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In this proceeding we present the results of the recent phenomenological study by the
MasterCode collaboration [1] of the Dark Matter (DM) annihilation mechanisms in the cur-
rently allowed parameter space of the CMSSM, NUHM1, NUHM2 and pMSSM10 models. We
have assumed that the lightest neutralino χ0

1 is the Lightest Supersymmetric Particle (LSP). The
annihilation mechanisms involved in these models range from coannihilation with the next-to-
LSP (NLSP) particle (e.g. the lightest stau τ̃1, stop t̃1 or chargino χ̃

±
1 ) to resonant annihilation

via s-channel exchange of a Higgs (h/H/A) boson or a Z boson and enhanced annihilation rate in
the so-called focus-point region due to a larger Higgsino component of the LSP. Special attention
has been given to the interplay of future LHC searches and direct DM detection experiments in
the exploration of the allowed regions. We have found that the τ1 coannihilation regions of the
CMSSM, NUHM1 and NUHM2 will be largely covered by future LHC searches for�ET signa-
tures and long-lived charged particles, while direct detection DM experiments (LZ) will probe
the H/A funnel, focus point and χ̃

±
1 coannihilation regions. In the case of the pMSSM10, LHC

experiments will be able to explore only parts of the preferred 68% CL region, where χ̃
±
1 is the

dominant mechanism. On the other hand, DM direct detection experiments will be able to probe
the favored pMSSM10 parameter space more extensively.
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1. Introduction

The goal of the MasterCode collaboration is to provide global fits for SUSY models, account-
ing for the most accurate theoretical predictions and for the latest experimental searches. Among
the experimental constraints, one of the most relevant is the the Cold Dark Matter (CDM) relic
density. Indeed the latter is now very precisely determined by measurements of the cosmic mi-
crowave background, which yield ΩCDM h2 = 0.1186± 0.0020 [2]. This constraint was already
included in a strings of recent analyses of different MSSM models by the MasterCode collab-
oration [3, 4, 5, 6] and by some of its members independently [7]. In all cases it was assumed
that R-parity is conserved and that the DM candidate is the lightest neutralino, χ0

1 . While in these
papers the importance of the CDM relic density in selecting the allowed parameter space was al-
ready stressed, a systematic study of the DM annihilation mechanisms was not performed. With
our latest study [1], presented in this proceeding, we try to fill this gap. This will also allow us to
stress the complementary importance of collider searches and of DM direct detection experiments.

Our analysis of the DM annihilation mechanisms is performed in all the four different MSSM
models already mentioned above and that were studied by the collaboration. In detail, we consider:

• The constrained MSSM (CMSSM) [8, 9], where the soft SUSY-breaking parameters are
universal and given at the GUT scale. Consequently, the model is fully determined by the
value of the soft SUSY-breaking mass for the SUSY scalars (m0), by the value of the soft-
SUSY breaking mass for for the SUSY fermions (m1/2) and by the scalar trilinear couplings
(A0), at a common unification scale.

• The Non-Universal Higgs Mass (NUHM1) model [10], where the two soft SUSY-breaking
masses for the Higgs doublets are allowed to be different from m0, though fixed to the same
value, m2

H1
= m2

H2
6= m0.

• The Non-Universal Higgs Mass (NUHM2) model [11], where the degeneracy of the soft-
SUSY breaking Higgs mass terms is lifted, m2

H1
6= m2

H2
6= m0.

• A version of the phenomenological MSSM (pMSSM10) [12], where we allow for 10 differ-
ent independent parameters in the Lagrangian. The latter are the three gaugino soft SUSY-
breaking masses (M1,M2,M3), two squark masses (mq̃1,2 , mq̃3), a common mass term for
all the sleptons (ml̃), a common trilinear coupling (A0), the Higgs mixing parameter (µ),
the pseudoscalar Higgs mass (MA) and the ratio of the vevs of the two Higgs doublets
(tanβ ≡ v2/v1). The equality of the soft SUSY-breaking masses of the two first genera-
tions of squarks is dictated by the absence of significant Flavor Changing Neutral Currents
(FCNC) beyond the SM ones, while the assumptions for all sfermions that the left-handed
mass is equal to the right-handed one is postulated only for simplicity. All the inputs are
given at the electroweak scale, at difference with the GUT models where the parameters
were defined at the GUT scale.

We present the results in a series of phenomenologically relevant two-dimensional projections
of the multi-dimensional parameter space. In the same planes, we will also show the reach of
forthcoming LHC searches and the sensitivity of future direct-detection DM experiments, where
relevant.
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2. The MasterCode framework

All our analyses are performed using MasterCode, a frequentist global fitting framework for
SUSY models. MasterCode is written in C++, Python and Cython. It implements an efficient
way of interfacing the different codes providing the theoretical predictions in the computation of
the global χ2 function. The multi-dimensional parameter space is sampled using the MultiNest
algorithm [13, 14, 15]. A detailed description of all the included experimental constraints and of
the codes used for the theoretical predictions is included in ref. [3, 7, 4, 5, 6].

3. The DM annihilation mechanisms

We use a list of pre-defined heuristic mass-degeneracy measures as a proxy to the importance
of a specific DM annihilation mechanism. We have checked with micrOMEGAs [16] that indeed
they describe correctly the DM phenomenology, yielding the dominant process (i.e. the mechanism
that gives the largest contribution of final states, usually being & 50%). In the case of the GUT
models, they are:

τ̃1 coann. (pink) :

(
mτ̃1

m
χ̃0

1

−1

)
< 0.15 ,

χ̃
±
1 coann. (green) :

(
m

χ̃
±
1

m
χ̃0

1

−1

)
< 0.1 ,

t̃1 coann. (grey) :

(
mt̃1
m

χ̃0
1

)
−1 < 0.2 ,

A/H funnel (blue) :

∣∣∣∣∣MA

m
χ̃0

1

−2

∣∣∣∣∣ < 0.4 ,

focus point (cyan) :

(
µ

m
χ̃0

1

)
−1 < 0.3 . (3.1)

For each mechanism we have also specified the corresponding color that will be used in the figures.
In the case of the pMSSM10, we define to two additional measures:

h funnel (magenta) :

∣∣∣∣∣ Mh

m
χ̃0

1

−2

∣∣∣∣∣ < 0.4 ,

Z funnel (orange) :

∣∣∣∣∣MZ

m
χ̃0

1

−2

∣∣∣∣∣ < 0.4 . (3.2)

We also relax the numerical condition on χ̃
±
1 coannihilation measure, re-defining it to |m

χ̃
±
1
/m

χ̃0
1
−

1| < 0.25, so that it more accurately reproduces the dominance of this mechanism in this model
Notice that there is no focus-point behavior in the pMSSM10, however we still use the same no-
tation and color to represent the regions where the LSP has an enhanced Higgsino component and
annihilation rate.
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4. The DM planes

We now show the results of our analyses as projections in two-dimensional planes. For each
fixed coordinates in the 2D-plane, the point in the full multi-dimensional parameter space with the
lowest χ2 is selected. In all the figures we delimit with red and blue contours the area in the model
planes where ∆χ2 = 2.30 and ∆χ2 = 5.99, respectively. These correspond roughly to the regions
allowed at the 68% CL and 95% CL. The best fit points are shown as filled green stars.

4.1 The (m0,m1/2) plane

In fig. 1 we show the dominant annihilation mechanisms in the (m0,m1/2) plane for the
CMSSM (upper left), NUHM1 (upper right) and NUHM2 (bottom left) models. For the pMSSM10
(bottom right) we plot on the other hand the (mq̃,mχ0

1
) plane, since m0 and m1/2 have no mean-

ing in this model. To understand the current and future reach of LHC searches, concerning the
GUT models, we plot with a solid purple line the current 95% CL exclusion from the SUSY �ET

searches [17], while we use a dashed purple contour for the 5σ discovery reach for�ET searches with
3000 fb−1 [18] at 14 TeV. These correspond approximately to the 95% CL exclusion reach with
300 fb−1 at 14 TeV. In the case of the pMSSM10, the dashed (dash-dotted) contour corresponds to
the 3000 fb−1 95% CL exclusion sensitivity at 14 TeV, under the assumption that mg̃� mq̃ (with
the hypothesis that mg̃ = 4.5 TeV).

From the upper left plot, we see four distinct areas in the CMSSM plane. In the low-m0-low-
m1/2 region, we see that τ̃1 coannihilation is the dominant DM annihilation mechanism. In this
region we also find the best fit point. Still at low m0 but at larger m1/2, we observe an hybrid of τ̃1

coannihilation and A/H funnel; for larger m0 and m1/2, the plane is dominated by the A/H funnel.
Finally, at large m0 and at lower m1/2, the focus point behavior is the relevant one.

We notice that the τ̃1 coannihilation region is very close to the current 95% CL exclusion limit
from �ET searches (solid purple curve) and it will be fully explored with 3000 fb−1 of integrated
luminosity (dashed purple curve). These high-luminosity searches will also probe part of the hybrid
and a small section of the H/A funnel and focus point regions.

In the case of the NUHM1 (top right), we notice a τ̃1 coannihilation region similar to the
CMSSM one, which borders now with a more extended hybrid region. The latter extends up to
m1/2 ∼ 3500 GeV. We also note the appearance of a large area dominated by χ̃

±
1 coannihilation,

for 2500 . m1/2 . 4000 GeV (besides a small hybrid-region peninsula) and spanning all the range
in m0. Here we have that µ . M1 and therefore χ̃0

1 , χ̃0
2 and χ̃

±
1 are nearly mass degenerates and

the LSP has a mainly Higgsino component. Finally, for large m0 and moderate value of m1/2, H/A
funnel dominates. The current LHC searches border now both the τ̃1 coannihilation and A/H funnel
regions. Future searches will probe part of these two regions and of the hybrid area. However it
will not be sensitive to the χ̃

±
1 coannihilation region, where the best fit point is also located.

Concerning the NUHM2, we see that now, with respect to the NUHM1, the τ̃1 coannihilation
region is much larger while the extensions of the hybrid region is reduced. We also notice that
there is a small island around (m0,m1/2)∼ (500,2000) GeV that is dominated by t̃1 coannihilation.
The latter is close to the current 95% CL exclusion limits and it will be completely probed by the
3000 fb−1

�ET searches, which will also test part of the τ̃1 coannihilation and A/H funnel regions.
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Figure 1: The (m0,m1/2) plane for the CMSSM (top left), NUHM1 (top right) and NUHM2 (bottom left).
For the pMSSM10, we plot in, the bottom right panel, the (mq̃,mχ̃0

1
) plane. In the plots, the shadings

represent the various DM annihilation mechanisms, with the used color coding reported in the legend. The
68% CL (95% CL) is shown as a red (blue) contour. For the GUT models, the solid purple contours show
the current LHC 95% CL exclusions from�ET searches while the dashed purple line 5 σ discovery reach
with 3000 fb−1 in the same channels, at 14 TeV. The latter corresponds roughly with the 95% CL exclusion
sensitivity with 300 fb−1 at 14 TeV. In the case of the pMSSM10, the dashed line correspond to the 3000fb−1

95% CL exclusion sensitivity with the assumption that mg̃� mq̃, while the dash-dotted curve correspond to
a fixed mg̃ = 4.5 TeV.

Finally, the pMSSM10 is characterized by the overwhelming dominance of the χ̃
±
1 coannihi-

lation mechanism. In this area the LSP is Bino-like. We also observe a band at lower m
χ̃0

1
where h

and Z funnels assume the role of dominant DM annihilation mechanism. Future�ET LHC searches
will be able to test part of the allowed regions, as it can be seen from the purple contours, though
the precise amount is dependent on the details of the SUSY spectrum.
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Figure 2: The (m
χ̃0

1
,σSI

p ) plane for the CMSSM (top left), NUHM1 (top right) and NUHM2 (bottom left)
and the pMSSM10 (bottom right). In the plots, the shadings represent the various DM annihilation mech-
anisms, with the corresponding color coding reported in the legend. The 68% CL (95% CL) is shown as
a red (blue) contour. The current sensitivities of the XENON100 and LUX experiments are shown with a
green and black lines respectively. In purple we plot the estimated exclusion reach of the LZ experiment
at 95% CL. The orange dashed contour delimit the “neutrino floor”, below which every DM signal will be
overwhelmed by the background from astrophysical neutrinos.

4.2 Direct DM searches

In fig. 2 we show the (m
χ̃0

1
,σSI

p ) planes1 for the four models under analysis: the CMSSM (top
left), the NUHM1 (top right), the NUHM2 (bottom left) and the pMSSM10 (bottom right). The
sensitivity of the current experiments are shown with a green line for XENON100 and with a black
line for LUX. We also plot the 95% CL exclusion reach of the future LUX-Zepelin (LZ) experiment
with a purple line. The dashed orange contour is the so-called “neutrino floor”, below which the

1The details of our computation of the spin-independent scattering cross-section on a proton are described in ref. [6].
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astrophysical neutrino background would overwhelm any genuine DM signal.
In the case of the CMSSM (top left), we see that the current experiments already probe quite

deeply the focus point and the χ̃
±
1 coannihilation region. We also notice that the LZ experiment will

be able to test the remaining part of the χ̃
±
1 coannihilation region and the H/A funnel region. It is

interesting to note that, on the other hand, the τ̃1 coannihilation region is not completely accessible
by current or planned direct detection DM experiments. However it will be fully explored by the
LHC searches, as shown in figure 1.

In the NUHM1 we see a similar picture, with the χ̃
±
1 coannihilation region and H/A region

within the LZ reach and the τ̃1 coannihilation and hybrid regions reaching beyond and extending
into the neutrino floor. However, as in the CMSSM, these parameter space regions will be at least
partially covered by LHC searches.

Similar observations are also valid for the NUHM2, with the difference that the best fit point,
which lies in the τ̃1 coannihilation region, is now below the neutrino floor. Also, the t̃1 coannihila-
tion region will be only marginally probed by LZ.

Finally, in the pMSSM10 we observe that the LZ experiment will be able to test a large part of
the region dominated by χ̃

±
1 coannihilation, completely exploring the section allowed at 68% CL

and therefore the best fit point. In this plot we show as “uncolored” the regions where none of the
mechanisms we studied is dominant. They will be probed by LZ as well. The very small value of
σSI

p allowed in the pMSSM10 are due to cancellations between different contributions in the σSI
p

cross-section. It was show in ref. [6] that similar cancellations occur when spin-independent cross
section on the neutron is considered.

5. Conclusions and outlook

In the study of the MasterCode collaboration presented in [1] and reported in this proceeding,
we have studied the various DM annihilation mechanisms that play a dominant role in bringing the
observed CDM relic density in the range measured by cosmological observations. The study has
been performed for the CMSSM, the NUHM1, the NUHM2 and the pMSSM10 models.

In the case of the GUT models, we have found that usually between three and four mechanisms
are dominant, depending on the region of the parameter space. These are τ̃1, t̃1, χ̃

±
1 coannihilations,

H/A funnels and the focus-point behavior. There are also hybrid regions where both τ̃1 coannihila-
tion and H/A funnel play a role. On the other hand, in the pMSSM10, χ̃

±
1 coannihilation dominates

in almost all of the preferred parameter space.
Concerning GUT models, we have also observed that future �ET LHC searches will be able

to probe a significant part of the τ̃1 coannihilation region. In the NUHM2, the t̃1 coannihilation
region will be probed as well. On the other hand, underlying the complementarity between collider
and direct-detection DM experiments, the χ̃

±
1 coannihilation and the focus point regions could be

completely explored by LZ. The latter will also be able to explore the H/A funnel region. Con-
versely, direct-detection DM experiments will not be able to study the τ̃1 coannihilation region as
completely as it will possible via the LHC.

In the case of the pMSSM10, we see that significant regions of the χ̃
±
1 coannihilation parameter

space, including all the area preferred at 68% CL, will be probed both by the LHC and by the LZ
experiments.
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While not reported here, in the original article we have also extensively studied other param-
eter planes, stressing different phenomenological aspects and the perspective of using other LHC
searches to derive information on the dominant DM annihilation mechanism (assuming that the χ̃0

1
is the dominant CDM component). Moreover we have also pointed out the possibility of long-lived
charged particles in the GUT models and therefore the opportunity of searching for signatures of
metastable charged particles at the LHC.
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