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Abstract We revisit the viability of the CMSSM, search-
ing for regions of parameter space that yield a neutralino
dark matter density compatible with Planck measurements,
as well as LHC constraints including sparticle searches and
the mass of the Higgs boson, recent direct limits on spin-
independent and -dependent dark matter scattering from the
LUX-ZEPLIN (LZ) experiment, the indirect constraints from
Fermi-LAT and H.E.S.S. on dark matter annihilations to pho-
tons in dwarf spheroidal galaxies and the Galactic Centre, and
the IceCube limits on muons from annihilations to neutrinos
in the Sun. For representative values of tan β and A0 we map
in detail the Planck-compatible strips in CMSSM parameter
planes, which exhibit multiple distinctive features for large
tan β, A0 = 0 and μ > 0, and identify portions of the strips
that survive all the phenomenological constraints. We find
that the most powerful constraint is that from mh , followed
by the LZ limit on spin-independent scattering, whereas spar-
ticle searches at the LHC and indirect dark matter searches
are less restrictive. Most of the surviving CMSSM parame-
ter space features a Higgsino-like dark matter particle with a
mass ∼ 1000−1100 GeV, which could best be probed with
future direct searches for dark matter scattering.

1 Introduction

The Constrained Supersymmetric extension of the Standard
Model (CMSSM) is a commonly-used template for super-
symmetry phenomenology [1–16], which incorporates the
simplified assumption that the soft supersymmetry-breaking
parameters are universal at the gauge coupling unification
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scale ∼ 1016 GeV. The CMSSM has often been used, for
example, to interpret supersymmetry searches at the LHC
and both direct and indirect searches for astrophysical dark
matter.

The continuing lack of success in accelerator searches
for supersymmetric particles [17–20] as well as searches for
massive astrophysical dark matter particles [21–25] has been
exerting ever-increasing pressure on supersymmetric models
in general and the CMSSM in particular. The low dimension-
ality of the CMSSM parameter space enforces many links
between supersymmetric observables and has relatively few
unexplored corners. Under these circumstances, an ever more
pressing question is whether the CMSSM survives all the
phenomenological constraints. If it does, there is likely to
be an ever-decreasing region of CMSSM parameter space
where experimental searches should focus, which may be
interesting also for more general supersymmetric models.
If the CMSSM does not survive, the time has come to move
on, either to more general supersymmetric models or to other
scenarios for dark matter and complementary possibilities for
physics beyond the Standard Model.

Our philosophy in this paper is to regard the CMSSM as
the canary in the supersymmetric coalmine, whose survival
is indicative of the general state of health of supersymmet-
ric phenomenology. As we shall see, the CMSSM continues
to survive the experimental onslaught in a restricted range
of parameters that is quite vulnerable to upcoming direct
searches for astrophysical dark matter.

The following are the phenomenological constraints that
we consider in this paper.

The most restrictive is the constraint on the density of dark
matter provided by the Planck satellite and other measure-
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ments, which has percent-level precision [26]. Our calcula-
tion of the relic density assumes standard thermal freeze-
out. However, it is subject to at least two important caveats.
One is that the supersymmetric relic density will in general
be changed if the expansion history is modified or if the
late decay of a massive particle (which comes to dominate
the energy density) adds entropy to the radiation bath after
freeze-out [27,28] and the other is that there may be other
sources of dark matter, in which case the supersymmetric
relic density may be less than the total dark matter density
indicated by Planck and other experiments. Nevertheless, we
take the Planck dark matter density constraint at face value,
commenting later on the extension of our results to the pos-
sibility that the LSP contributes only a fraction of the cold
dark matter density.

The second most stringent constraint is provided by the
mass of the Higgs boson, which has been measured at the per-
mille level [29–31]. Theoretical calculations of mh within
supersymmetric models have estimated accuracies at the
percent level. In our analysis we use calculations with the
FeynHiggs 2.18.1 code [32], taking into account their
estimated uncertainties. As we shall see, the mh constraint is
quite complementary to the Planck constraint.

Another set of constraints is provided by LHC searches
for supersymmetric particles, which yield (so far) only
lower limits on sparticle masses [17–20] and hence the
CMSSM supersymmetry-breaking parameters m0 (the sup-
posedly universal scalar mass at the unification scale) and
m1/2 (the supposedly universal gaugino mass). In principle,
these limits depend somewhat on the values of tan β (the
ratio of supersymmetric Higgs vev’s) and A0 (the supposedly
universal soft trilinear supersymmetry-breaking parameter).
However, we find that the LHC constraints are not relevant
in the regions of CMSSM parameter space favoured by the
measurement ofmh , implying that a detailed implementation
is not necessary.

We stress that our motivation for studying the CMSSM
is the simplicity embodied in the assumptions on scalar and
gaugino mass universality. Of course there are many more
complicated extensions of this paradigm, such as models
in which the Higgs masses differ from the scalar masses
at the unification scale, which are commonly known as
non-universal Higgs mass models (NUHM) [33–37]. Addi-
tional parameters will clearly relax the impact on the model
imposed by experimental constraints. To the extent that the
CMSSM survives them, other models will survive them more
easily. As we will see, the CMSSM survives these constraints
with a supersymmetry breaking mass scale that isO(10) TeV
[38,39], larger than the scale originally associated with super-
symmetry when it was proposed as a solution to the hierar-
chy problem [40–42]. However, supersymmetry at any scale
below the GUT or Planck scale alleviates the hierarchy prob-
lem to some extent.

We implement several astrophysical constraints on dark
matter interactions. The first are the direct upper limits on
spin-independent and -dependent astrophysical dark matter
scattering set recently by the LUX-ZEPLIN (LZ) experiment
[25], which are more stringent than those set previously by
the LUX [22], PANDA-X [23,24] and XENON [21] exper-
iments. As we show later, the spin-independent scattering
constraint excludes parts of the dark matter strips that are
compatible with mh , the other LHC and indirect dark matter
constraints.

We also consider several indirect constraints on astrophys-
ical dark matter annihilations [43,44]. The first is provided
by upper limits from Fermi-LAT on γ fluxes from dwarf
spheroidal satellite galaxies [45–50]. As discussed in [51]
and in the text, we combine the γ flux limits from all the
available dwarf data sets. As in the case of the LHC con-
straints, we find that the combined γ limit does not impact
the region of parameter space favoured by mh and the dark
matter density. The same is true for the upper limits from the
γ flux from the Galactic Centre [52–55]. The final indirect
limit we consider is that on dark matter annihilation in the
Sun [56–63] set by the IceCube search for energetic neutrinos
from the Sun [64–66].

In order to set the stage for the applications of the differ-
ent constraints, we first discuss in detail in Sect. 2 the dark
matter strips for different values of tan β, A0 = 0 and μ > 0
and the underlying mechanisms that play dominant roles in
bringing the cosmological dark matter density into the range
allowed by Planck and other measurements. These include
the focus-point and well-tempered neutralino mechanisms,
coannihilation between the LSP and other sparticles such as
heavier neutralinos, charginos and stop squarks, and anni-
hilations via s-channel heavy Higgs bosons (H/A). As we
discuss in Sect. 2, these different mechanisms may combine
constructively in non-trivial ways. The pattern of dark matter
strips is richest when tan β ≥ 40, A0 = 0 and μ > 0, simpli-
fying significantly to the focus-point strip for smaller tan β

when A0 = 0 and μ > 0, to the stop coannihilation strip
when A0 = 3m0 and μ > 0, and again to the focus-point
strip when μ < 0.

Section 3 of this paper discuses the LHC constraints on
the CMSSM when A0 = 0 and μ > 0, with particular focus
on the mh constraint, which is generally much more impor-
tant than the direct searches for supersymmetric particles.
We then discuss the astrophysical constraints on dark mat-
ter interactions when A0 = 0 and μ > 0 in Sect. 4, and
combine these constraints in Sect. 5. As we discuss in more
detail below, for most of the values of tan β that we study
when A0 = 0 and μ > 0, there is a small region of the
focus-point strip [67–70] that is allowed by all the above
constraints, where the LSP is mainly Higgsino-like with a
mass ∼ 1000−1100 GeV. However, there are some cases in
which a lower neutralino mass � 450 GeV may be allowed,
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and other cases with an allowed strip at masses � 1200 GeV.
In all these cases the spin-independent dark matter scatter-
ing cross section may be within reach of upcoming experi-
ments. On the other hand, when A0 = 3m0 only LSP masses
� 6 TeV are allowed, for which the dark matter scattering
cross section is well below the neutrino “floor” [71–73]. Sec-
tion 6 discusses the case when A0 = 3 m0 and μ > 0, when
there is a single dark matter strip where stop coannihilation
is dominant, the uncertainty in the mh calculation is greater,
and dark matter interactions are well below the experimen-
tal limits. We find that when tan β � 20 the portion of the
stop coannihilation strip that is allowed by mh within the
calculational uncertainty extends from high masses down to
the range of stop masses excluded by LHC searches. Finally,
Sect. 7 discusses the relatively simple case when A0 = 0 and
μ < 0, and Sect. 8 summarizes our conclusions.

2 Dark matter strips in the CMSSM parameter space

We first summarize the essential features of the CMSSM that
are relevant for our study. As usual, the assumption of univer-
sality for each of the various classes of soft supersymmetry-
breaking parameters at the scale ∼ 1016 GeV where the SM
couplings unify leaves us with the following 4 continuous
parameters: the scalar mass, m0, the gaugino mass, m1/2, the
trilinear soft supersymmetry-breaking parameter, A0, and the
ratio of supersymmetric Higgs vev’s, tan β. In addition there
is the unknown sign of the Higgsino mixing parameter, μ,
which we take to be positive in this section. Historically,
this choice has been motivated by the sign of the differ-
ence between the SM calculation of gμ − 2 [74–80] and its
experimental value [81–83]. However, this choice can now
be questioned on two grounds. One is that the supersym-
metric contribution to gμ − 2 is negligible for the relatively
large supersymmetry-breaking scales found in our CMSSM
analysis [84–100], and the other is that recent lattice calcu-
lations [101] cast doubt on the magnitude of the significance
between the SM calculation of gμ − 2 and its experimental
value. Accordingly, we also comment on the status of the
CMSSM for negative μ in Sect. 7.

The high precision of the determination of the cold dark
matter density by Planck and other experiments [26] con-
strains the parameters of any supersymmetric model to thin
hypersurfaces in parameter space, which appear as narrow
strips in any planar slice through parameter space. Along
these strips, a single mechanism usually controls the dynam-
ics of freeze-out, and obtaining the appropriate density gen-
erally requires some specific mixing or relationship between
the masses of the sparticles controlling this mechanism.
When the LSP mass is relatively large, as suggested by the
non-detection of sparticles at the LHC [17–20] and value of
mh [29–31], sometimes more than one mechanism plays a

role. These relationships frequently take the form of a near-
degeneracy between the masses of the LSP and the next-to-
lightest supersymmetric particle (NLSP), so as to suppress
the LSP density via coannihilation [15,102–124], a direct-
channel resonance with mass ∼ 2mLSP [1,125–128], or some
other specific mass spectrum as in the focus-point region [67–
70].

In this section, we have imposed A0 = 0. Generally, one
might expect that the A-terms are comparable in magnitude
to the other soft supersymmetry-breaking parameters, m1/2

and m0, at the GUT scale.1 As we see below, large values
of A0 tend to increase the calculated Higgs mass, and thus
would require a somewhat less massive supersymmetry spec-
trum. While one can motivate A0 from, e.g., anomaly medi-
ation [129–134], our primary motivation lies in studying the
CMSSM focus-point region, which contains much of the phe-
nomenologically viable parameter space but disappears when
A0 � m0.

The principal dark matter strips in the CMSSM are those
where the focus-point mechanism [67–70] is operative, or
where stop [15,112–119,124] and/or neutralino/chargino
coannihilation [120–124] is dominant, or where resonant
exchanges of the neutral heavy Higgs bosons H/A in the
s-channel [1,125–128] suppress the relic LSP density. In
some parameter planes there are also important regions of
the dark matter strips where a single mechanism is insuffi-
cient to lower the relic density to its cosmological value, but
this is made possible by combinations of these mechanisms
that are in play simultaneously.

The panels of Fig. 1 display the results of performing
a Markov chain Monte Carlo (MCMC) scan of m1/2,m0

parameter space with A0 = 0 and μ > 0 for the indicated
fixed values of tan β. The MCMC scan determines the coor-
dinates (m1/2,m0) for which �χh2 = 0.12 ± 0.0036, which
is the 3σ range as determined by Planck [26]. The MCMC
code we run employs mainly a Metropolis-Hastings algo-
rithm [135,136]. The basic criterion we use to run the MCMC
code is to find points in the parameter space that are compat-
ible with the Planck 3σ range for �χh2. This is an efficient
way to delineate the dark matter strips in the parameter space.
We stress that the MCMC method we employ does carry any
statistical weight, but is merely a scanning code. Some of
the gaps seen in the strips are due to incompleteness of the
scanning process.

Information on the mechanism (or mechanisms) respon-
sible for sufficient annihilation prior to freeze-out is coded
by the color of the point. Black points lie along the focus-
point strip where μ ∼ 1 TeV and the LSP is predominantly
a Higgsino of mass 1.1 TeV. At slightly larger values of m0

1 At low energies, due to the RGE running of all of the mass terms,
the A-terms are of the same order as the other supersymmetry-breaking
masses.
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Fig. 1 The dark matter strips for tan β = 5, 20, 40, 50, 55 and 56, all assuming A0 = 0 and μ > 0

for each point on this strip, μ2 is driven to negative values
and radiative electroweak symmetry breaking is no longer
possible. Below the strip, the LSP is predominantly a bino,
with some exceptions noted below. In some cases, at values
of m0 below the focus-point region the bino LSP acquires
non-negligible Higgsino components, in which case the neu-

tralino becomes ‘well-tempered’ [137,138]. These points are
coloured green.

The purple points at lower m0 and large tan β lie along the
funnel where the LSP mass is close to half the heavy Higgs
masses and the dominant dark matter mechanism is rapid
LSP annihilation via these s-channel resonances. However,
as m1/2 increases, this s-channel annihilation is suppressed
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by the heavy Higgs widths and the annihilation cross sec-
tion is insufficient to reduce the relic density to the required
value, which is why the purple points terminate at an end-
point. At larger m0, in addition to s-channel Higgs pole con-
tributions, the LSP becomes well-tempered and the combina-
tion of these contributions leads to a low relic density. These
points are colored blue. Coannihilations of the bino-like state,
the two Higgsinos and chargino also play a role in determin-
ing the final relic density. In addition, as we will see, there is
level crossing between the neutralino states in some areas of
parameter space. Here the neutralino may be well-tempered
and coannihilations may also be important. These points will
be colored green. We describe in the following how each of
these possibilities arises for different values of tan β.

The top left panel of Fig. 1 shows the (m1/2,m0) plane
for tan β = 5, A0 = 0 and μ > 0. It features a single dark
matter strip where the focus-point mechanism is operative,
which extends beyond the range of m1/2 ≤ 10 TeV that we
display. The (m1/2,m0) plane for tan β � 20, A0 = 0 and
μ > 0 is similar, as seen in the top right panel of Fig. 1. This
one is truncated at m1/2 = 8 TeV, because the extensions
of this strip to larger m1/2 is not compatible with the LHC
measurement of mh , as we see later.

In the tan β = 40 case as seen in the middle left panel of
Fig. 1, in addition to the black focus point strip, a closely-
spaced pair of green strips appears whenm1/2 > 7 TeV. Here,
the neutralino (mostly bino) is well-tempered and the non-
negligible Higgsino components in the LSP lead to enhanced
annihilations that bring the relic density into the allowed
range. On either side (higher and lower m0) of the pair of
strips, the relic density is too high, and between the strips
the relic density is suppressed. However, as we will see these
points are excluded by both mh and the upper limit on spin-
independent dark matter scattering.

As aids to understanding the origins of the strips, we plot
slices across the (m1/2,m0) plane showing the relic density,
masses, and neutralino composition as functions of m0 for
fixed values of m1/2. As a first example for tan β = 40,
A0 = 0 and μ > 0, we fix m1/2 = 5 TeV in the left panels of
Fig. 2 and inm1/2 = 9 TeV in the right panels. The top panels
illustrate how the relic density varies with m0. We see that
along both slices the relic density decreases as the bound-
ary of electroweak symmetry breaking is approached when
m0 � 11 (17) TeV, corresponding to the focus-point strip
in the middle left panel of Fig. 1. The dark matter density
is generally larger than allowed by Planck and other mea-
surements at lower m0. However, there are dips in the relic
density at m0 ∼ 10 (14) TeV for m1/2 = 5.0 (9.0) TeV,
including a pair of m0 values where the Planck relic density
is found for m1/2 = 9 TeV. These values lie on the pair of
green lines seen in the middle left panel of Fig. 1.

The middle panels of Fig. 2 display the masses of the
lightest neutralino, mχ1 (black line), the next two neutralino

masses, mχ2 (purple line) and mχ3 (blue line) and half the
mass of the pseudoscalar Higgs boson, mA/2 (red line). The
three mass eigenstates are either mostly pure or mixed states
of the bino and two Higgsinos, as the wino is always heavy
and does not enter in the discussion of the parameter ranges
discussed here. The bino-like state (whether the LSP or not)
has a relatively constant mass, while the two Higgsino masses
decrease with increasing m0 as μ decreases over the dis-
played range of m0, as a result of the Higgs potential min-
imization conditions. Coannihilation is the most important
dark matter mechanism when two or more of the neutrali-
nos are close in mass. Comparing the middle and top panels,
one sees that the dips in the relic density coincide with the
degeneracy in the neutralino masses leading to coannihila-
tion, whereas s-channel annihilation via heavy Higgs poles
is less important in this case because mχ is quite different
from mA/2.

The bottom panels of Fig. 2 show that the dips in the relic
density at relatively low m0 are correlated with crossovers in
the neutralino mass eigenstates and corresponding variations
in the LSP composition, with the LSP acquiring a signifi-
cant Higgsino component near the crossovers, leading to a
well-tempered neutralino. Around this cross-over the light-
est eigenstate transitions from a bino-like state with Higgsino
components Z13 � 1/2 and Z14 � −1/2 to a Higgsino-like
state with Z33 � 1/2 and Z34 � −1/2 (with Z11 � 1/

√
2 in

both cases). As one can see, these states are maximally well-
tempered. We display the bino component (Z11) and the two
Higgsino components (Z13 and Z14) of the bino-like state,
which is not necessarily the LSP. This state is the LSP for m0

below the dip. When the LSP eigenstate flips, the Higgsino
components of the bino-like state are now Z13 � −1/2 and
Z14 � 1/2 still with Z11 � 1/

√
2. At larger m0, this state

is again mostly a pure bino, though it is no longer the LSP.
As seen more clearly in the middle right panel of Fig. 2,
the crossover is reflected in a bump in the LSP mass where
coannihilation with χ2 and the lighter chargino is enhanced,
suppressing the relic density around the local minimum seen
in the top right panel of Fig. 2.2

The middle right panel of Fig. 1 shows the (m1/2,m0)

plane for tan β = 50, where the focus-point strip (black
points) is again supplemented by additional features at lower
m0 that resemble the second feature that appeared for tan β =
40, but extend to lower m1/2 and exhibit a richer structure.
As in the case of tan β = 40, there are a pair of strips where
the neutralino is well-tempered. These are represented by the
green points which extend down to m1/2 ≈ 4 TeV. At larger
m1/2, an additional pair of strips appear where the LSP is
somewhat less well-tempered, but sits near the heavy Higgs

2 In these and subsequent analogous figures we see other glitches in the
composition of the LSP and particle masses, and consequently the relic
density, which are numerical artifacts.
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Fig. 2 Cuts across the (m1/2,m0) planes for tan β = 40, A0 = 0 and μ > 0 for varying m0 and fixed m1/2 = 5.0 TeV (left panels) and 9.0 TeV
(right panels), showing the dark matter density (top panels), particle masses (middle panels) and the composition of the bino-like neutralino (bottom
panels)

pole. For these points, it is the combination of the s-channel
annihilations with the bino-Higgsino mixing contributions
that lead to a cross section that is large enough to obtain the
correct relic density.

The interplay of different dark matter mechanisms for
tan β = 50 is illustrated in Fig. 3, where m0 varies along
slices across the (m1/2,m0) plane at fixed m1/2 = 5 TeV
(left panels) and 7.8 TeV (right panels). We see in the top
left panel that the Planck value of the relic density is attained
for three values of m0.

3 These correspond to the focus-point

3 There are also a handful of points seen at m0 ≈ 9.3 TeV. These points
are almost exactly on a coannihilation pole where (mχ1 + mχ2 )/mH−

strip at m0 ≈ 11.3 TeV and a pair of values of m0 around
10 TeV. The latter correspond to the green strips seen in
Fig. 1 where the well-tempered nature of the LSP is suf-
ficient for reducing the relic density into the cosmological
range. In contrast, at higher m1/2, as seen in the right panels,
there are five values of m0 where the desired relic density
is attained. Once again the highest value at m0 ≈ 15.4 TeV
corresponds to the focus-point strip. The cluster of points
around m0 � 13 TeV contains 4 values of m0 where the

Footnote 3 continued
1 < 10−6, where H is the heavy Higgs scalar. We do not discuss these
points further.
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Fig. 3 Cuts across the (m1/2,m0) planes for tan β = 50, A0 = 0 and μ > 0 for varying m0 and fixed m1/2 = 5 TeV (left panels) and 7.8 TeV
(right panels), showing the dark matter density (top panels), particle masses (middle panels) and the composition of the LSP (bottom panels)

cosmological value �h2 = 0.12 is crossed. These 4 values
arise from the interplay of rapid s-channel annihilation via
the A/H resonances (which is most important where the red
and black lines cross in the middle panels, which does not
occur for tan β = 40) and LSP coannihilation with the Hig-
gsinos and lighter chargino (which is most important where
the blue and black lines approach each other in the lower pan-
els). Within this cluster of points, those with lowerm0 require
both s-channel annihilations and a well-tempered neutralino,
whereas at higherm0, the neutralino level crossing is also suf-
ficient to suppress the relic density. These correspond to the
blue and green strips seen in Fig. 1. At higher m0, the Hig-
gsino becomes the LSP, and the annihilation cross section
enhancements disappear until m0 is sufficiently large that

mχ ≈ μ ≈ 1.1 TeV, and the relic density falls back to 0.12
due to neutralino/chargino coannihilations among the Hig-
gsinos. Finally, the boundary of the electroweak symmetry
breaking region is reached when m0 ≈ 15.5 TeV.

The (m1/2,m0) plane for tan β = 55 shown in the bottom
left panel of Fig. 1 exhibits additional features. We note that
the focus-point strip terminates because the renormalization-
group running of the top Yukawa coupling diverges at larger
m1/2. The purple strip corresponds to a funnel region start-
ing at low m0 where s-channel annihilation through the
heavy Higgs bosons dominates. This terminates at about
m1/2 ∼ 1.6 TeV when, due to the increasing heavy-Higgs
width, the annihilation cross section becomes too small to
reduce the relic density into the range allowed by Planck and
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other measurements. In the region above and to the right of
this funnel, the relic density is too high. For fixed m1/2, e.g.,
m1/2 = 2 TeV, as m0 is increased, the heavy Higgs masses
increase and 2mχ < mA, until at still higher m0, μ begins to
decrease. This has the effect of decreasingmA and moving the
LSP back on the Higgs pole, lowering the Higgsino/chargino
masses and increasing the Higgsino component of the LSP.
This results in the pair of blue strips that form a second fun-
nel region, where the annihilation cross section is augmented
by an increasing neutralino coannihilation contribution suf-
ficiently to lower the relic density to an acceptable value.
Further increasing m0 moves the LSP off the pole and the
relic density is again too big until m0 is sufficiently large that
μ has dropped enough for the LSP to become mostly Hig-
gsino and the focus-point strip is reached. At higher m1/2,
e.g., m1/2 = 2.8 TeV, the funnel is not able to bring the relic
density sufficiently low, even though enhanced by coanni-
hilation. However, at larger m0 ∼ 7 TeV a large Higgsino
component in the LSP increases the cross section producing
the green pair of strips below the black focus-point strip.

Figure 4 shows slices through the (m1/2,m0) plane for
tan β = 55 with m1/2 = 2 TeV (left panels) and 2.8 TeV
(right panels). As we see in the top panels, for both values
of m1/2 the relic density exceeds the Planck range at low
m0, namely for m0 < 5000 and 7000 GeV, respectively. For
m1/2 = 2000 GeV, when m0 < 1.22 TeV, the lighter stau
is the LSP. At higher m0, the bino becomes the LSP and its
mass is close to half the heavy Higgs mass, but it is past the
endpoint of the funnel region and, although the relic density
is low, it is still above the range allowed by cosmology.4 At
slightly higher m0, mA/H drops, LSP annihilation via the
heavy Higgs poles is suppressed and the relic density is high.
However, as one sees in the middle left panel of Fig. 4, mH/A

rises, LSP annihilation via the heavy Higgs poles becomes
possible, and the relic density decreases leading to the dip
seen in the upper left panel at m0 ∼ 2 TeV. However, it does
not fall sufficiently before the LSP mass moves away from
half the pole mass, and begins to rise for m0 � 2 TeV. At
m0 � 4 TeV, μ and the Higgsino masses begin to drop. The
Higgs pseudoscalar mass also drops and heavy-Higgs pole
annihilation becomes possible again, though this time with an
increased Higgsino component and a smaller mass splitting
with the chargino. Then, at m0 ≈ 5 TeV the relic density
is sufficiently low to become compatible with Planck and
other data. The “valley” around 5200 GeV is characteristic
of s-channel annihilation via the A/H bosons and explains
the funnel-like feature of the blue strips in the bottom left

4 An exception is presented by a handful of points where the relic
density is suppressed at m1/2 � 1.23 TeV where LSP coannihilations
with the lighter stau are important and the stau mass is very close to
one half of the heavy Higgs mass, leading to enhanced s-channel stau
annihilations.

panel of Fig. 1. As seen there, this strip terminates when
m1/2 ∼ 2400 GeV. Above m0 � 5.2 TeV, the LSP moves off
the pole again and the relic density begins to rise again until
m0 ≈ 5.7 TeV, where the Higgsino becomes the LSP and the
focus-point strip is encountered.

Similar behaviour is seen in the right panels of Fig. 4 for
m1/2 = 2.8 TeV. While the relic density shows a minimum
around m0 ≈ 5.5 TeV, we see that the funnel alone is not
sufficient in obtain the Planck value for relic density. As the
LSP moves off the pole at higher m0, the relic density begins
to rise until the Higgsino component of the LSP increases
sufficiently to raise the cross section and hence reduce the
relic density. The relic density hits a local minimum and
then rises as the LSP becomes a pure Higgsino, subsequently
falling through thePlanckvalue when the Higgsino mass falls
to ∼ 1 TeV.

All these features are present also in the bottom right panel
of Fig. 1, which displays the corresponding (m1/2,m0) plane
for tan β = 56. As for tan β = 55, the focus-point strip
terminates because the renormalization-group running of the
top Yukawa coupling diverges at larger m1/2.

Figure 5 shows slices across the (m1/2,m0) plane for
tan β = 56 for the fixed values ofm1/2 = 950 (upper panels)
and 2500 GeV (lower panels). In the first case we see clearly
that the Planck value of the relic density is attained at four
different values ofm0, corresponding to the funnel, two strips
corresponding to the coannihilation/funnel combination and
finally the focus-point region. In the left panel we see again
that the LSP is near the heavy-Higgs pole at both low and
high m0. On the other hand, for m1/2 = 2500 GeV (right
panels of Fig. 5) we see that the Planck density is attained
only for two very similar values of m0 � 6700 GeV that are
in well-tempered region and at higherm0 ∼ 6900 GeV when
the focus point strip is reached.

3 LHC constraints

3.1 Sparticle searches

The headline sparticle searches at the LHC are those for
squarks and gluinos, both of which are sensitive to masses
� 2 TeV in simplified models, e.g., assuming that some spe-
cific decay mode has a branching ratio of 100% and the LSP
mass is negligible. The squark limit would correspond to
m0 � 2 TeV for small m1/2, and the gluino limit would
correspond to m1/2 � 800 GeV. These constraints do not
impinge on the A0 = 0 regions of interest in Fig. 1. Indeed the
mass spectrum we find is quite heavy. In Fig. 6, we show the
lighter stop mass as a function of m1/2 along the dark matter
strips. As one can see, the stop masses are similar to (though
slightly smaller than) m0. Similarly in Fig. 7, we show the
gluino mass along the strips. The gluino mass is typically
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Fig. 4 Cuts across the (m1/2,m0) planes for tan β = 55, A0 = 0 and μ > 0 for varying m0 and fixed m1/2 = 2.0 TeV (left panels) and 2.8 TeV
(right panels), showing the dark matter density (top panels), particle masses (middle panels) and the composition of the LSP (bottom panels)

� 2 − 3m1/2. On the other hand, as we discuss in Sect. 6,
for A0 = 3 m0 searches for light stops with a compressed
spectrum exclude masses just below the region of the stop
coannihilation strip allowed by the FeynHiggs 2.18.1
calculation of mh at the 1-σ level. The stop masses in this
case are nearly degenerate with the LSP mass. The gluino
mass is again roughly 2 − 3m1/2.

3.2 Higgs mass constraint

The world average of the Higgs boson mass is 125.25 ±
0.17 GeV [139]. In order to calculate mh in the CMSSM we
use the FeynHiggs 2.18.1 code [32], which returns an
uncertainty estimate �mh as well as the best estimate of mh

for each choice of model parameters. The uncertainty esti-
mate is quite variable being, e.g., significantly smaller for
A0 = 0 than for A0 = 3 m0. Conservatively, for A0 = 0
we assume that �mh = 1.5 GeV, which corresponds to
somewhat more than twice the typical numerical estimate
of �mh , commenting in passing on the prospective impli-
cations for �mh ∼ 0.5 GeV. On the other hand, the typical
FeynHiggs 2.18.1 uncertainty estimate for A0 = 3 m0

is much larger, �mh � 3 GeV (and tan β dependent), which
does not exclude any portions of the stop coannihilation strips
for A0 = 3 m0.

The panels in Fig. 8 illustrate how the mh constraint
restricts the allowed ranges of the dark matter strips for
tan β = 5, 20, 40, 50, 55 and 56 when A0 = 0 and μ > 0.

123



  246 Page 10 of 31 Eur. Phys. J. C           (2023) 83:246 

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 500  1000  1500  2000  2500  3000  3500  4000

Ω
h2

m0 [GeV]

m1/2=950 GeV, A0=0, tanβ=56

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 6000  6500  7000  7500

Ω
h2

m0 [GeV]

m1/2=2500 GeV, A0=0, tanβ=56

 0

 200

 400

 600

 800

 1000

 1200

 500  1000  1500  2000  2500  3000  3500  4000

m
as

se
s 

[G
eV

]

m0 [GeV]

m1/2=950 GeV, A0=0, tanβ=56

mχ3
mχ2
mχ1

MA/2

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 6000  6500  7000  7500

m
as

se
s 

[G
eV

]

m0 [GeV]

m1/2=2500 GeV, A0=0, tanβ=56

mχ3
mχ2
mχ1

MA/2

-1
-0.8
-0.6
-0.4
-0.2

 0
 0.2
 0.4
 0.6
 0.8

 1

 500  1000  1500  2000  2500  3000  3500  4000

Z
1i

 m
at

rix
 e

le
m

en
ts

m0 [GeV]

m1/2=950 GeV, A0=0, tanβ=56

Z11
Z13
Z14 -1

-0.8
-0.6
-0.4
-0.2

 0
 0.2
 0.4
 0.6
 0.8

 1

 6000  6500  7000  7500

Z
1i

 m
at

rix
 e

le
m

en
ts

m0 [GeV]

m1/2=2500 GeV, A0=0, tanβ=56

Z11
Z13
Z14

Fig. 5 Cuts across the (m1/2,m0) planes for tan β = 56, A0 = 0 and μ > 0 for varying m0 and fixed m1/2 = 950 GeV (left panels) and 2.5 TeV
(right panels), showing the dark matter density (top panels), particle masses (middle panels) and the composition of the LSP (bottom panels)

For tan β = 5 (top left panel), m1/2 � 7 TeV is allowed for
�mh = 1.5 GeV, but only a limited range of m1/2 � 9 TeV
if we assume �mh � 0.5 GeV. (Note that the focus-point
strip continues to larger values of m1/2 than those displayed.
The apparent endpoint is due to the finite range of our
MCMC scan.) For tan β = 20 (top right panel), the range
2.4 TeV � m1/2 � 6.6 TeV is allowed for �mh = 1.5 GeV,
whereas only the range 3.6 TeV � m1/2 � 5 TeV would
be favoured for �mh � 0.5 GeV. Similar ranges of m1/2

are allowed (favoured) for tan β = 40, as seen in the mid-
dle left panel of Fig. 8. We see now that the well-tempered
(green) strips at m1/2 > 8 TeV are excluded as the cal-
culated Higgs mass is too large even when conservative
allowance is made for the uncertainty in the calculation.

When tan β = 50 (middle right panel), a portion of the well-
tempered strip is allowed, extending to m1/2 � 7 TeV for
�mh = 1.5 GeV. However, the additional strips at large
m1/2 where s-channel annihilations contribute (blue points)
lead to values ofmh that are too large. When tan β = 55 (bot-
tom left panel of Fig. 8), only a portion of the focus-point
strip with m1/2 � 2.5 TeV is allowed for �mh = 1.5 GeV,
increasing tom1/2 � 3 TeV for �mh � 0.5 GeV. We see also
that parts of the coannihilation/well-tempered (green) strips
for tan β = 55 also fall within the experimental range for the
Higgs mass. In contrast, in the funnel/coannihilation/well-
tempered strips (blue) the Higgs mass is always too small,
as it is in the funnel region (purple). Finally, we see that for
tan β = 56 (bottom right panel) the correct value of mh is
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Fig. 6 The lighter stop mass along the dark matter strips for tan β = 5, 20, 40, 50, 55 and 56, with A0 = 0 and μ > 0

only attained when m1/2 � 2.5 TeV at the tip of the black
and green strips.5

5 We recall that these strips cannot be extended for this value of tan β

because of the divergence of the Yukawa couplings during renormal-
ization group evolution.

4 Constraints on dark matter interactions

4.1 Spin-independent dark matter scattering

Many experiments have used massive nuclear targets to probe
coherent spin-independent LSP-nucleon scattering. The most
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Fig. 7 The gluino mass along the dark matter strips for tan β = 5, 20, 40, 50, 55 and 56, with A0 = 0 and μ > 0

recent such experiment is LUX-ZEPLIN (LZ) [25], which
uses a xenon target to establish a stronger upper limit on the
spin-independent LSP-nucleon scattering cross section than
the previous XENON1T [21], PandaX-4T [23,24], LUX [22]
and DEAP-3600 [140] experiments.

The computation of the spin-independent cross section
that we use was described in detail in [141,142]. As is well
known, the spin-independent cross section is very sensi-
tive to the quark matrix elements, 〈N |q̄q|N 〉. These can be
expressed in terms of σ terms, notably the π−N σ term 	πN

and σs (see [141,142] for more detail). Here we have used
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Fig. 8 The yellow shading indicates the impacts of the LHC measurement of mh , as calculated using FeynHiggs 2.18.1 and allowing an
uncertainty of 1.5 GeV, on the dark matter strips for tan β = 5, 20, 40, 50, 55 and 56 with A0 = 0 and μ > 0

	πN = 46 ± 11 MeV and σs = 35 ± 16 MeV, respectively.
The corresponding typical uncertainties in the elastic cross
sections are of order 10–15%.

We see in the top and middle panels of Fig. 9 that the
spin-independent LSP-nucleon scattering constraint allows

limited regions of the dark matter focus-point strips where
mχ ∼ 1.0 − 1.1 TeV for tan β = 5, 20, 40 and 50. Along
the near vertical strips shown here, although m1/2 (and m0)
changes, the LSP mass is nearly constant. For tan β = 40,
we see that the direct detection experiments are (like the
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Higgs mass constraint) able to exclude the well-tempered
LSP points (green). We also see in the middle right panel of
Fig. 9 that only a small fraction of the well-tempered and
funnel points (green and blue) with larger values of mχ are
allowed. We see in the bottom panels of Fig. 9 for tan β = 55
and 56 that points along the focus-point strips and in the well-
tempered regions (green) are excluded, and only a small frac-
tion of well-tempered/funnel points (blue) are still allowed.
These points have mχ � 1 TeV and, as we have discussed
previously, correspond to Higgs masses that are unaccept-
ably small. Some ranges of the funnel strips (purple) are
also still allowed by the spin-independent dark matter scat-
tering constraint, and have also shifted to lower values of
mχ � 800 GeV. However, these points also correspond to
unacceptably low Higgs masses.

These figures show the strong impact of the spin-
independent scattering limits when A0 and μ > 0 and illus-
trate their potential for even more stringent constraints in the
future as their sensitivities reach down towards the neutrino
‘floor’ [71–73]. We find spin-independent scattering cross
sections that lie above the ‘floor’ for all values of tan β when
A0 = 0, for both signs of μ.

4.2 Spin-dependent dark matter scattering

Spin-dependent LSP-nucleon scattering on a nucleus is not
coherent, but is proportional to the nuclear spin, which is
mainly carried by an odd nucleon. The LZ experiment also set
new upper limits on spin-dependent LSP scattering on both
the neutron and the proton. The LZ limit on spin-dependent
LSP-neutron scattering exploits the fact that two common
xenon isotopes have non-zero nuclear spins that are car-
ried mainly by unpaired neutrons: 129Xe (abundance 26.4%,
spin 1/2) and 131Xe (21.2% abundance, spin 3/2). The LZ
limit on spin-dependent LSP-proton scattering exploits con-
figuration mixing between proton and neutron spin states in
these isotopes, but has larger uncertainties and is significantly
weaker than their limit on spin-dependent LSP-neutron scat-
tering.6 The spin-dependent LSP-neutron and -proton scat-
tering cross sections are calculated to be quite similar, so we
use here only the LZ limit on spin-dependent LSP-neutron
scattering, which provides the most stringent constraint on
spin-dependent LSP-nucleon scattering.

We see in Fig. 10 that all the dark matter strips for
tan β ≤ 50 are compatible with the spin-dependent scatter-
ing constraint from the LZ experiment. However, there are
regions of the funnel strips (purple) for tan β = 55 and 56
with mχ � 100 GeV that are excluded by this constraint, as
seen in the bottom panels of Fig. 10. We note in addition that

6 There is also an upper limit on spin-dependent LSP-proton scattering
from the PICO-60 experiment using a 19F target [143], with somewhat
less sensitivity than the LZ limit.

there are some well-tempered/funnel points (blue) with LSP
masses ∼ 200 GeV that are marginally excluded by the LZ
spin-dependent scattering constraint.

4.3 Indirect constraints

A variety of products of LSP annihilations may offer
detectable signals, including γ rays, neutrinos, positrons,
antiprotons and light antinuclei. We consider in this paper γ

rays and neutrinos, whose production is relatively straight-
forward to model and may provide interesting observational
constraints. Since annihilation rates are proportional to the
square of the local DM density, we study regions where the
DM accumulates. These include dwarf spheroidal satellite
galaxies (dSphs) [45–50,144–148] and the Galactic Center
(GC) [52–55,149], which are potential sources of observable
γ fluxes, and the Sun, which is an interesting potential source
of energetic neutrinos [64–66,150–152].

4.3.1 Limits on γ fluxes from dwarf spheroidal satellite
galaxies

We first examine dSphs as possible sources of γ rays from
DM annihilations in the framework of the CMSSM, before
revisiting the possible GC constraint on DM annihilations.

The annihilation of neutralinos can yield monochromatic
photons via the one-loop processes χχ → γ γ and χχ →
γ Z , and also a continuous spectrum of photons via the
decays of π0s and other hadrons produced by the fragmen-
tation and hadronization of primary annihilation products.
The integrated γ -ray signal flux, φs (typically measured in
photons/cm2/s), expected from the annihilations of DM par-
ticles with a density distribution ρDM (r) is

φs(��) = 1

4π

〈συ〉
2m2

DM

∫ Emax

Emin

dNγ

dEγ

dEγ

︸ ︷︷ ︸
PP

×
∫

��

∫
l.o.s.

ρ2
DM (r)dld�′

︸ ︷︷ ︸
J factor

,

(1)

whose components we analyze in the following.
The first term of (1), PP , depends on the particle physics

properties. In particular, this term is dependent on the thermal
annihilation cross section 〈συ〉, the mass of the dark matter
particle, mDM , and the differential γ ray yield per annihi-
lation, dNγ /dEγ , integrated over the experimental energy
range. The differential yield dNγ /dEγ is a sum over spe-
cific final states

dNγ /dEγ =
∑
f

B f dN
f

γ /dEγ , (2)

where B f is the branching fraction into a given final state.
Branching fractions for χ pair annihilation in the CMSSM
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Fig. 9 Calculations of spin-independent WIMP-nucleon scattering for points along the dark matter strips for tan β = 5, 20, 40, 50, 55 and 56 with
A0 = 0 and μ > 0 compared with the LUX-ZEPLIN upper limit (solid black line). The green and yellow bands are the 1σ and 2σ LZ sensitivities

were studied in [51]. As described in detail there, we have
used PYTHIA tool [153,154] in order to simulate the gamma
fluxes produced in χ pair annihilations.

The second term in (1), the J factor, is the integral along
the light of sight (l.o.s.) [155–157] through the DM density

profile, ρDM , which is integrated over a solid angle, ��. The
DM density profile may be given by the general expression

ρDM (r) = ρ0

(r/R)c[1 + (r/R)a](b−c)/a
, (3)
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Fig. 10 Calculations of spin-dependent WIMP-nucleon scattering for
points along the dark matter strips for tan β = 5, 20, 40, 50, 55 and 56
with A0 = 0 and μ > 0 compared with the LUX-ZEPLIN upper limit

on WIMP-neutron scattering (solid black line). The green and yellow
bands are the 1σ and 2σ LZ sensitivities

where R is the characteristic length scale and a, b, c are
parameters. In our analysis we assume that the DM distribu-
tion is a cuspy Navarro–Frenk–White (NFW) [158] profile
with a = c = 1.0 and β = 3.0, i.e.

ρDM (r) = ρr3
s

r(R + r)2 . (4)

We note that both the NFW and Burkert profiles [159] were
studied in [45], whereas only the NFW profile was used in
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a subsequent Fermi-LAT study [47], where it was found that
the J factors for dSphs were relatively insensitive to the choice
of DM distribution.

In our analysis, we have used the information on 25 Milky
Way dSphs given in [47], including the python code pro-
vided by Fermi Tools for calculating the binned likelihood
with energy dispersion. In order to use this code, we used the
corresponding spacecraft data files for the dSphs and a back-
ground model, which are also provided by Fermi Tools. We
used the energy range from 500 MeV to 500 GeV, divided into
30 logarithmic bins, and verified that our results are insensi-
tive to various choices of the energy range and number of bins
within the limits provided by Fermi-LAT. The times of the
events we used range from 01/01/2009 to 01/01/2022. The
window radius for searching these data is 15 degrees and the
galactic coordinates for each dSph are taken from [47]. The
selection of data sets is in accordance with the suggestion by
the Fermi-LAT Collaboration.

After completing the analysis using Fermi Tools, we have
evaluated the signals in the framework of the CMSSM,
following the approach used previously in a study of the
prospective γ signal from the GC [51]. We calculate the χ2

likelihood function as follows:

χ2 =
nbins∑
i=1

(di − (bi + si ))2

σ 2
i

, (5)

where nbins = 30 is the number of logarithmic bins in
the energy range analyzed, di is the number of data counts
per bin, bi is the expected background provided by Fermi
Tools [47], and si is the signal due to DM annihilations in
each bin. The quantity σi is defined from

σ 2
i = di + σ 2

ea, (6)

where σea is the systematic uncertainty in the effective
area [51]. We evaluate the χ2 contribution for each dSph
separately.

Figure 11 displays our evaluations of the contribution to
the global likelihood function, �χ2, from the aggregated
Fermi-LAT data on γ -rays from dSphs for the same values
of tan β as in previous figures. We see that �χ2 � 0.1 for
tan β ≤ 40, and hence is negligible in these cases. However,
the situation is quite different for tan β ≥ 50, as seen in
the middle right and bottom panels of Fig. 11. Values of
�χ2 ∼ 10 are reached in the well-tempered/funnel regions
(blue) where mχ � 4 TeV for tan β = 50, � 1.1 TeV for
tan β = 55 and mχ � 0.9 TeV for tan β = 56, excluding
points in these regions, where the LSP annihilates mainly
into b̄b final states through direct-channel H/A resonances.
However, these points are already excluded by the calculation
of mh , as seen in Fig. 8. We note also that when tan β =
55 and 56, �χ2 reaches ∼ 2 for funnel points with mχ �

650 GeV. This is significant though not sufficient to exclude
these points, which are in any case excluded by the constraint
on mh .

4.3.2 Limit on γ flux from the Galactic Centre

The production of γ rays near the GC was studied as a pos-
sible signature of the CMSSM in [51], whose analysis we
follow here. Modelling the DM density near the GC entails
significant uncertainties. The NFW model is frequently taken
as a default, but other possibilities have been considered for
comparison. For example, the H.E.S.S. Collaboration consid-
ered recently [52,53] an Einasto profile that would strengthen
the prospective flux limit on annihilations of an LSP weigh-
ing 1 TeV by a factor > 2, and [160] considered a FIRE
simulation that would strengthen the limit by a factor > 4.
In a spirit of conservatism, here we use an NFW profile for
setting constraints from data on the γ flux from near the GC.

Assuming the NFW profile, the recent H.E.S.S. analy-
sis [52,53] finds a 95% CL upper limit on the cross sec-
tion for LSP-LSP annihilation to W+W− that is stronger
than that derived from the Fermi-LAT data on dSphs for
mLSP � 0.4 TeV, which is the mass range of most interest for
our analysis. However, in the CMSSM the branching frac-
tion for W+W− final states is < 100%, so other annihilation
modes must be taken into account, which we do when com-
paring the sensitivities of the Fermi-LAT dSph and H.E.S.S.
GC data in our analysis.

Figure 12 displays the contributions, �χ2, to the global
likelihood function provided by H.E.S.S. searches for γ -
rays from near the GC in the framework of the CMSSM
for A0 = 0, μ > 0 and our standard choices of tan β. The
general features are quite similar the those of the correspond-
ing plots for the Fermi-LAT dSph analysis shown in Fig. 11.
The values of �χ2 provided by the H.E.S.S. data are larger
than for theFermi-LAT dSph data for tan β ≤ 40, though still
small. There are non-negligible peaks in �χ2 for tan β ≥ 50,
which are again larger than those provided by theFermi-LAT
dSph data, but the two sets of data yield similar constraints
away from the peaks. Once again, the points excluded by the
H.E.S.S. GC γ -ray constraint also correspond to values of
mh that are too small, as seen in Fig. 8.7

4.3.3 Limit on energetic neutrinos from the Sun

The principle of the search for energetic neutrinos from
the Sun [56–63] is that an LSP may scatter during passage
through the Sun, losing energy and becoming gravitational
bound in an elliptical orbit with perihelion smaller than the
solar radius. The LSP will in general scatter again during

7 The projected increase in sensitivity offered by CTA [161] would
probe a larger range of funnel points.
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Fig. 11 Contributions to the global χ2 likelihood function from a comparison of the Fermi-LAT upper limit on the flux of γ -rays from dwarf
spheroidal satellite galaxies with calculations for points along the dark matter strips for tan β = 5, 20, 40, 50, 55 and 56 with A0 = 0 and μ > 0

subsequent passages through the Sun, losing more energy
each time and eventually settling into a thermal distribution
inside the Sun. This distribution eventually equilibrates with
a density that balances the LSP capture rate, C , with the loss
of LSPs via annihilation, 2�A where �A is the annihilation
rate. The annihilation rate in equilibrium is then determined

by the capture rate:

�A = 1

2
C. (7)

We note that this relation is not universal, as equilibrium may
not be reached if C is too small. However, this is not an issue
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Fig. 12 Contributions to the global χ2 likelihood function from a comparison of the H.E.S.S. upper limit on the flux of γ -rays from the Galactic
Centre with calculations for points along the dark matter strips for tan β = 5, 20, 40, 50, 55 and 56 with A0 = 0 and μ > 0

for the CMSSM scenarios we consider here, for which Eq. (7)
is a good approximation [162,163].

Since nuclear matter in the Sun is largely composed of
individual protons, the capture rate receives an important
contribution from spin-dependent LSP-proton scattering, and
limits on energetic solar neutrinos are occasionally inter-

preted as upper limits on spin-dependent LSP-proton scat-
tering. However, the Sun also contains a significant fraction
by mass of 4He, as well as trace amounts of heavier nuclei, so
that spin-independent LSP-nucleon scattering is also poten-
tially important. Both spin-independent and spin-dependent
scattering are included in our calculation of the capture rate.
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The calculation of the fluxes of the different neutrino
species is straightforward, and we follow the analysis in
[162,163]. The experimental observable is the flux of muons,
which may be produced by either muon or tau neutri-
nos reaching Earth. We use the IceCube [64–66] upper
limit on the flux of energetic muons from the Sun to con-
strain CMSSM parameters, taking into account the branch-
ing fractions for annihilations into different final states, e.g.,
W+W−, τ+τ−, . . . that are predicted at each point in the
parameter space.

For the calculation of the corresponding �χ2 we are
employing the nulike software [164], following the like-
lihood estimation described in [64,164]. In addition, for the
calculation of the likelihood we are taking into account the
79-string IceCube data, that is known to provide improved
limits on WIMP dark matter searches [165]. As the basis for
the �χ2 we are plotting, we are using the p-value output
from the nulike code.

The results of our analysis of the IceCube muon flux limits
for tan β = 5, 20, 40, 50, 55 and 56 are shown in Fig. 13. We
see that for mχ � 900 GeV and tan β ≤ 50 the IceCube con-
straints contribute 2 � �χ2 � 1, not negligible, but insuf-
ficient to exclude any range of parameters. The tan β ≤ 50
points with larger LSP masses make negligible contributions
to the χ2 function. For tan β = 55 there are points with
900 GeV � mχ � 1400 GeV that have �χ2 � 1, but there
is again no exclusion. The only points excluded by the Ice-
Cube muon flux limits are focus points for tan β = 56 with
250 GeV � mχ � 850 GeV and some well-tempered points
with largermχ . However, these points were already excluded
because they correspond to values of mh that are too low, as
seen in Fig. 8, and by spin-independent cross sections that
are too high as seen in Fig. 9.

5 Combined results

Figures 14 and 15 display for A0 = 0, μ > 0 and our
standard set of tan β values the results that we obtain by
combining all the individual constraints discussed above,
allowing uncertainties in the calculation of the Higgs mass
�mh = 1.5 GeV and 0.5 GeV, respectively. In the case of
tan β = 5 and �mh = 1.5 GeV (top left panel of Fig. 14) the
mh and spin-independent scattering constraints combine to
exclude values of m1/2 � 7 TeV, increasing to ∼ 9 TeV for
�mh ∼ 0.5 GeV (top left panel of Fig. 15).8 For tan β = 5,
the Higgs mass constraint is dominant. There are analogous
exclusions for tan β = 20 and 40, but extending only to
lower values of m1/2 � 4 TeV, where the lower limit is
determined by the spin-independent scattering constraint. In

8 Note that the calculated uncertainty for tan β = 5 is approximately
0.7 GeV, but ∼ 0.5 GeV for all higher values of tan β.

the case of tan β = 50, these constraints combine to exclude
the funnel region and also the part of the focus-point strip
with m1/2 � 3.5 TeV. There is also a small region of the
focus-point strip with m1/2 � 6.5 TeV that is excluded by
the LHC measurement of mh . We also see that most of the
well-tempered strip allowed by mh is excluded by σ SI , leav-
ing only a small set of points near m1/2 � 7 TeV. Finally, we
find that all of the strips for tan β = 55 and 56 are excluded:
the former by a combination of mh and spin-independent
scattering, and the latter by mh alone. The other constraints
considered also exclude independently parts of the regions
excluded by mh and spin-independent scattering, but no sup-
plementary regions.

6 The case A0 = 3m0, µ > 0

For A0 = 0 and any fixed value of m1/2, radiative elec-
troweak symmetry breaking, i.e. a solution for the Higgs vevs
by minimizing the Higgs potential, is no longer possible for
sufficiently large m0. This boundary is adjacent to the focus-
point region where μ is driven to zero. This boundary moves
to higher values ofm0 as A0/m0 increases. In addition, when
A0/m0 is increased, there is increased splitting in the squark
sector, and most notably, one of the stop masses becomes rel-
atively light and comparable to the LSP mass allowing for the
possibility that LSP-stop coannihilations determine the relic
density [15,112–119,124]. When this occurs, there is again
a thin dark matter strip adjacent to the boundary of the region
where the light stop becomes the LSP. At still higher m0, the
lighter stop becomes tachyonic. Examples of the stop coanni-
hilation strips for the representative choice A0/m0 = 3 with
tan β = 5 and tan β = 20 are shown in the top left panels
of Figs. 16 and 17. Along these strips, the complicated inter-
play of dark matter mechanisms such as annihilation via s-
channel resonances, well-tempered neutralino composition,
etc., does not recur, and there are no other dark matter strips
of interest. The uncertainty in the FeynHiggs 2.18.1
calculation of mh is much larger for A0 = 3m0 than for
A0 = 0, with �mh � 3 GeV. This should be borne in mind
when interpreting the top right panels of Figs. 16 and 17. In
particular, it implies that none of the displayed portions of the
stop-coannihilation strips can be excluded on the basis ofmh .
When tan β = 5, the 1-σ range of mh along the dark matter
strip extends down to m1/2 ∼ 3 TeV, well above the current
reach of the LHC. On the other hand, the 1-σ range of mh

along the dark matter strip for tan β = 20 extends down to
m1/2 ∼ 1.4 TeV, wheremχ � 630 GeV andmt̃1 � 700 GeV,
coinciding with the current reach of LHC stop searches for
the case of a compressed spectrum [166], and we find similar
results for larger tan β. However, the constraints from direct
and indirect searches for astrophysical dark matter are not
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Fig. 13 Contributions to the global χ2 likelihood function from a com-
parison of the IceCube upper limit on the muon flux generated by ener-
getic neutrinos produced by WIMP annihilations in the core of the

Sun [64–66] with calculations for points along the dark matter strips
for tan β = 5, 20, 40, 50, 55 and 56 with A0 = 0 and μ > 0
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Fig. 14 The portions of the dark matter strips for tan β = 5, 20, 40 and 50, calculated assuming A0 = 0 and μ > 0, that are allowed by all the
constraints, assuming an uncertainty of 1.5 GeV in the calculation of mh . There are no allowed regions for tan β = 55 or 56

relevant along the stop coannihilation strip, as seen in the
bottom 4 panels of Figs. 16 and 17.

We note that the �χ2 related to neutrino searches at Ice-
Cube is significantly suppressed in this case. This is due
to the fact that in the stop coannihilation region both the
scalar and the spin-dependent direct cross-sections are almost
five orders of magnitude smaller than in the cosmologically
acceptable higgsino region for the case A0 = 0. This results
in an annihilation rate in the Sun which is about eleven orders
of magnitude smaller and the same applies to the muon fluxes.
Thus, the resulting �χ2 is suppressed by almost nineteen
orders of magnitude.

7 The case µ < 0

The case A0 = 0 and μ < 0 is also simpler than A0 = 0
and μ > 0. As seen in the illustrative examples in Fig. 18
for tan β = 5 and Fig. 19 for tan β = 40, there is only a
single dark matter strip close to the boundary of electroweak

symmetry breaking. Overall, the results are very similar to
those for μ > 0 and the same values of tan β, apart from the
absence of the green well-tempered/funnel strip that appears
below the focus-point strip in the (m1/2,m0) plane when
μ > 0 and tan β = 40. As for μ > 0, mh again provides
the strongest constraint for A0 = 0 and μ < 0, as seen in
the top right panels of Figs. 18 and 19. The direct search
for spin-independent dark matter scattering also imposes an
interesting constraint, as seen in the middle left panels of
Figs. 18 and 19, excluding a range of LSP masses � 1 TeV
that are, however, also excluded by mh . The searches for γ -
rays from dSphs and the Galactic Centre are not constraining,
as seen in the middle right and bottom left panels of these
figures. Finally, we note that a range of neutralino masses
∼ 1 TeV that are excluded bymh comes under some pressure
from the IceCube search for energetic solar neutrinos, as seen
in the bottom right panels of Figs. 18 and 19. The portions of
the dark matter strips for tan β = 5 and 40 that are allowed by
all the constraints, assuming an uncertainty of 1.5 (0.5) GeV
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Fig. 15 As in Fig. 14, but assuming an uncertainty of 0.5 GeV in the calculation of mh

in the calculation of mh , are shown in the upper (lower) pair
of panels of Fig. 20.

8 Conclusions

We have analyzed in this paper the viability of the CMSSM in
light of the available phenomenological constraints, assum-
ing that R-parity is conserved and the lightest supersym-
metric particle is a neutralino that provides the cosmologi-
cal dark matter. The CMSSM framework assumes univer-
sality of all scalar masses, gaugino masses and A-terms
separately at the GUT scale. We also assume a standard
thermal freeze-out scenario for the relic density. Relaxing
these assumptions would correspondingly relax the con-
straints derived here, and enlarge the regions of parameters
where supersymmetry can survive. However, these assump-
tions restrict the allowed CMSSM parameter space to nar-
row strips where the relic dark matter density is compati-
ble with the narrow range permitted by Planck and other
measurements. As we have discussed in detail in Sect. 2,

there are several such strips when the ratio of Higgs vevs
tan β ≥ 40, the trilinear supersymmetry-breaking parame-
ter A0 = 0, and the Higgsino mixing parameter μ > 0. On
the other hand, when tan β < 40 or μ < 0 there is a sin-
gle CMSSM dark matter strip running close to the boundary
of the region where electroweak symmetry breaking occurs.
Similarly when A0 = 3m0, there is a single CMSSM dark
matter strip running close to the boundary where the LSP and
lighter stop are degenerate. As we have discussed in detail,
when A0 = 0 and μ > 0 several different mechanisms may
come into play simultaneously to bring the dark matter den-
sity into the allowed cosmological range, including focus-
point and well-tempered neutralino effects, s-channel anni-
hilations via heavy Higgs bosons. In contrast, the dominant
dark matter mechanism when A0 = 3m0 is LSP coannihila-
tion with stop squarks.

In Sect. 3 we have discussed the LHC constraints on
parameter points along the CMSSM dark matter strips. We
have found that direct LHC searches for sparticles do not
constrain the CMSSM as strongly as the indirect constraint
provided by the LHC measurement of the Higgs mass and cal-
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Fig. 16 The dark matter strip, mh constraint, spin-independent direct scattering constraint, �χ2 from Fermi-LAT dSph and H.E.S.S. GC γ -ray
and Icecube solar ν signals for the case tan β = 5, A0 = 3m0 and μ > 0
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Fig. 18 The (m1/2,m0) plane, the mh , spin-independent direct scattering and indirect constraints for the case tan β = 5, A0 = 0 and μ < 0

culations of mh using FeynHiggs 2.18.1. These favour
relatively large values of the soft supersymmetry-breaking
parameters.

In Sect. 4 we have discussed the constraints on the
CMSSM provided by searches for astrophysical dark matter.
These include the direct searches for dark matter scattering on
nuclei via spin-independent and -dependent interactions. As

we have shown, the non-detection of spin-independent dark
matter scattering imposes a stronger constraint. It excludes
significant parts of the dark matter strips, while allowed parts
are in general incompatible with the mh constraint. We have
also considered the constraints provided by searches for γ -
rays from dwarf spheroidal galaxies and the Galactic Centre.
These both exclude portions of the funnel strips for large
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Fig. 19 As in Fig. 18, for the case tan β = 40, A0 = 0 and μ < 0

tan β, A0 = 0 and μ > 0, though these are also excluded
by mh constraint. The IceCube search for muons produced
by energetic neutrinos generated by the annihilations of dark
matter particles trapped inside the Sun excludes a range of
CMSSM parameters at large tan β, A0 = 0 and μ > 0 that
are, however, also excluded by the mh constraint.

The overall result of our analysis is that, whilst the
searches for astrophysical dark matter do exclude portions
of the CMSSM dark matter strips, these are mostly also
covered by the mh constraint, which is the most powerful
when A0 = 0. In this case, as seen in Figs. 14, 15 and
20, only very restricted portions of the CMSSM dark mat-
ter strips are allowed by mh . The lengths of these allowed
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Fig. 20 The portions of the dark matter strips for tan β = 5 and 40, calculated assuming A0 = 0 and μ < 0, that are allowed by all the constraints,
assuming an uncertainty of 1.5 (0.5) GeV in the calculation of mh in the upper (lower) pair of panels

portions are sensitive primarily to the assumed uncertainty
in the calculation of mh , which is typically ∼ 0.5 GeV when
A0 = 0. This is significantly larger than the measurement
uncertainty, which is between 0.1 and 0.2 GeV. We empha-
size that the uncertainty in themh calculation is much greater
when A0 = 3 m0, � 3 GeV, rendering it an ineffective con-
straint for A0 = 3 m0, and note that the direct and indirect
searches for astrophysical dark matter are also ineffective for
this value of A0.

For the moment the CMSSM survives Planck, the LHC,
LUX-ZEPLIN,Fermi-LAT, H.E.S.S. and IceCube. However,
our constraints push the supersymmetry breaking mass scale
toO(10) TeV, larger than the scale originally associated with
supersymmetry when proposed as a solution to the hier-
archy problem. Nevertheless, supersymmetry at this scale
still alleviates the hierarchy problem to some extent. In the
future, the most immediate prospect for putting pressure on
the CMSSM may be provided by future direct searches for
spin-independent dark matter scattering, which could probe
essentially all the strips for A0 = 0 and either sign of μ

if their sensitivity reaches down to the neutrino ‘floor’ [71–
73]. In the longer run, searches at FCC-hh or SppC offer
good prospects for discovering supersymmetry within the
CMSSM framework also when A0 �= 0 [167]. On the other
hand, the astrophysical searches for dark matter are relatively
unpromising for A0 = 3m0, and also have lacunae when
μ < 0. The CMSSM may survive a while yet.
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