming from the top quark decay. The moderate drop in the merged W tagging efficiency
at high pT is due to merging of the top quark decay products. The misidentification rate of
incidental quarks or gluons depends on the pT of the large-R jet and ranges between 1 � 4%
and 2 � 10% for merged tops and merged Ws, respectively.
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Figure 2: Efficiency to correctly identify a merged top (left) or a merged W (right) as a function
of the pT of the generated top quark or W boson.

The performance of these taggers is evaluated using data samples. Firstly the misidentification
rate in data is measured in a sample dominated by QCD multijet events selected using an
HT trigger (HT is defined as the scalar sum of the pT of the jets in the event). The sample
consists of events with at least one large-R jet and HT > 1 TeV. The misidentification rate
is measured as a function of the large-R jet pT and h and compared to the expected rate in
simulation. Simulation-to-data correction factors, deviating from 1 up to 20%, are calculated to
correct the performance in simulation.

Secondly, the tagging efficiencies are measured in a sample primarily composed of semileptonic
tt events that are selected using a single-muon trigger. The muon is required to have pT >
50 GeV and |h| < 2.1. To suppress other backgrounds, at least one b-tagged jet in the same
hemisphere as the muon is required, and the candidate large-R jet is required to lie in the
opposite hemisphere. Contributions from processes with no hadronically decaying top quarks
or W bosons are corrected using the corresponding misidentification correction factors before
the tagging efficiencies are measured. The observed tagging efficiencies are similar to those
estimated in simulation, and simulation-to-data correction factors typically ranging from 0.9 to
1.1 are again extracted to account for residual differences as a function of pT. Signal samples
simulated using the CMS fast simulation package are corrected in a similar way for differences
in tagging performance with respect to GEANT4-based simulation samples.
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

ec±
1 is only 5 GeV greater than that of the ec0

1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in

32

based on meff, Njets, Nb-jets

different signal regions 

No significant deviations from SM expectation

p
ro

b
e 

d
iff

er
en

t g
lu

in
o

 d
ec

ay
s

Corrections derived from data control samples are applied to simulated events to account for di�erences
between data and simulation in the reconstruction e�ciencies, momentum scale and resolution of leptons,
in the e�ciency and false positive rate for identifying b-jets, and in the e�ciency for rejecting jets
originating from pileup interactions.

6 Event preselection

The event selection criteria are defined based on kinematic requirements on the objects defined in Section 5
and on the following event variables.

The e�ective mass variable (me�) is defined as:

me� =
X

i

pT
jeti +

X

j

p` j

T + Emiss
T ,

where the first and second sums are over the selected jets (Njet) and leptons (Nlepton), respectively. It
typically has a much higher value in pair-produced gluino events than in background events.

In regions with at least one selected lepton, the transverse mass mT composed of the pT of the leading
selected lepton (`) and Emiss

T is defined as:

mT =
q

2p`TEmiss
T {1 � cos[��(~pmiss

T , ~p`T)]}.

It is used to discriminate between the signal and backgrounds from semi-leptonic tt̄ and W+jets events.
Neglecting resolution e�ects, the mT distribution for these backgrounds is bounded from above by the W
boson mass and typically has higher values for Gtt events. Another useful transverse mass variable is
mb-jets

T,min, the minimum transverse mass formed by Emiss
T and any of the three highest-pT b-tagged jets in the

event:
mb-jets

T,min = mini3

 q
2pb-jeti

T Emiss
T {1 � cos[��(~pmiss

T , ~pb-jeti
T )]}

!
.

It is bounded from above by the top quark mass for semi-leptonic tt̄ events, while peaking at higher values
for Gbb and Gtt events.

The total jet mass variable is defined as:

M⌃J =
X

i4
mJ, i,

where mJ, i is the mass of the large-radius re-clustered jet i in the event. The decay products of a
hadronically-decaying boosted top quarks can be reconstructed in a single large-radius re-clustered jet,
resulting in a jet with a high mass. This variable will typically have larger values for Gtt events, which
contain as much as four hadronically-decaying top quarks, then background, which is dominated by
semi-leptonic and di-leptonic tt̄ events.

The requirement of a selected lepton, with the additional requirements on jets, Emiss
T and event variables

described in Section 7, makes the multijet background negligible for the � 1-lepton signal regions. For

9
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in

32

based on meff, Njets, Nb-jets

(incl.) [GeV]effm

1000 1500 2000 2500 3000 3500 4000

E
ve

n
ts

 /
 2

0
0
 G

e
V

1

10

210

310

410  PreliminaryATLAS

 -1=13 TeV, 36.1 fbs

Meff-2j-2100

Data 2015 and 2016

SM Total

W+jets

(+EW) & single toptt

Z+jets

Diboson

Multijet

 direct,q
~

q
~

)=(600, 595)0

1
χ
∼

, q
~

m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
a

ta
 /

 M
C

0

0.5

1

1.5

2

(a)

(incl.) [GeV]effm

1000 1500 2000 2500 3000 3500 4000

E
ve

n
ts

 /
 2

0
0
 G

e
V

1

10

210

310

 PreliminaryATLAS

 -1=13 TeV, 36.1 fbs

Meff-2j-2800

Data 2015 and 2016

SM Total

W+jets

(+EW) & single toptt

Z+jets

Diboson

Multijet

 direct,q
~

q
~

)=(1500, 0)0

1
χ
∼

, q
~

m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
a

ta
 /

 M
C

0

0.5

1

1.5

2

(b)

(incl.) [GeV]effm

1000 1500 2000 2500 3000 3500 4000

E
ve

n
ts

 /
 2

0
0
 G

e
V

1

10

210

310

410

 PreliminaryATLAS

 -1=13 TeV, 36.1 fbs

Meff-4j-1000

Data 2015 and 2016

SM Total

W+jets

(+EW) & single toptt

Z+jets

Diboson

Multijet

 direct,g
~

g
~

)=(1300, 900)0

1
χ
∼

, g
~

m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
a

ta
 /

 M
C

0

0.5

1

1.5

2

(c)

(incl.) [GeV]effm

1000 1500 2000 2500 3000 3500 4000

E
ve

n
ts

 /
 2

0
0
 G

e
V

1

10

210

310

410
 PreliminaryATLAS

 -1=13 TeV, 36.1 fbs

Meff-4j-2200

Data 2015 and 2016

SM Total

W+jets

(+EW) & single toptt

Z+jets

Diboson

Multijet

 direct,g
~

g
~

)=(1800, 800)0

1
χ
∼

, g
~

m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
a

ta
 /

 M
C

0

0.5

1

1.5

2

(d)

(incl.) [GeV]effm

1000 1500 2000 2500 3000 3500 4000

E
ve

n
ts

 /
 2

0
0
 G

e
V

1

10

210

310

 PreliminaryATLAS

 -1=13 TeV, 36.1 fbs

Meff-6j-2600

Data 2015 and 2016

SM Total

W+jets

(+EW) & single toptt

Z+jets

Diboson

Multijet

 onestep,g
~

g
~

)=(1705, 865, 25)0

1
χ
∼

, ±

1
χ
∼

, g
~

m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
a

ta
 /

 M
C

0

0.5

1

1.5

2

(e)

(incl.) [GeV]effm

1000 1500 2000 2500 3000 3500 4000

E
ve

n
ts

 /
 2

0
0
 G

e
V

1

10

210

310

 PreliminaryATLAS

 -1=13 TeV, 36.1 fbs

Meff-2jB-2400

Data 2015 and 2016

SM Total

W+jets

(+EW) & single toptt

Z+jets

Diboson

Multijet

 onestep,g
~

g
~

)=(1600, 1590, 60)0

1
χ
∼

, ±

1
χ
∼

, g
~

m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
a

ta
 /

 M
C

0

0.5

1

1.5

2

(f)
Figure 10: Observed me↵(incl.) distributions for the (a) Me↵-2j-2100, (b) Me↵-2j-2800, (c) Me↵-4j-1000, (d) Me↵-
4j-2200, (e) Me↵-6j-2600 and (f) Me↵-2jB-2400 signal regions, after applying all selection requirements except
those on the plotted variable. The histograms denote the MC background expectations prior to the fits described in
the text, normalized to cross-section times integrated luminosity. The last bin includes the overflow. The hatched
(red) error bands denote the combined experimental and MC statistical uncertainties.The arrows indicate the values
at which the requirements on me↵(incl.) are applied. Expected distributions for benchmark signal model points,
normalized to NLO+NLL cross-section (Section 3) times integrated luminosity, are also shown for comparison
(masses in GeV).
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6 The Recursive Jigsaw Reconstruction technique

The Recusive Jigsaw Reconstruction (RJR) technique [12, 13] is a method for defining kinematic vari-
ables on an event-by-event level. While it is straightforward to fully describe an event’s underlying
kinematic features when all objects are fully reconstructed, events involving invisible weakly interacting
particles present a challenge, as the loss of information from escaping particles constrains the kinematic
variable construction to take place in the lab frame instead of the more physically natural frames of the
hypothesized decays. The RJR method partially mitigates this loss of information by determining ap-
proximations of the rest frames of intermediate particle states in each events. This reconconstructed view
of the event gives rise to a natural basis of kinematic observables, calculated by evaluating the momenta
and energy of di↵erent objects in these reference frames.

LAB

PP

aP

aV aI
bP

bV bI

Lab State

Decay States

Visible States

Invisible States

(a)

LAB

PP
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1aV aC

2aV aI
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1bV bC

2bV bI

Lab State

Decay States

Visible States

Invisible States

(b)

LAB

CM

ISR S
V I

Lab State

Decay States

Visible States

Invisible States

(c)

Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisible particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added when requiring more than two visible objects. This tree is particularly useful for the
search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay tree for use
with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V and invisible
momentum I recoils o↵ of a jet radiation system ISR.

All jets with pjet
T > 50 GeV and |⌘jet| < 2.8 and the Emiss

T are used as input to the RJR algorithm. Motivated
by searches for strong production of sparticles in R-parity conserving models, a decay tree, shown in
Figure 2(a), is used in the analysis of events. Each event is evaluated as if two sparticles (the intermediate
states Pa and Pb) were produced and then decayed to the particles observed in our detector (the collections
Va and Vb). The benchmark signal models probed in this search give rise to signal events with at least two
weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,
the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
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6 The Recursive Jigsaw Reconstruction technique

The Recusive Jigsaw Reconstruction (RJR) technique [12, 13] is a method for defining kinematic vari-
ables on an event-by-event level. While it is straightforward to fully describe an event’s underlying
kinematic features when all objects are fully reconstructed, events involving invisible weakly interacting
particles present a challenge, as the loss of information from escaping particles constrains the kinematic
variable construction to take place in the lab frame instead of the more physically natural frames of the
hypothesized decays. The RJR method partially mitigates this loss of information by determining ap-
proximations of the rest frames of intermediate particle states in each events. This reconconstructed view
of the event gives rise to a natural basis of kinematic observables, calculated by evaluating the momenta
and energy of di↵erent objects in these reference frames.
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisible particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added when requiring more than two visible objects. This tree is particularly useful for the
search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay tree for use
with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V and invisible
momentum I recoils o↵ of a jet radiation system ISR.

All jets with pjet
T > 50 GeV and |⌘jet| < 2.8 and the Emiss

T are used as input to the RJR algorithm. Motivated
by searches for strong production of sparticles in R-parity conserving models, a decay tree, shown in
Figure 2(a), is used in the analysis of events. Each event is evaluated as if two sparticles (the intermediate
states Pa and Pb) were produced and then decayed to the particles observed in our detector (the collections
Va and Vb). The benchmark signal models probed in this search give rise to signal events with at least two
weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,
the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in
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prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
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quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
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6 The Recursive Jigsaw Reconstruction technique

The Recusive Jigsaw Reconstruction (RJR) technique [12, 13] is a method for defining kinematic vari-
ables on an event-by-event level. While it is straightforward to fully describe an event’s underlying
kinematic features when all objects are fully reconstructed, events involving invisible weakly interacting
particles present a challenge, as the loss of information from escaping particles constrains the kinematic
variable construction to take place in the lab frame instead of the more physically natural frames of the
hypothesized decays. The RJR method partially mitigates this loss of information by determining ap-
proximations of the rest frames of intermediate particle states in each events. This reconconstructed view
of the event gives rise to a natural basis of kinematic observables, calculated by evaluating the momenta
and energy of di↵erent objects in these reference frames.
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisible particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added when requiring more than two visible objects. This tree is particularly useful for the
search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay tree for use
with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V and invisible
momentum I recoils o↵ of a jet radiation system ISR.

All jets with pjet
T > 50 GeV and |⌘jet| < 2.8 and the Emiss

T are used as input to the RJR algorithm. Motivated
by searches for strong production of sparticles in R-parity conserving models, a decay tree, shown in
Figure 2(a), is used in the analysis of events. Each event is evaluated as if two sparticles (the intermediate
states Pa and Pb) were produced and then decayed to the particles observed in our detector (the collections
Va and Vb). The benchmark signal models probed in this search give rise to signal events with at least two
weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,
the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent
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Figure 11: Observed H PP

T 2,1 distributions for the (a) RJR-S1a and (b) RJR-S3a signal regions, H PP
T 4,1 distributions

for the (c) RJR-G1 and (d) RJR-G3 signal regions, and p CM
TS distributions for the (e) RJR-C2 and (f) RJR-C4 signal

regions, after applying all selection requirements except those on the plotted variable. The histograms denote the
MC background expectations prior to the fits described in the text, normalized to cross-section times integrated
luminosity. The last bin includes the overflow. The hatched (red) error bands denote the combined experimental
and MC statistical uncertainties.The arrows indicate the values at which the requirements on the plotted variable
are applied. When two arrows are shown, these correspond to the looser SR variation ‘a’ and the tighter variation
‘b’. Expected distributions for benchmark signal model points, normalized to NLO+NLL cross-section (Section 3)
times integrated luminosity, are also shown for comparison (masses in GeV).
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significantly improved the reach wrt to 2015 dataset (about 500 GeV on gluino mass)

Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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Figure 14: Exclusion limits for direct production of (a,b) light-flavour squarkL pairs with decoupled gluinos and
(c,d) gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one
quark) and an intermediate �̃±1 , decaying to a W boson and a �̃0

1. Models with (a,c) a fixed m�̃±1 = (mg̃ + m�̃0
1
)/2

(or (mq̃ + m�̃0
1
)/2) and varying values of mg̃ (or mq̃) and m�̃0

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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Figure 14: Exclusion limits for direct production of (a,b) light-flavour squarkL pairs with decoupled gluinos and
(c,d) gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one
quark) and an intermediate �̃±1 , decaying to a W boson and a �̃0

1. Models with (a,c) a fixed m�̃±1 = (mg̃ + m�̃0
1
)/2

(or (mq̃ + m�̃0
1
)/2) and varying values of mg̃ (or mq̃) and m�̃0

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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Figure 8: Results of the likelihood fit extrapolated to the SRs for (a) the cut-and-count and (b) multi-bin analyses.
The data in the SRs are not included in the fit. The upper panel shows the observed number of events and the
predicted background yield. All uncertainties defined in Section 8 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z , tt̄h and tt̄tt̄ events. The lower panel shows the pulls in each SR.
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or sbottom are assumed to be o�-shell in order to have simplified models with only two parameters: the
gluino and �̃0

1 masses2. All other sparticles are decoupled.

Two simplified models are used to optimise the event selection in addition to interpreting the results. In
the Gbb (Gtt) model, illustrated in Figure 1(a) (1(b)), each gluino undergoes an e�ective three-body decay
g̃ ! bb̄ �̃0

1 (g̃ ! tt̄ �̃0
1) via o�-shell sbottom (stop) quarks, with a branching ratio of 100%. The Gbb

model is the simplest in terms of object multiplicity, resulting in the minimal common features of four
b-jets and two �̃0

1. In addition to these objects, the Gtt model produces four W bosons originating from the
top quark decays: t ! W b. The presence of these four W bosons motivates the design of signal regions
with a higher jet multiplicity than for Gbb models, and in some cases with at least one isolated electron or
muon.
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Figure 1: The decay topologies in the (a) Gbb and (b) Gtt simplified models.

This note includes a novel interpretation that probes the sensitivity of the search as a function of the gluino
branching ratio, in addition to the gluino and �̃0

1 masses. For that interpretation a third gluino decay
is considered: g̃ ! tb �̃±1 (via the o�-shell stop decay t̃1 ! b �̃±1 ). The �̃±1 is then forced to decay as
�̃±1 ! W ⇤ �̃0

1 ! f f̄ 0 �̃0
1 (where f stands for a fermion). To keep the numbers of model parameters at only

two, the mass di�erence between the �̃±1 and the �̃0
1 is fixed to 2 GeV. Such a small mass splitting between

the �̃±1 and the �̃0
1 is typical of models where the �̃0

1 is Higgsino-like (see e.g. Ref. [27]), which are well
motivated by naturalness. Consequently, the products of the decay W ⇤ ! f f̄ 0 are typically too soft to
be detected, except for very large mass di�erences between the gluino and the �̃±1 . Thus, in this model,
the gluino can decay as either g̃ ! bb̄ �̃0

1, g̃ ! tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0
1) or g̃ ! tt̄ �̃0

1, with the sum
of individual branching ratios adding up to 100%. This model probes more realistic scenarios where the
branching ratio to either g̃ ! bb̄ �̃0

1 or g̃ ! tt̄ �̃0
1 is not 100%, and where one, two or three top quarks, and

thus on-shell W bosons, are possible in the final state, in-between the Gbb (no top quarks) and Gtt (four
top quarks) decay topologies. The decay topologies that are considered in the variable branching ratio
model are illustrated in Figure 2. The model also includes the Gbb and Gtt decay topologies illustrated in
Figure 1. A limited set of 10 mass points are generated for this variable branching ratio model with mg̃

varying from 1.5 TeV to 2.3 TeV and m �̃0
1

varying from 1 GeV to 1 TeV.

The technical implementation of the simulated samples produced from these models is described in
Section 4.

2 Models with on-shell sbottom and stop were studied in Run 1 [26] and the limits on the gluino and the �̃0
1 masses were found

to be mostly independent of the stop and sbottom masses, except when the stop is very light.
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1 masses were found

to be mostly independent of the stop and sbottom masses, except when the stop is very light.
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Figure 2: The additional decay topologies of the varying gluino branching ratio model in addition to the ones of
Figure 1. The fermions originating from the �̃±1 decay are typically soft because the mass di�erence between the
�̃±1 and the �̃0

1 is fixed to 2 GeV.

3 ATLAS detector

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists
of silicon pixel and microstrip detectors covering the pseudorapidity region |⌘ | < 2.5, surrounded by a
transition radiation tracker, which enhances electron identification in the region |⌘ | < 2.0. Before the start
of Run 2, the new innermost pixel layer, the Insertable B-Layer (IBL) [28], was inserted at a mean sensor
radius of 3.3 cm. The ID is surrounded by a thin superconducting solenoid providing an axial 2 T magnetic
field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering |⌘ | < 3.2.
A steel/scintillator-tile calorimeter provides coverage for hadronic showers in the central pseudorapidity
range (|⌘ | < 1.7). The endcaps (1.5 < |⌘ | < 3.2) of the hadronic calorimeter are made of LAr active
layers with either copper or tungsten as the absorber material. The forward region (3.1 < |⌘ | < 4.9) is
instrumented with a LAr calorimeter for both EM and hadronic measurements. A muon spectrometer
with an air-core toroid magnet system surrounds the calorimeters. Three layers of high-precision tracking

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the center of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
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Figure 8: Results of the likelihood fit extrapolated to the SRs for (a) the cut-and-count and (b) multi-bin analyses.
The data in the SRs are not included in the fit. The upper panel shows the observed number of events and the
predicted background yield. All uncertainties defined in Section 8 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z , tt̄h and tt̄tt̄ events. The lower panel shows the pulls in each SR.
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or sbottom are assumed to be o�-shell in order to have simplified models with only two parameters: the
gluino and �̃0

1 masses2. All other sparticles are decoupled.

Two simplified models are used to optimise the event selection in addition to interpreting the results. In
the Gbb (Gtt) model, illustrated in Figure 1(a) (1(b)), each gluino undergoes an e�ective three-body decay
g̃ ! bb̄ �̃0

1 (g̃ ! tt̄ �̃0
1) via o�-shell sbottom (stop) quarks, with a branching ratio of 100%. The Gbb

model is the simplest in terms of object multiplicity, resulting in the minimal common features of four
b-jets and two �̃0

1. In addition to these objects, the Gtt model produces four W bosons originating from the
top quark decays: t ! W b. The presence of these four W bosons motivates the design of signal regions
with a higher jet multiplicity than for Gbb models, and in some cases with at least one isolated electron or
muon.
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Figure 1: The decay topologies in the (a) Gbb and (b) Gtt simplified models.

This note includes a novel interpretation that probes the sensitivity of the search as a function of the gluino
branching ratio, in addition to the gluino and �̃0

1 masses. For that interpretation a third gluino decay
is considered: g̃ ! tb �̃±1 (via the o�-shell stop decay t̃1 ! b �̃±1 ). The �̃±1 is then forced to decay as
�̃±1 ! W ⇤ �̃0

1 ! f f̄ 0 �̃0
1 (where f stands for a fermion). To keep the numbers of model parameters at only

two, the mass di�erence between the �̃±1 and the �̃0
1 is fixed to 2 GeV. Such a small mass splitting between

the �̃±1 and the �̃0
1 is typical of models where the �̃0

1 is Higgsino-like (see e.g. Ref. [27]), which are well
motivated by naturalness. Consequently, the products of the decay W ⇤ ! f f̄ 0 are typically too soft to
be detected, except for very large mass di�erences between the gluino and the �̃±1 . Thus, in this model,
the gluino can decay as either g̃ ! bb̄ �̃0

1, g̃ ! tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0
1) or g̃ ! tt̄ �̃0

1, with the sum
of individual branching ratios adding up to 100%. This model probes more realistic scenarios where the
branching ratio to either g̃ ! bb̄ �̃0

1 or g̃ ! tt̄ �̃0
1 is not 100%, and where one, two or three top quarks, and

thus on-shell W bosons, are possible in the final state, in-between the Gbb (no top quarks) and Gtt (four
top quarks) decay topologies. The decay topologies that are considered in the variable branching ratio
model are illustrated in Figure 2. The model also includes the Gbb and Gtt decay topologies illustrated in
Figure 1. A limited set of 10 mass points are generated for this variable branching ratio model with mg̃

varying from 1.5 TeV to 2.3 TeV and m �̃0
1

varying from 1 GeV to 1 TeV.

The technical implementation of the simulated samples produced from these models is described in
Section 4.

2 Models with on-shell sbottom and stop were studied in Run 1 [26] and the limits on the gluino and the �̃0
1 masses were found

to be mostly independent of the stop and sbottom masses, except when the stop is very light.
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Figure 2: The additional decay topologies of the varying gluino branching ratio model in addition to the ones of
Figure 1. The fermions originating from the �̃±1 decay are typically soft because the mass di�erence between the
�̃±1 and the �̃0

1 is fixed to 2 GeV.

3 ATLAS detector

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists
of silicon pixel and microstrip detectors covering the pseudorapidity region |⌘ | < 2.5, surrounded by a
transition radiation tracker, which enhances electron identification in the region |⌘ | < 2.0. Before the start
of Run 2, the new innermost pixel layer, the Insertable B-Layer (IBL) [28], was inserted at a mean sensor
radius of 3.3 cm. The ID is surrounded by a thin superconducting solenoid providing an axial 2 T magnetic
field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering |⌘ | < 3.2.
A steel/scintillator-tile calorimeter provides coverage for hadronic showers in the central pseudorapidity
range (|⌘ | < 1.7). The endcaps (1.5 < |⌘ | < 3.2) of the hadronic calorimeter are made of LAr active
layers with either copper or tungsten as the absorber material. The forward region (3.1 < |⌘ | < 4.9) is
instrumented with a LAr calorimeter for both EM and hadronic measurements. A muon spectrometer
with an air-core toroid magnet system surrounds the calorimeters. Three layers of high-precision tracking

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the center of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).

4

based on meff, Njets, Nb-jets, Nleptons, mT, ET
miss

Figure 9 shows the Emiss
T distributions in data and simulated samples for SR-Gbb-D, SR-Gtt-1L-A, SR-

1L-II and SR-0L-HI and after relaxing the Emiss
T threshold to 200 GeV.
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Figure 9: Distributions of Emiss
T for (a) SR-Gbb-D, (b) SR-Gtt-1L-A, (c) SR-1L-II and (d) SR-0L-HI. The Emiss

T
threshold is set to 200 GeV for these plots, with the red lines indicating the threshold values in the actual SRs.
The statistical and experimental systematic uncertainties are included in the uncertainty band. The background
category tt̄+ X includes tt̄W/Z , tt̄h and tt̄tt̄ events. Two example signal models, normalized according to the theory
prediction, are overlaid. The masses of the particles in the legend are in GeV.

Table 10 shows the observed number of events and predicted number of background events from the
background-only fit in the Gtt 1-lepton, Gtt 0-lepton and Gbb regions for the cut-and-count analysis. The
central value of the fitted background is in general larger than the MC-only prediction. This is in part due
to an underestimation of the cross section of tt̄+ � 1b and tt̄+ � 1c processes in the simulation.
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experimental systematic uncertainties in the signal are taken into account for this calculation. All the
regions of the multi-bin analysis are statistically combined to set model-dependent upper limits on the
Gbb, Gtt and variable branching ratio models.

The 95% CL observed and expected exclusion limits for the Gbb and Gtt models are shown in the LSP
and gluino mass plane in Figures 10(a) and 10(b), respectively. The ±1�SUSY

theory lines around the observed
limits are obtained by changing the SUSY cross-section by one standard deviation (±1�), as described in
Section 4. The yellow band around the expected limit shows the ±1� uncertainty, including all statistical
and systematic uncertainties except the theoretical uncertainties in the SUSY cross-section. The increase
in integrated luminosity leads to an expected improvement of more than (200 GeV) 300 GeV in the gluino
mass sensitivity of the current search compared to the previous results [14], assuming massless LSPs in
the Gbb (Gtt) models. Gluinos with masses below 1.92 (1.97) TeV are excluded at 95% CL for neutralino
masses lower than 300 GeV in the Gbb (Gtt) model. The observed limit for the Gtt model at high gluino
mass is significantly weaker than the expected limits due to the mild excesses observed in the signal
regions SR-0L-HH and SR-1L-HI of the multi-bin fit analysis. The best exclusion limit on the LSP mass
is approximately 1.19 (1.20) TeV, which is reached for a gluino mass of approximately 1.68 (1.40) TeV
for Gtt and Gbb models, respectively.
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Figure 10: Exclusion limits in the �̃0
1 and g̃ mass plane for (a) the Gbb and (b) the Gtt models obtained in the

context of the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits,
respectively. The shaded bands around the expected limits show the impact of the experimental and background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainty. The 95% CL expected and observed limits from the
ATLAS search based on 2015 data [14] are also shown.

Limits are also set in the signal model described in Section 2 for which the branching ratios of the gluinos
to tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0

1), tt̄ �̃0
1, and bb̄ �̃0

1 are allowed to vary, with a unitarity constraint applied on the
sum of the three branching ratios. For a m( �̃0

1) = 1 GeV, all branching ratio configurations are excluded
at 95% CL for a gluino with a mass of 1.5 TeV, while no configuration is excluded for a hypothesis of
m(g̃) = 2.1 TeV, despite an expected exclusion at 95% CL for BR(g̃ ! tt̄ �̃0

1) > 75%. For an intermediate
gluino mass of 1.9 TeV, this analysis is expected to be sensitive to most of the configuration, except for
BR(g̃ ! tb �̃0

1) > 10%. Nevertheless, due to the mild excess observed in SR-0L-HH and SR-1L-HI, the
observed limits are looser and all configurations in which BR(g̃ ! tb �̃0

1) < 40% are excluded.
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or sbottom are assumed to be o�-shell in order to have simplified models with only two parameters: the
gluino and �̃0

1 masses2. All other sparticles are decoupled.

Two simplified models are used to optimise the event selection in addition to interpreting the results. In
the Gbb (Gtt) model, illustrated in Figure 1(a) (1(b)), each gluino undergoes an e�ective three-body decay
g̃ ! bb̄ �̃0

1 (g̃ ! tt̄ �̃0
1) via o�-shell sbottom (stop) quarks, with a branching ratio of 100%. The Gbb

model is the simplest in terms of object multiplicity, resulting in the minimal common features of four
b-jets and two �̃0

1. In addition to these objects, the Gtt model produces four W bosons originating from the
top quark decays: t ! W b. The presence of these four W bosons motivates the design of signal regions
with a higher jet multiplicity than for Gbb models, and in some cases with at least one isolated electron or
muon.
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with a higher jet multiplicity than for Gbb models, and in some cases with at least one isolated electron or
muon.

g̃

g̃
p

p

�̃0
1

b

b

�̃0
1

b

b

(a) (b)

Figure 1: The decay topologies in the (a) Gbb and (b) Gtt simplified models.

This note includes a novel interpretation that probes the sensitivity of the search as a function of the gluino
branching ratio, in addition to the gluino and �̃0

1 masses. For that interpretation a third gluino decay
is considered: g̃ ! tb �̃±1 (via the o�-shell stop decay t̃1 ! b �̃±1 ). The �̃±1 is then forced to decay as
�̃±1 ! W ⇤ �̃0

1 ! f f̄ 0 �̃0
1 (where f stands for a fermion). To keep the numbers of model parameters at only

two, the mass di�erence between the �̃±1 and the �̃0
1 is fixed to 2 GeV. Such a small mass splitting between

the �̃±1 and the �̃0
1 is typical of models where the �̃0

1 is Higgsino-like (see e.g. Ref. [27]), which are well
motivated by naturalness. Consequently, the products of the decay W ⇤ ! f f̄ 0 are typically too soft to
be detected, except for very large mass di�erences between the gluino and the �̃±1 . Thus, in this model,
the gluino can decay as either g̃ ! bb̄ �̃0

1, g̃ ! tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0
1) or g̃ ! tt̄ �̃0

1, with the sum
of individual branching ratios adding up to 100%. This model probes more realistic scenarios where the
branching ratio to either g̃ ! bb̄ �̃0

1 or g̃ ! tt̄ �̃0
1 is not 100%, and where one, two or three top quarks, and

thus on-shell W bosons, are possible in the final state, in-between the Gbb (no top quarks) and Gtt (four
top quarks) decay topologies. The decay topologies that are considered in the variable branching ratio
model are illustrated in Figure 2. The model also includes the Gbb and Gtt decay topologies illustrated in
Figure 1. A limited set of 10 mass points are generated for this variable branching ratio model with mg̃

varying from 1.5 TeV to 2.3 TeV and m �̃0
1

varying from 1 GeV to 1 TeV.

The technical implementation of the simulated samples produced from these models is described in
Section 4.

2 Models with on-shell sbottom and stop were studied in Run 1 [26] and the limits on the gluino and the �̃0
1 masses were found

to be mostly independent of the stop and sbottom masses, except when the stop is very light.

3

AT L A S  G L U I N O  E X C L U S I O N S

improvement wrt 2015 dataset (about 300/400 GeV on gluino mass)

exclude gluino at ~1.9 TeV exclude squarks at ~1.95 TeV

Gluino limits with 100 BR to specific SMS

allowing BR to float decreases the gluino exclusion to be as low as 1.5 TeV
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Figure 4: Emiss
T distribution for events passing all the signal candidate selection requirements, except that on Emiss

T ,
for (a) SR3`1b

A , (c) SR3`1b
B , (e) SR3`1b

C and (b) SR1`4b
A , (d) SR1`4b

B , (f) SR1`4b
C after the background fit described in

Section 5. The contributions from all SM backgrounds are shown; the bands represent the total uncertainty. The
expected distributions for signal models with m(t̃2) = 700 GeV and m( �̃0

1) = 0 GeV, and m(t̃2) = 650 GeV and
m( �̃0

1) = 250 GeV are also shown as dashed lines. The last bin in all figures contains the overflow. The lower
panels show the ratio of the observed data to the total SM background expectation, with the bands representing the
total uncertainty on the background prediction.
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Figure 6: Exclusion limits at 95% CL from the analysis of 36.1 fb�1 of 13 TeV collision data on the masses of the
t̃2 and �̃0

1, for a fixed m(t̃1) � m( �̃0
1) = 180 GeV and assuming (a) BR(t̃2 ! Zt̃1) = 1 or (b) BR(t̃2 ! ht̃1) = 1.

The dashed line and the shaded band are the expected limit and its ±1� uncertainty, respectively. The thick solid
line is the observed limit for the central value of the signal cross-section. The expected and observed limits do not
include the e↵ect of the theoretical uncertainties on the signal cross-section. The dotted lines show the e↵ect on the
observed limit when varying the signal cross-section by ±1� of the theoretical uncertainty. The shaded green area
shows the observed exclusion from the ATLAS

p
s = 8 TeV analysis [19, 29].
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Figure 1: Diagram of the top squark pair production processes considered in this analysis: (a) t̃1 ! t �̃0
2 and

�̃0
2 ! h/Z �̃0

1 decays, and (b) t̃2 ! h/Zt̃1 and t̃1 ! t �̃0
1 decays.

2 ATLAS detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

The ID provides precision tracking of charged particles for pseudorapidities |⌘ | < 2.5 and is surrounded
by a superconducting solenoid providing a 2 T axial magnetic field. It consists of pixel and silicon-
microstrip detectors inside a transition radiation tracker. One significant upgrade for the running period
at
p

s = 13 TeV is the presence of the Insertable B-Layer [31], an additional pixel layer close to the inter-
action point, which provides high-resolution hits at small radius to improve the tracking performance.

In the pseudorapidity region |⌘ | < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used. A steel/scintillator tile calorimeter measures hadron energies for |⌘ | <
1.7. The endcap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger and precision-tracking chambers, which provide triggering and tracking capabilities in the ranges
|⌘ | < 2.4 and |⌘ | < 2.7, respectively.

A two-level trigger system is used to select events [32]. The first-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by the software-based High-Level Trigger
stage, which runs o✏ine reconstruction and calibration software, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The pseu-
dorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln

⇥
(E + pz )/(E � pz )

⇤

where E denotes the energy and pz is the component of the momentum along the beam direction.

3

t̃1

t̃1

�̃0
2

�̃0
2

p

p

t

�̃0
1

h

t

�̃0
1

Z

(a)

t̃2

t̃2

t̃1

t̃1

p

p

h

�̃0
1

t

Z

�̃0
1

t

(b)

Figure 1: Diagram of the top squark pair production processes considered in this analysis: (a) t̃1 ! t �̃0
2 and

�̃0
2 ! h/Z �̃0

1 decays, and (b) t̃2 ! h/Zt̃1 and t̃1 ! t �̃0
1 decays.

2 ATLAS detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

The ID provides precision tracking of charged particles for pseudorapidities |⌘ | < 2.5 and is surrounded
by a superconducting solenoid providing a 2 T axial magnetic field. It consists of pixel and silicon-
microstrip detectors inside a transition radiation tracker. One significant upgrade for the running period
at
p

s = 13 TeV is the presence of the Insertable B-Layer [31], an additional pixel layer close to the inter-
action point, which provides high-resolution hits at small radius to improve the tracking performance.

In the pseudorapidity region |⌘ | < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used. A steel/scintillator tile calorimeter measures hadron energies for |⌘ | <
1.7. The endcap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger and precision-tracking chambers, which provide triggering and tracking capabilities in the ranges
|⌘ | < 2.4 and |⌘ | < 2.7, respectively.

A two-level trigger system is used to select events [32]. The first-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by the software-based High-Level Trigger
stage, which runs o✏ine reconstruction and calibration software, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The pseu-
dorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln

⇥
(E + pz )/(E � pz )

⇤

where E denotes the energy and pz is the component of the momentum along the beam direction.
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Figure 5: Exclusion limits at 95% CL from the analysis of 36.1 fb�1 of 13 TeV collision data on the masses of the
t̃1 and �̃0

2, for a fixed m( �̃0
1) = 0 GeV, assuming BR( �̃0

2 ! Z �̃0
1) = 0.5 and BR( �̃0

2 ! h �̃0
1) = 0.5. The dashed

line and the shaded band are the expected limit and its ±1� uncertainty, respectively. The thick solid line is the
observed limit for the central value of the signal cross-section. The expected and observed limits do not include the
e↵ect of the theoretical uncertainties on the signal cross-section. The dotted lines show the e↵ect on the observed
limit when varying the signal cross-section by ±1� of the theoretical uncertainty.
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H→ɣɣ + MET +Jets 
razor variables

1

1 Introduction

The discovery of the Higgs boson [1–3] at the CERN LHC has opened a new window for explor-
ing physics beyond the standard model (SM). As the first fundamental scalar particle that can
be produced and isolated in a controlled collider laboratory setting, the Higgs boson represents
a new opportunity to probe physics beyond the standard model (BSM) capable of explaining
the so-called hierarchy problem. Many BSM models postulate the existence of cascade decays
of heavy states to Higgs bosons. In the minimal supersymmetric standard model (MSSM),
Higgs bosons may be produced through the cascade decays of heavier supersymmetric parti-
cles in a variety of ways. The top and bottom squarks, supersymmetric partners of top and
bottom quarks, produced via the strong interaction may decay to a Higgs boson, quarks, and
the lightest supersymmetric particle (LSP), while charginos or neutralinos produced through
the electroweak interaction may decay to a Higgs boson and the LSP. These examples of BSM
production of Higgs bosons motivate an inclusive search for anomalous Higgs boson produc-
tion that is broadly sensitive to a wide range of supersymmetric scenarios.

We present a search for supersymmetry using events with at least one Higgs boson candidate
decaying to two photons, produced in association with at least one jet. The transverse momen-
tum of the Higgs boson candidate, the expected mass resolution, and the razor variables [4, 5]
MR and R2, defined in Section 4 below, are used to define event categories that enhance BSM
signals over SM background. Finally, the signal is extracted from the dominant non-resonant
QCD background through a fit to the diphoton mass distribution. The results of the search
are interpreted in a simplified model inspired by MSSM scenarios, where bottom squark pairs
are produced and decay to a Higgs boson, a bottom quark, and the LSP. A diagram of this
simplified model process is shown in Fig. 1.

b̃
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1

�̃0
1

H

b

Figure 1: Diagram displaying the simplified model process for bottom squark pair production
leading to Higgs bosons considered in this paper.

2 CMS Detector, Trigger, and Event Reconstruction

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintil-
lator hadron calorimeter (HCAL), each comprising a barrel and two endcap sections. Muons
are measured in gas-ionization detectors embedded in the magnet steel flux-return yoke out-
side the solenoid. Extensive forward calorimetry complements the coverage provided by the

4 5 Background Prediction

category isolates SUSY events producing high-pT Higgs bosons; the “H(gg)-H/Z(bb)” cate-
gory isolates SUSY signals that produce two Higgs bosons or a Higgs boson and a Z boson
in the final state; and the HighRes and LowRes categories further improve the discrimination
between signal and background in the remaining event sample.
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Figure 2: A flowchart showing the event categorization procedure.

Each event category is further divided into bins in the MR and R2 variables, which define
the exclusive search regions. The definition of the search regions is summarized in Table 1.
The bins defined for the HighRes and LowRes categories are kept identical to allow for si-
multaneous signal extraction as the relative ratio of event yields in these two categories are
model-independent.

5 Background Prediction

There are two main classes of background events that pass the search selection criteria: SM
Higgs production and non-resonant QCD production, with either two promptly produced pho-
tons or one prompt photon and one jet that is mistakenly identified as a photon. The SM Higgs
background is estimated from the MC simulation, while the non-resonant background is pre-
dicted using a data-driven fit to the diphoton mass distribution.

Within each search bin, we extract a potential signal by performing a fit to the diphoton mass
spectrum. The non-resonant background is modeled with a decaying functional form given in
Table 1 for each individual search region bin. All parameters of the function are unconstrained
in the fit. The functional form model for each search region bin is selected on the basis of its
Akaike Information Criterion (AIC) score [28], and tests of fit biases for a set of alternative
models that all describe the data in the sideband. The SM Higgs background and the SUSY
signal are each modeled with a double-sided crystal ball function [29, 30] fit to the diphoton
mass distribution obtained from the MC simulation. The parameters of each double-sided
crystal ball function are held constant in the signal extraction fit procedure, with the exception
of the parameter controlling the location of the peak which is discussed further in Section 5.1
below. The normalization of the SM Higgs background in each bin is predicted from the MC
simulation, and is constrained to that value in the fit within uncertainties. Bins in the HighRes
and LowRes categories are fitted simultaneously. For a given search bin, the relative yields in
the HighRes and LowRes categories are observed to be largely process independent and are
therefore constrained according to the simulation prediction. Based on these independent fits

7

Table 3: Summary of systematic uncertainties and their size.
Uncertainty Source Size

Luminosity 2.6%
PDFs and QCD Scale Variations 15-30%
Trigger and selection efficiency 3%

Jet energy scale 1-5%
Photon Energy Scale 1%
sM/M categorization 10 � 24%
b-tagging efficiency 4%

6 Results and Interpretations

The fit results for all search region bins are summarized in Table 4 along with the data yields, fit-
ted background and signal yields. An example fit result for the search bin with MR > 600 GeV
and R2 > 0.025 in the HighPt category is shown in Figure 3. Fits for all search region bins
are shown in Appendix A. The observed signal significance is summarized in Figure 4 for all
statistically independent search region bins. No bin exhibits a deviation from the background
expectation larger than two standard deviations.
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Figure 3: The diphoton mass distribution for the search region bin with MR > 600 GeV and
R2 > 0.025 in the HighPt category are shown along with the background-only fit (left) and
the signal plus background fit (right). The red curve represents the background prediction;
the green curve represents the signal; and the blue curve represents the sum of the signal and
background.

We interpret these search results in terms of limits on the production cross-section times branch-
ing ratio for bottom squark pair production decaying to a Higgs boson, a bottom quark and the
LSP. Following the LHC-style procedure [31], we use the profile likelihood ratio test statistic
and the asymptotic formula to evaluate the 95% CL observed and expected limits on the signal
production cross sections that are shown in Figure 5 as a function of the bottom squark mass
and the LSP mass. We exclude bottom squarks with mass below about 450 GeV for all LSP
masses below 250 GeV.
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1 Introduction

The discovery of the Higgs boson [1–3] at the CERN LHC has opened a new window for explor-
ing physics beyond the standard model (SM). As the first fundamental scalar particle that can
be produced and isolated in a controlled collider laboratory setting, the Higgs boson represents
a new opportunity to probe physics beyond the standard model (BSM) capable of explaining
the so-called hierarchy problem. Many BSM models postulate the existence of cascade decays
of heavy states to Higgs bosons. In the minimal supersymmetric standard model (MSSM),
Higgs bosons may be produced through the cascade decays of heavier supersymmetric parti-
cles in a variety of ways. The top and bottom squarks, supersymmetric partners of top and
bottom quarks, produced via the strong interaction may decay to a Higgs boson, quarks, and
the lightest supersymmetric particle (LSP), while charginos or neutralinos produced through
the electroweak interaction may decay to a Higgs boson and the LSP. These examples of BSM
production of Higgs bosons motivate an inclusive search for anomalous Higgs boson produc-
tion that is broadly sensitive to a wide range of supersymmetric scenarios.

We present a search for supersymmetry using events with at least one Higgs boson candidate
decaying to two photons, produced in association with at least one jet. The transverse momen-
tum of the Higgs boson candidate, the expected mass resolution, and the razor variables [4, 5]
MR and R2, defined in Section 4 below, are used to define event categories that enhance BSM
signals over SM background. Finally, the signal is extracted from the dominant non-resonant
QCD background through a fit to the diphoton mass distribution. The results of the search
are interpreted in a simplified model inspired by MSSM scenarios, where bottom squark pairs
are produced and decay to a Higgs boson, a bottom quark, and the LSP. A diagram of this
simplified model process is shown in Fig. 1.

b̃
�̃0
2

b̃
�̃0
2

b̄

H

�̃0
1

�̃0
1

H

b

Figure 1: Diagram displaying the simplified model process for bottom squark pair production
leading to Higgs bosons considered in this paper.

2 CMS Detector, Trigger, and Event Reconstruction

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintil-
lator hadron calorimeter (HCAL), each comprising a barrel and two endcap sections. Muons
are measured in gas-ionization detectors embedded in the magnet steel flux-return yoke out-
side the solenoid. Extensive forward calorimetry complements the coverage provided by the

No significant deviations 
from SM expectation

H→ɣɣ + MET +Jets 
razor variables

Exclude sbotom ~ 450 GeV
note: this analysis is also sensitive to EWKinos
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HH→bbbb + MET 
2 1 Introduction

P1

P2

χ̃0
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χ̃0
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h
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Figure 1: Diagram for the gauge-mediated-symmetry-breaking signal model, c̃0
1c̃0

1 ! hhG̃G̃
(TChiHH), where G̃ is a Goldstino. The NLSPs c0

1 are not directly pair produced, but are instead
produced in the cascade decays of several different combinations of neutralinos and charginos,
as described in the text.

a hadronic jet or energetic photon is radiated before the hard-scattering of the partons. The47

jet or photon then recoils against the missing transverse momentum. Such monojet searches48

have been performed by both ATLAS [32] and CMS [33], but, thus far, no signals have been49

observed.50

While crucial to addressing the question of naturalness, the detection of particles in a nearly51

degenerate Higgsino sector that contains the LSP poses a major experimental challenge. How-52

ever, there is an alternative scenario in which the lightest Higgsino/neutralino is not the light-53

est supersymmetric particle, but the next- to-lightest supersymmetric particle (NLSP). The LSP54

can be another particle that is generic in SUSY models, the Goldstino (G̃). The Goldstino is55

the Nambu-Goldstone particle associated with the spontaneous breaking of global supersym-56

metry and is a fermion. In a broad range of models in which SUSY breaking is mediated at57

a low scale, such as Gauge Mediated Supersymmetry Breaking (GMSB) models [34, 35], the58

Goldstino is nearly massless on the scale of the other particles and becomes the LSP. If SUSY is59

promoted to a local symmetry, leading to gravity, the Goldstino is “eaten” by the SUSY part-60

ner of the graviton, the gravitino (J = 3/2), and provides two of its four degrees of freedom.61

In the region of parameter space involving prompt decays to the gravitino, only the degrees62

of freedom associated with the Goldstino have sufficiently large couplings to be relevant, so63

it is common to denote the particle in either case as a Goldstino. In these GMSB models, the64

Goldstino mass is generically at the eV scale.65

If the lighter neutralinos and charginos are dominated by their Higgsino content and are thus66

nearly mass degenerate, their cascade decays can all lead to the lightest neutralino, c̃0
1 (now67

taken to be the NLSP), plus soft particles. Integrating over the contributions from various68

allowed combinations of produced charginos and neutralinos (c̃0
1c̃0

2, c̃0
1c̃±

1 , c̃0
2c̃±

1 , c̃±
1 c̃⌥

1 ) there-69

fore leads to an effective rate for c̃0
1c̃0

1 production [36, 37] that is significantly larger than that70

for any of the individual primary pairs resulting in a boost to the experimental sensitivity. The71

Higgsino-like NLSP would then decay via c̃0
1 ! (g, h, Z)G̃, where the Goldstino can lead to72

large ~pmiss
T . The branching fractions here depend on a number of parameters including tan b,73

the ratio of the Higgs vacuum expectation values, but the branching fraction for c̃0
1 ! hG̃ can74

be substantial. As a consequence, the signature hh + ~pmiss
T with h ! bb̄ can provide sensitivity75

to the existence of a Higgsino sector in the important class of scenarios in which the LSP mass76

lies below the Higgsino masses.77

Figure 1 shows the pair production of two c̃0
1 NLSPs, each decaying via c̃0

1 ! hG̃, where78

it is assumed that the NLSPs are each fed by the production of c̃0
1, c̃0

2, and c̃±
1 as described79

above. This situation arises when the mass splittings among charginos and neutralinos are80
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6 4 Event reconstruction and analysis variables

and Nb,L, Nb,M, and Nb,T the number of these jets tagged with the loose, medium, and tight b-204

tagging working points, respectively. By definition, the jets identified by each b-tagging work-205

ing point form a subset of those satisfying the requirements of looser working points.206

A single-lepton control sample is used to study the tt background. To avoid possible signal207

contamination from SUSY processes leading to leptons, a maximum requirement is imposed208

on the transverse mass of these events:209

mT(`,~pmiss
T ) ⌘

q
2p`T pmiss

T [1 � cos(Df`,~p miss
T

)] < 100 GeV, (2)

where Df`,~p miss
T

is the difference between the azimuthal angles of the lepton momentum vector210

and the missing momentum vector, ~pmiss
T .211

To optimize signal efficiency and background rejection, we define the following mutually ex-212

clusive b-tagging categories:213

• 2b category: two tight b-tags (Nb,T = 2, Nb,M = 2),214

• 3b category: two tight b -tags and a medium b-tag (Nb,T � 2, Nb,M = 3, Nb,L = 3),215

and216

• 4b category: two tight b-tags, a medium b-tag, and a loose b-tag (Nb,T � 2, Nb,M � 3,217

Nb,L � 4).218

The 2b category is used as a control sample to determine the kinematic shape of the back-219

ground. Most of the signal events lie in the 3b and 4b categories. This categorization was found220

to have superior performance with respect to different combinations of working points. For in-221

stance, the simpler option of only using medium b-tags results in a loose 2b control sample that222

has a larger contribution from QCD, and a tight 4b sample with smaller signal efficiency.223

To study various sources of background with higher statistical precision, we also define the224

following b-tag categories with looser requirements:225

• 0b category: no medium b-tags (Nb,M = 0),226

• 1b category: one medium b-tags (Nb,M = 1).227

We will use Nb as a shorthand when discussing b-tag categories as an analysis variable, and228

Nb,L, Nb,M, and Nb,T when discussing numbers of b-tags for specific working points.229

The principal visible decay products in signal events are the four b jets that arise from the
decay of the two Higgs bosons. Additional jets may arise from initial-state radiation, final-state
radiation or pileup. In order to reconstruct both Higgs bosons, we choose the four jets with
the largest DeepCSV discriminator values, i.e., the four most b-like jets. These four jets can
be grouped into three different pairs of Higgs boson candidates. Of the three possibilities, we
choose the one with the smallest mass difference Dm between the two Higgs candidate masses
mH1 , mH2

Dm ⌘ |mH1 � mH2 | . (3)

This method exploits the fact that signal events contain two particles of identical mass, without230

using the known value of the mass itself. Methods that use the known mass to select the best231

candidate tend to sculpt an artificial peak in the background.232

Only events where the masses of the two Higgs boson candidates are similar, Dm < 40 GeV,
are kept. We then calculate the average mass as

hmi ⌘ mH1 + mH2

2
. (4)
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Figure 8: Distributions of hmi in data and two signal benchmark models. The points with error
bars show the data in the 3b (top) and 4b bins (bottom) for 150 < pmiss

T  200 GeV (left) and
pmiss

T > 200 GeV (right). The histograms show the shape of the hmi distribution observed in
the 2b bin with an overall event yield normalized to those observed in the 3b and 4b samples.
The shaded areas reflect the statistical uncertainty on the hmi distribution in the 2b data. The
ratio plots demonstrate that the shapes are in agreement.

in the (SBD, 4b) region, the parameter µ
bkg
4b,SBD is fitted to be 0, pushing against its physical512

boundary and leading to the underestimation of the associated uncertainty. We account for513

this by including an additional uncertainty that makes the uncertainty on µ
bkg
4b,SBD consistent514

with having observed 1 event. In all cases, the event yields observed in data are consistent515

with the predictions within 2s, and no pattern of deviations is evident.516

Figure 8 shows the distributions in data of hmi in the 3b and 4b bins for 150 < pmiss
T  200 GeV517

and pmiss
T > 200 GeV. In each plot, the renormalized histogram of the hmi distribution in the518

2b bin is overlaid for comparison. The shapes of the hmi distributions are consistent. The519

signal region (HIG) in hmi lies between the two vertical dotted lines, and no significant excess520

is observed, in either the 3b or in the 4b bins.521

exclude higgsino mass ∋ [225,770] GeV no excess over SM expectations
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• Overviewed some of the newest SUSY results from ATLAS and CMS 
collaborations 

• Have not observed deviations from SM in the “obvious” places 

• Significant leap on exclusion limits compared to 2015; we now 
produce BR independent statements about limits 

• We are expected to significantly gain in mass reach by using all the 
projected integrated luminosity. (Keep on going in the main road.)
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S U M M A R Y  
Gluinos: official projections
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Charginos and neutralinos: official projections
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• Started by looking at the obvious places; gone the main road (gluinos, squarks, 
all hadronic) 

• Now starting too look to the sides and to different roads (EWK SUSY, RPV, 
displaced topologies, out-of-time objects, disappearing tracks, etc) 

• So don’t be discouraged; we still have a lot of exciting ground to cover 

• Stay tuned for possible updates on more exotic signatures
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R J R  S I G N A L  R E G I O N S
Targeted signal g̃g̃, g̃! q�̃0

1

Requirement Signal Region
RJR-S1 RJR-S2 RJR-S3 RJR-S4

H PP
1,1 /H

PP
2,1 � 0.55 0.5 0.45 -

H PP
1,1 /H

PP
2,1  0.9 0.95 0.98 -

p PP
Tj2/H

PP
T 2,1 � 0.16 0.14 0.13 0.13
|⌘ j1, j2|  0.8 1.1 1.4 2.8
�QCD � 0.1 0.05 0.025 0

p lab
PP, T/

⇣
p lab

PP, T + H PP
T 2,1

⌘
 0.08

RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b RJR-S4
H PP

T 2,1 [GeV] > 1000 1200 1400 1600 1800 2100 2400
H PP

1,1 [GeV] > 800 1000 1200 1400 1700 1900 2100

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement Signal Region
RJR-G1 RJR-G2 RJR-G3 RJR-G4

H PP
1,1 /H

PP
4,1 � 0.45 0.3 0.2 -

H PP
T 4,1/H

PP
4,1 � 0.7 0.7 0.65 0.65

min
⇣
p PP

Tj2i/H
PP

T 2,1 i

⌘
� 0.12 0.1 0.08 0.07

max
⇣
H Pi

1, 0/H
Pi
2, 0

⌘
 0.96 0.97 0.98 0.98

|⌘ j1,2,a,b|  1.4 2.0 2.4 2.8
�QCD � 0.05 0.025 0 0

p lab
z, PP/

⇣
p lab

z, PP + H PP
T 4,1

⌘
 0.5 0.55 0.6 0.65

p lab
PP, T/

⇣
p lab

PP, T + H PP
T 4,1

⌘
 0.08

RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b RJR-G4
H PP

T 4,1 [GeV] > 1200 1400 1600 2000 2400 2800 3000
H PP

1,1 [GeV] > 700 800 900 1000

Targeted signal compressed spectra in g̃g̃ (g̃! q�̃0
1); g̃g̃ (g̃! qq̄�̃0

1)

Requirement Signal Region
RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5

RISR � 0.95 0.9 0.8 0.7 0.7
p CM

TS [GeV] � 1000 1000 800 700 700
��ISR, I/⇡ � 0.95 0.97 0.98 0.95 0.95

��(jet1,2, ~Emiss
T )min > - - - 0.4 0.4

MTS [GeV] � � 100 200 450 450
N V

jet � 1 1 2 2 3
|⌘ jV |  2.8 1.2 1.4 1.4 1.4

Table 3: Selection criteria and targeted signal model from Fig. 1 used to define signal regions in the RJR-based
search, indicated by the prefix ‘RJR’. Each SR is labelled with the targeted SUSY particle or the targeted region
of parameter space, such that ‘S’, ‘G’ and ‘C’ denote regions searching for squark-, gluino-pair production, or
compressed spectra, respectively.

7.3 Me↵-based and RJR-based signal region comparison

Even though the selection requirements which define the Me↵-based and RJR-based SRs are based on
di↵erent sets of kinematic observables, the regions are not necessarily orthogonal. The fraction of events
in common between di↵erent regions, for both SM backgrounds and SUSY signals, is reflective of the
complementarity of using these two approaches. For models with large q̃/g̃ masses, the signal e�ciency
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