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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
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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 Aτ,t,b which give the

couplings between the Higgs field and the third-generation sfermions, the bino, wino and

gluino mass parameters M1,2,3, the higgsino mass parameter µ, the ratio of the vacuum ex-

pectation values of the Higgs fields tan β, and the mass of the pseudoscalar Higgs boson mA.

The model considered here, henceforth referred to as EWKH, is described by only five

parameters: M1, M2, µ, and tan β to define the gaugino-higgsino sector, and mA 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 300 000 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−1 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 CLs technique [27]. Both particle-level1 and reconstruction-level information is used to

calculate the CLs values (see section 4), where the reconstruction-level information makes

1Particle-level information constructs observables using the stable particles from MC generators, which

account for the majority of interactions with the detector material [28].
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use of the ATLAS detector simulation, data-driven background estimations, and systematic

uncertainties and their correlations. The CLs 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

CLs 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 χ̃
+
1 χ̃
−
1 production (where χ̃

±
1 decays

via sleptons) with three signal regions, looking for an excess of events with e+e−, µ+µ−

or e±µ∓ and high stransverse mass (mT2) [31, 32]. Three additional signal regions target

the more difficult scenario of χ̃
+
1 χ̃
−
1 production where the charginos decay via W bosons.

Finally, a seventh signal region requiring an opposite-sign light-lepton pair (e+e−, µ+µ−)

with an invariant mass consistent with a Z boson and an additional pair of jets is used to

target χ̃
±
1 χ̃

0
2 production where the chargino decays via a W boson and the neutralino decays

via a Z boson. The 2τ analysis [33] uses four signal regions to search for τ̃ -pair, χ̃
+
1 χ̃
−
1 and

χ̃±1 χ̃
0
2 production, where the charginos and neutralinos decay via third-generation sleptons.

Events with a pair of opposite-sign hadronically decaying τ -leptons (τhad) and large mT2 are

selected for the search. The 3` analysis [34] searches for weakly interacting SUSY particles

in events with three light leptons (e/µ), two light leptons and one τhad, or one light lepton

and two τhad. Twenty-four signal regions are defined to target χ̃
±
1 χ̃

0
2 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 χ̃
0
2χ̃

0
3 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 Emiss
T ) and four light leptons, three

light leptons and one τhad, or two light leptons and two τhad.

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(1 ns) 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.
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Analysis Target production processes

2` [30] χ̃+
1 χ̃
−
1 , χ̃

±
1 χ̃

0
2, ˜̀̀̃

2τ [33] χ̃+
1 χ̃
−
1 , χ̃

±
1 χ̃

0
2, τ̃ τ̃

3` [34] χ̃±1 χ̃
0
2

4` [35] χ̃0
2χ̃

0
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 (M1, M2, µ, and tan β), and mA 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. Two 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 β, 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.2 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 θ′i is mapped onto the linear, physical, parameter θi
as follows: if |θ′i| ≥ log10 e then θi = sign(θ′i)10|θ

′
i|, otherwise θi = θ′ie/ log10 e.
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Flat priors Log priors

M1 [TeV] (−4, 4) sign(M1) log10 |M1|/GeV (−3.6, 3.6)

M2 [TeV] (0.01, 4) log10M2/GeV (1, 3.6)

µ [TeV] (−4, 4) sign(µ) log10 |µ|/GeV (−3.6, 3.6)

mA [TeV] (0.01, 4) log10mA/GeV (1, 3.6)

tanβ (2, 62) tanβ (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 θi and other undesired parameters

Ψ = {θ1, . . . , θi−1, θi+1, . . . , θn} the 1D profile likelihood is defined as:

L(θi) = max
Ψ
L(θi,Ψ) = L(θi,

ˆ̂
Ψ), (3.1)

where L(θi,Ψ) is the likelihood function and
ˆ̂
Ψ is the conditional maximum likelihood

estimate (MLE) of Ψ for a given θi.

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 λ(θi)

as the test statistic:

λ(θi) =
L(θi,

ˆ̂
Ψ)

L(θ̂i, Ψ̂)
, (3.2)

where θ̂i and Ψ̂ are the unconditional MLEs.

Intervals, or regions, corresponding to 68%, 95% and 99% CL can be estimated by

assuming −2 lnλ(θi) is χ2-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 σSI
χN , the spin-independent
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Standard Model Hadronic

mt [GeV] 172.99± 0.91 [56] fTu 0.0457± 0.0065 [57]

mb(mb)
MS [GeV] 4.18± 0.03 [58] fTd 0.0457± 0.0065 [57][

αEM(mZ)MS
]−1

127.944± 0.014 [58] fTs 0.043± 0.011 [59]

αS(mZ)MS 0.1185± 0.0006 [58] ∆u 0.787± 0.158 [60]

Astrophysical ∆d −0.319± 0.066 [60]

ρloc [GeV cm−3] 0.4± 0.1 [61] ∆s −0.020± 0.011 [60]

v� [km s−1] 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 mt). The astrophysical quantities are the local dark matter density,

ρloc, and the velocity of the Sun relative to the Galactic rest frame v�. For the dark matter velocity

distribution the so-called Maxwellian distribution is used. The velocity dispersion is assumed to

be vd =
√

3/2 v�. The hadronic matrix elements, fTu
, fTd

and fTs
parameterise the contributions

of the light quarks to the proton composition for spin-independent cross-section while ∆u, ∆d and

∆s the contributions of the light quarks to the total proton spin for the spin-dependent neutralino-

proton scattering cross-section.

(SI) χ̃
0
1-nucleon scattering cross-section, and σSD

χp , the spin-dependent (SD) χ̃
0
1-proton scat-

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 → Xsγ). For the computation of the

electroweak precision observables described below, the complete one-loop corrections and

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, mt = 172.99±0.91GeV [56],

can have a significant impact on the results of SUSY analyses. Therefore mt 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:

lnLJoint = lnLEW + lnLB + lnLΩχh2 + lnLDD + lnLHiggs + lnL
LEP-χ̃

±
1
, (3.3)
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Observable Mean value Standard deviation Ref.

Experimental Theoretical

mW [GeV] 80.385 0.015 0.01 [62]

sin2θlept
eff 0.23153 0.00016 0.00010 [63]

ΓZ [GeV] 2.4952 0.0023 0.001 [64]

Γinv
Z [GeV ] 0.499 0.0015 0.001 [62]

σ0
had [nb] 41.540 0.037 — [64]

R0
` 20.767 0.025 — [64]

R0
b 0.21629 0.00066 — [64]

R0
c 0.1721 0.003 — [64]

BR(B → Xsγ)× 104 3.55 0.26 0.30 [62]
BR(Bu→τν)
BR(Bu→τν)SM

1.62 0.57 — [65]

BR(B0
s → µ+µ−)× 109 2.9 1.1 0.38 [66]

Ωχh
2 0.1186 0.0031 0.012 [67]

mh [GeV] 125.36 0.41 2.0 [68]

Limit Ref.

mχ vs. σSI
χN XENON100 2012 (224.6× 34 kg days) [69]

mχ vs. σSD
χp XENON100 2012 (224.6× 34 kg days) [70]

mχ vs. σSI
χN LUX 2013 (118× 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 (σ2+τ2)1/2,

where σ is the experimental and τ the theoretical uncertainty. Lower part: observables for which

only limits currently exist. σSI
χN and σSD

χp 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 LEW represents electroweak precision observables, LB B-physics constraints, LΩχh2

measurements of the cosmological dark matter relic density, LDD direct dark matter detec-

tion constraints, LHiggs the ATLAS measurement of the Higgs boson mass, and L
LEP-χ̃

±
1

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 sin2θlept
eff , the total width of the Z boson ΓZ , the invisible Z boson width Γinv

Z , the

hadronic pole cross-section σ0
had, as well as the decay width ratios R0

l , R
0
b and R0

c . The com-

bined Tevatron and LEP W boson mass (mW ) estimate [62] is also included. The B-physics

– 7 –
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constraints include a number of world averages obtained by the Heavy Flavour Averaging

Group, including the branching fraction BR(B → Xsγ) and the ratio of the branching frac-

tion of the decay Bu → τν to its branching fraction predicted in the Standard Model [62].

Finally, the measurement of the rare decay branching fraction BR(B0
s → µ+µ−) 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, Ωχh
2 = 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

LΩχh2 = L0

∫ ∞
Ωχh2/σPlanck

e−
1
2

(x−r?)2x−1dx, (3.4)

as derived in the appendix of ref. [74]. L0 is an irrelevant normalisation constant, r? ≡
µPlanck/σPlanck, and Ωχh

2 is the predicted relic density of neutralinos as a function of

the model parameters. Here µPlanck refers to the value of Ωχh
2 inferred by the Planck

Collaboration and σPlanck to its uncertainty. Both numbers are given in table 4. A fixed

theoretical uncertainty, τ = 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, ρχ, is

now smaller than the total local dark matter density, ρDM. The suppression is given by the

factor ξ ≡ ρχ/ρDM. 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:

ξ ≡ ρχ
ρDM

=
Ωχ

ΩDM
. (3.5)

For ΩDM, the central value measured by the Planck Collaboration, ΩDMh
2 = 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

– 8 –
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volume [69]. The treatment of XENON100 data is described in detail in ref. [76]. The

likelihood function is built as a Poisson distribution for observing N recoil events when

Ns(Θ) signal plus Nb background events are expected. The expected number of background

events the XENON100 run is Nb = 1.0±0.2, 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, mh = 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.

ν, χ̃
0
1) 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(χ̃
±
1 ) 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 χ̃
0
1 versus χ̃

±
1 mass plane. The colours encode the χ̃

0
1 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 χ̃0
1. The region centred on m(χ̃

0
1) ∼ 60GeV corresponds to a χ̃0

1 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 χ̃0
1 annihilation rate is enhanced due to a pole in the propagator (2m(χ̃

0
1) ∼ mZ

or mh, 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(χ̃
0
1) vs. m(χ̃

±
1 ) plane with the colour encoding which

category of χ̃
0
1 composition the model belongs to. The χ̃

0
1 is defined as bino-like (B̃-like), wino-like

(W̃ -like) or higgsino-like (H̃-like) if the relevant fraction is at least 80%. A mixed χ̃0
1 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(χ̃
0
1) ≈ m(χ̃

±
1 ). 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(χ̃
0
1) & 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 570 599 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 χ̃
0
1 lighter than 1TeV (108 740 models); those where

the considered analyses are assumed to be insensitive without performing a detailed anal-

ysis (134 624 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(χ̃
±
1 ) > 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 → χ̃iχ̃j is only

included in the cross-section calculation if ∆m(χ̃i,LSP) or ∆m(χ̃j ,LSP) is greater than
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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 τ -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 CLs 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−1. 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 CLs 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

CLs 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 CLs 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 CLs < 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 τhad 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 CLs 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 CLs value is taken

from the signal region with the smallest expected CLs 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 472 933 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 CLs 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 2τ 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 τhad candidates are similarly insensitive to these models. If more than one search

can exclude a model, the one with the smallest expected CLs 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 472 933 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 CLs 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 Emiss
T (the

signal region is called SR0τa in ref. [34]). The 20 bins of SR0τa 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 (mT) and Emiss
T .

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(χ̃
0
1), m(χ̃

±
1 ), and m(χ̃

0
2) 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 χ̃
0
2 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(χ̃
±
1 ) . 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(χ̃
0
1) ≈ m(χ̃

±
1 ), since the reconstruction efficiency of low-pT

leptons (pT . 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

Emiss
T [35]. The signal process pp → χ̃0

2χ̃
0
3 → Zχ̃

0
1Zχ̃

0
1 was already considered in the 4`

search paper as a simplified model; however, the relatively light (m . 300GeV) wino-

like χ̃0
4 and χ̃±2 particles supplement the search sensitivity via long cascades such as

χ̃+
2 χ̃
−
2 → (Zχ̃

+
1 )(W−χ̃

0
2) → (ZW+χ̃0

1)(W−Zχ̃
0
1). The 2` search is mainly used to exclude

models with extremely light higgsino-like particles (m(χ̃
±
1 , χ̃

0
2) ∼ 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→ χ̃+
1 χ̃
−
1 → (W+∗χ̃0

1)(W−∗χ̃
0
1)

where m(χ̃
±
1 )−m(χ̃

0
1) < mW [30]. The wino-like electroweakinos are usually significantly

more massive (m(χ̃
0
4, χ̃
±
2 ) & 300GeV), such that the search is mainly sensitive to χ̃+

1 χ̃
−
1 ,

χ̃0
2χ̃
±
1 and χ̃0

3χ̃
±
1 pair production.

Comparing figures 2(b) and 3(c) shows that these searches are in general only sensitive

to models where the χ̃
0
2 mass is smaller than about 300GeV. The proportion of excluded

models approaches 30% in the best case, for m(χ̃
0
2) ≈ 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 χ̃
0
2 and χ̃±1 masses are not degenerate, as seen in figure 2(b). Then, even if the χ̃

±
1

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 χ̃
±
1 can traverse a significant portion of the detector

before it decays (∆m . 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:

M1, M2, µ, mA and tanβ. As before, regions of the parameter space are visible where

no models are allowed. For example, there are no models with M2 or |µ| less than 80GeV

due to the LEP2 constraint on the χ̃
±
1 mass. The measured value of BR(B0

s → µ+µ−) is
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(a) (b)

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 mA . 500GeV

in figure 5(d) as contributions to that process typically scale as ∼ tan6 β/m2
A. Finally,

values of tan β & 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 |M1|, M2 and |µ| are all small (� 1TeV), where the SUSY particle production cross-

section is large. The searches have the strongest impact where the χ̃
0
1 is light and bino-like;

approximately 86% of models with |M1| < 85GeV are excluded, which corresponds to the re-

gion m(χ̃
0
1) < 65GeV in figure 3. The impact on M2 and µ is less severe, where the excluded

fraction peaks at about 4%. In the case of M2, a small number of models with M2 > 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, mA and tanβ. 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 mA below

1TeV, while the excluded models span a wide range of tan β 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 χ̃
0
1 relic abundance versus χ̃

0
1 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 ∼ 10−3 depending on the

higgsino component of the LSP and thus the efficiency of the s-channel annihilation.
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(a) (b)

(c)

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(χ̃
0
1),

m(χ̃
±
1 ), and m(χ̃

0
2). 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 χ̃
±
1 and χ̃

0
1 are close

in mass (cf. figure 1). Efficient coannihilation between these states (and the χ̃
0
2, if relevant)

reduces the relic density with respect to a pure bino-like particle. Pure higgsino-like states

with m(χ̃
0
1) ∼ 1TeV and pure wino-like states with m(χ̃

0
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(χ̃
0
1) & 200GeV

away from the compressed spectrum strip in figure 2(a). In this region the χ̃
0
1 is mostly bino-

like. As discussed above, the considered searches have a negligible impact on these regions.
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(a) (b)

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 |M1| and |µ| to highlight the region of ATLAS electroweak SUSY sensitivity.

Figure 6(b) shows the SI χ̃
0
1-proton scattering cross-section versus the χ̃

0
1 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 ξ 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 χ̃
0
1 acquires some higgsino component, whereas cross-

sections are suppressed when the χ̃0
1 has an increased bino or wino component in the

low/intermediate χ̃
0
1 mass regions. Very low values of σSI

χN . 10−16 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(χ̃
0
1) . 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 χ̃
0
1-proton cross-section

versus the χ̃
0
1 relic density. Since this study assumes that the local χ̃

0
1 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 (& 10−8 pb).

For the smallest values of Ωχh
2 (∼ 10−4) the most favoured region of parameter space

is a narrow band stretching along the currently largest allowed SI cross-section values of

about 10−1 pb. In this region, the low relic density is achieved by models that sit on the

A-funnel resonance. The χ̃
0
1 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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(a) (b)

(c) (d)

(e)

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

model parameters. 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 plots are truncated in |M1| and |µ| to highlight

the region of ATLAS electroweak SUSY sensitivity.
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(a) (b)

(c)

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
χ̃0

1 becomes higgsino-like (wino-like), annihilation is still efficient provided the higgsino-like

(wino-like) χ̃
0
1 has a mass m(χ̃

0
1) . 1(2)TeV. In this scenario the relic abundance is low,

corresponding to the region 10−4 . Ωχh
2 . 10−1. Finally, when the χ̃

0
1 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 χ̃
0
1.

The impact of the electroweak SUSY searches is stronger for the region of the parameter

space where 10−2 . Ωχh
2 . 10−1 and the SI cross-section is low. There is also a mild

impact for larger SI cross-sections (10−10–10−8 pb) when the relic density extends down to

Ωχh
2 ∼ 10−3.

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(χ̃
±
1 ) > 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 χ̃
0
1-χ̃
±
1 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 20.3 fb−1. 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 472 933 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 CLs value of the

signal region with the best expected sensitivity for each model. Models with CLs < 0.05

were considered to be excluded at 95% confidence level. Due to the number of models

involved, a new method for estimating the CLs 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(χ̃
0
1) ≈ 45GeV; the h-funnel with m(χ̃

0
1) ≈ 60GeV; the coannihilation region with

m(χ̃
0
1) ≈ m(χ̃

±
1 ) which extends up to m(χ̃

0
1) ≈ 2TeV; and the A-funnel with 0.2 . m(χ̃

0
1) .

2TeV. The considered searches exclude 86% of the models in the Z- and h-funnel regions

(m(χ̃
0
1) < 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 |M1|
below 100GeV are strongly constrained by the considered searches, while the constraints

on M2, µ 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(χ̃
0
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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[103] M. Baak, G.J. Besjes, D. Côte, A. Koutsman, J. Lorenz and D. Short, HistFitter software

framework for statistical data analysis, Eur. Phys. J. C 75 (2015) 153 [arXiv:1410.1280]

[INSPIRE].

[104] ATLAS collaboration, ATLAS computing acknowledgements 2016–2017,

ATL-GEN-PUB-2016-002, CERN, Geneva Switzerland (2016).

– 26 –

http://dx.doi.org/10.1016/S0550-3213(98)00014-5
http://arxiv.org/abs/hep-ph/9710451
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9710451
http://dx.doi.org/10.1103/PhysRevLett.83.3780
http://dx.doi.org/10.1103/PhysRevLett.83.3780
http://dx.doi.org/10.1103/PhysRevLett.100.029901
http://arxiv.org/abs/hep-ph/9906298
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9906298
http://arxiv.org/abs/hep-ph/0211145
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0211145
http://arxiv.org/abs/hep-ph/0410063
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0410063
http://dx.doi.org/10.1088/1126-6708/2007/09/028
http://arxiv.org/abs/0706.2334
http://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2334
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0201195
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0603175
http://cds.cern.ch/record/1363300
http://dx.doi.org/10.1016/0010-4655(93)90061-G
http://inspirehep.net/search?p=find+J+%22Comput.Phys.Commun.,76,361%22
http://dx.doi.org/10.1140/epjc/s2005-02396-4
http://arxiv.org/abs/hep-ph/0506026
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0506026
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://inspirehep.net/search?p=find+J+%22Nucl.Instrum.Meth.,A506,250%22
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4568
http://dx.doi.org/10.1007/JHEP10(2012)081
http://arxiv.org/abs/1207.2159
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.2159
http://dx.doi.org/10.1140/epjc/s10052-013-2480-0
http://dx.doi.org/10.1140/epjc/s10052-013-2480-0
http://arxiv.org/abs/1304.0790
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.0790
http://dx.doi.org/10.1007/JHEP01(2014)168
http://arxiv.org/abs/1310.2621
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.2621
http://arxiv.org/abs/1206.2892
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.2892
http://dx.doi.org/10.1140/epjc/s10052-015-3327-7
http://arxiv.org/abs/1410.1280
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.1280
http://cds.cern.ch/record/2202407


J
H
E
P
0
9
(
2
0
1
6
)
1
7
5

The ATLAS collaboration

M. Aaboud136d, G. Aad87, B. Abbott114, J. Abdallah8, O. Abdinov12, B. Abeloos118, R. Aben108,

O.S. AbouZeid138, N.L. Abraham152, H. Abramowicz156, H. Abreu155, R. Abreu117,

Y. Abulaiti149a,149b, B.S. Acharya168a,168b,a, S. Adachi158, L. Adamczyk40a, D.L. Adams27,

J. Adelman109, S. Adomeit101, T. Adye132, A.A. Affolder76, T. Agatonovic-Jovin14,

J.A. Aguilar-Saavedra127a,127f , S.P. Ahlen24, F. Ahmadov67,b, G. Aielli134a,134b,
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Bologna, Italy
23 Physikalisches Institut, University of Bonn, Bonn, Germany
24 Department of Physics, Boston University, Boston MA, United States of America
25 Department of Physics, Brandeis University, Waltham MA, United States of America
26 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b) Electrical Circuits

Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; (c) Federal University of Sao

Joao del Rei (UFSJ), Sao Joao del Rei; (d) Instituto de Fisica, Universidade de Sao Paulo, Sao

Paulo, Brazil
27 Physics Department, Brookhaven National Laboratory, Upton NY, United States of America
28 (a) Transilvania University of Brasov, Brasov, Romania; (b) National Institute of Physics and

Nuclear Engineering, Bucharest; (c) National Institute for Research and Development of Isotopic

and Molecular Technologies, Physics Department, Cluj Napoca; (d) University Politehnica

Bucharest, Bucharest; (e) West University in Timisoara, Timisoara, Romania
29 Departamento de F́ısica, Universidad de Buenos Aires, Buenos Aires, Argentina
30 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
31 Department of Physics, Carleton University, Ottawa ON, Canada
32 CERN, Geneva, Switzerland
33 Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America
34 (a) Departamento de F́ısica, Pontificia Universidad Católica de Chile, Santiago; (b) Departamento
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