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1 Introduction

Supersymmetry, or SUSY [1-6], is a popular candidate for physics beyond the Standard
Model. It provides an elegant solution to the hierarchy problem, which, in the Standard
Model, demands high levels of fine tuning to counteract large quantum corrections to
the mass of the Higgs boson [7—10]. R-parity-conserving supersymmetric models can also
provide a candidate for dark matter, in the form of the lightest supersymmetric particle
(LSP) [11, 12].

The ATLAS and CMS experiments performed a large number of searches for SUSY
during Run-1 of the LHC and, in the absence of a significant excess in any channel, exclusion
limits on the masses of SUSY particles (sparticles) were calculated in numerous scenarios,
usually in the context of the minimal supersymmetric Standard Model (MSSM) [13, 14].
These scenarios include “high-scale” SUSY models such as mSUGRA [15-17] or GMSB [18-
20], both of which specify a particular SUSY-breaking mechanism. Most searches also
considered specific “simplified models”, which attempt to capture the behaviour of a small
number of kinematically accessible SUSY particles, often through considering one particular
SUSY production process with a fixed decay chain.

Although the high-scale and simplified model exclusions provide an easily interpretable
picture of the sensitivity of analyses to specific areas of parameter space, they are far from



a full exploration of the MSSM, which contains about 120 free parameters. The number of
parameters is reduced if the phenomenological MSSM (pMSSM) is considered instead. It is
based on the most general CP-conserving MSSM, with R-parity conservation, and minimal
flavour violation [21, 22]. In addition, the first two generations of sfermions are required
to be degenerate and have negligible Yukawa couplings. This leaves 19 independent weak-
scale parameters to be considered: ten sfermion masses (five for the degenerate first two
generations and five for the third generation), three trilinear couplings A ;; which give the
couplings between the Higgs field and the third-generation sfermions, the bino, wino and
gluino mass parameters M o 3, the higgsino mass parameter j, the ratio of the vacuum ex-
pectation values of the Higgs fields tan 8, and the mass of the pseudoscalar Higgs boson m 4.

The model considered here, henceforth referred to as EWKH, is described by only five
parameters: My, My, p, and tan S to define the gaugino-higgsino sector, and m4 to define
the Higgs sector. Both sectors are defined at tree level. The coloured SUSY particles and
sleptons are assumed to be heavy such that they do not impact the phenomenology. This
model is well motivated from a dark matter perspective since the dark matter candidate
of the MSSM is the lightest neutralino whose properties are fully specified by these five
parameters. These parameters therefore also determine the relic density of the neutralino
for much of the pMSSM parameter space, i.e. if coannihilations with slepton, squarks and
gluinos are neglected.

An interpretation of the Run-1 SUSY searches in pMSSM models may be found in the
literature (for instance refs. [23-25]). In particular, ATLAS has previously performed a
study using about 300000 pMSSM model points [26]. In that work, all 19 of the pMSSM
parameters were varied and the strongest direct constraints on sparticle production were
obtained in searches for squarks and gluinos. In this article, attention is restricted to a
five-dimensional (5D) sub-space of the pMSSM in order to assess the impact of the ATLAS
Run-1 searches (using 20 fb~! of data at /s = 8TeV) specifically on the electroweak produc-
tion of SUSY particles, and the corresponding constraints on dark matter. This provides a
study complementary to that in ref. [26] by decoupling strong-interaction production pro-
cesses from the phenomenology, and thus allows more extensive exploration of the regions
of parameter space relevant to electroweak production. The scanning strategy used to
select models is also different to ref. [26], where models were sampled from uniform distri-
butions in the pMSSM parameters, and then required to satisfy a variety of experimental
constraints. In this study, an “initial likelihood scan” is performed to select models, using
constraints from direct dark matter searches, precision electroweak measurements, flavour-
physics results, previous collider searches, and the ATLAS Higgs boson mass measurement.

The impact of the ATLAS searches in different regions of parameter space is estab-
lished by considering the number of models selected by the initial likelihood scan that are
excluded by the ATLAS electroweak SUSY searches. Exclusion limits are calculated using
the CLg technique [27]. Both particle-level! and reconstruction-level information is used to
calculate the CLg values (see section 4), where the reconstruction-level information makes

!Particle-level information constructs observables using the stable particles from MC generators, which
account for the majority of interactions with the detector material [28].



use of the ATLAS detector simulation, data-driven background estimations, and systematic
uncertainties and their correlations. The CL; calculations invoke the simplifying assump-
tion that the reconstruction of events selected at particle level can be parameterised using
an average efficiency factor that does not depend on the details of the SUSY model. The
reconstruction-level information can then be used to directly map particle-level results to
CL;s values. This “calibration procedure” significantly reduces the computational load of
the analysis and accounts, on average, for the acceptance and efficiency across the ensemble
of models.

2 ATLAS searches

Four ATLAS Run-1 SUSY searches that target electroweak SUSY production are consid-
ered, as listed in table 1. Their combined impact on simplified models of electroweak sparti-
cle production, as well as selected pMSSM and high-scale models, is summarised in ref. [29].

The 2¢ analysis [30] targets (-pair production and >~<T>~<1_ production (where ﬁ: decays
via sleptons) with three signal regions, looking for an excess of events with ete™, u*tu~
or e*uT and high stransverse mass (mT2) [31, 32]. Three additional signal regions target
the more difficult scenario of >21+>ZI production where the charginos decay via W bosons.
Finally, a seventh signal region requiring an opposite-sign light-lepton pair (eTe™, u™u™)
with an invariant mass consistent with a Z boson and an additional pair of jets is used to
target X%XS production where the chargino decays via a W boson and the neutralino decays
via a Z boson. The 27 analysis [33] uses four signal regions to search for 7-pair, )fo(f and
Xffc% production, where the charginos and neutralinos decay via third-generation sleptons.
Events with a pair of opposite-sign hadronically decaying 7-leptons (7,,q) and large my9 are
selected for the search. The 3¢ analysis [34] searches for weakly interacting SUSY particles
in events with three light leptons (e/u), two light leptons and one 7,4, or one light lepton
and two Tpaq. Twenty-four signal regions are defined to target >21i>28 production, where
charginos and neutralinos decay via sleptons, staus, or the SM bosons W, Z and h. The
4¢ analysis [35] searches for higgsino-like X9X3 production, where the neutralinos decay via
sleptons, staus or Z bosons. Nine signal regions are used to select events with large missing
transverse momentum (whose magnitude is denoted as EX%) and four light leptons, three
light leptons and one T,,q, or two light leptons and two 7y,,4.

Although this article is restricted to these four analyses, other SUSY searches could
provide sensitivity in some regions of the parameter space considered in this article. For
example, the ATLAS disappearing-track analysis [36] targets direct long-lived charginos
with proper lifetimes O(1ns) so it could have sensitivity to compressed models where the
mass difference of the lightest chargino and the LSP is much less than 1GeV. Consideration
of this analysis is beyond the scope of this article. Furthermore, the ATLAS monojet
search [37] targets pair-produced dark matter particles but makes no assumption of an
underlying supersymmetric theory. These results do not yet have sensitivity to direct
electroweak SUSY production so is not considered further in this analysis.



Analysis Target production processes
20 [30]  XiXi, X X9, 00

or [33)  XiXi, XiX3, 77

3034  XiXY

40 (35)  X9%3

Table 1. ATLAS electroweak SUSY searches re-interpreted in the pMSSM for this article.

3 Theoretical framework

The theoretical SUSY framework used in this article is an effective model of the electroweak
gauginos, higgsinos and the Higgs sector of the MSSM, collectively labelled EWKH. The
model is described by five parameters, where four of them define the gaugino-higgsino
sector at tree level (M, My, p, and tan 3), and m4 is added to define the Higgs sector at
tree level. The other soft sparticle masses are large to ensure that the sfermions and gluinos
are decoupled from the effective theory, while the trilinear couplings are not constrained.
The specific values used are 5TeV for the sfermion soft-masses, 4TeV for the gluino mass
and 0.1TeV for the trilinear couplings.

When scanning in this framework, a Bayesian prior distribution for these parameters
is used as a device to concentrate the parameter scan in certain regions of parameter
space. T'wo different prior distributions are adopted: “flat priors” are uniform in all model
parameters, while “log priors” are uniform in the logarithm of all model parameters, except
for tan 8, for which a uniform prior is used for both sets. Flat priors tend to concentrate
sampling towards large values of the parameters (as most of volume of the prior lies there),
while log priors concentrate their scan in the lower mass (< 1TeV) region (since this metric
gives every decade in the parameter values the same a priori probability). The posterior
samples resulting from the flat and log prior scans are then merged to achieve a reliable
mapping of the (prior-independent) profile likelihood function, as advocated in ref. [38].
Table 2 displays both of the priors used and their ranges.? The specific ranges are chosen
because they contain the interesting dark matter phenomenology.

The profile likelihood maps obtained from merging the samples gathered with both
priors explore in detail both the low-mass and the high-mass regions, for a more thorough
scanning of the entire parameter space.

3.1 Scanning strategy

A Bayesian approach is adopted for sampling the EWKH parameter space, and the sen-
sitivity of the ATLAS SUSY electroweak analyses is calculated for the resulting posterior
samples. This “initial likelihood scan” is driven by the likelihood defined in section 3.2,
which is a function of the five pMSSM model parameters and additional nuisance param-

2For parameters that span both negative and positive numbers the log prior is actually a piecewise
function in order to be invertible. The log parameter @, is mapped onto the linear, physical, parameter 9;
as follows: if |0} > log;, e then 6; = sign(6;)10!%!, otherwise 8; = 0}/ log,, e.



Flat priors Log priors
M [TeV] (—4,4) | sign(Mi)logy|M1|/GeV  (—3.6,3.6)
M, [TeV] (0.01,4) | log,o Ma/GeV (1,3.6)
p(TeV]  (=4,4) | sign(u)logy |p|/GeV (—3.6,3.6)
( (1,
( (

ma [TeV] (0.01,4) | log;yma/GeV 1,3.6)
tan 3 2,62) | tanp 2,62)

Table 2. EWKH parameters used in the initial likelihood scan and the prior ranges for the two
prior choices adopted. “Flat priors” are uniform in the parameter itself within the indicated ranges,
while “log priors” are uniform in the logarithm of the parameter within the indicated ranges. The
physical ranges for both priors are identical for both the “flat” and “log” priors.

eters. The dimensionality of the likelihood can be reduced to one or two parameters by
maximising the likelihood function over the remaining parameters. The resulting function
is called the profile likelihood.

For example, for a single parameter of interest #; and other undesired parameters
U ={6,...,0;—1,0i11,...,0,} the 1D profile likelihood is defined as:

£(6:) = max £(6;, V) = L(0. ), (3.1)

where £(6;,¥) is the likelihood function and ¥ is the conditional maximum likelihood
estimate (MLE) of ¥ for a given ;.

Confidence intervals/regions from the resulting 1D /2D profile likelihood maps are de-
termined by adopting the usual Neyman construction with the profile likelihood ratio A(6;)
as the test statistic:

= 2 (3.2)

where éz and ¥ are the unconditional MLEs.

Intervals, or regions, corresponding to 68%, 95% and 99% CL can be estimated by
assuming —2In \(6;) is x2-distributed which is motivated by Wilks’ theorem [39]. This
test statistic is used to select the models of interest in this analysis. For each of the
final distributions in section 5 the models included are those within the 95% confidence
interval /region of the profile likelihood.

The software used to sample the parameter space is SuperBayeS-v2.0, which is in-
terfaced with the publicly available code MultiNest v2.18 [40, 41], an implementation of
the nested sampling algorithm [42]. This is an updated and improved version of the pub-
licly available SuperBayeS scanning package [43, 44]. This Bayesian algorithm, originally
designed to compute a model’s likelihood and to accurately map out the posterior distri-
bution, can also reliably evaluate the profile likelihood, given appropriate settings [38].

SuperBayeS-v2.0 is interfaced with the following programs: SOFTSUSY 3.3.10 [45,
46] for SUSY spectrum calculations; MICROMEGAS 2.4 [47, 48] to compute the abundance
of dark matter; DARKSUSY 5.0.5 [49, 50] for the computation of U)S‘(EV, the spin-independent



Standard Model Hadronic

my [GeV] 172.99 £ 0.91 [56] | fr, 0.0457 +0.0065 [57]

my(my)MS [GeV]  4.18 +0.03 58] | fr, 0.0457 £0.0065 [57]

apm(mz) M5 T 197944 4 0.014 58] | fr, 0.043£0.011  [59]

ag(mz)MS 0.1185 4 0.0006 [58] | A, 0.787£0.158  [60]

Astrophysical Ay —0.319+0.066 [60]

Ploc [GeVem™] 0.4 +0.1 [61] | Ay —0.020+0.011 [60]
v [kms™] 230.0 = 30.0 [61]

Table 3. Standard Model, astrophysical and hadronic parameters used in the analysis. The
standard deviation gives the scale of the uncertainty in each (although this is not used in the
analysis except in the case of m;). The astrophysical quantities are the local dark matter density,
Ploc, and the velocity of the Sun relative to the Galactic rest frame vg. For the dark matter velocity
distribution the so-called Maxwellian distribution is used. The velocity dispersion is assumed to
be vq = m ve. The hadronic matrix elements, fr,, fr, and fr, parameterise the contributions
of the light quarks to the proton composition for spin-independent cross-section while A, Ay and
Ag the contributions of the light quarks to the total proton spin for the spin-dependent neutralino-
proton scattering cross-section.

SD
xp

tering cross-section; SUPERISO 3.0 [51, 52] to compute flavour-physics observables; and
SusyBSG 1.6 [53, 54] for the determination of BR(B — Xgv). For the computation of the
electroweak precision observables described below, the complete one-loop corrections and

(SI) Xi-nucleon scattering cross-section, and %, the spin-dependent (SD) )Z?-proton scat-

the available MSSM two-loop corrections have been implemented, as have the full Standard
Model results [55].

Uncertainties in the measured value of the top quark mass, m; = 172.99+0.91GeV [56],
can have a significant impact on the results of SUSY analyses. Therefore m; is included
as a nuisance parameter in the scans, with a Gaussian prior, in addition to the model
parameters described above. Uncertainties in other Standard Model parameters, as well
as astrophysical and nuclear physics quantities that enter the likelihood for the direct-
detection experiments (described in section 4), have a very limited impact on the scan.
Thus to limit the dimensionality of the parameter space considered, these other nuisance
parameters are fixed in the analysis. The values used for all Standard Model, astrophysical
and hadronic parameters are shown in table 3.

3.2 Experimental constraints in the initial likelihood scan

A set of existing experimental constraints is used in the initial likelihood scan over the
5D pMSSM to select the models in which to consider the impact of the ATLAS SUSY
searches. They are implemented with a joint likelihood function, whose logarithm takes

the following form:

In Lyoing = In LEgw + In Lp + In ’CQth +InLpp + In »CHiggs +InLl (3.3)

LEP-Xi>



Observable Mean value Standard deviation Ref.
Experimental Theoretical

my [GeV] 80.385  0.015 0.01 [62]
sin?g.P" 0.23153  0.00016 0.00010 [63]
I'z [GeV] 2.4952  0.0023 0.001 [64]
v [GeV] 0.499  0.0015 0.001 [62]
o} [nb] 41.540  0.037 — [64]
RY 20.767  0.025 — [64]
R 0.21629  0.00066 — [64]
RO 0.1721  0.003 — [64]
BR(B — Xv) x 10* 3.55 0.26 0.30 [62]
% 1.62 0.57 — [65]
BR(B? — p*u~) x 10° 2.9 1.1 0.38 [66]
O, h? 0.1186  0.0031 0.012 [67]
my, [GeV] 125.36 0.41 2.0 [68]

Limit Ref.
my vs. oy XENON100 2012 (224.6 x 34 kg days) [69]
my vs. o3 XENON100 2012 (224.6 x 34 kg days) [70]
my vs. oy LUX 2013 (118 x 85.3 kg days) [71]
Chargino mass LEP2 [62]

Table 4. Summary of experimental constraints that are used in the likelihood. Upper part:

measured observables, modelled with a Gaussian likelihood with the standard deviation (o2 4-72)'/2

where o is the experimental and 7 the theoretical uncertainty. Lower part: observables for which
only limits currently exist. U>S<£V and Ui? denote spin-independent and spin-dependent LSP-nucleon
scattering cross-sections respectively. See text for further information about the explicit form of
the likelihood function. All the observables are described in section 3.

where Lpw represents electroweak precision observables, L5 B-physics constraints, £QX h2
measurements of the cosmological dark matter relic density, Lpp direct dark matter detec-
tion constraints, Liggs the ATLAS measurement of the Higgs boson mass, and ﬁLEP-Scli
the LEP2 limit on the chargino mass.

Table 4 shows the set of experimental constraints used in the analysis. Their imple-
mentation is summarised below.

The constraints on the electroweak precision observables are obtained from Z-pole mea-
surements at LEP [64], and include the constraint on the effective electroweak mixing angle
for leptons sin%ﬁ{ft, the total width of the Z boson I'z, the invisible Z boson width F%W, the
hadronic pole cross-section agad, as well as the decay width ratios RY, Rg and R?. The com-
bined Tevatron and LEP W boson mass (myy) estimate [62] is also included. The B-physics



constraints include a number of world averages obtained by the Heavy Flavour Averaging
Group, including the branching fraction BR(B — X,7) and the ratio of the branching frac-
tion of the decay B, — 7v to its branching fraction predicted in the Standard Model [62].
Finally, the measurement of the rare decay branching fraction BR(B? — u*p™) from the
LHCb experiment at the LHC is used [66]. At the time of the initial likelihood scan a
compatible measurement from CMS [72] was also available. Either of these measurements
could have been used without changing the results, and the LHCb value was chosen due to
chronological precedence. A combination of the CMS and LHCb measurements was later
published [73] after the initial model selection for this work had been performed. The results
from the combination are compatible with the LHCb value and would not have a notice-
able impact on the final results. The electroweak precision and B-physics constraints are
applied as Gaussian likelihoods with means and standard deviations as indicated in table 4.

For the cosmological constraints the Planck Collaboration’s constraint on the dark
matter relic abundance is used, as this is the most accurate value available. The constraint
is implemented differently depending on the proportion of dark matter attributed to neu-
tralinos. If the neutralino were to make up all of the dark matter in the universe, the result
from Planck temperature and lensing data, Qxh2 = (0.1186 + 0.0031, would be applied
as a Gaussian likelihood [67]. But here, the neutralino is allowed to be a sub-dominant
dark matter component, and the Planck relic density measurement is instead applied as
an upper limit. The effective likelihood for the upper limit, taking into account the error,
is given by the expression

oo
Lo p2 = Eo/ e_%(:‘_r*)zx_lda}, (3.4)
Qyh?/oplanck

as derived in the appendix of ref. [74]. Ly is an irrelevant normalisation constant, r, =
KPlanck/OPlanck, and Qxh2 is the predicted relic density of neutralinos as a function of
the model parameters. Here pupranck refers to the value of QXhQ inferred by the Planck
Collaboration and opianck to its uncertainty. Both numbers are given in table 4. A fixed
theoretical uncertainty, 7 = 0.012, is also added in quadrature to the experimental error,
in order to account for the numerical uncertainties entering in the calculation of the relic
density from the SUSY parameters.

When neutralinos are not the only constituent of dark matter, the rate of events in a
direct-detection experiment is proportionally smaller, as the local neutralino density, p,, is
now smaller than the total local dark matter density, ppy. The suppression is given by the
factor & = p,/ppm. Following ref. [75], the ratio of local neutralino density to total dark
matter densities is assumed to be equal to that for the cosmic abundances, thus a scaling
ansatz is adopted:

P
poM Ooum’

§

(3.5)

For Qp, the central value measured by the Planck Collaboration, Qpyh? = 0.1186, is
used [67].

The direct-detection constraint uses the recent results from XENON100, with 225
live days of data collected between February 2011 and March 2012 with a 34 kg fiducial



volume [69]. The treatment of XENONI100 data is described in detail in ref. [76]. The
likelihood function is built as a Poisson distribution for observing N recoil events when
N;(©) signal plus Ny, background events are expected. The expected number of background
events the XENON100 run is Ny, = 1.040.2, while the collaboration reported N = 2 events
observed in the pre-defined signal region. An updated version of the likelihood function
described in refs. [76, 77] is used. For the spin-independent cross section, the LUX data
from 85.3 live-days with a fiducial volume of 118 kg [71] is used, as this result became
available in time to be included in the analysis. The LUX limit was included using the
likelihood computed by the LUXCalc package [78]. The likelihood is constructed from a
Poisson distribution in which the numbers of observed and background events are 1 and
0.64, respectively. Improved spin-independent [79, 80] and new spin-dependent [81] limits
have in the meantime been published by LUX, but have not been included in this work as
they became available as this analysis was being finalized. Such limits are not expected to
lead to significantly different results for this analysis.

For the implementation of the Higgs boson likelihood the most recent measurement
by the ATLAS experiment of the mass of the Higgs boson is used, m; = 125.36 £ 0.37 £
0.18GeV, where the first error is statistical and the second error is systematic [68]. This
is fully compatible with the most recent CMS measurement [82]. A theoretical error of
2GeV [83] is added in quadrature to the quoted uncertainties. The observed upper limit
of 0.23 on the branching fraction for Higgs boson decays into invisible particles [84] (e.g.
v, f(?) is not included. Including this bound would exclude at the 95% confidence level
(CL) 5% of models surviving the initial likelihood scan, and 8% of those remaining after
the electroweak SUSY analysis constraints have been applied.

Finally, the likelihood associated with the m()%li) constraint from LEP2 data is taken
from equation (3.5) of ref. [85], where an experimental lower bound of 92.4GeV [62] and a
theoretical uncertainty of 5% from the SOFTSUSY 3.3.10 prediction of the spectrum is

assumed.

3.3 Phenomenology of the LSP

As mentioned in section 3.1, the results of the likelihood scan are used to select models upon
which to consider the sensitivity of the electroweak SUSY searches. Figure 1 displays the
LSP composition of those models within the 95% CL 2D contours, and their distribution
in the X! versus Xli mass plane. The colours encode the XY composition of the models.
Three distinct regions are seen, which correspond to different mechanisms to enhance the
annihilation cross-section and thus avoid having a cosmological relic density larger than
observed. There is the so-called Z-funnel region, where the LSP mass is close to 45GeV
and it is mostly bino-like. In this case, the annihilation rate is proportional to the higgsino
fraction of the X1. The region centred on m()Z(f) ~ 60GeV corresponds to a X1 that
annihilates through a mechanism similar to that in the Z-funnel but involving the lightest
Higgs boson instead. This is the so-called h-funnel, and the annihilation rate is proportional
to the higgsino fraction as well as the combined bino and wino fraction. In each funnel,
the X! annihilation rate is enhanced due to a pole in the propagator (2m(>2(1)) ~ mg
or my, respectively) and thus the Planck constraint can be satisfied. Finally, there is a
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Figure 1. Scatter plot of models in the m(f(?) Vs. m()?li) plane with the colour encoding which
category of X3 composition the model belongs to. The XY is defined as bino-like (E—like)7 wino-like
(W-like) or higgsino-like (H-like) if the relevant fraction is at least 80%. A mixed XY has at least
20% of each denoted component and < 20% of any other component. The models considered are
all within the 95% confidence region found using the initial likelihood scan.

compressed region, where m(f((l)) ~ m(f(li) Here, the LSP composition is less constrained
— in particular, higgsino-like and wino-like states are likely, as well as wino-higgsino mixed
states. Some model points with m(f([l)) 2 200GeV have a non-compressed spectrum and a
nearly pure bino-like LSP. These correspond to the so-called A-funnel region, where dark
matter annihilates through the pseudoscalar Higgs boson pole.

4 Signal simulation and evaluation of ATLAS constraints

Constraints from ATLAS SUSY searches are imposed on the 570599 models generated in
the initial likelihood scan by generating and simulating events from a subset of these mod-
els. The models are split into three categories: those considered to be already excluded by
pre-existing constraints and having a X! lighter than 1TeV (108 740 models); those where
the considered analyses are assumed to be insensitive without performing a detailed anal-
ysis (134624 models); and those that are simulated to assess the impact of the searches in
table 1 (326 951 models).

The pre-existing constraint defining the first category of models is the LEP2 limit on
the mass of the lightest chargino, m(>21i) > 92.4GeV. The second category, consisting
of models for which the considered searches are not expected to have any sensitivity, is
defined by estimating the total production cross-section for SUSY particle production,
using PROSPINO2 [86-90]. The searches are not optimised for detecting the decay products
of sparticles very close in mass to the LSP, and therefore a process pp — X;x; is only
included in the cross-section calculation if Am(x;, LSP) or Am(x;,LSP) is greater than

~10 -



5GeV. Models with a total cross-section for all considered electroweak SUSY production
processes below 0.25 fb are placed in the second category and not processed further at this
stage. They are, however, included as unexcluded models in section 5.

The remaining 326 951 models, in the third category, are simulated at particle level
using MADGRAPH 1.5.12 [91] with the CTEQ 6L1 parton density function set [92] and
PyTHIA 6.427 [93] with the AUET2B [94] set of tuned parameters. MADGRAPH is used
to generate the initial pair of sparticles and up to one additional parton, while PYTHIA is
used for all sparticle decays and parton showering. TAUOLA [95] and PHOTOS [96] are used
to handle the decays of 7-leptons and the final-state radiation of photons, respectively.
Expected signal region yields are calculated for each of the four considered analyses using
these simulated events.

To avoid the computational cost of processing every model with the ATLAS detector
simulation, a “calibration procedure” is used to extract CLg values for the models using
the particle-level signal region yields described above. Of the 326 951 simulated models, a
random sample of 500 models was selected and processed using a fast GEANT4-based [97]
simulation of the ATLAS detector, with a parameterisation of the performance of the
ATLAS electromagnetic and hadronic calorimeters [98] and full event reconstruction. The
selected models follow approximately the initial likelihood scan and thus span the relevant
parameter space. The number of events generated for each of these models corresponds to
approximately four times the recorded integrated luminosity collected at /s = 8 TeV, i.e.
80 fb~!. For these simulated models, signal cross-sections are calculated at next-to-leading
(NLO) order in the strong coupling constant using PROSPINO2 [88]. These cross-sections are
in agreement with the NLO calculations matched to resummation at the next-to-leading-
logarithmic accuracy (NLO+NLL) within ~ 2% [99-101]. The nominal cross-section and
the uncertainty are taken from an envelope of cross-section predictions using different
parton distribution function sets and factorisation and renormalisation scales, as described
in ref. [102].

These 500 models are then analysed using the full statistical framework [103] of the orig-
inal ATLAS electroweak SUSY analyses and a CL; value is calculated for each of them. One
difference with respect to the published analyses is that signal regions that would normally
be statistically combined in the likelihood fit are now treated as separate signal regions, and
CL; values are calculated for each region. Similarly, for binned signal regions each bin is
treated separately. The results from the 500 models are used to fit a “calibration function”
between the particle-level yields and the CLg values for each signal region. This accounts
for the SM background prediction in each signal region, together with the observed data.
There is one remaining free parameter, which roughly corresponds to the average selection
efficiency for SUSY events that pass the particle-level selection. Only those signal regions
where the average efficiency could be determined with a statistical precision of better than
20% are considered in the final analysis. In addition, it is required that at least one of the
500 models is excluded, with expected and observed CLg < 0.05. Of the original 44 signal
regions, 25 pass these requirements. The 19 rejected signal regions typically have a low ac-
ceptance for the EWKH models, due to either very stringent kinematic criteria, or a require-
ment for T,,q candidates, which have a low yield in the EWKH models considered, due to
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the very high mass of the stau. The real selection efficiency varies from model to model, and
the calibration procedure therefore can only gives accurate results when averaged over many
models. No additional systematic uncertainty for model-to-model variations is applied.

This simplified method provides an efficient way to calculate the impact of the elec-
troweak searches and the calibration functions are used to extract CLg values for all 326 951
considered models. The best constraints on any signal model would be obtained from a
statistical combination of all relevant signal regions; however, this is not possible with this
simplified approach so instead a conservative approach is used where the CLg value is taken
from the signal region with the smallest expected CLg value.

5 Impact of the ATLAS electroweak SUSY searches

In this section the impact of the ATLAS electroweak SUSY searches is discussed in terms
of 1D and 2D distributions. The models considered for each distribution are those within
the 95% confidence region according to the initial likelihood scan outlined in section 3.
There are 438 589 and 472933 such models in the 1D and 2D case, respectively.

A model is considered to be excluded by the ATLAS electroweak SUSY searches if
the observed CL; value, calculated as explained in section 4, is less than 0.05. For the 1D
distributions in this section, stacked plots are used to indicate the contributions of the 2/,
3¢ and 4/ searches. The 27 search is found to be insensitive, relative to the other searches,
due to the lack of light staus in these models. Signal regions of the 3¢ and 4¢ searches that
require T,,q candidates are similarly insensitive to these models. If more than one search
can exclude a model, the one with the smallest expected CL; value is chosen, following the
procedure in section 4. For the 2D plots the colours represents the fraction of models which
are excluded by ATLAS data at 95% CL. In all of the distributions the fractions displayed
correspond to the proportion of models excluded for a given bin in the parameter space.

Of the 472933 models within the two-dimensional 95% CL bound before the ATLAS
electroweak SUSY analyses are considered, approximately 3% are excluded by the searches
considered (listed in table 1). The 3¢ search is the most powerful of the four analyses
across these models, having the signal region with the lowest expected CLg for 63.3% of
the excluded models. The high sensitivity of this search is largely due to a signal region
that is binned in kinematic quantities such as the dilepton invariant mass and E%“iss (the
signal region is called SRO7a in ref. [34]). The 20 bins of SROTa are treated here as 20
individual signal regions, the most powerful of which (for these models) is bin 16, requiring
a Z boson candidate and stringent lower limits on the transverse mass (m) and ERSS,
The 2¢ and 4/ searches exclude smaller fractions of models, although they have areas of
unique sensitivity, as discussed below.

5.1 Impact on the electroweakino masses

The fractions of models excluded as a function of m(f((f), m(ﬁc), and m(f(g) are shown as
2D and 1D distributions in figures 2 and 3, respectively. Areas where no models survive the
initial likelihood scan are left white in figure 2 and figure 3. For example, chargino masses
below 100GeV are strongly disfavoured due to the LEP2 constraint, which also impacts the
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range of X9 masses that can be considered. The Z- and h-funnel regions are also clearly
visible in both figures 2(a) and 3(a).

These results show that the considered searches effectively constrain the Z- and h-
funnel regions of the parameter space, with the greatest impact when m()Zli) < 300GeV.
In this scenario the leptons produced in the decay of the produced electroweakinos to the
LSP have a large signal acceptance, and the production cross-section of wino- and higgsino-
like particles can reach O(pb) with these masses. The searches have a negligible impact in
the compressed region where m(f((l)) ~ m(ﬁc), since the reconstruction efficiency of low-pr
leptons (pr < 5GeV) is small.

Overall, the results are dominated by the 3¢ search, as explained above. The 4/
search is uniquely sensitive to a small fraction of models in a particular region of the pa-
rameter space where all of the electroweakinos have masses smaller than approximately
300GeV. These models also have a particular pattern of wino/higgsino mixing that es-
pecially favours the SR0Z signal region, which requires a Z candidate and significant
E%liss [35]. The signal process pp — >28>~<§ — 2X12X} was already considered in the 4/
search paper as a simplified model; however, the relatively light (m < 300GeV) wino-
like 922 and )Z;E particles supplement the search sensitivity via long cascades such as
X3 Xa — (Z)NCT)(WﬂZg) — (ZWHX) (W= 2ZXY). The 2¢ search is mainly used to exclude
models with extremely light higgsino-like particles (m(ﬁ, X9) ~ 100-130GeV), with a bino-
like LSP in the Z- or h-funnel region. The exclusion power arises mostly from the signal
region SR-WWa, which is optimised for processes such as pp — XTXT — (W+*>Z(1))(W_*>Z(1))
where m(ﬁ[) - m(f((f) < myw [30]. The wino-like electroweakinos are usually significantly
more massive (m(f(g, X2 ) 2 300GeV), such that the search is mainly sensitive to X1 X7,
)ng(f and X%X? pair production.

Comparing figures 2(b) and 3(c) shows that these searches are in general only sensitive
to models where the X5 mass is smaller than about 300GeV. The proportion of excluded
models approaches 30% in the best case, for m(f(g) ~ 120GeV. This subset of models
corresponds most closely to the canonical signature targeted by the 2¢, 3¢ and 4¢ searches,
where wino- or higgsino-like particles decay to a bino-like LSP and either a W or Z boson
(which may be off-shell). These searches are expected to be less sensitive in the case where
the >23 and X7 masses are not degenerate, as seen in figure 2(b). Then, even if the ﬁ[
is accessible, typically this implies that it and the LSP are both mostly wino-like, with a
very small mass difference that prevents detection by the considered analyses. The ATLAS
search for disappearing tracks [36] targets this kind of signature, in the case where the mass
difference is small enough that the >~<1i can traverse a significant portion of the detector
before it decays (Am < 200MeV). A full consideration of this search would lead to further
constraints in this part of the parameter space as shown in ref. [26].

5.2 Impact on the EWKH model parameters

Figures 4 and 5 display the fraction of models excluded for the five EWKH parameters:
My, Ms, i, ma and tan 3. As before, regions of the parameter space are visible where
no models are allowed. For example, there are no models with M5 or |u| less than 80GeV
due to the LEP2 constraint on the X; mass. The measured value of BR(B? — ptpu™) is
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Figure 2. The bin-by-bin fraction of models excluded as a 2D function of sparticle masses. The
colour encodes the fraction of models excluded. The models considered are all within the 2D 95%
confidence region found using the initial likelihood scan. No such models are in the white regions,
and therefore the coloured bins indicate the 95% CL contours for the initial likelihood scan.

compatible with the Standard Model prediction, disfavouring the region with m 4 < 500GeV
in figure 5(d) as contributions to that process typically scale as ~ tan® 3 /mi Finally,
values of tan 8 2 10 (figure 5(e)) are strongly favoured because the tree-level contribution
to the Higgs boson mass is maximised.

As seen in figures 4 and 5(a)-5(c), the considered searches have the strongest impact
when |M;|, Ms and |p| are all small (< 1TeV), where the SUSY particle production cross-
section is large. The searches have the strongest impact where the XY is light and bino-like;
approximately 86% of models with |M;| < 85GeV are excluded, which corresponds to the re-
gion m(f(?) < 65GeV in figure 3. The impact on Ms and p is less severe, where the excluded
fraction peaks at about 4%. In the case of Ms, a small number of models with My > 1TeV
are excluded, corresponding to models with a light higgsino spectrum and a bino-like LSP.

The considered searches can only provide indirect constraints on the remaining model
parameters, m4 and tan /3. Therefore, the features in figures 5(d) and 5(e) are driven
by the properties of models with a low-mass LSP in the Z- or h-funnel. Although the
pseudoscalar boson does not enter directly into the phenomenology of the considered elec-
troweak searches, the proportion of excluded models is greatest for values of m4 below
1TeV, while the excluded models span a wide range of tan 3 between about 20 and 50.

5.3 Impact on dark matter observables

Finally, the impact of the considered electroweak searches in several 2D parameter spaces
relevant to dark matter phenomenology is shown in figure 6. Figure 6(a) shows the fraction
of models excluded in the X! relic abundance versus Xi mass plane. The Z- and h-funnel
regions can again be clearly seen. The exclusion power of the considered searches depends
only weakly upon the relic density, which can be as small as ~ 102 depending on the
higgsino component of the LSP and thus the efficiency of the s-channel annihilation.
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Figure 3. The number of models sampled by the initial likelihood scan, and the stacked bin-by-
bin number of models excluded by the Run 1 ATLAS SUSY searches as a 1D function of m(f((l)),
m(>~<1i), and m(f(g) The lower part of each figure shows the fraction of models excluded by the
Run 1 ATLAS SUSY searches. The red bins indicates the fraction that is excluded by a 2¢ SR, the
green by a 3¢ SR, and blue by a 4¢ SR. The models considered are all within the 1D 95% confidence
interval found using the initial likelihood scan.

The region at higher LSP mass corresponds to the region where the X%E and X} are close
in mass (cf. figure 1). Efficient coannihilation between these states (and the X9, if relevant)
reduces the relic density with respect to a pure bino-like particle. Pure higgsino-like states
with m(>~((1]) ~ 1TeV and pure wino-like states with m(>~<(1)) ~ 2TeV saturate the relic density.
Below these masses, mixed states can give rise to the full range of relic densities illustrated
in the plot. Finally, the A-funnel region can be seen in the models with m(f((l)) 2 200GeV
away from the compressed spectrum strip in figure 2(a). In this region the X is mostly bino-
like. As discussed above, the considered searches have a negligible impact on these regions.
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Figure 4. The bin-by-bin fraction of models excluded as a 2D function of model parameters. The
colour encodes the fraction of models excluded. The models considered are all within the 2D 95%
confidence region found using the initial likelihood scan. No such models are in the white regions,
and therefore the coloured bins indicate the 95% CL contours for the initial likelihood scan. The
plots are truncated in |M;| and |p| to highlight the region of ATLAS electroweak SUSY sensitivity.

Figure 6(b) shows the SI X?—proton scattering cross-section versus the X! mass. This
shows that each of the three regions with different dark matter annihilation mechanisms
spans a large cross-section range. Large values of the cross-section are not penalised in the
likelihood scan because the scaling factor £ given in Equation (3.5) reduces the predicted
number of recoil events, weakening both the XENON100 and LUX constraints. The largest
cross-sections are achieved when the )2(1) acquires some higgsino component, whereas cross-
sections are suppressed when the >~<(1) has an increased bino or wino component in the
low/intermediate X! mass regions. Very low values of U)Sﬁv < 1076 pb are rare, but occur
in some models due to cancellations between the contributions from the two neutral CP-
even Higgs bosons. The SUSY searches considered here exclude a large portion of the
parameter space with m(f(?) < 65GeV, including at smaller scattering cross-sections where
current and future tonne-scale underground dark matter direct-detection experiments will
have less sensitivity.

Figure 6(c) shows the ATLAS constraints in a plane of the SI X1-proton cross-section
versus the X! relic density. Since this study assumes that the local XY density scales with
the cosmological abundance, the XENON100 and LUX limits are shifted towards larger
SI cross-section values for models with a relic density smaller than the value measured by
Planck. This translates into a negative correlation for large values of the SI scattering
cross-section (> 1078 pb).

For the smallest values of 2, h? (~ 10~%) the most favoured region of parameter space
is a narrow band stretching along the currently largest allowed SI cross-section values of
about 10~! pb. In this region, the low relic density is achieved by models that sit on the
A-funnel resonance. The X} for these models is mostly bino but with a sizeable higgsino
content which explains the large SI cross-section. This large SI cross-section also puts these
models within reach of future direct-detection searches. For larger relic densities, the SI
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Figure 5. The number of models sampled by the initial likelihood scan, and the stacked bin-by-bin
number of models excluded by the Run 1 ATLAS SUSY searches as a 1D function of the EWKH
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by a 3¢ SR, and blue by a 4¢ SR. The models considered are all within the 1D 95% confidence
interval found using the initial likelihood scan. The plots are truncated in |M;| and |u| to highlight
the region of ATLAS electroweak SUSY sensitivity.
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Figure 6. The bin-by-bin fraction of models excluded as a 2D function of the dark matter observ-
ables. The colour encodes the fraction of models excluded. The models considered are all within the
2D 95% confidence region found using the initial likelihood scan. No such models are in the white
regions, and therefore the coloured bins indicate the 95% CL contours for the initial likelihood scan.

cross-section is small as long as the higgsino admixture is small, but, in the case where the
X! becomes higgsino-like (wino-like), annihilation is still efficient provided the higgsino-like
(wino-like) X has a mass m(X1) < 1(2)TeV. In this scenario the relic abundance is low,
corresponding to the region 107% < 0, h% < 1071, Finally, when the X! is either bino-like
(with a mass of ~ 50GeV or a few hundred GeV), wino-like (with a mass of about 2TeV) or
higgsino-like (with a mass of about 1TeV) then the relic density matches the measurement
from the Planck Collaboration. In these cases the SI cross-section reaches lower values
because of the greater purity of the X1

The impact of the electroweak SUSY searches is stronger for the region of the parameter
space where 1072 < Q,h? < 107! and the SI cross-section is low. There is also a mild
impact for larger SI cross-sections (10~°-1078 pb) when the relic density extends down to
Qh? ~ 1073

Taken together, these results show that direct searches for the electroweak production
of SUSY particles with the ATLAS experiment have a significant impact on the phe-
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nomenologically relevant Z- and h-funnel regions in the pMSSM, without relying on the
production of squarks and gluinos. The exclusions weaken if m()ﬁt) > 300GeV, which mo-
tivates further study with Run-2 data collected at /s = 13TeV. The considered searches
have limited sensitivity in regions of the parameter space that favour >~<(1)—)~(1i coannihilation
and the A-funnel, although parts of these regions could be explored using other search
channels not considered here. The impact of the considered searches is complementary to
other constraints, and they probe regions of the parameter space that are difficult to reach
with direct-detection dark matter experiments.

6 Conclusions

The ATLAS Collaboration performed a set of dedicated searches for electroweak SUSY
particle production during the first run of the LHC, using pp collisions with centre-of-mass
energy of 8TeV and an integrated luminosity of 20.3fb~!. In this work these searches are
interpreted in a five-dimensional realisation of the pMSSM called EWKH. This effective
model parameterises the relevant dark matter phenomenology and defines the Higgs sector
at tree level of the whole pMSSM.

The parameter space of the theory was initially sampled using a likelihood-driven
method. The combined likelihood contains terms for previous collider searches, electroweak
precision measurements, flavour physics results, the dark matter relic density and direct
dark matter searches, as well as the Higgs boson mass. The dimensionality of the initial
likelihood scan was reduced to one or two parameters by maximising the likelihood func-
tion over the remaining parameters. This produced 472933 models within the 2D 95%
confidence-level region.

Constraints from ATLAS searches for electroweak SUSY particle production in events
with two, three and four charged leptons were then applied by taking the CLg value of the
signal region with the best expected sensitivity for each model. Models with CL, < 0.05
were considered to be excluded at 95% confidence level. Due to the number of models
involved, a new method for estimating the CLg values of different signal regions was de-
veloped, which uses only generator-level information in addition to a calibration sample of
500 models that were passed through the full ATLAS detector simulation. The fraction of
models excluded as a function of model parameters and masses was then studied.

The dark matter relic density measurement from the Planck Collaboration allows only
four regions of parameter space. These correspond to three mechanisms that achieve
a high enough dark matter annihilation cross-section. These regions are: the Z-funnel
with m(X7) &~ 45GeV; the h-funnel with m(X?) ~ 60GeV; the coannihilation region with
m(X}) ~ m()ﬁc) which extends up to m(X1) ~ 2TeV; and the A-funnel with 0.2 < m(X}) <
2TeV. The considered searches exclude 86% of the models in the Z- and h-funnel regions
(m(f(?) < 65GeV) while having negligible sensitivity to the coannihilation and A-funnel
regions. The mass spectrum in the coannihilation region is, by definition, compressed,
and any leptons produced in the decays of these particles are too soft for the considered
searches. It is possible that an existing search, not considered here, for events with a dis-
appearing track would be sensitive to the portion of this region where the mass splitting is
< 200MeV, leading to a metastable chargino that would decay in the detector. In addition,
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it has been shown that ATLAS searches for squark and gluino production can constrain
this region of parameter space, if strongly interacting sparticles are accessible at the LHC.
Similarly, in the absence of strong production the A-funnel region is inaccessible because
the electroweakinos are too heavy to be detectable with current data. In all, values of | M|
below 100GeV are strongly constrained by the considered searches, while the constraints
on My, p and the other parameters are less stringent.

Accelerator searches are found to be complementary to direct-detection constraints.
In particular, a region of the parameter space with m(>~((1)) < 65GeV and small values of
the spin-independent interaction cross-section are probed by the Run-1 LHC searches. The
different regions of sensitivity demonstrate clearly the importance of these complementary
experimental techniques in dark matter searches.
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