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Abstract

We interpret within the phenomenological MSSM (pMSSM) results from searches for
new physics performed by CMS in pp data sets collected at 7 TeV and 8 TeV, corre-
sponding to integrated luminosities of 5 fb~! and 19.5 fb~!, respectively. The pMSSM
is a 19-parameter realization of the MSSM, defined at the SUSY scale, that captures
most of the features of the general R-parity conserving weak-scale MSSM. It allows
us to draw conclusions that are more generic than , and complimentary to, those
derived in more constrained models, including simplified models and those that im-
pose particular SUSY breaking schemes, such as the CMSSM. We perform a global
Bayesian analysis on a data set, which in addition to CMS search results, includes
data from pre-CMS and indirect measurements. We study posterior probability den-
sities of model parameters, masses and observables and study implications for the
MSSM Higgs sector and dark matter searches. Our study provides a coherent global
picture of how the current CMS searches constrain supersymmetry in general.
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1 Introduction

The recent discovery [1, 2] of a Higgs-boson-like particle is clearly the most significant news
from the Large Hadron Collider (LHC). The other significant news from the LHC is the absence
of any compelling sign of new physics. In particular, there is no hint of supersymmetry (SUSY),
one of the most thoroughly studied ideas for physics beyond the Standard Model (BSM) (see,
for example, Refs. [3, 4] for recent reviews).

The absence of evidence, however, may not be evidence of absence. Searches for SUSY have
typically been interpreted within constrained models with just a few parameters. A commonly
used model is the Constrained Minimal Supersymmetric Standard Model (CMSSM), which is
characterized by four parameters and a sign [5-11]: a universal scalar mass my, a gaugino mass
my,, and a trilinear coupling Ay defined at the GUT scale, Mgur ~ 10'° GeV, together with
tan § and sign(y). The simplifying assumption of universality at the GUT scale has served a
useful purpose: for many years it has provided a framework for gauging progress in SUSY
searches. However, many mass patterns and signatures that are a priori possible in the MSSM
cannot be realized in the CMSSM. Therefore, interpreting the experimental results only in the
(mg,my /) plane carries the risk of imposing overly strong constraints on SUSY that are not
warranted by observations. The full set of mass patterns and signatures possible in the MSSM
are also not necessarily accounted for in the Simplified Model Spectra (SMS) [12-14] approach.
Although interpretation using SMS topologies is very useful since it allows us to systemat-
ically see the experimental impact on well-defined, isolated topologies, it is crucial to com-
plement this by interpretation within a generic model, such as the phenomenological MSSM
(pMSSM) [15], that intrinsically covers a wide diversity of topologies. Of course, it is also pos-
sible that the SMS approach eliminates a pMSSM parameter point that is not eliminated in
the present version of the analysis presented here if the latter set of analyses does not include
some important channel/configuration considered by the SMS analyses. The SMS approach
and the pMSSM approach become equivalent only when: a) the set of analyses in the pMSSM
approach is the same as the set of analyses considered in the simplified models; and b) the
simplified models cover all the final states to which these analyses can be sensitive for each
pMSSM point.

In order to be more general, i.e., to account fully for the plethora of mass patterns and de-
cay modes that can occur in the MSSM, it is necessary to pursue a less model-dependent ap-
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proach. In this paper we therefore use the pMSSM, a 19-dimensional realization of the MSSM,
which captures most of the phenomenological features of the R-parity conserving MSSM. In the
pMSSM, all MSSM parameters are specified at the electroweak scale and allowed to vary freely
subject to the requirement that the model be consistent with electroweak symmetry breaking
and other such basic constraints. Since the pMSSM includes neither relations between SUSY
breaking terms at a high scale, nor large correlations between sparticle masses from renor-
malization group evolution, it allows a much broader set of scenarios than those in, e.g., the
CMSSM and related GUT-scale models. Many of these are difficult to constrain using current
LHC data — in particular, scenarios with much lower SUSY masses can evade detection.

To assess what the data obtained by CMS do and do not tell us about SUSY in the context of
the pMSSM we use a representative subset of the results obtained by CMS corresponding to
integrated luminosities of 5 fb~! at 7 TeV and 19.5 fb~! at 8 TeV. The current study extends our
analysis [16] of the 7 TeV data. We work within a subspace of the pMSSM where the chargino
lifetime CT(Xli) is less than 10 mm to look at the class of final states with prompt decays. In
order to combine both data sets we use the same model points within the pMSSM parameter
space, chosen randomly from a scan of points consistent with basic constraints and treat the
7 TeV and 8 TeV data in an entirely parallel fashion. The approach employed is an extension
of the pioneering work of Ref. [17], which interpreted three independent CMS analyses based
on 1 fb~! of CMS data [18-20] in terms of the pMSSM, confirming that the approach is both
feasible and better at obtaining general conclusions about supersymmetry than those based on
constrained SUSY models. Note that the diversity of phenomena covered by the pMSSM is also
helpful in suggesting new approaches to searching for SUSY at the LHC.

As in Ref. [16], the present study follows closely the Bayesian approach (see for example [21,
22]) of Ref. [17]. Prior to this work, the parameter space of the pMSSM and the various LHC
constraints on it were studied in detail in Refs. [23-34].

The paper is organized as follows. The definition of the pMSSM is given in Section 2. It is
followed by the description of our analysis in Section 3, which includes the construction of the
model prior in Section 3.1, and the calculation of the CMS likelihoods in Section 3.2.2. Our
results are presented in Section 4, including discussions of the impact of the CMS searches and
their current sensitivity to the pMSSM. Section 5 contains our conclusions.

2 Definition of the Phenomenological MSSM

A priori, the weak-scale MSSM has 120 free parameters, assuming that R-parity is conserved
(to avoid proton decay and to ensure that the lightest SUSY particle, the LSD, is stable) and
assuming that the gravitino is heavy. This is clearly too much for any phenomenological study.
However, most of these parameters are associated with CP-violating phases and, or, flavor
changing neutral currents (FCNC), which are severely constrained by experiment. A few rea-
sonable assumptions about the flavor and CP structure therefore allow us to reduce the number
of free parameters by a factor 6, without imposing any SUSY breaking scheme. Working with
parameters defined at the weak scale is indeed of great advantage for our purpose because
models of SUSY breaking always introduce relations between the soft terms that need not hold
in general.

Concretely, the only generic way to satisfy very strong constraints on CP violation is to take
all parameters to be real. FCNC constraints are satisfied in a comprehensive way by taking
all sfermion mass matrices and trilinear couplings to be flavor-diagonal. Moreover, the first
two generations of sfermions are taken to be degenerate. Regarding the trilinear A-terms of



the first two generations, these only enter phenomenology multiplied by the associated very
small Yukawa couplings and are thus not experimentally relevant. Only the 3rd generation
parameters A, A, and A; have consequences that are potentially observable.

This leaves us with 19 real, weak-scale SUSY Lagrangian parameters, the so-called pMSSM [15].
As mentioned, the pMSSM captures most of the phenomenological features of the R-parity
conserving MSSM and, most importantly, encompasses and goes beyond a broad range of more
constrained SUSY models. The free parameters of the pMSSM are the following:

o three independent gaugino mass parameters M;, M, and M3,
e the ratio of the Higgs vacuum expectation values (VEV) tan g = v, /vy,
o the higgsino mass parameter y and the pseudo-scalar Higgs boson mass 114,

¢ 10 (independent) sfermion mass parameters mz, where F =04, U, Dy, Ly, Eq, Qg,
Uz, D3, L3, E3 (and for the 2nd generation we take mea, = Mg, My, = mp, Mg, =
mg,, mp, = mp ,and mg, = mg, ), and

o the trilinear couplings A;, Ay and A,

in addition to the standard model parameters. To minimize theoretical uncertainties in the
Higgs sector, these parameters are conveniently defined at the scale, Msysy = /1, ,, often
also referred to as the electroweak symmetry breaking (EWSB) scale.

The pMSSM parameter space is constrained by a number of theoretical requirements. First,
the sparticle spectrum must be free of tachyons and cannot lead to color or charge breaking
minima in the scalar potential. We also require that EWSB be consistent and that the Higgs
potential be bounded from below. Finally, in this study, we also require that the LSP be the
lightest neutralino, §J. This leaves us with a model that is an excellent proxy for the full MSSM
with a sufficiently small number of parameters such that a complete exploration of it is possible
given existing computer resources.

Interesting to note are the generic properties of sparticle mass spectra of pMSSM scenarios. By
definition, each first generation sfermion is exactly degenerate in mass with the correspond-
ing second generation sfermion. Other generic properties of pMSSM mass spectra are actu-
ally MSSM properties: In the first and second generation, spartners of left-handed down-type
quarks are strongly mass-degenerate with the corresponding up-type squarks. Likewise, first
and second generation spartners of left handed charged leptons are strongly degenerate with
the corresponding sneutrinos. Usual pMSSM scenarios have three groups of strongly mass de-
generate charginos and neutralinos: a first group consists of two neutralinos and one chargino
that are fairly pure higgsino states, the second group consists of two neutralinos that are farily
pure bino states, while the third group consists of one neutralino and one chargino that are
both fairly pure wino states.

3 Analysis

The purpose of this study is to assess what current data tell us, and do not tell us, about the
MSSM using the more tractable pMSSM as a proxy. Using these data we perform a global
Bayesian analysis that yields posterior probability densities of model parameters, masses, and
observables.
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3.1 Construction of the pMSSM prior

We work within the sub-space,

—3TeV < My, M, < 3TeV
0< M; <3TeV
—3TeV < u <3TeV
0<my <3TeV
2<tanp <60
0 < Q1, U2, D1, L1, E12,Q3,Us, D3, L3, E3 < 3TeV
—7TeV < Ay, Ay, A < 7TeV, )

of the pMSSM parameters described in Section 2 and the unbounded SM sub-space defined
by my, my(my), and as(Mz). We use a likelihood that includes a part that constrains the SM
parameters. A point in this space will be denoted by 6. The sub-space defined in Eq. (1) was
chosen to be large enough to cover the range of sparticle masses to which the LHC might
conceivably be ultimately sensitive. The lower bound of 2 for tan p was chosen in order to
avoid any issues of non-perturbativity for the top-quark Yukawa coupling after evolution up
to the GUT scale. Typically, perturbativity becomes a very serious issue for tan g < 1.7.

Given a point 6 in pMSSM parameter space, masses and observables are calculated as fol-
lows. The physical masses and interactions are calculated to state-of-the-art accuracy, using
SoftSUSY_3. 3.1 [35] as the spectrum generator, with the input parameters defined at Mgysy.
Thus the spectrum calculation includes 1-loop corrections for sparticle masses and mixings,
as well as 2-loop corrections for the light Higgs boson mass. Low-energy constraints are cal-
culated with SuperIso_v3.3 [36], and micrOMEGAs_2.4.5 [37-39] is used to compute the
dark matter relic density () X?hz’ direct detection cross sections, and to check compatibility with
various pre-LHC sparticle mass limits. Moreover, we use SDECAY1.3 [40] to calculate sparticle
decay tables and HDECAY5.11 [41] to calculate Higgs boson decay tables. The various codes
are interfaced using the SUSY Les Houches Accord [42].

We start the inference chain from a flat initial prior, po(f) = constant!. The theoretical re-
quirements listed at the end of Section 2 are imposed by multiplying this initial prior with a
binary probability density function, p(theory|6), which takes value 1 for pMSSM points that
meet the requirements and value 0 otherwise. In the same fashion we impose a model con-
straint on the lifetime of charginos, ¢ T(jf;") < 10 mm with a binary probability density func-
tion p(prompt ¥=|6). This constraint was introduced because the fast detector simulation used
to model the detector response for signal events, described in Section 3.2.2, does not provide a
proper description of long-lived charginos. As such we arrive at a prior of the form

p(6) = p(prompt 7™ |0)p(theory|6)po(6). )

Then, we consider data from indirect measurements and pre-CMS searches, listed in Table 1.
We refer to this data as non-DCS data, D"°""PCS, since it is not originating from Direct CMS
Searches (DCS) for new physics. To avoid making cosmological assumptions, data from dark
matter experiments are not included. From the non-DCS data, a non-DCS likelihood is con-
structed as follows. For each non-DCS datum D?OH‘DCS we introduce a likelihood L(D]r.‘on‘DCS 11;(0)),

listed in Table 1, where y;(6) denotes the model prediction for the corresponding observable.

IRecently, this prior has been referred to as the ur-prior from the German prefix ur meaning original or primitive
(Glen Cowan).
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Since the non-DCS data are independent, the non-DCS likelihood is obtained by multiplying
the likelihoods for the different non-DCS data,

L(Dnon-DCS | 9) — H L(D?on-DCS | 1 (9) ) . ©))
]

When we multiply this likelihood to the prior in Eq. (2), we obtain a distribution that includes
the data from non-DCS measurements. In this study, this distribution is used as the prior
distribution p"°™PCS(g),

pnon—DCS<9) — L(Dnon—DCSw) p(g) (4)

We obtain a discrete representation of the non-DCS prior within the sub-space defined in Eq. (1)
using a Markov Chain Monte Carlo (MCMC) method [22, 53-56]. A probability density func-
tion p"o"PCS*(9) is constructed including the initial flat prior, the binary likelihood impos-
ing the theoretical constraints, and likelihoods for measurements 1a, 2a, 3a, 4, 5a, 6, 7, 8a,
and 9 in Table 1. Approximately 20 million points are sampled from this probability density
function within the pMSSM sub-space, using multiple MCMC chains. By construction, this
method produces a sample of points whose density in the neighborhood of any 6 in the pMSSM
sub-space is « p"°""PCS#(9). During the course of this study, measurements on BR(b — s7),
BR(Bs — up), R(B, — tv) , m;, and my, were updated. We take the effect of these new mea-
surements (1b, 2b, 3b, 5b, and 8b in Table 1) into account by reweighting each sampled point
by the ratio of the likelihood given by the new measurement to the likelihood given by the old
measurement for each observable. Finally, the requirement on the lifetime of the chargino is
taken into account by further weighting the pMSSM points with value 1 or 0 for scenarios that
respectively match or fail this requirement, effectively reducing the number of sampled points
by 30%.

The probability distributions of selected pMSSM parameters and sparticle masses after impos-
ing various non-DCS requirements are presented in [16]. Here we provide a brief description.
Even before applying the constraints of Table 1, the theoretical constraints listed in the previ-
ous section significantly sculpt the initial flat distributions of the pMSSM parameters listed in
Eq. (1). In particular: u, M;, and M, become sharply peaked near 0; large values of M3 and all
soft squark masses are most probable. Correspondingly, the masses of XV, x5, and x; become
sharply peaked at low values, < 100 GeV, while a preference for large values of the gluino
and first two generation squark masses emerges. The b; and f; distributions have a strong
peak in the vicinity of 1 TeV, low and high values being significantly disfavored. All of these
features are subject, at least to some extent, to boundary effects. The light Higgs boson mass
has small probability outside the 112 GeV — 130 GeV window — indeed, significant probabil-
ity near m;, = 125 GeV is an inherent feature of the pMSSM parameter space once theoretical
constraints are imposed.

Some of these features, but not all, are significantly altered when the constraints of Table 1 are
added to the theoretical constraints. The peak of M near 0 is increased in strength but the peaks
in y and M near 0 are turned into suppressions, with || ~ 300 GeV and | M| 2, 300 GeV being
strongly preferred. The preference for low values of tan 8, < 25, is significantly increased, and
large my,, 2, 1.5 TeV, becomes strongly preferred. As for the sparticle masses, the sharp peak of
mz near 0 is shifted to ~ 100 — 200 GeV. One finds that i and m- cannot be below 100 GeV
(due to LEP data) and peaks emerge in the 200 — 500 GeV region. "The § mass distribution is
shifted to somewhat higher values, the iig, ¢r mass distributions are hardly changed, the m;,
distribution is shifted to somewhat higher values. The m;, distribution is shifted to still higher
values, with very little probability below 500 GeV. It is interesting to emphasize that all the
above-mentioned shifts already arise as a result of the constraints listed in Table 1, even before
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Table 1: The measurements that are the basis of our pMSSM prior p"°*PC5(9). All measurements except the measurement of 1, at the LHC
were used to sample points from the pMSSM parameter space via Markov Chain Monte Carlo (MCMC). The m, likelihood was imposed
afterwards as a weight on the sampled points. The likelihood for each point was reweighted post-MCMC based on the recent measurements
on BR(b — sv), BR(Bs — uu), R(B, — tv) (where R = BRyissm/ BRsym), and m;. To the measurement of the anomalous magnetic moment

of the muon, an additional uncertainty was added to account for theoretical uncertainties in the SUSY calculations.

i Observable Constraint Likelihood function MCMC /
ui(0) DponPes L(Dyo P u(6)) post-MCMC
la | BR(b — sy) [43,44] | (3.55+0.23%%t +0.24™ £ 0.09%Y%) x 10~* Gaussian MCMC
1b | BR(b — sv) [45] (3.43 4 0.215%t 4 0.24th 4 0.07%Y%) x 10~* Gaussian reweight
2a | BR(Bs — up) [46] observed CLs curve from [46] d(1—CLs)/d(BR(Bs — uu)) MCMC
2b | BR(Bs — up) [47] (2.940.7 4+ 0.29"") x 107° Gaussian reweight
3a | R(B, — tv)[36, 48] 1.63 +0.54 Gaussian MCMC
3b R(B, — Tv)[45] 1.04 +0.34 Gaussian reweight
4 Aay, [49] (26.1 4 6.3%P £ 4.95M 4 10.05Y5Y) x 10~ 10 Gaussian MCMC
5a m; [50] 173.3 £ 0.55%t + 1.35V8 GeV Gaussian MCMC
5b my [51] 173.20 £ 0.875%t £ 1.3%Ys GeV Gaussian reweight
6 my, (my) [48] 419758 Gev Two-sided Gaussian MCMC
7 as(Mz) [48] 0.1184 + 0.0007 Gaussian MCMC
8a my, pre-LHC: mo¥ = 112 Lif my, > miow MCMC
0if my, < :%s
8b my, LHC: mi?® = 120, m,” = 130 Lif mio® < my, < m,” reweight
0 if my, < ml*“ or my, > m,”
9 sparticle LEP [52] 1 if allowed MCMC
masses (via micrOMEGASs [37-39]) 0 if excluded
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imposing 120 GeV < my, < 130 GeV. In particular, the small probability for m; < 500 GeV
arises in order to describe the b — sy observations. Imposing 120 GeV < mj, < 130 GeV has
very little additional impact, except to change a moderately flat | A;| distribution to one with
little probability for |A;| < 2 TeV.

3.2 Construction of CMS posterior distributions

To study the impact of CMS searches on the pMSSM, we compare the non-DCS prior p"°"PCS(9),
introduced in the previous section with a posterior distribution, p(8| D)) including CMS
data D®MS, This posterior distribution is constructed by multiplying a CMS likelihood L(DMS|9)

with the non-DCS prior,
p(eyDCMS) — L(DCMSIQ)}?“OH_DCS(G). (5)

The next sections describe which CMS data is considered in this study and how CMS likeli-
hoods are constructed.

3.2.1 CMS analyses included in this study

We list in Table 2 the CMS analyses we have implemented in this study. These analyses, which
are a subset of the 7 and 8 TeV CMS searches for new physics, cover a variety of final states.

Table 2: List of CMS analyses included in the CMS likelihood L(D™5|6). The columns show
the analysis names (Analysis), the center-of-mass energy at which data was collected (v/s),
the integrated luminosity to which the data corresponds (L), the likelihood methods used, as
defined in Section 3.2.3 and 3.2.4 (Likelihood), and the reference to the analysis documentation
(Ref.). For the 8 TeV leptonic search for electroweak (EW) production of X°, x*, I the included
channels are the same sign di-lepton channel (ss), the three lepton channel (31), and the four
lepton channel (41). For all other analyses, all channels are taken into account.

Analysis Vs L Likelihood | Ref.
Hadronic HT + MHT search 7TeV | 498 fb~! | method 1 [57]
Hadronic HT + MET + b-jets search 7TeV | 498 fb~! | method 1 [58]
Leptonic search for EW prod. of °, X, [|7TeV | 498 fb~! | method 1 [59]
Hadronic HT + MHT search 8TeV | 195fb T | method 1 [60]
Hadronic HT + MET + b-jets search 8TeV | 194 fb~! | method 2 [61]
Leptonic search for EW prod. of X0, xt, I'|8TeV | 19.5fb~! | method 1 [62]
(ss, 31, and 41 channels)

The goal is to test different regions of the pMSSM parameter space, characterized by different
admixtures of final state topologies. The hadronic HT + MHT search is expected to have the
greatest sensitivity over the pMSSM space. It is an inclusive analysis based on > 3 jets and
missing transverse energy that targets gluino and squark production with long hadronic cas-
cades. The hadronic HT + MET + b-jets search that involves > 3 jets and > 1 b-jet primarily
focuses on gluinos decaying to hadronic 3rd generation particles. Finally, the leptonic search
for electroweak (EW) production of X, &, ji targets neutralino-chargino pair production and
slepton pair production with leptonic decays by probing final states with multiple leptons and
missing energy. In this study, we present a first combination of the 7 TeV and 8 TeV SUSY
results for each of the given three analyses.
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3.2.2 CMS likelihoods

To study the impact of CMS searches, a random sub-sample of 7205 points was selected from
the set of pMSSM points surviving the post-MCMC requirements, (where surviving requires
having weight greater than zero). For each point 0 in the sub-sample of 7205 points and for each
considered CMS datum DMS, we calculate likelihoods L(D™S|y;(8)), where y;(6) denotes the
predicted values for the observables associated to DFMS. We make use of two distinct methods
to calculate these CMS likelihoods: For pure count experiments we use “likelihood method 1”
described in Section 3.2.3. For analyses that perform a fit on background control regions and
signal regions simultaneously, we rely on “likelihood method 2” described in Section 3.2.4. As
indicated Table 2, we use method 1 for all analyses except for the 8 TeV HT + MET + b-jets
search for which we use method 2.

For both likelihood approaches, the predictions y;(f) are obtained from MC simulation: for
each pMSSM point 0 we generate 10000 signal events using PYTHIAG6 [63] and simulate the
response of the CMS detector using a fast simulation [64]. Signal cross sections are calculated
at leading order with PYTHIA6. Uncertainties on the predictions j;(0) are not fully taken into
account. Instead we compare results obtained assuming the central signal prediction cross
section with results obtained while scaling the signal cross sections up or down by 50%.

A discrete representation of the posterior density p(8|DMS) « L(DMS|9) p(8) is obtained by
further weighting each of the selected pMSSM points with L(D“M3|9) and subsequent normal-
ization to unity over the pMSSM sub-space given in Eq. (1).

3.2.3 Likelihood method 1

This method is used for pure count experiments. Since the experimental results are event
counts, we assume the likelihood to be a Poisson distribution,

L(Df™®|y(6)) = Poisson(Ni|s;(6) + by), (6)

with observed count N; and expected count s;(0) + b; (= u;(0)), where b; is the expected back-
ground count? for the I experimental result and s;(9) is the expected signal count for pMSSM
point 6 as predicted with MC simulation. In the current study, we neglect the uncertainty on
s1(0). In effect, we assume d-function priors for the expected signals. However, as already men-
tioned, we repeat the calculations with the predicted signal cross section scaled up or down by
+50%.

The information about each background parameter b; is given by the background estimate
B; and its associated uncertainty 6B;. For the probability density for b; we assume a gamma
distribution,

p(b;|B;,dB;) = Gamma(x;a, B), (7)

where Gamma(x;a, 8) = Bexp(—Bx)(Bx)*1/T(a). We choose a and B such that b; reaches
maximum probability at value B; and has variance 6B?. For each pMSSM point, and for each
CMS experimental result, we compute the marginal likelihood

p(Nilsi(0)) = /POiSSOH(NI\Sl(G) +b1) p(by| By, 6B)dby, ®)

by an exact integration [65] over the expected background b;. For count experiments that con-
sist of multiple disjoint search regions, we calculate the overall CMS likelihood simply as the

%In fact, the expected background count also depends on the SM parameters, but for simplicity we neglect this
dependence.
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product
L(DM0) =T [p(Nilsi(9)), ©)

1

neglecting the correlation in systematic uncertainties across the search regions.

3.2.4 Likelihood method 2

This method is used for analyses that rely on more complex statistical analysis, based on a
likelihood function of the form L(DCMS]]J, xg,v). Here, D°MS denotes the observed data, xg
denotes signal-related parameters for the pMSSM point 6 such as signal efficiencies or signal
shape parameters for various search regions. With v we denote nuisance parameters and u
denotes the signal strength, defined as 4 = 0/0(0), where ¢ is the unknown actual signal cross
section and ¢ () the predicted signal cross section for pMSSM point 6.

From this input we construct approximate likelihoods that are independent of the nuisance
parameters. First we define a test statistic Ty(u),

L(DMS|y, 1, D (1))

To(n) = —2In L(DMS| {1y, 9, D)

(10)

where 7g () maximizes L(D™S|y, kg, v) with respect to v for a particular value of u and where
flg and Dg maximize L(DMS|y, kg, v) with respect to ¢ and v simultaneously. In the asymptotic
limit 3, according to Wilks’ theorem, Ty (1) follows a x? distribution with one degree of freedom,
under the condition that y is the true signal strength:

1 1
p(To(u)|p) = —= e To/2, (11)
V271t \/To(p)
and thus, we use as CMS likelihood function
L(DM10) = p (Ty(p = 1)|p = 1), (12)

with p set to its predicted value, which is by construction # = 1. Again, we do not explicitly
deal with all signal related uncertainties. Instead, we repeat the calculations with the predicted
signal cross section scaled up or down with 50%.

3.3 Calculation of per analysis and combined search sensitivy

A search is sensitive to a certain new physics signal if the analysis can distinguish between the
background plus signal hypothesis, denoted here by Hj, and the background-only hypothesis,
denoted by Hp. In the current study, the likelihood for hypothesis H; at the point 6 is given
in Eq. (9) or (12), while the likelihood for Hj is given by the same equations, but with s; = 0
and p = 0, respectively. For clarity, we use a slightly more precise notation and write the first
likelihood, L(DM$|9), as L(D“MS|6, H;) and the background-only likelihood as L(D"MS|Hj).

To determine whether or not a given set of independent CMS data, DMS

PMSSM point 8, we use the score Z defined as

Z = sign(InByp)4/2|InByg|, (13)

3And provided that certain conditions are met: mainly, that the likelihood as a function of y is asymptotically
Gaussian.

,is sensitive to a given
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with By the local* Bayes factor,
Big(8) = L(D™S|6, Hy) /L(D™S|Hy). (14)

Since we assume a set of independent data, the overall likelihood function is the product of
the likelihood functions for the individual data. The resulting score Z is a signed Bayesian
analog of the frequentist “n-sigma”. In conventional language, the case Z > 0 would indicate
a signal at “Z-sigma significance”, and the case Z < 0 would indicate a signal exclusion at “Z-
sigma significance”. Note that in our definition of Z, negative values correspond to exclusions
while positive values are associated with potential observations, while Z ~ 0 corresponds to
insensitivity. In particular, for a given pMSSM point 6, Z < —1.64. corresponds roughly to a
frequentist exclusion at 95% confidence level and a point with Z > 5 would signify a discovery.

When dealing with a set of partially overlapping data, we do not define Z as in Eq. (13), since
the likelihoods L(D™M5|9, H;) and L(D“MS|Hy) in the Bayes factor Byo(#) cannot be facorized.
In such cases we define as large as possible sets of non-overlapping data and in each such
set I we obtain a likelihood by multiplying the per datum likelihoods and calculate Z; with
Eq. (13), thereby neglecting correlations between systematic uncertainties of different search
regions and between 7 and 8 TeV analyses. Then we define the overall Z value as

Z = Z;, with | = argmax(|Z;]). (15)
]

Within the considered 7 and 8 TeV analyses, only the 7 TeV HT + MET + b-jets analysis has
overlapping search regions. Only for this analysis, we are not able to do a formal combination
by taking the product of the likelihoods for each search region. For the remaining 5 analyses,
the search regions within each analysis are disjoint. Therefore, for each of these 5 analyses, we
are able to do a combination by taking the products of the likelihoods for each search region
and present a single combined likelihood for each analysis. The data used for 7 and 8 TeV
analyses are disjoint, however the data used by different 7 TeV analyses or different 8 TeV
analyses considered in this study are overlapping (e.g. 8 TeV HT + MHT and 8 TeV HT + MET
+ b-jet analyses are overlapping), therefore we have to use Z values to obtain a combined result
for a given center-of-mass energy.

4 Results

In this section we first present the posterior densities for various MSSM masses and the total
SUSY production cross section within the context of the pMSSM as defined in Section 2, before
and after inclusion of the results of the CMS analyses described in Section 3. We then go on
discussing, in subsequent subsections, the current sensitivity of the CMS searches and unex-
plored regions of parameter space, consequences for the MSSM interpretation of the observed
Higgs boson, and finally consequences for neutralino dark matter.

4.1 Posterior densities for parameters, masses and relevant observables

Figure 1 compares prior distributions to posterior distributions including the data from the 7
and 8 TeV HT + MHT searches performed by CMS [57, 60]. Marginalized distributions are
shown for several sparticle masses.Blue-gray filled areas depict marginalized non-DCS prior
distributions p"°"P<5(9), introduced in Section 3.1. Blue line histograms represent marginal-
ized CMS posterior distributions p(D™5|6), introduced in Section 3.2, for the 7 TeV HT+MHT

4local as opposed to global Bayes factor Byg = L(D™S|Hy)/L(DMS|Hy), in which the likelihood L(DMS|6, Hy)
times the prior p(6|H;) = p(6) is marginalized with respect to 6.
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data. The red and black line histograms show the similar CMS posterior distributions for re-
spectively the 8 TeV and 7+8 TeV HT+MHT data, where the 7+8 TeV combined posterior prob-
ability for each point is obtained by taking a product of the 7 TeV and 8 TeV likelihoods for this
search. Solid lines show posterior distributions assuming the central values for the signal cross
section, while dashed and dotted lines show posterior distributions assuming respectivel 0.5
and 1.5 times the central values for the signal cross section. The difference between the solid
lines and the dotted and dashed lines can be considered as a systematic uncertainty.
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Figure 1: Marginalized distributions of selected sparticle masses. Filled histograms show prior
distributions, line histograms show posterior distributions including the data collected at 7 TeV
(blue), 8 TeV (red), and 7 and 8 TeV (black) by the CMS HT + MHT searches [57, 60]. The solid
curves show posterior densities obtained while assuming the central values for the signal cross
section (4 = 1), whereas the dashed and dotted lines show posterior densities obtained with
£50% variations of the signal cross section ( = 0.5, u = 1.5).

It appears that the HT+MHT data strongly disfavor pMSSM scenarios with ¢ masses below
1200 GeV. Also scenarios with i, é; masses below 1000 GeV are disfavored. However, the
impact on masses of other first and second generation squarks, such as the dg, g masses, is
weaker. Regarding third generation squarks, there is a slight impact on the mass of the lightest
sbottom, disfavoring the lowest masses, while there is no noticeable impact on the mass of the
lightest stop. In more general terms, the most probable mass of the lightest colored sparticle
is increased by about 500 GeV. Also the distribution of the x? mass is shifted to higher values.
This latter effect is mainly a phase space effect, a consequence of our requirement of X} to be
the LSP: scenarios that are disfavored because of a low gluino or squark mass have necessarily
a x| that is even lighter.

Figure 2 presents two-dimensional marginalized distributions of the x? mass versus the ¢ and
ii, € mass, and the ratio of the normalized DCS over non-DCS distributions which display
the increase or decrease of probability on the mass plane. This change in probability is of
course, as throughout the whole document, calculated assuming that nature is described by
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the pMSSM with the parameters within the ranges of Eq 1. These figures clarify how the X!
mass is shifted to higher values. The aforementioned phase space effect is of course well visible,
and in addition a second effect can be observed: for a given squark or gluino mass, regions with
low x? masses are disfavored more strongly. This feature of the posterior distribution is well
known and understood: the higher hadronic activity and higher missing transverse energy of
such scenarios make them easier to detect.
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Figure 2: Marginalized 2-dimensional distributions of the X mass versus the ¢ mass (top) and
versus the 7} mass (bottom). In each row, the left plot shows the non-DCS prior distribution,
the middle plot shows the DCS posterior distribution including the data from the 7 and 8 TeV
HT + MHT searches performed by CMS [57, 60], while the plot on the right shows the ratio of
the two.

Figure 3 compares prior distributions to posterior distributions for §, b; and f; masses including
the data from the 7 and 8 TeV HT + MET + b-jet searches performed by CMS [58, 61]. In the
7 TeV search, the search regions overlap with each other, and thus we cannot calculate overall
7 TeV or overall 7 and 8 TeV posterior distributions. Instead we calculate posterior distributions
for the separate search regions of the 7 TeV search, and show results for the 1b-loose (1BL)
region, which requires events to have > 1b-jet in addition to loose kinematic requirements.
Both the 1BL region of the 7 TeV search and the 8 TeV search disfavor low ¢ masses. The 1BL
and 8 TeV data disfavor the lowest b; masses, whereas the impact of this search on the stop
mass is negligible.

Figure 4 compares prior distributions to posterior distributions including the data from the 7
and 8 TeV searches for EW production of charginos, neutralinos and sleptons performed by
CMS [59, 62]. The data slightly disfavors the lowest chargino, neutralino and ¢é;, fi; masses.
Because this search targets leptons produced in the SUSY cascade, both via off- and on-shell W
and Z bosons, it relies on a sizable difference between the mass of the sparticles produced in
the hard interaction and the LSP. However, as shown in the top row of Fig. 5, the prior strongly
prefers very small mass differences between X and ;- and {J. Therefore, we introduce the
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Figure 3: Marginalized distributions of §, b;, and f; mass. Filled histograms show prior dis-
tributions, line histograms show posterior distributions including the data collected at 7 TeV
(blue), 8 TeV (red), and 7 and 8 TeV (black) by the CMS HT + MET + b-jets searches [58, 61]. The
solid curves show posterior densities obtained while assuming the central values for the signal
cross section (¢ = 1), whereas the dashed and dotted lines show posterior densities obtained
with £50% variations of the signal cross section (4 = 0.5, 4 = 1.5). The included 7 TeV data
are from the 1BL region of the 7 TeV search.

Lightest Non Degenerate chargino (LND %) and neutralino (LND #°) as follows:

v if M in(| My,

Xy if [Mi] > min(|Mz], |p])
~0 > .

Xz if |y < min([M], [M])

As shown in the bottom row of Fig. 5, the prior prefers a sizable difference between the mass
of these “sparticles” and the LSP, and thus we may expect a larger impact of the 7 and 8 TeV
searches for EW production of charginos, neutralinos and sleptons on the LND x*, x and
x- Indeed, in Fig. 6 we observe that for LND x* and x° the discrepancy between prior and
posterior is somewhat larger than for £~ and {3 masses.

4.2 Current sensitivity to the pMSSM

In this section we review the overall sensitivity of the considered CMS searches to the pMSSM,
and the contributions from the individual searches to this overall sensitivity.

Figure 7 presents distributions of Z, as defined in Section 4.2. Z values are calculated as fol-
lows. For both the HT + MHT and the EW analyses, we obtain a 7 TeV, an 8 TeV, and a 7+8 TeV
likelihood, making use of Eq. (9), and calculate the corresponding Z values using Eq. (13). For
the HT + MET + b-jets analyses, we obtain one 7 TeV likelihood for each of the five statistically
dependent 7 TeV signal regions, using Eq. (8), and combine them with Eq. (15). An 8 TeV HT
+ MET + b-jets likelihood and corresponding Z values are obtained using Eq. (12) and Eq. (13),
respectively. We obtain one 7+8 TeV HT + MET + b-jets likelihood for each of the five 7 TeV
signal regions by multiplying each 7 TeV likelihood with the 8 TeV likelihood. The correspond-
ing Z values are obtained with Eq. (13) and combined with Eq. (15). Finally, combined 7 TeV
Z values are obtained from the aforementioned per analysis 7 TeV Z values with Eq. (15), and
combined 8 TeV and combined 7+8 TeV Z values are obtained in the same way.

Each of the distributions peaks near zero, which implies that a large fraction of the pMSSM
parameter sub-space under study remains unexplored after having performed the considered
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Figure 4: Marginalized distributions of selected sparticle masses. Filled histograms show prior
distributions, line histograms show posterior distributions including the data collected at 7
TeV (blue), 8 TeV (red), and 7 and 8 TeV (black) by the CMS searches for EW production of
charginos, neutralinos, and sleptons [59, 62]. The solid curves show posterior densities ob-
tained while assuming the central values for the signal cross section (4 = 1), whereas the
dashed and dotted lines show posterior densities obtained with £50% variations of the signal

cross section (y = 0.5

, 4 =1.5).
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CMS searches. The left tail of these distributions corresponds to the fraction of the pMSSM pa-
rameter space that is in disagreement with the CMS data. This tail is especially pronounced for
the two hadronic searches. On the right side of the peaks, where data would prefer particular
signal scenarios, we observe rarely Z values above 3.

Table 3 shows the probabilities p(Z < —1.64), p(Z < —=3), p(Z < —5) per search and per
dataset, in other words, fractions of parameter space with respectively a Z value below —1.64,
below —3, and below —5. Between brackets we show the corresponding fraction of phases
space for which the particlar analysis is the one and only analysis with Z value below the
respective threshold value.

Table 3: Probabilities p(Z < —1.64), p(Z < —3), p(Z < —5) per search and per dataset, in
other words, fractions of phase space with respective Z values below -1.64, -3, and -5. Be-
tween brackets we show the corresponding fraction of parameter space for which the particlar
analysis is the one and only analysis with Z value below the respective threshold value.

p(Z < —1.64) | p(Z < =3) | p(Z < —5)
7 TeV

HT + MHT 040 (0.23) | 026 (0.15) | 0.17 (0.09)

HT + MET + b+jets | 0.19 (0.02) | 0.14 (0.02) | 0.098  (0.02)

EW prod. x5, %%, 110026 (0.008) | 0.011 (0.005) | 0.005 (0.002)

combination 0.42 0.29 0.19
8 TeV
HT + MHT 045 (0.16) | 037 (0.16) | 0.30 (0.14)

HT + MET + bets | 031  (0.03) | 023 (0.02) | 0.17 (0.02)
EW prod. =, x% I | 0.050 (0.019) | 0.029 (0.013) | 0.016 (0.008)

combination 0.47 0.41 0.32
7 and 8 TeV
HT + MHT 048 (0.16) | 040 (0.16) | 032 (0.14)

HT + MET + bjets | 034 (0.03) | 026 (0.02) | 0.19 (0.02)

EW prod. x*, X% 1 | 0.055 (0.017) | 0.032 (0.012) | 0.018 (0.007)
combination 0.51 0.44 0.34

We construct posterior distributions including the data from all CMS searches under consider-
ation, using a binary likelihood as the CMS likelihood

0 if Z< —1.64
L(D™®10) = {1 if 7> 164 18)

where Z was calculated for the combined data from all considered searches. Figure 8 compares
prior distributions to posterior distributions constructed with this likelihood. Note that the dis-
tribution of the cross section is particularly dependent on the volume of our pMSSM subspace.
Extending the mass parameters to higher values would increase the likelihood in the low cross
section values.

An alternative way to present the sensitivity of CMS to the pMSSM makes use of the survival
probability. We define the survival probability pg™ in a certain region © of the pMSSM param-
eter space as

v Jo H (Z(6) +1.64) pnoPS(9)de

6 - f@ Pnon—DCS (9)d9 ’

(19)
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histograms show Z distributions including the data collected at respectively 7 TeV, 8 TeV, and 7
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Figure 8: Marginalized distributions of selected sparticle masses and total sparticle production
cross section. Filled histograms show prior distributions, line histograms show posterior dis-
tributions including the data collected at 7 TeV (blue), 8 TeV (red), and 7 and 8 TeV (black) by
the CMS searches [57-62]. The solid curves show posterior densities obtained while assuming
the central values for the signal cross section (1 = 1), whereas the dashed and dotted lines
show posterior densities obtained with £50% variations of the signal cross section ( = 0.5,
u = 1.5). Note that the distribution of the logjg of the cross section is particularly dependent
on the volume of our pMSSM subspace.
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where H is the Heaviside step function. In our discrete representation this becomes

Psurv _ ZGE@ woH (Z(Q) + 164)
© Y gco Wo

(20)

with wy the weight of pMSSM point 6 used to introduce non-DCS data in the chain of inference
after pMSSM points were sampled with the MCMC. Figure 9 shows the survival probability
for selected sparticle masses and for the total sparticle production cross section for 7 TeV, 8 TeV
and 7 + 8 TeV.

As we can see, the survival probability for the colored sparticles is significantly lower for the
low masses. However, scenarios with very light colored sparticles can still survive the CMS
searches. We have investigated the characteristics of several such cases. One regular case is
that for light gluinos and stops, the gluino or stop is the next-to-lightest superparticle and is
nearly degenerate with a {° that weighs a few hundred GeV . In such cases there is relatively
little visible activity, making it difficult to distinguish signal events from background events.
Another well-known case is the presence of multiple near-degenerate EW gauginos between
the gluino or the stop and the 7. This case is defined as a compressed spectrum, and leads to
multiple soft decay products, which are hard to discriminate with the current data.

4.3 Consequences for the Higgs boson sector

In this section, we investigate the possible impact of the CMS SUSY searches on the Higgs
sector of the MSSM. To this end, we employ a tighter selection of 123 GeV < m; < 128 GeV
in order to comply with the measured Higgs boson mass of about 125.5 GeV, including the 2-3
GeV theoretical uncertainty in the calculation of the light Higgs boson mass in the MSSM. Note
that this tighter m), window is relevant only for discussing the 125 GeV Higgs boson signal, and
is thus applied only in this section. Indeed, once the non-DCS constraints are imposed, the only
SUSY parameters which are significantly affected by an additional requirement on m;, are A;
and the stop mixing parameter X;/ Mgysy, with the usual definitions X; = Ay — (y4/ tan ) and
Mgysy = /T, 1T, . This is discussed in some detail in Ref. [66].

It is well known that to achieve m;, ~ 125 GeV either the stops must be very heavy, or | A;| and

| Xt/ Msysy| must be large, only slightly shy of the so-called maximal mixing choice | X;/ Mgusy| ~
V6 (see [66] and references therein). However, once 123 GeV < mj, < 128 GeV is required, the
CMS SUSY data have little impact on either this ratio or my, . This is illustrated in Fig. 10, which
shows the non-DCS probability distribution, the DCS posterior density as well as the ratio of
the two in the X;/ Mgusy versus m;, plane. From the left plot, we see that the bulk of the points
have m; > 1TeV and a large stop mixing parameter of X;/Msysy ~ 1.5 or ~ —2. The middle
and right-hand plots illustrate the fact that the CMS data cause only a slight shift of the f; mass
posterior distribution to higher values.

One way to test the orthogonality [34, 66] of the Higgs boson measurements and SUSY exclu-
sions is to consider the impact of the latter on the production/decay rates for the SM-like Higgs
boson itself. In other words, how do the predicted signal strengths compare to the measured
ones, and do the CMS SUSY searches have any impact on them? To answer such questions we
define Higgs boson signal strengths px(Y) for given initial states X and final states Y:

px(Y) = o(X = h)BR(h — Y)

~ osm(X — hgy)BR(hgy — ) (21)

The production processes of interest are gluon fusion, X = gg, vector-boson fusion, WW, ZZ —
h, commonly denoted by X = V BF, and vector boson plus Higgs boson associated production,
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Figure 9: Survival probabilities as a function of selected sparticle masses and total sparticle
production cross section, after the data from the searches performed by CMS [57-62]. Line
histograms show survival probabilities after 7 TeV (blue), 8 TeV (red), and 7 and 8 TeV (black)
data. The solid curves show survival probabilities obtained while assuming the central values
for the signal cross section ( = 1), whereas the dashed and dotted lines show survival proba-
bilities obtained with +50% variations of the signal cross section (x = 0.5, p = 1.5). The filled
area represents the statistical uncertainty.
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Figure 10: Marginalized 2-dimensional distributions of X;/Msuysy vs. m;,. The left plot shows
the non-DCS prior distribution, the middle plot shows the DCS posterior distribution including
the data from the 7 and 8 TeV searches performed by CMS [57-62], while the plot on the right
shows the ratio of the two. In all plots 123 GeV < mj, < 128 GeV is required.

denoted by X = Vh. In two-doublet models such as the MSSM the scale factor for X = Vh is
the same as for X = VBF [67] and so we only show the latter. The final states of interest are
Y = vy, Z2Z, WW, 17, and bb. In any two-doublet model, the scale factor for Y = WW is the
same as that for Y = ZZ [67], so again we only plot the latter. Similarly, to first approximation
the T7 scale factor is the same as that for bb.

In the upper row of Fig. 11, we present probability densities for piee(77Y), tige(ZZ), and pige (bb).
The corresponding results for the VBF initial state are given in the lower row of Fig. 11. Impos-
ing Z > —1.64 in addition to the non-DCS requirements has a rather modest impact in these
and all subsequent plots in this section. Thus, most remarks in this section can be taken to
apply to both the non-DCS and Z > —1.64 distributions.

Returning to the ux(Y) ratios, we observe a strong peaking at values near 1, but ranging with
significant probability to values as large as 1.2 — 1.4 in the 7 and ZZ final states, with the
bb final state tending to have p4,(bb) values more tightly clustered near unity. The fact that
the ux(Y) distributions tend to peak at values close to 1 already at the non-DCS level implies
that the light /1 is most likely quite SM-like, despite the very large range of MSSM parameter
choices being sampled. In fact, current measurements of the Higgs boson ux(Y) ratios are
completely consistent with SM-like values of unity, as shown in Fig. 4 of [66], and narrow the
ux(Y) distributions substantially relative to the non-DCS distributions shown. In contrast, we
find that the px(Y) distributions are not much impacted by CMS data regarding searches for
SUSY. In other words, the SUSY limits are ‘orthogonal’ to the direct Higgs boson measurements.

Of course, it would be extremely exciting if one of the other Higgs bosons of the MSSM, H, A
or H*, could be detected. First, we note that the decoupling result of my ~ my ~ mp=+ sets
in already for ms ~ 500 GeV. Further, one finds that the lowest value of m 4 with significant
non-DCS posterior probability is of order 500 GeV with m4 > 800 GeV having greater than
95% probability. Indeed, there is significant probability extending all the way up to 3 TeV
and higher. To get an idea of the impact of CMS SUSY data, in Fig. 12 we present probability
densities in the tan 8 vs. m 4 plane requiring 123 GeV < mj;, < 128 GeV. The left plot shows
the non-DCS probability distribution, the middle plot gives the DCS posterior density for Z >
—1.64 while the right plot displays the ratio of the two. Note that the 7 + 8 TeV data narrow
the most probable wedge region somewhat in the direction of lower tan 8 at any given m 4.
Comparing the latter to current limits [68, 69] obtained assuming my ~ m,4 and neglecting
interference (both approximations being adequate given the limited mass resolution in the 77
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Figure 11: Marginalized distributions of piee(77Y), pee(ZZ), and pige(bb) (upper row) and for
wvere(yy), wvee(ZZ), and pypr(bb) (lower row). Filled histograms show prior distributions,
line histograms show posterior distributions including the data collected at 7 TeV (blue), 8 TeV
(red), and 7 and 8 TeV (black) by the CMS searches [57-62]. The solid curves show poste-
rior densities obtained while assuming the central values for the signal cross section (¢ = 1),
whereas the dashed and dotted lines show posterior densities obtained with £50% variations
of the signal cross section (4 = 0.5, = 1.5). In all plots 123 GeV < m;, < 128 GeV is required.
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Figure 12: Marginalized 2-dimensional distributions of tan  vs. m,4. The left plot shows the
non-DCS prior distribution, the middle plot shows the DCS posterior distribution including
the data from the 7 and 8 TeV searches performed by CMS [57-62], while the plot on the right
shows the ratio of the two. In all three plots 123 GeV < m;, < 128 GeV is required.

final state), we find that most points in this plane are allowed. Only a few low probability points
at very high tan B values at a given m4 would be excluded. The fact that the allowed wedge is
close to the current limits from the T+t~ mode implies that the next LHC run could observe the
A, H if tan B is near the upper limit allowed by the current data set. It should be noted that the
Higgs boson precision measurements actually constrain the wedge more strongly than either
non-DCS data or CMS SUSY searches, as shown in the upper-right plot of Fig. 6 of [66].

Finally, it is interesting to assess the extent to which the H, A, H + might be observable via de-
cays into supersymmetric final states. For most of the non-DCS preferred parameter space,
such decays have very small branching ratio. The Z > —1.64 requirement after including CMS
data results in a small shift to still lower SUSY branching ratios. However, for a small, but sig-
nificant fraction of the parameter space these Higgs bosons decay with a substantial branching
ratio (reaching as high as 90%) to superpartner-pair final states. These superpartner-pair final
states are typically not pairs of LSPs but sparticles that give potentially visible signatures —
the branching ratios for decay to the invisible x?x? final state are always very small, even when
kinematically allowed.

4.4 Consequences for Dark Matter

Although we assume R-parity conservation and a neutralino LSP, we chose not to apply any
dark matter (DM) constraints on the neutralino in the sampling of the pMSSM parameter space.
This is to avoid making assumptions about the history of the Universe (such as pure thermal
production of particles, only one DM candidate, constant entropy after freeze-out, etc.) as usu-
ally enter the “vanilla” DM constraints. Instead, in this section we test the influence of the CMS
SUSY searches on DM-related quantities, such as the would-be neutralino relic density, QX?hz
(assuming standard cosmology) and the expected spin-dependent (SD) and spin-independent
(SI) cross sections for scattering off protons, which are relevant for direct DM searches.

The marginalized 1D posterior density distributions of nghZ, &P, and ¢o®' are shown in

Fig. 13. The rescaling factor ¢ = QX?hz /0.119 is applied to normalize the {7 p scattering cross

section to the DM relic density ()% ~ 0.119 determined by PLANCK [70]; this is useful because
the limits set by the direct DM detection experiments assume that only one type of particles
makes up all the DM.

We note first of all a two-peak structure in the distribution of () X?hz’ with the minimum actually
lying near the cosmologically preferred value of ~ 0.1. With an estimated 10% theoretical
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Figure 13: Marginalized distributions of neutralino relic density QX?hZ (left), spin-dependent

direct dark matter (DM) detection cross section &P (middle), and spin-independent direct
DM detection cross section ™! (right), with the rescaling factor & = nghz /0.119. Filled his-
tograms show prior distributions, line histograms show posterior distributions including the
data collected at 7 TeV (blue), 8 TeV (red), and 7 and 8 TeV (black) by the CMS searches [57-
62]. The solid curves show posterior densities obtained while assuming the central values for
the signal cross section (¢ = 1), whereas the dashed and dotted lines show posterior densities
obtained with +50% variations of the signal cross section (4 = 0.5, = 1.5).

uncertainty on the measured DM relic density, the probability at the non-DCS level to have a
relic density that is too high (too low) is about 63.3% (36.3%), while the probability of being
within 10% of the PLANCK value is p(0.107 < QX?hz < 0.131) ~ 0.5%. The effect of the

CMS searches is to slightly shift the QX?hZ distribution towards lower values, but the two-
peak structure and the minimum around nghz ~ 0.1 remain; there is however a very slight

increase to p(0.107 < QX?hZ < 0.131) ~ 0.6% for Z > —1.64. The corresponding scattering
cross sections off protons are however challenged by the limits from direct DM searches; in
particular LUX excludes ¢o®(f%p) = 1072-10"8 pb for DM masses of 100-1000 GeV (at 90%
CL) [71].

The possible complementarity between collider and astrophysics experiments for pinning down
the nature of DM (and eventually testing the standard cosmological model) becomes somewhat
more apparent in the 2D distributions of Qﬁh2 and ¢o(§)p) versus §) mass, shown in Fig. 14.
While the influence of current CMS results at 7 and 8 TeV is still marginal, it becomes clear
that the CMS searches are beginning to test the most interesting region with LSP masses below
about 400-500 GeV. Finally, note that the plots of this section can be compared to Figs. 10 and
11 of [66], which show the influence of the Higgs signal strength likelihood on the distributions
of QX?hZ and Zo' (9p).

5 Conclusions

We have investigated the impact of a subset of the 7 and 8 TeV CMS SUSY searches on a poten-
tially accessible sub-space of the pMSSM, a 19-dimensional proxy of the MSSM defined at the
SUSY scale. The sub-space is sampled using an MCMC method that covers sparticle masses
up to about 3 TeV. The analyses span a variety of final states, which permit a broad exploration
of the pMSSM, and by association the MSSM. We only consider the phase space where the
chargino lifetime c7 (%) is less than 10 mm.

We have interpreted the results from HT + MHT, HT + MET + b-jets, and leptonic EW searches.
We have also calculated the effect of the combination of the 7 and 8 TeV CMS SUSY results.
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Figure 14: Marginalized 2-dimensional distributions of neutralino relic density QX?hz (top

row), spin-dependent direct dark matter (DM) detection cross section &SP (middle row), and
spin-independent direct DM detection cross section ¢o™! (bottom row), versus X" mass with the
rescaling factor ¢ = nghz /0.119. In each row, the left plot shows the non-DCS prior distribu-
tion, the middle plot shows the DCS posterior distribution including the data from the 7 and 8
TeV searches performed by CMS [57-62], while the plot on the right shows the ratio of the two.
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We have considered 50% variations on the pMSSM signals to take into account signal related
systematic uncertainties, while we have neglected the correlations between background pre-
dictions for different search regions and for the 7 and 8 TeV data sets. Our overall conclusion is
that the hadronic 7 and 8 TeV CMS analyses have a significant impact on the allowed values of
the gluino and light-flavor squark masses, but third-generation squarks are much less affected.
In particular, there is no visible effect of the considered hadronic inclusive searches on the stop
mass distributions. We also see a slight limiting of the x{ mass distribution, which is an indirect
constraint arising from the fact that x? is the LSP. The leptonic EW analyses on the other hand
have only a slight effect on neutralino, chargino and slepton masses. This study demonstrates
that a rigorous approach to testing the general MSSM, without theoretical prejudices on the
patterns of SUSY soft-breaking terms, is absolutely feasible.
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