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The analysis of the data collected by the major LHC experiments during the LHC Run I has put
strong constraints on supersymmetric models. We study the parameter space of the constrained
Minimal Supersymmetric Standard Model (cMSSM) in a global fit, taking into account the non-
observation of supersymmetry at the LHC, Higgs mass and rate measurements, as well as several
cosmological and low energy observables. Before the start of the LHC, global fits of the cMSSM
showed a favourable goodness-of-fit and indicated a strong preference for the existence of light
SUSY particles. This region now has largely been excluded by the LHC. We present the final
results of our study of the status of the cMSSM after the LHC Run1, where for the first time we
use pseudo experiments to determine the p-value of the model. We find that the cMSSM is softly
getting near its exclusion at the 90% CL.
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1. Introduction

Amongst the multitude of models that exist for supersymmetric [1] extensions of the Standard
Model (SM), the cMSSM [2] is one of the most simple and best studied models. Defined at the
GUT scale, its parameter space consists of a common mass M0 for scalars, a common mass M1/2

for fermions, a common proportionality factor A0 for trilinear couplings and the ratio of the vac-
uum expectation values of the two Higgs doublets tanβ . In addition there is one discrete parameter,
sign µ .
Supersymmetric models can be tested with a number of measurements from different areas; apart
from direct searches at collider experiments, low energy and precision observables, the properties
of the discovered Higgs boson as well as measurements from astrophysics can be used to constrain
the parameter space.
The non-observation of any superpartners during the LHC Run1 has introduced some tension be-
tween these areas within the cMSSM [3]. Leading to an increase of the minimal χ2/ndof, this
prompts the question if the cMSSM can be excluded. As it is not obvious that the minimal χ2 is
distributed according to a Gaussian χ2-distribution with ndof degrees of freedom, we use pseudo
experiments to determine the p-value.
This article is organised as follows: In section 2, the used observable set is summarised. In section
3 the techniques for scanning the parameter space and determining the p-value are described. An
overview of the fit results and the obtained χ2-distribution and p-value are presented in section 4.

2. Observable Sets and Predictions

Table 1 shows the low energy observables used in the fit. We assume that the lightest super-
symmetric particle (LSP) accounts for the full amount of dark matter and thus reject points where
the χ̃0

1 is not the LSP. In addition to the dark matter relic density the limit on the spin-independent
nucleon-dark matter scattering cross-section set by the LUX experiment is taken into account [4].
We also consider a lower bound on the mass of the χ̃

+
1 of 103.5 GeV as set by the LEP experi-

ments [5], as well as the direct search for SUSY in final states with zero leptons, jets and missing
transverse energy by the ATLAS experiment [6]. Limits on the Higgs masses are taken into ac-
count via the program HIGGSBOUNDS [7]. Finally we consider available measurements of the
signal strengths and the mass of the Higgs boson found by the ATLAS and CMS experiments as
implemented in the program HIGGSSIGNALS [8]. Here we use combined measurements in the de-
cay channels H→ γγ , H→ZZ, H→WW, H→ ττ and VH→Vbb from ATLAS and CMS separately.
For the calculation of the sparticle mass spectrum we use SPHENO 3.2.4 [9]. Higgs boson masses
and properties are calculated with FEYNHIGGS 2.10.1 [10]. The B-physics observables are cal-
culated with SUPERISO 3.3 [11]. We use MICROMEGAS 3.6.9 [12] for the calculation of the
dark matter relic density and DARKSUSY 5.0.5 [13] via ASTROFIT [14] for the direct detection
cross section. The ATLAS analysis is emulated using HERWIG++ [15] to generate the events,
DELPHES [16] for a fast detector simulation and PROSPINO [17] for the calculation of the gluino
and squark production cross sections.
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Observable Measurement Uncertainty

aµ −aSM
µ (28.7±8.0)×10−10 7% [18, 19]

sin2
θeff 0.23113±0.00021 0.05% [20]

mt (173.34±0.27±0.71)GeV 1 GeV [21]
mW (80.385±0.015)GeV 0.01% [22]
∆ms (17.719±0.036±0.023)ps−1 24% [23]
B(Bs→ µµ) (2.90±0.70)×10−9 26% [24]
B(b→ sγ) (3.43±0.21±0.07)×10−4 14% [25]
B(B→ τν) (1.05±0.25)×10−4 20% [23]
Ωh2 0.1187±0.0017 10% [26]

Table 1: Precision observables used in the fit.

3. Scan of the Parameter Space

The parameter space of the cMSSM is scanned by a Markov Chain Monte Carlo (MCMC)
with Gaussian proposal density functions with a varying width. Measurements and predictions are
compared at each point in the MCMC by means of the total χ2,

χ
2 =

(
~Omeas− ~Opred

)T
cov−1

(
~Omeas− ~Opred

)
+χ

2
limits, (3.1)

where ~Omeas (~Opred) are the measurements (predictions), cov is the covariance matrix and χ2
limits

includes the contributions from the LUX limit, the direct search at the LHC and the Higgs lim-
its. A total of roughly 109 different points have been scanned by the MCMC; values above 10
TeV for the two mass parameters and the absolute value of A0 are not considered in this analysis.
The point with the lowest χ2 = χ2

min is identified as the global minimum and the approximate
one(two)-dimensional 68%(95%)-CL regions around that minimum are determined by requiring
∆χ2 = χ2−χ2

min ≤ 1(6).
The expected distribution of χ2

min under the assumption of the cMSSM at its global minimum is
determined by pseudo experiments. All measurements are smeared according to the predictions
at the minimum. As re-running the whole fit with the smeared measurements is computationally
impossible, the pseudo best fit point is determined from the points included in the original MCMC
and the pseudo minimum χ2 = χ2

min,i is saved. This procedure is repeated roughly 1000 times in

order to get a reasonably smooth distribution for χ2
min. The p-value is then defined as the fraction

of pseudo fits with χ2
min,i ≤ χ2

min.

4. Fit Results and the p-Value of the cMSSM

With our observable set, we find a global minimum with χ2
min = 30.4 with 22 degrees of free-

dom. As shown in figure 1(a), the global minimum lies in a region with relatively small values of
M0 and M1/2, but a second local minimum with a χ2 of 30.8 is observed for large values of M0.
At the global best fit point, the squark and gluino masses are close to the limits set by the LHC
experiments, while due to the appearance of the focus point region in the 1σ environment, very
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large slepton, squark and gluino masses are now also part of the favoured mass spectrum.
We obtain a p-value of 4.9±0.7% for the cMSSM at the global best fit point, which is significantly
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Figure 1: Fit results.

different from the value of roughly 11% that one would expect from a Gaussian χ2 distribution for
22 degrees of freedom, as shown in figure 1(b). To illustrate the cause for this difference, figure
1(c) shows the individual contributions of all observables to χ2

min,i. Some contributions, like the

one from HIGGSBOUNDS or the direct search at the LHC barely contribute to χ2
min,i for any of the

pseudo best fit points. This can be interpreted as an effective reduction of the number of degrees
of freedom, which, compared to the Gaussian expectation, leads to a narrower χ2-distribution cen-
tered around smaller values.
The figure also illustrates that the smallness of the p-value is mainly driven by (g−2)µ , as in none
of the pseudo datasets the measured value deviates as much from the prediction at the pseudo best
fit point as it is the case for the real dataset.
Interestingly we find a higher p-value for the local minimum in the focus point region of 7.8±0.8%.
This is explained by a higher number of effective degrees of freedom in the focus point region,
which causes a broader χ2 distribution, as shown in figure 1(d). It is mainly the direct search at the
LHC that contributes, on average, with higher values to the pseudo minimum χ2.
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5. Summary

With an accurate determination of the underlying χ2-distribution using pseudo experiments,
we exclude the cMSSM at the 90% CL. The non-observation of any SUSY like signal during
the LHC Run1 along with the measurements of the Higgs boson properties pushes the preferred
model parameters to values in which the cMSSM shows a similar level of disagreement between
measurement and prediction of (g− 2)µ as the SM. It is hence the combination of very different
measurements that finally allows for the global exclusion of the cMSSM - none of the observables
can accomplish this alone. We also find that the obtained χ2-distribution differs significantly from
the Gaussian expectation for the given number of degrees of freedom and, in addition, shows a sig-
nificant dependence on the point around which pseudo experiments are generated. Both phenomena
are related, as the effective number of degrees of freedom is different a) from the naive estimate of
this number nconstraints−nparameters and b) at different points in the parameter space. These re-
sults underline the necessity of the use of pseudo experiments for an accurate determination of the
p-value for a model with a complex parameter space like the cMSSM when a highly non-Gaussian
observable set is used. The presented results are described in more detail in [27].
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