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and 8 TeV and have integrated luminosities of 5.0 and 19.5 inverse-femtobarns,
respectively. A global Bayesian analysis is performed, incorporating results
from a broad range of CMS supersymmetry searches, as well as constraints from
other experiments. Because the pMSSM incorporates several well-motivated
assumptions that reduce the 120 parameters of the MSSM to just 19 parameters
defined at the electroweak scale, it is possible to assess the results of the study
in a relatively straightforward way. Approximately half of the model points
in a potentially accessible subspace of the pMSSM are excluded, including all
pMSSM model points with a gluino mass below 500 GeV, as well as models
with a squark mass less than 300 GeV. Models with chargino and neutralino
masses below 200 GeV are disfavored, but no mass range of model points can
be ruled out based on the analyses considered. The nonexcluded regions in the
pMSSM parameter space are characterized in terms of physical processes and
key observables, and implications for future searches are discussed.
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Abstract
Searches for new physics by the CMS collaboration are interpreted in the
framework of the phenomenological minimal supersymmetric standard model
(pMSSM). The data samples used in this study were collected at √s = 7 and 8
TeV and have integrated luminosities of 5.0 fb−1 and 19.5 fb−1, respectively. A
global Bayesian analysis is performed, incorporating results from a broad range
of CMS supersymmetry searches, as well as constraints from other experiments.
Because the pMSSM incorporates several well-motivated assumptions that
reduce the 120 parameters of the MSSM to just 19 parameters defined at the
electroweak scale, it is possible to assess the results of the study in a relatively
straightforward way. Approximately half of the model points in a potentially
accessible subspace of the pMSSM are excluded, including all pMSSM model
points with a gluino mass below 500 GeV, as well as models with a squark mass
less than 300 GeV. Models with chargino and neutralino masses below 200 GeV
are disfavored, but no mass range of model points can be ruled out based on
the analyses considered. The nonexcluded regions in the pMSSM parameter
space are characterized in terms of physical processes and key observables, and
implications for future searches are discussed.
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1 Introduction
Supersymmetry (SUSY) [1–6] is a strongly motivated candidate for physics be-
yond the standard model (SM). Searches for the superpartner particles (sparti-
cles) predicted by SUSY performed in a variety of channels at the CERN LHC
at √s = 7 and 8 TeV have been reported [7–18]. The results, found to be consis-
tent with the SM, are interpreted as limits on SUSY parameters, based mostly
on models with restricted degrees of freedom, such as the constrained minimal
supersymmetric standard model (cMSSM) [19–25], or, more recently, within the
simplified model spectra (SMS) approach [26–28]. The cMSSM models feature
specific relations among the soft-breaking terms at some mediation scale that
translate into specific mass patterns typical for the model. While this problem
is avoided in the SMS approach, the signatures of realistic models cannot always
be fully covered by SMS topologies. This holds true, for instance, in the case of
long decay chains that do not correspond to any SMS, t-channel exchanges of
virtual sparticles in production, or the presence of multiple production modes
that overlap in kinematic distributions.

In the work reported here, data taken with the CMS experiment at the LHC
are revisited with an alternative approach that is designed to assess more gen-
erally the coverage of SUSY parameter space provided by these searches. The
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method is based on the minimal supersymmetric standard model (MSSM) and
combines several search channels and external constraints. Given the large di-
versity of decay modes leading to multiple signatures, the potential benefit of
such a combined limit is to exclude parameter regions that would otherwise be
allowed when considering each analysis separately.

Specifically, we interpret the CMS results in terms of the phenomenological
MSSM (pMSSM) [29], a 19-dimensional parametrization of the R-parity con-
serving, weak-scale MSSM that captures most of the latter’s phenomenological
features. Here, R-parity is a Z2 symmetry ensuring the conservation of lepton
and baryon numbers [30], which suppresses proton decay and results in the light-
est SUSY particle (LSP) being stable. In the pMSSM, all MSSM parameters are
specified at the electroweak (EW) scale, and allowed to vary freely, subject to
the requirement that the model remain consistent with EW symmetry breaking
(EWSB) and other basic constraints.

Since the pMSSM incorporates neither relations among SUSY-breaking terms at
a high scale, nor large correlations among sparticle masses from renormalization
group evolution, it allows a much broader set of scenarios than those in, for
example, the cMSSM and related grand unified theories (GUTs). Many of these
scenarios are difficult to constrain using current LHC data, despite some having
small sparticle masses. To assess how the data obtained by CMS impact SUSY in
the context of the pMSSM, we use a representative subset of the results based on
data corresponding to integrated luminosities of 5.0 fb−1 at 7 TeV and 19.5 fb−1

at 8 TeV. We use results from hadronic searches, both general searches and those
targeting top squark production; also included are searches with leptonic final
states, both general and EW-targeted. For a selected set of pMSSM parameter
points, event samples were simulated using the CMS fast detector simulation
[31] and analyzed. Since the fast detector simulation does not accurately model
the detector response to massive long-lived charged particles, and since it was
not feasible to use the CMS full simulation [32] given the large number of model
points, we work within a subspace of the pMSSM in which the chargino proper
decay lifetime c𝜏(𝜒̃±) is less than 10 mm. This constraint restricts the class
of final states considered to those with prompt decays. The 7 and 8 TeV data
are treated consistently; in particular, we use the same set of points in the
pMSSM model phase space, chosen randomly from a larger set of points that are
consistent with pre-LHC experimental results and basic theoretical constraints.
This approach greatly facilitates the combination of the results from the 7 and 8
TeV (Run 1) data. The statistical analysis follows closely the Bayesian approach
of Refs. [33, 34]. The work is an extension of Ref. [35], which interpreted
three independent CMS analyses based on an integrated luminosity of about 1
fb−1 of data [36–38] in terms of the pMSSM, confirming that the approach is
both feasible and more successful in yielding general conclusions about SUSY
than those based on constrained SUSY models. Furthermore, the diversity of
phenomena covered by the pMSSM is also helpful in suggesting new approaches
to searches for SUSY at the LHC.
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A similar study has been performed by the ATLAS experiment [39].

The paper is organized as follows. The definition of the pMSSM is presented
in Section 2. Section 3 describes the analysis, which includes the construction
of a statistical prior for the pMSSM model and the calculation of likelihoods
for the CMS searches. The results of this study are presented in Section 4,
including discussions of the impact of the Run 1 CMS searches and their current
sensitivity to the pMSSM. Section 5 discusses nonexcluded pMSSM phase space.
A summary of the results is given in Section 6.

2 Definition of the phenomenological MSSM
The weak-scale R-parity conserving MSSM [29] has 120 free parameters, assum-
ing the gravitino is heavy. This is clearly too large a parameter space for any
phenomenological study. However, most of these parameters are associated with
CP-violating phases and/or flavor changing neutral currents (FCNC), which are
severely constrained by experiment. Therefore, a few reasonable assumptions
about the flavor and CP structure allow a factor of six reduction in the number
of free parameters, without imposing any specific SUSY breaking mechanism.
This has the virtue of avoiding relations, which need not hold in general, between
the soft terms introduced by models of SUSY breaking.

Strong constraints on CP violation are satisfied by taking all parameters to be
real, and FCNC constraints are satisfied by taking all sfermion mass matrices
and trilinear couplings to be diagonal in flavor. Moreover, the first two genera-
tions of sfermions are assumed to be degenerate. The trilinear A-terms of the
first two generations give rise to amplitudes that are proportional to very small
Yukawa couplings and are thus not experimentally relevant. Only the third
generation parameters 𝐴𝑡, 𝐴𝑏, and 𝐴𝜏 have consequences that are potentially
observable.

This leaves 19 real weak-scale SUSY Lagrangian parameters that define the
pMSSM [29]. As noted above, the pMSSM captures most of the phenomenolog-
ical features of the R-parity conserving MSSM and, most importantly, encom-
passes and goes beyond a broad range of more constrained SUSY models. In
addition to the SM parameters, the free parameters of the pMSSM are: three in-
dependent gaugino mass parameters 𝑀1, 𝑀2, and 𝑀3; the ratio of the Higgs vac-
uum expectation values tan 𝛽 = 𝑣2/𝑣1; the higgsino mass parameter 𝜇 and the
pseudoscalar Higgs boson mass 𝑚𝐴; 10 independent sfermion mass parameters
𝑚 ̃𝐹 , where ̃𝐹 = 𝑄̃1, ̃𝑈1, 𝐷̃1, 𝐿̃1, ̃𝐸1, 𝑄̃3, ̃𝑈3, 𝐷̃3, 𝐿̃3, ̃𝐸3 (for the 2nd generation
we take 𝑚𝑄̃2 ≡ 𝑚𝑄̃1, 𝑚𝑈̃2 ≡ 𝑚𝑈̃1, 𝑚𝐷̃2 ≡ 𝑚𝐷̃1, 𝑚𝐿̃2 ≡ 𝑚𝐿̃1, and 𝑚𝐸̃2 ≡ 𝑚𝐸̃1;
left-handed up- and down-type squarks are by construction mass degenerate);
and the trilinear couplings 𝐴𝑡, 𝐴𝑏 and 𝐴𝜏 .

To minimize theoretical uncertainties in the Higgs sector, these parameters are
conveniently defined at a scale equal to the geometric mean of the top squark
masses, 𝑀SUSY ≡ √𝑚 ̃𝑡1𝑚 ̃𝑡2, often also referred to as the EWSB scale.
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The pMSSM parameter space is constrained by a number of theoretical require-
ments. First, the sparticle spectrum must be free of tachyons (particles with
negative physical mass) and cannot lead to color or charge breaking minima in
the scalar potential. We also require that EWSB be consistent and that the
Higgs potential be bounded from below. Finally, in this study, we also require
that the lightest SUSY particle (LSP) be the lightest neutralino, 𝜒̃0

1. These
requirements yield a model that is an excellent proxy for the full MSSM with
few enough parameters that an extensive exploration is possible.

It is of interest to note the generic properties of sparticle mass spectra of the
pMSSM. By definition, each first generation sfermion is exactly degenerate in
mass with the corresponding second generation sfermion. Other generic prop-
erties of pMSSM mass spectra are actually MSSM properties; in the first and
second generations, spartners of left-handed down-type quarks are nearly mass-
degenerate with the corresponding up-type squarks. Likewise, first and second
generation spartners of left-handed charged leptons are nearly degenerate with
the corresponding sneutrinos. The nature of the spectrum of neutralinos and
charginos depends on the relative magnitudes and separation of the pMSSM
parameters 𝑀1, 𝑀2 and 𝜇. If these scales are well separated, then the approxi-
mate eigenstates will divide into a single bino-like state with mass of order 𝑀1,
a wino-like triplet consisting of two charginos and one neutralino with masses
of order 𝑀2, and a higgsino-like quartet of two charginos and two neutralinos
with masses of order 𝜇. The LSP will then be primarily composed of the neutral
member(s) of the lightest of these three. If the parameters above are not well
separated, then the LSP will be a mixture of the neutral states.

3 Analysis
The purpose of this work is to assess how the current data constrain the MSSM
using the more tractable pMSSM as a proxy. We use the results from sev-
eral CMS analyses, which cover a variety of final states, to construct pos-
terior densities of model parameters, masses, and observables. The poste-
rior density of the model parameters, which are denoted by 𝜃, is given by
𝑝(𝜃|𝐷CMS) ∝ ℒ(𝐷CMS|𝜃)𝑝non-DCS(𝜃), where 𝐷CMS denotes the data analyzed
by the direct CMS SUSY searches, ℒ(𝐷CMS|𝜃) is the associated CMS likelihood
that incorporates the impact of these direct CMS searches, and 𝑝non-DCS(𝜃) is the
prior density constructed from results not based on direct CMS SUSY searches
(non-DCS results). The posterior density for an observable 𝜆 is obtained as
follows,

𝑝(𝜆|𝐷CMS) = ∫ 𝛿[𝜆 − 𝜆′(𝜃)]𝑝(𝜃|𝐷CMS)𝑑𝜃,

where 𝜆′(𝜃) is the value of the observable as predicted by model point 𝜃 (𝜃
identifies the model point). Equation 2 is approximated using Monte Carlo
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(MC) integration. In the following, we describe the construction of the prior
density and CMS likelihoods.

3.1 Construction of the prior

If the posterior density for a given parameter differs significantly from its prior
density (or prior, for short), then we may conclude that the data have provided
useful information about the parameter; otherwise, the converse is true. How-
ever, for such conclusions to be meaningful, it is necessary to start with a prior
that encodes as much relevant information as possible. In this study, the prior
𝑝non-DCS(𝜃) encodes several constraints: the parameter space boundary, several
theoretical conditions, the chargino lifetimes, and most importantly the con-
straints from non-DCS data, such as precision measurements and pre-LHC new
physics searches. We choose not to include data from dark matter (DM) exper-
iments in the prior, which avoids any bias from cosmological assumptions (e.g.,
DM density and distribution, assumption of one thermal relic, no late entropy
production, etc.).

The prior 𝑝non-DCS(𝜃) is formulated as a product of four factors,

𝑝non-DCS(𝜃) ∝ [∏
𝑗

ℒ(𝐷non-DCS|𝜆𝑗(𝜃))] 𝑝(𝑐𝜏(𝜒̃±) < 10 mm|𝜃)𝑝(theory|𝜃)𝑝0(𝜃).

The initial prior 𝑝0(𝜃) is taken to be uniform in the pMSSM subspace,

𝑀1, 𝑀2 ≤ 3 TeV,
tan 𝛽 ≤ 60,
𝑚𝐿̃1,2

, 𝑚𝐷̃1,2
, 𝑚𝑄̃3, 𝑚𝐸̃1,2

≤ 3 TeV,
𝐴𝑡, 𝐴𝑏, 𝐴𝜏 ≤ 7 TeV,
𝑚𝑄̃1,2

, 𝑚𝑈̃1,2
, 𝑚𝑈̃3, 𝑚𝐷̃3, 𝑚𝐿̃3, 𝑚𝐸̃3 ≤ 3 TeV,

and the formally unbounded SM subspace defined by 𝑚𝑡, 𝑚𝑏(𝑚𝑏), and 𝛼𝑠(𝑚𝑍);
the non-DCS measurements, which are listed in Table 1 , constrain these pa-
rameters within narrow ranges.

A point in this subspace is denoted by 𝜃. The subspace defined in Eqs. (4) covers
the phenomenologically viable parameter space for the LHC and is large enough
to cover sparticle masses to which the LHC might conceivably be ultimately
sensitive. The lower bound of 2 for tan 𝛽 evades non-perturbative effects in
the top-quark Yukawa coupling after evolution up to the GUT scale. These
effects typically become a very serious issue for tan 𝛽 ≳ 1.7 [40]. The term
𝑝(theory|𝜃) imposes the theoretical constraints listed at the end of Section 2,
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while 𝑝(𝑐𝜏(𝜒̃±) < 10 mm|𝜃) imposes the prompt chargino constraint. Both
𝑝(theory|𝜃) and 𝑝(𝑐𝜏(𝜒̃±) < 10 mm|𝜃) are unity if the inequalities are satisfied
and zero otherwise.

The product of likelihoods ℒ(𝐷non-DCS|𝜆(𝜃)) in Eq. (3) over measurements
𝑗 is associated with non-DCS data 𝐷non-DCS, which imposes constraints from
precision measurements and a selection of pre-LHC searches for new physics.
The measurements used and their associated likelihoods are listed in Table 1.

Since the explicit functional dependence of the prior 𝑝non-DCS(𝜃) on 𝜃 is not
available a priori, but the predictions 𝜆(𝜃) are available point by point, it is
natural to represent the prior as a set of points sampled from it. Owing to the
complexity of the parameter space, the sampling is performed using a Markov
chain Monte Carlo (MCMC) method [34, 41–44].

All data in Table 1 except the Higgs boson signal strengths 𝜇ℎ were used in
the original MCMC scan. The 𝜇ℎ measurements were incorporated into the
prior post-MCMC. A number of measurements, marked “reweight”in the last
column, were updated during the course of this study as new results became
available. The weights, applied to the subset of scan points which were selected
for simulation, were computed as the likelihood ratio of the new measurements
shown in Table 1 to the previously available measurements.

Table 1: The measurements that form the basis of the non-DCS prior
𝑝non-DCS(𝜃) for the pMSSM parameters, their observed values and likeli-
hoods. The observables are the decay branching fractions ℬ(𝐵𝑠 → 𝜇+𝜇−),
ℬ(𝐵𝑠 → 𝑠𝛾), the SUSY to SM ratio for the branching fraction of the decay
𝐵 → 𝜏𝜈, 𝑅(𝐵 → 𝜏𝜈), the difference in the muon anomalous magnetic moment
from its SM prediction Δ𝑎𝜇, the strong coupling constant at the Z boson mass
𝛼𝑠(𝑚𝑍), the top and bottom quark masses 𝑚𝑡 and 𝑚𝑏(𝑚𝑏), the Higgs boson
mass 𝑚ℎ and signal strength 𝜇ℎ, and sparticle mass limits from LEP. All data
except 𝜇ℎ were used in the initial MCMC scan. Details are given in the text.

Observable
Constraint
𝐷non-DCS Likelihood function ℒ[𝐷non-DCS|𝜇𝑖(𝜃)] Comment

ℬ(𝐵𝑠 →
𝑠𝛾)
[45]

3.43 ± 0.21stat ±
0.07sys ± 0.29th

Gaussian reweight

ℬ(𝐵𝑠 →
𝜇+𝜇−)
[46]

(2.9 ± 0.29stat ±
0.10sys) × 10−9

Gaussian reweight

𝑅(𝐵 →
𝜏𝜈)
[45]

1.28 ± 0.38stat ±
0.24th

Gaussian reweight

Δ𝑎𝜇
[47]

(26.1 ± 6.3exp ±
4.9SM) × 10−10

Gaussian reweight
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Observable
Constraint
𝐷non-DCS Likelihood function ℒ[𝐷non-DCS|𝜇𝑖(𝜃)] Comment

𝛼𝑠(𝑚𝑍)
[48]

0.1184 ± 0.0007 Gaussian reweight

𝑚𝑡
[49]

173.34 ± 0.76stat ±
0.99sys GeV

Gaussian reweight

𝑚𝑏(𝑚𝑏)
[48]

4.18 ± 0.03 GeV Gaussian reweight

𝑚ℎ 𝑚low
ℎ = 120 GeV,

𝑚high
ℎ = 130 GeV

Two-sided Gaussian reweight

𝜇ℎ CMS and ATLAS
in LHC Run 1,
Tevatron

LILITH 1.01 [50, 51] post-
MCMC

sparticle
masses
LEP
[52]
(via
MI-
CROMEGAS
[53–
55])

1 if allowed, 0 if
excluded

- -

For a given point 𝜃, the predictions 𝜆(𝜃) —including those needed to calculate
the likelihoods ℒ(𝐷non-DCS|𝜆(𝜃)) —are obtained as follows. The physical masses
and interactions are calculated using the SUSY spectrum generator SOFTSUSY
3.3.1 [56], with the input parameters 𝜃 defined at 𝑀SUSY. This calculation in-
cludes 1-loop corrections for sparticle masses and mixings, as well as 2-loop
corrections for the small Higgs boson mass. Low-energy constraints are calcu-
lated with SUPERISO v3.3 [57]. MICROMEGAS 2.4.5 [53–55] is used to check
the compatibility of pMSSM points with sparticle mass limits from LEP and
other pre-LHC experiments. MICROMEGAS is also used to compute the DM
relic density, and the spin-dependent and spin-independent DM-nucleon scat-
tering cross sections; these observables are not used in the construction of the
prior, but we study how they are impacted by the CMS searches. The program
SDECAY 1.3 [58] is used to generate sparticle decay tables and HDECAY 5.11
[59] to generate Higgs boson decay tables. For evaluating the Higgs boson signal
likelihood based on the latest ATLAS [60] and CMS [61] measurements, we use
LILITH 1.01 [50, 51], following the approach explained in Section 2.3 of Ref. [62].
The experimental results used in LILITH are the signal strengths of the Higgs
boson decay modes 𝑌 = (𝛾𝛾, 𝑊𝑊 ∗, 𝑍𝑍∗, 𝑏𝑏̄, 𝜏𝜏) in terms of the primary Higgs
boson production modes gluon-gluon fusion (ggF), vector boson fusion (VBF),
associated production with a W or Z boson (𝑊ℎ and 𝑍ℎ, commonly denoted as
𝑉 ℎ), and associated production with a top-quark pair (𝑡 ̄𝑡ℎ) as published by AT-
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LAS, CMS, and Tevatron experiments. When these signal strengths are given as
2-dimensional (2D) confidence level (CL) contours in, e.g., the 𝜇ggF+𝑡 ̄𝑡ℎ(𝑌 ) ver-
sus 𝜇VBF+𝑉 ℎ(𝑌 ) plane, the likelihood is reconstructed by fitting a 2D Gaussian
function to the 68% CL contour provided by the experiments. For each decay
mode 𝑌 , and each experiment, the likelihood is then given by −2 ln ℒ𝑌 = 𝜒2.
The combined likelihood is then obtained by summing over all the individual
𝜒2

𝑌 values. Additional information on signal strengths (and invisible decays) in
one dimension is included analogously, using the published likelihood function
when available or else the Gaussian approximation.

The uncertainty in the anomalous magnetic moment of the muon includes a
component that accounts for theoretical uncertainties in the SUSY calculations.
The large window on the Higgs boson mass of 120–130 GeV covers the theoretical
uncertainty in the Higgs boson mass calculation in the MSSM. All tools use the
SUSY Les Houches accord [63] for data entry and output. Approximately 20
million points are sampled from 𝑝non-DCS(𝜃) using multiple MCMC chains, but
omitting the prompt chargino requirement. When that requirement is imposed,
the number of sampled points is reduced by 30%, and the fraction of bino-
like LSPs is enhanced from about 40 to 50%. A random subsample of 7200
points is selected for simulation studies. Given the large dimensionality of the
model, this is a rather sparse scan. However, the scan density is sufficient
to learn much about the viability of the pMSSM model space. Distributions
of model parameters in this subsample were compared with distributions from
independent subsamples of similar size, as well as distributions from the original
large sample, and consistency was observed within statistical uncertainties.

3.2 Incorporation of the CMS data

We consider the analyses given in Table 2 , which explore final-state topologies
characterized by a variety of event-level observables: the scalar sum of the trans-
verse momenta of jets (𝐻𝑇 ); the magnitude of the vector sum of the transverse
momenta of final-state particles (𝐸miss

𝑇 ); a measure of the transverse mass in
events with two semi-invisibly decaying particles (𝑀𝑇 2); the multiplicity of b-
tagged jets (b-jets); and a range of lepton multiplicities, including opposite-sign
(OS) and like-sign (LS) lepton pairs. Other analyses that were not included
in this study but which may impose additional constraints on the model space
include searches for SUSY in the single lepton channel with one or multiple
b-jets [64] and searches for top squark production [65] in the single lepton chan-
nel. The searches considered together comprise hundreds of signal regions and
address a large diversity of possible signal topologies.

Table 2: The CMS analyses considered in this study. Each row gives the
analysis description, the center-of-mass energy at which data were collected,
the associated integrated luminosity, the likelihood used, and the reference to
the analysis documentation.

chinarxiv.org/items/chinaxiv-201608.00177 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00177


Analysis √s [TeV] ℒ [fb−1] Likelihood Reference
Hadronic
𝐻𝑇 +
𝐸miss

𝑇
search [11]

8 19.5 counts [11]

Hadronic
𝐻𝑇 +
𝐸miss

𝑇 +
b-jets
search [9]

7 5.0 counts [9]

Leptonic
search for
EW prod.
of
𝜒̃0, 𝜒̃±, ̃𝑙
[10]

7 5.0 counts [10]

Hadronic
𝐻𝑇 +
𝐸miss

𝑇
search [8]

7 5.0 counts [8]

Hadronic
𝑀𝑇 2
search [12]

8 19.5 𝜒2 [12]

Hadronic
𝐻𝑇 +
𝐸miss

𝑇 +
b-jets
search [13]

8 19.4 counts [13]

Monojet
searches
[14]

8 19.5 binary [14]

Hadronic
third
generation
squark
search [15]

8 19.4 counts [15]

OS
dilepton
(OS ℓℓ)
search [16]

8 19.4 counts [16]

LS
dilepton
(LS ℓℓ)
search [17]

8 19.5 binary [17]
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Analysis √s [TeV] ℒ [fb−1] Likelihood Reference
Leptonic
search for
EW prod.
of
𝜒̃0, 𝜒̃±, ̃𝑙
[18]

8 19.5 binary [18]

Combination
of 7 TeV
searches

7 5.0 binary -

Combination
of 7 and 8
TeV
searches

7+8 5.0+19.5 binary -

The CMS likelihoods ℒ(𝐷CMS|𝜃) are calculated for each of these analyses (or
combinations of analyses), using different forms of likelihood depending on the
nature of the results that are available. The first form of likelihood (counts)
uses observed counts, 𝑁 , and associated background estimates, 𝐵 ± 𝛿𝐵; the
second (𝜒2) uses profile likelihoods, 𝑇 (𝜇, 𝜃), where 𝜇 = 𝜎/𝜎SUSY(𝜃) is the signal
strength modifier and 𝜎 and 𝜎SUSY(𝜃) are the observed and predicted SUSY
cross sections, respectively; while the third (binary) joins either of the first two
kinds of result together with a signal significance measure 𝑍, and is used for
combining results from overlapping search regions. In the following, we describe
the three forms of the likelihood used and the signal significance measure 𝑍.

Counts likelihood: For a single-count analysis, the likelihood is given by

ℒ(𝐷CMS|𝜃) = ∫ Poisson(𝑁|𝑠(𝜃) + 𝑏)𝑝(𝑏|𝐵, 𝛿𝐵)𝑑𝑏,

where 𝑁 is the observed count, 𝑠(𝜃) and 𝑏 are the expected number of signal
and background counts, respectively, and 𝐵 ± 𝛿𝐵 is the estimated number of
background event counts and its uncertainty. The prior density for 𝑏, 𝑝(𝑏|𝐵, 𝛿𝐵),
is modeled as a gamma density, gamma(𝑥; 𝛼, 𝛽) = 𝛽𝛼𝑥𝛼−1 exp(−𝛽𝑥)/Γ(𝛼), with
𝛼 and 𝛽 defined such that the mode and variance of the gamma density are 𝐵 and
(𝛿𝐵)2, respectively. For analyses that yield multiple independent counts, the
likelihood is the product of the likelihoods of the individual counts. For analyses
with multiple counts, we treat the background predictions for the different search
regions as uncorrelated. Systematic effects on the signal counts are taken into
account by varying the signal yield by multiplying it with a signal strength
modifier 𝜇 with values 1 − 𝛿𝜇, 1, 1 + 𝛿𝜇, where 𝛿𝜇 is the fractional value of the
systematic uncertainty.

𝜒2 likelihood: This likelihood is used for CMS searches that provide profile
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likelihoods, 𝑇 (𝜇, 𝜃) = ℒ(𝐷CMS|𝜇, 𝜃, ̂𝜈(𝜇, 𝜃)), for the signal strength modifier
𝜇, where 𝜈 represents the nuisance parameters and ̂𝜈(𝜇, 𝜃) their conditional
maximum likelihood estimates. Taking ̂𝜇 to be the signal strength modifier
that maximizes 𝑇 (𝜇, 𝜃), it can be shown that the quantity −2 ln[𝑇 (1, 𝜃)/𝑇 ( ̂𝜇, 𝜃)]
follows a 𝜒2 density with one degree of freedom in the asymptotic limit [66],

ℒ(𝐷CMS|𝜃) = exp(−𝑡/2)/
√

2𝜋𝑡,

which we adopt as the CMS likelihood in this case. The systematic uncertainties
in the signal yield can again be incorporated by varying the value of 𝜇.

Z-significance: This study uses a signal significance measure defined by

𝑍(𝜃) = sign[ln 𝐵10(𝐷, 𝜃)]√2| ln 𝐵10(𝐷, 𝜃)|,

where 𝐵10(𝐷, 𝜃) = ℒ(𝐷|𝐻1, 𝜃)/ℒ(𝐷|𝐻0) is the local Bayes factor for data 𝐷,
at point 𝜃, and ℒ(𝐷|𝐻1) and ℒ(𝐷|𝐻0) are the likelihoods for the signal plus
background (𝐻1) and background only (𝐻0) hypotheses, respectively. The func-
tion 𝑍(𝜃) is a signed Bayesian analog of the frequentist “n-sigma”. The case
𝑍 > 0 would indicate the presence of a signal at a significance of 𝑍 standard
deviations, while the case 𝑍 < 0 would indicate the absence of signal, i.e., an
exclusion at a significance of |𝑍| standard deviations.

The Z-significance is the basis of the binary likelihood.

Binary likelihood: This likelihood is used for combining results from search
regions in which data may not be independent, for example, multiple counts
from overlapping search regions. We first divide the data into subsets for which
either a count or 𝜒2 likelihood can be calculated. For each subset 𝑗, with data
𝐷𝑗, we compute 𝑍𝑗(𝜃) using Eq. (7). An overall significance measure that
includes all subsets under consideration is defined by

𝑍(𝜃) = 𝑍𝑗max
(𝜃),

where 𝑗max is the index of the maximum element in the set {|𝑍𝑗(𝜃)|}. This
quantity is used to define the binary likelihood as follows,

ℒ(𝐷CMS|𝜃) = {1 if 𝑍(𝜃) > −1.64,
0 if 𝑍(𝜃) ≤ −1.64,

where 𝑍(𝜃) = −1.64 corresponds to the frequentist threshold for exclusion at
the 95% CL.

Systematic uncertainties are incorporated by computing each 𝑍𝑗(𝜃) by varying
the value of 𝜇, and using these recalculated 𝑍𝑗(𝜃) to compute the binary likeli-
hood. Although use of the binary likelihood entails a loss of information, it is a
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convenient approach in cases of non-disjoint data, where a proper likelihood cal-
culation is not feasible without more information. In this study, we use binary
likelihoods for monojet searches, which have overlapping search regions, and for
combining the 7 TeV, and 7+8 TeV results, where the considered analyses use
non-disjoint data.

To compute likelihoods and Z-significances, expected signal counts for the search
regions of each analysis are computed for the 7200 pMSSM points. The simu-
lated events for each model point, which were generated using PYTHIA 6.4 [67]
and processed with the CMS fast detector simulation program [31], are passed
through the analysis procedures in order to determine the counts. For each
pMSSM point, 10,000 events have been simulated.

4 Results
We present the results of our study using three different approaches to assess
the implications of the analyses for the pMSSM parameter space. In the first
approach, we compare the distributions of the Z-significances. In the second ap-
proach, we compare the prior and posterior densities of the pMSSM parameters.
In the third approach, we use a measure of the parameter space that remains
after inclusion of the CMS search results. This measure, the survival probability
in a region Θ of the pMSSM parameter space, is defined by

Survival Probability =
∫Θ 𝑝non-DCS(𝜃)𝐻(𝑍(𝜃) + 1.64)𝑑𝜃

∫Θ 𝑝non-DCS(𝜃)𝑑𝜃 ,

where 𝐻 is the Heaviside step function with a threshold value 𝑍 = −1.64, which
again is the threshold for exclusion at the 95% CL.

4.1 Global significance

Distributions of Z-significance are shown in Fig. 1 [Figure 1: see original paper]
for all the CMS searches included in this study: 8 TeV searches, combinations
of 7 TeV searches, and combinations of 7+8 TeV searches. The farther a Z
distribution is from zero, the greater the impact of the analysis on the pMSSM
parameter space. As noted in Section 3, negative and positive values indicate
a preference for the background only (𝐻0) and the signal plus background (𝐻1)
hypotheses, respectively.

All 8 TeV searches lead to distributions with negative tails, indicating that
each disfavors some region of the parameter space. The searches making the
greatest impact are the 𝐻𝑇 +𝐸miss

𝑇 and 𝑀𝑇 2 searches, which disfavor a significant
portion of the parameter space. The 𝑀𝑇 2, 𝐻𝑇 + 𝐸miss

𝑇 + b-jets, EW, and OS
dilepton searches, which yield modest excesses over the SM predictions, have
Z-significances up to 4.
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As expected, the combined 7+8 TeV result has a greater impact than any indi-
vidual analysis. Overall, the impact of the 7 TeV combined result is relatively
small as indicated by the high peak around zero. The dip around zero in the
combined 7+8 TeV distribution arises from the way we combine Z-significances.
As expressed in Eq. (9), the maximum Z-significance values are used in the
combination.

4.2 Impact on parameters

Figure 2 [Figure 2: see original paper] shows the impact of the CMS searches
on our knowledge of the gluino mass. Figures 2 (top left, top right and bottom
left) show marginalized distributions of the gluino mass. Posterior distributions
obtained using three signal strength modifier values 𝜇 = 0.5, 1.0, 1.5 illustrate
the effect of a 50% systematic uncertainty in the predicted SUSY signal yields.
Since the uncertainty in the signal efficiency typically varies between 10 and
25%, and the uncertainty in the signal cross section ranges between 30 and 50%,
this prescription is considered to be conservative. Figure 2 (top-left) shows the
strong impact of the inclusive analyses on the gluino mass distribution. The
𝐻𝑇 +𝐸miss

𝑇 search strongly disfavors the region below 1200 GeV, while the 𝑀𝑇 2
search leads to a distribution with two regions of peaking probability, one at
relatively low mass, around 600 to 1000 GeV, and one above 1200 GeV. In
Fig. 2 (top-center) we observe that the other hadronic analyses also disfavor
the low-mass region, though to a lesser degree, and two of these analyses (the
𝐻𝑇 + 𝐸miss

𝑇 + b-jets and the hadronic third generation) also exhibit secondary
preferred regions around 1100 GeV, while Fig. 2 (top-right) shows that the
EW, OS dilepton, and LS dilepton searches have little impact on the gluino
mass distribution. Figure 2 (bottom-left) compares the prior distribution to
posterior distributions after inclusion of the combined 7 TeV and combined 7+8
TeV data. The 7 TeV data already have sufficient sensitivity to exclude much
of the low-mass gluino model space, and the 8 TeV data further strengthen this
result. The enhancements induced by the hadronic searches in the 800–1300
GeV range disappear in the combination since the observed excesses driving the
enhancements are not consistent with a single model point or group of model
points.

Figure 2 (bottom-center) shows the survival probability (Eq. 11) as a function
of gluino mass for the combined 7 TeV, and 7+8 TeV results. The CMS searches
exclude all the pMSSM points with a gluino mass below 500 GeV (250 points),
and can probe scenarios up to the highest masses covered in the scan. As may be
expected, masses of order 3 TeV are not probed directly but rather through the
production of lighter particles in the model. Finally, Fig. 2 (bottom-left) shows
the Z-significance versus gluino mass. A slight negative correlation for positive
Z values and gluino masses is observed below 1200 GeV; Z declines slightly as
mass increases, which indicates that some small excesses of events observed by
the various searches are consistent with models with light gluinos.

Figures 3 and 4 similarly summarize the impact of searches on the first- and
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second-generation left-handed up squark mass and the mass of the lightest col-
ored SUSY particle (LCSP), respectively. The picture is similar to that for the
gluino mass. For both 𝑢̃𝐿 and the LCSP, the 𝑀𝑇 2 search shows a preference
for masses from 500 to 1100 GeV. The overall impact of the searches on 𝑢̃𝐿
is less than the impact on the gluino mass owing to the more diverse gluino
decay structure that can be accessed by a greater number of searches. For the
LCSP, the overall impact is the least because the LCSP has the fewest decay
channels; nevertheless CMS searches exclude about 98% of the model points
with an LCSP mass below 300 GeV; in the surviving 2% of these model points
(6 points), the LCSP is always the ̃𝑑𝑅. We also see that the searches can be
sensitive to scenarios with LCSP masses up to 1500 GeV. Again we find that the
Higgs boson results make a negligible contribution. In each case we find a neg-
ative correlation between the Z-significance and the sparticle mass for positive
Z values and masses below 1200 GeV; this is most pronounced for the LCSP.

Figure 5 [Figure 5: see original paper] illustrates what information this set of
searches provides about the mass of the lightest top squark ̃𝑡1. The difference
between the prior and posterior distributions is minor. The reason is that the
low-energy measurements like the 𝑏 → 𝑠𝛾 branching fraction (see Table 1) im-
pose much stronger constraints on the mass of the ̃𝑡1 than do the considered
analyses. This is not to say the CMS analyses are insensitive to top squark
masses. The posterior distribution for the 𝑀𝑇 2 search exhibits an enhancement
at 𝑚 ̃𝑡1 < 1 TeV relative to the non-DCS distribution. This enhancement does
not appear in the combined posterior density because it is suppressed by the
positive observations of other more sensitive searches. In the distribution of
𝑚 ̃𝑡1 versus Z, the positive (negative) Z values have a slight negative (positive)
correlation with the ̃𝑡1 mass below 1 TeV, indicating that the CMS analyses
considered have some direct sensitivity to top squarks with masses up to 1 TeV.
The overall conclusion is that light top squarks with masses of the order of 500
GeV cannot be excluded.

Turning now to the EW sector, we first show, in Fig. 6 [Figure 6: see original
paper], the effect of the considered searches on our knowledge of the mass of the
lightest neutralino 𝜒̃0

1. We see that the hadronic inclusive searches disfavor low
𝜒̃0

1 masses; the hadronic searches targeting specific topologies also have an effect,
although smaller, and the leptonic searches have a marginal impact. The 7+8
TeV combined distribution is very similar to the 𝑀𝑇 2 distribution, especially in
the lower mass region, indicating that this search is the most sensitive to the 𝜒̃0

1
mass. The main constraint on the 𝜒̃0

1 mass arises indirectly through correlations
with other sparticle masses. Since 𝜒̃0

1 is the LSP, its mass is constrained by
the masses of the heavier sparticles. As CMS searches push the probability
distributions for the colored particles to higher values, more phase space opens
for 𝜒̃0

1 and the 𝜒̃0
1 distributions shift to higher values. The survival probability

distribution shows that no 𝜒̃0
1 mass is totally excluded at the 95% CL by CMS.

In general, the nonexcluded points with light 𝜒̃0
1 are those with heavy colored

sparticles. The fact that the survival probability decreases below a 𝜒̃0
1 mass of
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700 GeV shows that CMS searches are sensitive up to this mass value. The
Higgs boson data disfavor neutralino masses below about 60 GeV, that is, the
mass range in which invisible decays ℎ → 𝜒̃0

1𝜒̃0
1 could occur; this is visible in

the first bin in Fig. 6 (bottom-left) (see Ref. [50]).

In the MSSM, the lightest chargino becomes degenerate with the lightest neu-
tralino for the condition |𝑀1| ≳ |𝜇|. Therefore, we define the lightest non-
degenerate (LND) chargino as 𝜒̃±

LND = 𝜒̃±
1 if 𝑚𝜒̃±

1
> min(𝑚𝜒̃±

2
, |𝜇|), and 𝜒̃±

LND =
𝜒̃±

2 otherwise. Figure 7 [Figure 7: see original paper] summarizes what informa-
tion has been gained about the mass of the LND chargino. Again, the impact
of the CMS searches is found to be rather limited and no chargino mass can be
reliably excluded. It is worth noticing the impact of the leptonic searches. In
Fig. 7 (top-right), the distributions differ from the non-DCS distribution, while
these searches have negligible impact on most of the other SUSY observables
and parameters considered in this study. We also note that the survival proba-
bility is lowest in the first bin where LND mass is between 0 and 200 GeV, but
a small percentage of points still survive.

A more generic view is possible by looking at the overall CMS impact on the
inclusive SUSY production cross section for 8 TeV, which is shown in Fig. 8
[Figure 8: see original paper]. The most probable total sparticle cross section
in non-DCS prior is approximately 100 fb; the low tail of this distribution is
shaped by the upper limits on the masses of sparticles in the prior. The effect
of the CMS SUSY searches is to reduce this value by an order of magnitude.
The inclusive 𝐻𝑇 + 𝐸miss

𝑇 search has the largest individual contribution to this
because of its ability to address a great diversity of final states comprising
different sparticle compositions. The survival probability distribution confirms
that CMS is sensitive to SUSY scenarios with total cross sections as low as 1 fb.

In Fig. 9 [Figure 9: see original paper], the non-DCS and post-CMS distri-
butions are compared after 7 and 7+8 TeV data for several other important
observables. We first note that the impact of the CMS data on the first and
second generation right-handed up squarks is lower than on the corresponding
left-handed up squarks. This is because left-handed up squarks in the MSSM
form doublets with mass-degenerate left-handed down squarks, while the right-
handed up and down squarks are singlets and their masses are unrelated. There-
fore, for the left-handed up squarks, the CMS sensitivity for a given mass is
increased by the left-handed down squarks, which have the same mass. We also
observe a mild impact on the bottom squark mass, where CMS disfavors masses
below 400 GeV. The CMS searches also have some sensitivity to the selectron
and stau masses, which comes from the leptonic searches. The impact on 𝜒̃0

2
and 𝜒̃±

1 masses is relatively larger, mostly due to the dedicated EW analyses.
The CMS SUSY searches have no impact on the masses of the light and heavy
pseudoscalar Higgs bosons. The preference of the Higgs data for negative val-
ues of the higgsino mass parameter 𝜇 comes primarily from the fact that the
measured signal strength normalized to its SM value for 𝑉 ℎ → 𝑏𝑏̄ (where 𝑉
is a 𝑊 or a 𝑍 boson) is currently slightly below one. In a SUSY model, this
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requires that radiative corrections reduce the bottom Yukawa coupling, thereby
creating a preference for 𝜇 < 0 [62]. The tan 𝛽 distribution is largely unaffected
by both the CMS SUSY searches and the current Higgs boson data evaluated
via LILITH 1.01.

We also investigate the impact of the considered searches on some observables
related to dark matter. Figure 10 [Figure 10: see original paper] shows distribu-
tions of the dark matter relic density, the spin-dependent (SD) direct detection
cross section, and spin-independent (SI) direct detection cross section. In Fig.
10 (left), the relic density is seen to take on a bimodal probability density. The
lower peak corresponds primarily to model points with bino-like LSPs, and the
upper peak is mainly due to points with wino- and higgsino-like LSPs. The
combined CMS searches lead to a noticeable enhancement of the lower peak. In
Fig. 10 (center) and (right), minor differences are seen between the prior and
posterior densities for the direct detection cross section.

4.3 Correlations among pMSSM parameters

A virtue of high-dimensional models like the pMSSM is that they enable the
examination of correlations among parameters not possible in the context of
more constrained models. Figure 11 [Figure 11: see original paper] compares
marginalized distributions in two dimensions of non-DCS (left) to post-CMS
distributions (middle), and also shows the post-CMS to non-DCS survival prob-
ability (right) for several observable pairs. The first two rows of distributions
show that the CMS impact on our knowledge of the 𝜒̃0

1 mass is strongly cor-
related with the gluino or the LCSP mass. Since 𝜒̃0

1 is the LSP, light colored
particles imply a light 𝜒̃0

1. Consequently, the disfavoring of light colored sparti-
cles implies the disfavoring of a light 𝜒̃0

1. In the last row, it is seen that the 𝜒̃0
1

mass is correlated most strongly with the cross section and that light 𝜒̃0
1 LSPs

are indeed disfavored for the reason just given. We note, however, that sce-
narios with 𝜒̃0

1 masses around 100 GeV can still survive even though they have
cross sections above 1 pb. These and other high cross section model points are
discussed in Section 5. In the third row, we show the probability distributions
and survival probability for 𝜒̃0

1 versus ̃𝑡1 mass. Here we see that, although the
post-CMS probabilities shift towards higher values, the survival probabilities
never really go down to zero. Although current SMS scenarios exclude large
parts of the ̃𝑡1-𝜒̃0

1 plane, we see that pMSSM scenarios with relatively low ̃𝑡1
masses (∼ 500 GeV) are not significantly disfavored by the CMS searches consid-
ered. We note that the searches for top squark production considered here focus
primarily on the decay channel ̃𝑡1 → 𝑡𝜒̃0

1, and it may be that a greater impact
would be observed if the searches targeting other channels were incorporated in
this study.

Studies were performed to assess how the conclusions would change if a different
choice of initial prior had been made. A log-uniform prior (𝑝0(𝜃) in Eq. 3) is
found to yield posterior densities very similar to those from the nominal uniform
prior. The most significant exception is that the densities for the masses of
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the 𝜒̃0
1 and 𝜒̃±

1 are shifted 10–20% toward higher values with respect to the
densities derived from the uniform prior. It is found that the marginalized
likelihood distributions are consistent with the profile likelihoods, suggesting
that a frequentist analysis based on the profile likelihoods would yield similar
conclusions.

5 Nonexcluded regions in the pMSSM parameter space
Of the 7200 pMSSM points considered in this study, about 3700 cannot be
excluded by CMS analyses based on their Z-significance (Fig. 1 (bottom left)),
although more than half of these nonexcluded points have a total cross section
greater than 10 fb at √s = 8 TeV. It is of interest to characterize this nonexcluded
subspace in order to shed light on why the CMS analyses are not sensitive to
these points, which can help guide the design of future analyses. To this end,
we decompose the nonexcluded subspace into the dominant physical processes
and follow with an idealized analysis of final state observables.

For the decomposition, signal events are analyzed at the generator level for each
model point, and the pair of SUSY particles most frequently produced directly
from the proton-proton interaction is taken as the production mode for that
model point. Then the principal (dominant) process for that point is built as a
tree diagram starting from the pair of SUSY mother particles and following the
decay modes with the highest branching fractions until endpoints consisting of
only SM particles and LSPs are reached. Indices of particle charge, flavor, and
chirality are ignored in the construction, with the exception of the flavor of the
third-generation squarks and quarks. Over 100 distinct principal processes are
found among the total 7200 studied points, of which the first twelve are listed
in Fig. 12 [Figure 12: see original paper]. Many of the principal processes are
seen to correspond to common SMS scenarios, while others depict more unusual
scenarios with long decay chains.

The distribution of principal processes for excluded and nonexcluded points is
given in Fig. 13 [Figure 13: see original paper] (left). It is seen that processes
involving direct gluino production (5 and 8) are excluded with a much higher
frequency than they survive, and those with EW gaugino production (2, 3, and
10) survive with a higher frequency than they are excluded. Processes with
first-generation squark production (1 and 7) survive and are excluded at sim-
ilar rates, and processes with slepton production (12) have exceptionally high
survival rates. These trends are likely attributable to the difference in the pro-
duction cross section between colored and noncolored particles for a given SUSY
mass scale. The overflow bin (other), which contains many principal processes,
including modes of colored and noncolored particle production, indicates a sur-
vival rate approximately equal to the exclusion rate.

The dominance is defined for each model point as the ratio of the cross section
of the principal process to the total SUSY production cross section at 8 TeV,
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dominance = 𝜎principal/𝜎total
8 TeV,

and is shown in Fig. 13 (right). Most values of the dominance are in the range
0.05–0.60. The excluded and nonexcluded values for the dominance are seen
to agree within the RMS of the distributions, indicating that the presence of
multiple event signatures within a single model hypothesis does not significantly
impact our ability to exclude such a model point.

Dedicated searches exist that correspond to some of the most frequent principal
processes, indicating areas where the SMS approach is likely well optimized.
For example, points with principal processes 1, ̃𝑞 ̃𝑞 → ( ̃𝑞 → 𝑞𝜒̃0

1), enjoy searches
that target these processes explicitly. A few principal processes have not been
explicitly targeted by the host of CMS SUSY searches, including processes 2,
𝜒̃±

1 𝜒̃0
1(𝜒̃±

1 → 𝑊 ±𝜒̃0
1), and 3, 𝜒̃±

1 𝜒̃0
2(𝜒̃ → 𝑉 /ℎ𝜒̃0

1), the asymmetric EW gaugino
production modes. New searches that target these or the other processes with
insufficient coverage may serve to broaden the overall sensitivity to the pMSSM.

Next, we characterize the nonexcluded model space by the predicted final states
to shed light on what signatures may serve to target the nonexcluded points in
Run 2. We define a set of loose baseline physics objects and event variables, at
the generator level, as follows:

• Leptons: electrons, muons, or taus having a transverse momentum 𝑝𝑇
greater than 5 GeV and an isolation less than 0.2. Here, isolation =
[∑𝑖 𝑝𝑖

𝑇 ]/𝑝𝑇 , where the sums run over all detector-visible particles 𝑖 within
a Δ𝑅 cone of 0.5 around the object, with Δ𝑅 = √(Δ𝜂)2 + (Δ𝜙)2, where
𝜂 is the pseudorapidity and 𝜙 is the azimuthal angle in radians.

• Jets: particles clustered with the anti-𝑘𝑇 jet algorithm [68] with distance
parameter 0.5. The jets are required to have a 𝑝𝑇 greater than 20 GeV.

• b-jets: jets matched to a b hadron within a Δ𝑅 of 0.5.
• 𝐸miss

𝑇 : the missing transverse energy, calculated as the magnitude of the
vector sum of the transverse momenta of visible particles with 𝑝𝑇 > 5
GeV.

• 𝐻𝑇 : the scalar sum of the 𝑝𝑇 of the jets with a 𝑝𝑇 > 50 GeV.

We use a parallel coordinates visualization technique that enables the display
of multiple dimensions. In Fig. 14 [Figure 14: see original paper], we show
nonexcluded points corresponding to the six selected principal processes (those
denoted by color in Fig. 14). Vertical axes are chosen to represent meaning-
ful properties of the model points, and each model point is represented as a
curved line traversing the plot from left to right, intersecting each axis at the
parameter value taken by the model point. The curvature of the lines is added
to help distinguish between similar pMSSM points, but the trajectories of the
lines between the axes do not carry physical information. A number of distinct
scenarios are seen to have survived the CMS analyses. A minimum threshold
of 20 fb has been applied to the 8 TeV signal cross sections to limit the scope
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to those points that could potentially still be probed with the Run 1 data set
using an expanded set of analyses and techniques.

The nonexcluded points associated with principal processes 1, ̃𝑞 ̃𝑞 → ( ̃𝑞 → 𝑞𝜒̃0
1),

are seen to give rise to large average 𝐸miss
𝑇 , jet multiplicities between 2 and

4, and moderate to low cross sections due to the large masses of the squarks.
Given the higher cross sections in Run 2, these high 𝐸miss

𝑇 scenarios will be-
come increasingly more accessible. Model points with principal processes 2,
𝜒̃±

1 𝜒̃0
1(𝜒̃±

1 → 𝑊 ±𝜒̃0
1), typically predict large cross sections, in the range between

100 fb and 1 pb, but a limited number of physical observables with discriminat-
ing power, primarily due to compression in the mass spectrum between the LSP
and the other EW gauginos. These points peak low in the average multiplicity
of jets, leptons, and in average 𝐸miss

𝑇 . They could potentially be probed with
searches that involve events with initial state radiation and soft boson decay
products that are aligned with the 𝐸miss

𝑇 .

Points with principal processes 3, 𝜒̃±
1 𝜒̃0

2(𝜒̃ → 𝑉 /ℎ𝜒̃0
1), tend to follow the trend

profiled by process 2, 𝜒̃±
1 𝜒̃0

1(𝜒̃±
1 → 𝑊 ±𝜒̃0

1), differing primarily in the lepton
multiplicity and, in the case of at least one lepton, in the average 𝑝𝑇 of the
highest-𝑝𝑇 lepton (leading lepton). The close resemblance of processes 10 and
2 is mostly due to the fact that the mass difference between the 𝜒̃±

1 and 𝜒̃0
1 is

frequently very small (less than 1 GeV), causing the ensuing off-shell W boson
of process 2 to produce undetectably soft objects.

Points with principal processes 5, ̃𝑔 ̃𝑔 → ( ̃𝑔 → 𝑞 ̄𝑞𝜒̃0
1), the most frequent modes

involving gluinos, are not highlighted in Fig. 14, since their frequency among
nonexcluded points is relatively small. We note that several of the nonexcluded
models with very light gluino masses (less than 700 GeV) correspond to principal
process 6, ̃𝑔 ̃𝑞 → ( ̃𝑔 → 𝑞 ̄𝑞𝜒̃0

1), with mass differences between the ̃𝑔 and LSP that
range around 100 GeV. Sensitivity to these model points may be possible by
considering final states with three or fewer jets and 𝐸miss

𝑇 thresholds that are
lower than typically applied.

Points with principal process 7, ̃𝑞 ̃𝑞 → ( ̃𝑞 → 𝑞𝜒̃±
1 → 𝑞𝑊 ±𝜒̃0

1)∗, do not display
distinct trends in the properties selected, which is partly due to these points
having a low dominance of around 0.1. Such model points have a diverse set of
secondary processes, which are not directly examined here.

A general observation about the model points in Fig. 14 is the significant anti-
correlation of observables, which manifests as the criss-crossing of lines between
the axes. For example, model points with very high average 𝐸miss

𝑇 tend to have
very low cross sections, and vice versa. This is a consequence of the fact that, no
significant excess of events having been observed in data, the surviving model
points are those with very few experimentally accessible observables; otherwise
they would have been excluded.

With over 50% of all nonexcluded points corresponding to cross sections of
greater than 10 fb, it is critical to further examine why these points were not
accessed in Run 1. We attempt to gain an understanding by further character-
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izing the signal, evaluating fiducial cross sections corresponding to a range of
final-state observables. The fiducial cross section 𝜎𝑓 of a final-state is defined
for each model point as 𝜎𝑓 = 𝜎tot

8 TeV × 𝐴, where 𝐴 is the acceptance times sig-
nal efficiency computed as the fraction of simulated signal events passing a set
of event-level criteria. We examine a set of final-state observables that loosely
correspond to trigger thresholds or signal regions of the examined searches. Fig-
ures 15-17 show the impact of adjusting various thresholds on the fiducial cross
sections of nonexcluded points.

Some principal processes can be associated with large fiducial cross sections,
depending on the final state considered. For example, points with mostly first-
generation squark production give rise to large fiducial cross sections for events
with high 𝐻𝑇 , resulting in Fig. 16 [Figure 16: see original paper] showing mostly
orange-colored points; and points with production involving EW gauginos give
rise to substantial fiducial cross sections for events with a high multiplicity of
soft leptons, which explains the unaccompanied blue and green lines in Fig. 17
[Figure 17: see original paper]. Somewhat striking is the behavior of the 𝐸miss

𝑇
fiducial cross section (Fig. 15 [Figure 15: see original paper]), which can increase
rapidly (by up to a factor of ten) as the threshold is relaxed from 200 to 100
GeV. It is apparent that many of the nonexcluded regions are not accessible
with thresholds of 200 GeV, a common criterion applied offline to achieve full
efficiency with the triggers. The fiducial cross section decreases noticeably as
the threshold is further increased from 200 to 300 GeV. Similar behavior is seen
for the 𝐻𝑇 fiducial cross section (Fig. 16). Fiducial cross sections are quite
large for these final states when a threshold of 300 GeV is applied, but fall off
substantially for higher thresholds.

Of course, a loosening of the object thresholds would increase the background
yield as well as signal yield. Thorough analysis of specific backgrounds will be
necessary to select optimal values for kinematic thresholds and other analysis
techniques to probe the most difficult points. However, the lesson that nonex-
cluded pMSSM models have large cross sections in background-rich kinematic
regions is an open invitation for the development of new techniques that improve
signal to background discrimination and background modeling.

6 Summary
The impact of a representative set of the 7 and 8 TeV CMS SUSY searches
on a potentially accessible subspace of the minimal supersymmetric standard
model (pMSSM) has been investigated. The subspace of the pMSSM is defined
by restricting the ranges of the 19 pMSSM parameters to values that are either
physically motivated or that correspond to models that are potentially accessible
in the long-term LHC program. An additional restriction is imposed that the
lightest chargino decay promptly or with a lifetime that leads to at most a
short decay length in the detector. The set of searches, taken individually
and in combination, include those with all-hadronic final states, like-sign and
opposite-sign charged leptons, and multiple leptons in configurations sensitive
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to electroweak production of superpartner particles. They are found to exclude
all analyzed pMSSM points with a gluino mass less than 500 GeV, and 98% of
scenarios in which the lightest colored supersymmetric particle is less than 300
GeV. While the sensitivity of searches to top squarks extends up to 𝑚 ̃𝑡1 ≈ 700
GeV, the overall impact on the top squark mass is small because the region
of highest sensitivity, 𝑚 ̃𝑡1 ≲ 500 GeV, is already suppressed by the results of
previous experiments, such as the measurement of the 𝑏 → 𝑠𝛾 branching fraction.
Neutralino and chargino masses less than 300 GeV are significantly disfavored,
but not ruled out, by the CMS data. Measurements of the Higgs boson mass
and signal strengths are included in this study, but add little to the model
constraints.

Approximately half of this potentially-accessible subspace of the pMSSM is ex-
cluded by the CMS data. Of the surviving points, about half have cross sections
greater than 10 fb, and some have cross sections greater than 1 pb. Most high
cross section points correspond to electroweak gaugino production with mass
splittings between the second-lightest and the lightest SUSY particle less than
3 GeV. Nonexcluded model points with low-mass gluinos correspond to pro-
cesses involving intermediate electroweak gauginos that are nearly degenerate
with the lightest SUSY particle. The surviving points evade the experimental
constraints largely because they overlap with the kinematical parameter space
of more copiously produced standard model processes. Some of these may be
probed by future searches that target the nonexcluded processes detailed in
Section 5, benefiting as well from the higher energy and luminosity of the LHC.
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