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We perform a likelihood analysis of the minimal Anomaly-Mediated Supersymmetry Breaking (mAMSB) model
using constraints from cosmology and accelerator experiments. We find that a wino-like or a Higgsino-like neu-
tralino LSP, χ̃0

1, may provide the cold dark matter (DM) with similar likelihood. The upper limit on the DM
density from Planck and other experiments enforces mχ̃0

1
. 3 TeV after the inclusion of Sommerfeld enhancement

in its annihilations. If most of the cold DM density is provided by the χ̃0
1, the measured value of the Higgs mass

favours a limited range of tanβ ∼ 5 (or for µ > 0, tanβ ∼ 45) but the scalar mass m0 is poorly constrained. In
the wino-LSP case, m3/2 is constrained to about 900 TeV and mχ̃0

1
to 2.9±0.1 TeV, whereas in the Higgsino-LSP

case m3/2 has just a lower limit & 650 TeV (& 480 TeV) and mχ̃0
1

is constrained to 1.12 (1.13) ± 0.02 TeV in

the µ > 0 (µ < 0) scenario. In neither case can the anomalous magnetic moment of the muon, (g − 2)µ, be
improved significantly relative to its Standard Model (SM) value, nor do flavour measurements constrain the
model significantly, and there are poor prospects for discovering supersymmetric particles at the LHC, though
there are some prospects for direct DM detection. On the other hand, if the χ̃0

1 contributes only a fraction of the
cold DM density, future LHC /ET -based searches for gluinos, squarks and heavier chargino and neutralino states
as well as disappearing track searches in the wino-like LSP region will be relevant, and interference effects enable
BR(Bs,d → µ+µ−) to agree with the data better than in the SM in the case of wino-like DM with µ > 0.
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1. Introduction

In previous papers [1–7] we have presented like-
lihood analyses of the parameter spaces of vari-
ous scenarios for supersymmetry (SUSY) break-
ing, including the CMSSM [8], in which soft
SUSY breaking parameters are constrained to be
universal at the grand unification scale, mod-
els in which Higgs masses are allowed to be
non-universal (NUHM1,2) [9, 10], a model in
which 10 soft SUSY-breaking parameters were
treated as free phenomenological parameters (the
pMSSM10) [11] and one with SU(5) GUT bound-
ary conditions on soft supersymmetry-breaking
parameters [12]. These analyses took into ac-
count the strengthening direct constraints from
sparticle searches at the LHC, as well as indirect
constraints based on electroweak precision ob-
servables (EWPOs), flavour observables and the
contribution to the density of cold dark matter
(CDM) in the Universe from the lightest super-
symmetric particle (LSP), assuming that it is a
neutralino and that R-parity is conserved [13].
In particular, we analysed the prospects within
these scenarios for discovering SUSY at the LHC
and/or in future direct dark matter searches [5].

In this paper we extend our previous analyses
of GUT-based models [1–6] by presenting a likeli-
hood analysis of the parameter space of the mini-
mal scenario for anomaly-mediated SUSY break-
ing (the mAMSB) [14, 15]. The spectrum of
this model is quite different from those of the
CMSSM, NUHM1 and NUHM2, with a differ-
ent composition of the LSP. Consequently, dif-
ferent issues arise in the application of the ex-
perimental constraints, as we discuss below. In
the mAMSB there are 3 relevant continuous pa-
rameters, the gravitino mass, m3/2, which sets
the scale of SUSY breaking, the supposedly uni-
versal soft SUSY-breaking scalar mass1, m0, and
the ratio of Higgs vacuum expectation values,
tanβ, to which may be added the sign of the
Higgsino mixing parameter, µ. The LSP is ei-
ther a Higgsino-like or a wino-like neutralino χ̃0

1.

1In pure gravity-mediated models [16], m0 is constrained
to be equal to the gravitino mass, resulting in a two-
parameter model in which tanβ is strongly constrained
to a value near 2.

In both cases the χ̃0
1 is almost degenerate with

its chargino partner, χ̃±
1 . It is well known that,

within this mAMSB framework, if one requires
that a wino-like χ̃0

1 is the dominant source of
the CDM density indicated by Planck measure-
ments of the cosmic microwave background radi-
ation, namely ΩCDMh

2 = 0.1186 ± 0.0020 [17],
mχ̃0

1
' 3 TeV [18, 19] after inclusion of Sommer-

feld enhancement effects [20]. If instead the CDM
density is to be explained by a Higgsino-like χ̃0

1,
mχ̃0

1
takes a value of 1.1 TeV. In both cases, spar-

ticles are probably too heavy to be discovered
at the LHC, and supersymmetric contributions
to EWPOs, flavour observables and (g − 2)µ are
small.

In the first part of our likelihood analysis of
the mAMSB parameter space, we combine the
assumption that the LSP is the dominant source
of CDM with other measurements, notably of
the mass of the Higgs boson, Mh = 125.09 ±
0.24 GeV [21] (including the relevant theory un-
certainties [22]) and its production and decay
rates [23]. In addition to solutions in which the
χ̃0

1 is wino- or Higgsino-like, we also find less-
favoured solutions in which the χ̃0

1 is a mixed
wino-Higgsino state. In the wino case, whereas
m3/2 and hence mχ̃0

1
are relatively well deter-

mined, as is the value of tanβ, the value of m0 is
quite poorly determined, and there is little differ-
ence between the values of the global likelihood
functions for the two signs of µ. On the other
hand, in the case of a Higgsino-like χ̃0

1, while tanβ
has values around 5, m0 and m3/2 are only con-
strained to be larger than 20 TeV and 600 TeV,
respectively, in the positive µ case. For negative
µ, the m0 and m3/2 constraints are lowered to
18 TeV and 500 TeV, respectively.

If there is some other contribution to the CDM,
so that Ωχ̃0

1
< ΩCDM, the SUSY-breaking mass

scale m3/2 can be reduced, and hence also mχ̃0
1
,

although the value of Mh still imposes a signifi-
cant lower limit. In this case, some direct searches
for sparticles at the LHC also become relevant,
notably /ET -based searches for gluinos, squarks
and heavier chargino and neutralino states as well
as disappearing track searches for the next-to-
LSP charged wino. We discuss the prospects for
sparticle searches at the LHC in this case and
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3

at the 100 TeV FCC-hh collider, and also find
that some deviations from Standard Model (SM)
predictions for flavour observables may become
important, notably BR(b → sγ) and BR(Bs,d →
µ+µ−).

Using the minimum value of the χ2 likeli-
hood function and the number of effective de-
grees of freedom (excluding the constraint from
HiggsSignals, as was done in [2–4]) leads to an
estimate of ∼ 11% for the χ2 probability of the
mAMSB model if most of the CDM is due to the
χ̃0

1, for both signs of µ in both the wino- and
Higgsino-like cases. When this CDM condition is
relaxed, the χ2 probability is unchanged if µ < 0,
but increases to 18% in the wino-like LSP case
if µ > 0 thanks to improved consistency with the
experimental measurement of BR(Bs,d → µ+µ−).
These χ2 probabilities for the mAMSB model
cannot be compared directly with those found
previously for the CMSSM [2], the NUHM1 [2],
the NUHM2 [3] and the pMSSM10 [4], since those
models were studied with a different dataset that
included an older set of LHC data.

The outline of this paper is as follows. In Sec-
tion 2 we review briefly the specification of the
mAMSB model. In Section 3 we review our im-
plementations of the relevant theoretical, phe-
nomenological, experimental, astrophysical and
cosmological constraints, including those from the
flavour and Higgs sectors, and from LHC and
dark matter searches (see [4, 6] for details of our
other LHC search implementations). In the case
of dark matter we describe in detail our imple-
mentation of Sommerfeld enhancement in the cal-
culation of the relic CDM density. Section 4 re-
views the MasterCode framework. Section 5 then
presents our results, first under the assumption
that the lightest neutralino χ̃0

1 is the dominant
form of CDM, and then in the more general case
when other forms of CDM may dominate. This
Section is concluded by the presentation and dis-
cussion of the χ2 likelihood functions for observ-
ables of interest. Finally, we present our conclu-
sions in Section 6.

2. Specification of the mAMSB Model

In AMSB, SUSY breaking arises via a loop-
induced super-Weyl anomaly [14]. Since the
gaugino masses M1,2,3 are suppressed by loop
factors relative to the gravitino mass, m3/2, the
latter is fairly heavy in this scenario (m3/2 &
20 TeV) and the wino-like states are lighter than
the bino-like ones, with the following ratios of
gaugino masses at NLO: |M1| : |M2| : |M3| ≈ 2.8 :
1 : 7.1. Pure AMSB is, however, an unrealistic
model, because renormalization leads to negative
squared masses for sleptons and, in order to avoid
tachyonic sleptons, the minimal AMSB scenario
(mAMSB) adds a constant m2

0 to all squared
scalar masses [15]. Thus the mAMSB model
has three continuous free parameters: m3/2, m0

and the ratio of Higgs vevs, tanβ. In addition,
the sign of the Higgsino mixing parameter, µ,
is also free. The trilinear soft SUSY-breaking
mass terms, Ai, are determined by anomalies, like
the gaugino masses, and are thus proportional to
m3/2. The µ term and the Higgs bilinear, B, are
determined phenomenologically via the minimiza-
tion of the Higgs potential, as in the CMSSM.

The following are some characteristic features
of mAMSB: near mass-degeneracy of the left and
right sleptons: ml̃R

≈ ml̃L
, and of the light-

est chargino and neutralino, mχ̃±
1
≈ mχ̃0

1
. The

mass hierarchy between sleptons and gauginos is
dependent on the numerical values of the input
parameters, and the squark masses are typically
very heavy, because they contain a term propor-
tional to g4

3m
2
3/2. In addition, the measured Higgs

mass and the relatively low values of the trilinears
Ai together imply that the stop masses must also
be relatively high. The LSP composition may be
wino-, Higgsino-like or mixed, as we discuss in
more detail below.

3. Implementations of Constraints

Our treatments in this paper of many of the
relevant constraints follow very closely the imple-
mentations in our previous analyses which were
recently summarized in [6]. In the following
subsections we review the implementations, high-
lighting new constraints and instances where we
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implement constraints differently from our previ-
ous work.

3.1. Flavour, Electroweak and Higgs Con-
straints

Constraints from B-physics and K-physics ob-
servables are the same as in [6]. In particular,
we include the recent ATLAS result in our global
combination of measurements of BR(Bs,d →
µ+µ−) [24]. In contrast to our previous stud-
ies [2–6], in this study we do not evaluate in-
dependently the constraints from EWPOs, since
for SUSY-breaking parameters in the multi-TeV
range they are indistinguishable from the Stan-
dard Model values within the current experi-
mental uncertainties, as we have checked using
FeynWZ [25]. The only exception is the mass
of the W boson, MW , which is evaluated us-
ing FeynHiggs2. For the other EWPOs we use
the theoretical and experimental values given in
the review [26]. We use the combination of AT-
LAS and CMS measurements of the mass of the
Higgs boson: Mh = 125.09 ± 0.24 GeV [21].
We use a beta-version of the FeynHiggs 2.12.1

code [22, 27] to evaluate the constraint this im-
poses on the mAMSB parameter space. It im-
proves on the FeynHiggs versions used for pre-
vious analyses [2–5] by including two-loop QCD
corrections in the evaluation of the DR running
top mass and an improved evaluation of the top
mass in the DR-on-shell conversion for the scalar
tops. At low values of mt̃1

, we use, as previ-
ously, a one-σ theoretical uncertainty of 1.5 GeV.
In view of the larger theoretical uncertainty at
large input parameter values, this uncertainty
is smoothly inflated up to 3.0 GeV at mt̃1

>
7.5 TeV, as a conservative estimate. The χ2 con-
tributions of Higgs search channels from LHC and
Tevatron are evaluated using HiggsSignals [23]
and HiggsBounds [28, 29] as detailed in our pre-
vious paper [6].

3.2. LHC Constraints
If the entire CDM relic density is provided by

the lightest neutralino, all sparticles are heavy,

2We imposed SU(2) symmetry on the soft SUSY-breaking
terms in the DR-on-shell conversion of the parameters in
the scalar top/bottom sector, leading to a small shift in
the values of the scalar bottom masses.

and the current results of the direct sparticle
searches at the LHC have no impact on our
global fit, though there is some impact from H/A
searches [30, 31]. On the other hand, if χ̃0

1 ac-
counts only for a fraction of the relic CDM den-
sity, some sparticles can be light enough to be
produced at the LHC. However, as we discuss in
more detail later, even for this case we find that
the sleptons, the first two generations of squarks
and the third-generation squarks are heavier than
0.7, 3.5 and 2.5 TeV at the 2σ level, respectively,
well beyond the current LHC sensitivities [32–34].
On the other hand, gluinos and winos can be as
light as 2.5 and 0.5 TeV, respectively, at the 2σ
level, so we have considered in more detail the
constraints from searches at the LHC. Currently
they do not impact the 68 and 95% CL ranges
we find for the mAMSB, but some impact can be
expected for future LHC runs, as we discuss in
Section 5.4.

3.3. Dark Matter Constraints
3.3.1. Density Calculations Implementing

Sommerfeld Enhancement
For a wino-like dark matter particle, the non-

perturbative Sommerfeld effect [20] needs to be
taken into account in the calculation of the ther-
mal relic abundance. Dedicated studies have been
performed in the literature [18, 19], with the re-
sult that the correct relic abundance is obtained
for mχ̃0

1
' 3.1 TeV after inclusion of Sommerfeld

enhancement in the thermally-averaged coannihi-
lation cross sections, compared to mχ̃0

1
' 2.3 TeV

at tree level.
Because of the large number of points in our

mAMSB sample, we seek a computationally-
efficient implementation of the Sommerfeld en-
hancement. We discuss this now, and consider
its implications in the following subsections.

It is sufficient for our χ2 likelihood analysis
to use a phenomenological fit for the Sommer-
feld enhancement that is applicable near 3.1 TeV.
One reason is that, away from ∼ 3.1 TeV, the
χ2 price rises rapidly due to the very small un-
certainty in the Planck result for ΩCDMh

2. An-
other reason is that the enhancement factor de-
pends very little on the particle spectrum and
mostly on mχ̃0

1
. Therefore, we extract the Som-
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merfeld factor by using a function to fit the ‘non-
perturbative’ curve in the right panel of Fig. 2
in [18]. One can see that the curve has a dip
at ∼ 2.4 TeV, due to the appearance of a loosely-
bound state. The calculated relic abundance near
the dip is much smaller than the Planck value,
so it gives a very large χ2, and therefore we do
not bother to fit the dip. Considering that the
Yukawa potential approaches the Coulomb limit
for mχ̃0

1
� MW , and that only the electromag-

netic force is relevant for mχ̃0
1
� MW , we fit the

annihilation cross section using 3,

aeff ≡ aeffSE=0

[
(cpmSαem

+ 1− cpm)(
1− exp(−κMW /mχ̃0

1
)
)

+Sα2
exp(−κMW /mχ̃0

1
)
]
, (1)

where aeff is the effective s-wave coannihilation
cross section (including the Sommerfeld enhance-
ment) for the wino system including the wino-
like LSP, χ̃0

1, and the corresponding chargino,
χ̃±

1 , and aeffSE=0 is the effective s-wave coanni-
hilation cross section calculated ignoring the en-
hancement. The latter is defined as

aeffSE=0 ≡
∑
i,j

aijrirj , (2)

where ri ≡ gi (1 + ∆i)
3/2

exp(−∆imχ̃0
1
/T )/geff ,

and geff ≡
∑
k gk (1 + ∆k)

3/2
exp(−∆kmχ̃0

1
/T )

expressed as functions of the temperature, T , at
which the coannihilations take place. The indices
refer to χ̃0

1, χ̃+
1 and χ̃−

1 , and gi is the number
of degrees of freedom, which is 2 for each of the
three particles, ∆i ≡ (mi/mχ̃0

1
−1), aij is the total

s-wave (co)annihilation cross section for the pro-
cesses with incoming particles i and j, and cpm

is the fraction of the contribution of the χ̃+
1 χ̃

−
1

s-wave cross section in aeffSE=0, namely,

cpm ≡
2aχ̃+

1 χ̃
−
1

aeffSE=0

rχ̃+
1
rχ̃−

1
. (3)

In practice, since mχ̃+
1
−mχ̃0

1
' 0.16 GeV, which

is much smaller than the typical temperature

3We emphasize that one can choose a different fitting func-
tion, as long as the fit is good near 3.1 TeV.

of interest in the calculation of the relic abun-
dance for mχ̃0

1
near 3.1 TeV, we have aeffSE=0 '

(aχ̃0
1χ̃

0
1
+4aχ̃0

1χ̃
+
1

+2aχ̃+
1 χ̃

−
1

+2aχ̃+
1 χ̃

+
1

)/9, and cpm '
2
9aχ̃+

1 χ̃
−
1
/aeffSE=0. In Eq. (1), Sαem

and Sα2
are

the thermally-averaged s-wave Sommerfeld en-
hancement factors for attractive Coulomb poten-
tials with couplings αem and α2, respectively. We
use the function given in Eq. (11) of [35] for these
quantities, namely

Sαx ≡
1 + 7y/4 + 3y2/2 + (3/2− π/3)y3

1 + 3y/4 + (3/4− π/6)y2
, (4)

where y ≡ αx
√
πmχ̃0

1
/T .

Because the curve in [18] is obtained by taking
the massless limit of the SM particles in aij , we do
the same for our fit to obtain the fitting parameter
κ. We find that a κ = O(1) can give a good fit
for the curve, and that the fit is not sensitive to
the exact value of κ. We choose κ = 6 in our
calculation, which gives a good fit around mχ̃0

1
'

3.1 TeV, in particular.
Eq. (1) is used in our calculation of the relic

abundance Ωχ̃0
1
h2 for mAMSB models, for which

we evaluate aeffSE=0 and cpm for any parame-
ter point using SSARD [36]. The perturbative p-
wave contribution is also included. We note that,
whereas the Sommerfeld enhancement depends
almost entirely on mχ̃0

1
, the values of aeff and

cpm depend on the details of the supersymmetric
particle spectrum. In particular, due to a cancel-
lation between s- and t-channel contributions in
processes with SM fermion anti-fermion pairs in
the final states, aeffSE=0 becomes smaller when
the sfermion masses are closer to mχ̃0

1
.

For a small subset of our mAMSB parameter
sample, we have compared results obtained from
our approximate implementation of the Sommer-
feld enhancement in the case of wino dark matter
with more precise results obtained with SSARD.
As seen in the left panel of Fig. 1, our imple-
mentation (red line) yields results for the relic
density that are very similar to those of complete
calculations (black dots). In the right panel we
plot the ratio of the relic density calculated using
our simplified Sommerfeld implementation for the
sub-sample of mAMSB points to SSARD results,
connecting the points at different mχ̃0

1
by a con-
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tinuous blue line. We see that our Sommerfeld
implementation agrees with the exact results at
the . 2% level (in particular whenmχ̃0

1
∼ 3 TeV),

an accuracy that is comparable to the current ex-
perimental uncertainty from the Planck data. We
conclude that our simplified Sommerfeld imple-
mentation is adequate for our general study of
the mAMSB parameter space 4.

Figure 2 illustrates the significance of the Som-
merfeld enhancement via a dedicated scan of the
(m0,m3/2) plane for tanβ = 5 using SSARD. The
pink triangular region at large m0 and relatively
small m3/2 is excluded because there are no con-
sistent solutions to the electroweak vacuum con-
ditions in that region. The border of that region
corresponds to the line where µ2 = 0, like that
often encountered in the CMSSM at low m1/2

and large m0 near the so-called focus-point region
[39]. The dark blue strips indicate where the cal-
culated χ̃0

1 density falls within the 3-σ CDM den-
sity range preferred by the Planck data [17], and
the red dashed lines are contours of Mh (labelled
in GeV) calculated using FeynHiggs 2.11.3 5.
The Sommerfeld enhancement is omitted in the
left panel and included in the right panel of Fig. 2.
We see that the Sommerfeld enhancement in-
creases the values of m3/2 along the prominent
near-horizontal band (where the LSP is predomi-
nantly wino) by ∼ 200 TeV, which is much larger
than the uncertainties associated with the CDM
density range and our approximate implementa-
tion of the Sommerfeld enhancement. We stress
that any value of m3/2 below this band would also
be allowed if the χ̃0

1 provides only a fraction of the
total CDM density.

3.3.2. Higgsino Region
We note also the presence in both panels of

a very narrow V-shaped diagonal strip running
close to the electroweak vacuum boundary, where
the χ̃0

1 LSP has a large Higgsino component as
mentioned previously. As this Higgsino strip is
rather difficult to see, we show in Fig. 3 a blowup

4As stated above, a full point-by-point calculation of the
relic density would be impractical for our large sample of
mAMSB parameters.
5This version is different from that used for our χ2 evalua-
tion, and is used here for illustration only. The numerical
differences do not change the picture in a significant way.

of the Higgsino region for µ > 0 (the correspond-
ing region for µ < 0 is similar), where we have
thickened artificially the Higgsino strips by shad-
ing dark blue regions with m3/2 ≤ 9.1× 105 GeV
where 0.1126 ≤ Ωχ̃0

1
h2 ≤ 0.2. As the nearly

horizontal wino strip approaches the electroweak
symmetry breaking boundary, the blue strip de-
viates downward to a point, and then tracks the
boundary back up to higher m0 and m3/2, form-
ing a slanted V shape.

The origin of these two strips can be under-
stood as follows. In most of the triangular region
beneath the relatively thick horizontal strip, the
LSP is a wino with mass below 3 TeV, and the
relic density is below the value preferred by the
Planck data. For fixed m3/2, as m0 is increased,
µ drops so that, eventually, the Higgsino mass be-
comes comparable to the wino mass. When µ >
1 TeV, the crossover to a Higgsino LSP (which
occurs when µ . M2) yields a relic density that
reaches and then exceeds the Planck relic den-
sity, producing the left arm of the slanted V-shape
strip near the focus-point boundary where coan-
nihilations between the wino and Higgsino are im-
portant. As one approaches closer to the focus
point, µ continues to fall and, when µ ' 1 TeV,
the LSP becomes mainly a Higgsino and its relic
density returns to the Planck range, thus produc-
ing right arm of the slanted V-shape strip corre-
sponding to the focus-point strip in the CMSSM.
In the right panel of Fig. 2 and in Fig. 3 the tip
of the V where these narrow dark matter strips
merge occurs when m0 ∼ 1.8× 104 GeV.

In the analysis below, we model the transition
region by using Micromegas 3.2 [40] to calcu-
late the relic density, with a correction in the
form of an analytic approximation to the Som-
merfeld enhancement given by SSARD that takes
into account the varying wino and Higgsino frac-
tions in the composition of the LSP. In this way
we interpolate between the wino approximation
based on SSARD discussed above for winos, and
Micromegas 3.2 for Higgsinos.

Comparing the narrowness of the strips in Figs.
2 and 3 with the thickness of the near-horizontal
wino strip, it is clear that they are relatively finely
tuned. We also note in Fig. 3 a thin brown shaded
region towards the upper part of the V-shaped
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calculated relic densities, connecting the points in the left panel by a continuous blue line.
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Figure 2. The (m0,m3/2) plane for tanβ = 5 without (left panel) and with (right panel) the Sommerfeld
enhancement, as calculated using SSARD [36]. There are no consistent solutions of the electroweak vacuum
conditions in the pink shaded triangular regions at lower right. The χ̃0

1 LSP density falls within the range
of the CDM density indicated by Planck and other experiments in the dark blue shaded bands. Contours
of Mh calculated using FeynHiggs 2.11.3 (see text) are shown as red dashed lines.
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Figure 3. Blowup of the right panel in Fig. 2. When m3/2 ≤ 9.1× 105 GeV, we shade dark blue regions
with 0.1126 ≤ Ωχ̃0

1
h2 ≤ 0.2 so as to thicken the slanted V-shaped Higgsino LSP strip. Towards the upper

part of the Higgsino strip, there is a thin brown shaded strip that is excluded because the LSP is a chargino.
Contours of Mh calculated (labelled in GeV) using FeynHiggs 2.11.3 (see text) are shown as red dashed
lines.

Higgsino strip that is excluded because the LSP
is a chargino.

We also display in these (m0,m3/2) planes con-
tours of Mh (labelled in GeV) as calculated using
FeynHiggs 2.11.3 (see above). Bearing in mind
the estimated uncertainty in the theoretical cal-
culation of Mh [22], all the broad near-horizontal
band and the narrow diagonal strips are compat-
ible with the measured value of Mh, both with
and without the inclusion of the Sommerfeld en-
hancement.

3.3.3. Dark Matter Detection
We implement direct constraints on the spin-

independent dark matter proton scattering cross
section, σSI

p , using the SSARD code [36], as re-
viewed previously [2–6]. As discussed there and in

Section 5.5, σSI
p inherits considerable uncertainty

from the poorly-constrained 〈p|s̄s|p〉 matrix ele-
ment and other hadronic uncertainties, which are
larger than those associated with the uncertainty
in the local CDM halo density.

We note also that the relatively large annihila-
tion cross section of wino dark matter is in tension
with gamma-ray observations of the Galactic cen-
ter, dwarf spheroidals and satellites of the Milky
Way made by the Fermi-LAT and H.E.S.S. tele-
scopes [37]. However, there are still considerable
ambiguities in the dark matter profiles near the
Galactic center and in these other objects. In-
cluding these indirect constraints on dark matter
annihilation in our likelihood analysis would re-
quire estimates of these underlying astrophysical
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uncertainties [38], which are beyond the scope of
the present work.

4. Analysis Procedure

4.1. MasterCode Framework
We define a global χ2 likelihood function that

combines the theoretical predictions with experi-
mental constraints, as done in our previous anal-
yses [2–6].

We calculate the observables that go into the
likelihood using the MasterCode framework [1–
7], which interfaces various public and private
codes: SoftSusy 3.7.2 [41] for the spectrum,
FeynHiggs 2.12.1 [22, 27] (see Section 3.1)
for the Higgs sector, the W boson mass and
(g − 2)µ, SuFla [42] for the B-physics observ-
ables, Micromegas 3.2 [40] (modified as dis-
cussed above) for the dark matter relic den-
sity, SSARD [36] for the spin-independent cross-
section σSI

p and the wino dark matter relic den-
sity, SDECAY 1.3b [43] for calculating sparticle
branching ratios, and HiggsSignals 1.4.0 [23]
and HiggsBounds 4.3.1 [28, 29] for calculating
constraints on the Higgs sector. The codes
are linked using the SUSY Les Houches Accord
(SLHA) [44].

We use SuperIso [45] and Susy Flavor [46] to
check our evaluations of flavour observables, and
we have used Matplotlib [47] and PySLHA [48] to
plot the results of our analysis.

4.2. Parameter Ranges
The ranges of the mAMSB parameters that we

sample are shown in Table 1. We also indicate in
the right column of this Table how we divide the
ranges of these parameters into segments, as we
did previously for our analyses of the CMSSM,
NUHM1, NUHM2, pMSSM10 and SU(5) [2–6].
The combinations of these segments constitute
boxes, in which we sample the parameter space
using the MultiNest package [49]. For each box,
we choose a prior for which 80% of the sample has
a flat distribution within the nominal range, and
20% of the sample is outside the box in normally-
distributed tails in each variable. In this way,
our total sample exhibits a smooth overlap be-
tween boxes, eliminating spurious features asso-

ciated with box boundaries. Since it is relatively
fine-tuned, we made a dedicated supplementary
36-box scan of the Higgsino-LSP region of the
mAMSB parameter space, requiring the lightest
neutralino to be Higgsino-like. We have sampled
a total of 11(13)× 106 points for µ > 0 (µ < 0).

5. Results

5.1. Case I: CDM is mainly the lightest
neutralino

We display in Fig. 4 the (m0,m3/2) planes for
our sampling of mAMSB parameters with µ > 0
(left panel) and µ < 0 (right panel). The coloured
contours bound regions of parameter space with
∆χ2 = 2.30 and ∆χ2 = 5.99 contours, which we
use as proxies for the boundaries of the 68% (red)
and 95% (dark blue) CL regions. The best-fit
points for the two signs of µ are indicated by
green stars, closed in the case of wino-like DM,
open in the case of Higgsino-like DM. The shad-
ings in this and subsequent planes indicate the
composition of the sample point with the low-
est χ2 in this projection: in general, there will
also be sample points with a different composition
and (possibly only slightly) larger χ2. Different
shading colours represent the composition of the
χ̃0

1 LSP: a region with Higgsino fraction exceed-
ing 90% is shaded yellow, one with wino fraction
exceeding 90% is shaded light blue, while other
cases are shaded orange 6. Most of blue shad-
ing corresponds to a wino-like LSP, and in only a
small fraction of cases to a mixed wino-Higgsino
state. We see that in the case of a wino-like LSP,
the regions favoured at the 2-σ level are bands
with 900 TeV . m3/2 . 1000 TeV corresponding
to the envelope of the near-horizontal band in the
right panel of Fig. 2 and in Fig. 3 that is obtained
when profiling over tanβ. For both signs of µ, the
lower limit m0 & 5 TeV is due to the τ̃1 becoming
the LSP.

The yellow Higgsino-LSP regions correspond to
the envelope of the V-shaped diagonal strips seen
in Fig. 2 and in Fig. 3. The locations of these di-
agonal strips vary significantly with tanβ and mt,
and their extents are limited at small and large

6The uncoloured patches and the irregularities in the con-
tours are due to the limitations of our sampling.
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Parameter Range Generic Higgsino
Segments Segments

m0 ( 0.1 , 50 TeV) 4 6
m3/2 ( 10 , 1500 TeV) 3 3
tanβ ( 1 , 50) 4 2

Total number of boxes 48 36
Table 1
Ranges of the mAMSB parameters sampled, together with the numbers of segments into which each range
was divided, and the corresponding number of sample boxes. The numbers of segments and boxes are
shown both for the generic scan and for the supplementary scan where we constrain the neutralino to be
Higgsino like.

gravitino mass mainly by the Higgs mass con-
straint. The best-fit point for the Higgsino-LSP
scenario has a total χ2 very similar to the wino-
LSP case, as is shown in Fig. 5. The χ2 values at
the best-fit points in the wino- and Higgsino-like
regions for both signs of µ are given in Table 2,
together with more details of the fit results (see
below).

Figs. 6 and 7 display the (tanβ,m0) and
(tanβ,m3/2) planes respectively. Both the µ > 0
case (left panel) and the µ < 0 case (right panel)
are shown, and are qualitatively similar. The
best-fit points for the two signs of µ are again indi-
cated by green stars. Larger m0 and m3/2 values
are allowed in the Higgsino-LSP case, provided
that tanβ is small. Values of tanβ & 3 are al-
lowed at the 95% CL with an upper limit at 48
only in the µ > 0 case. There are regions favoured
at the 68% CL with small values of tanβ . 10 in
both the wino- and Higgsino-like cases for both
signs of µ. In addition, for µ > 0 there is an-
other 68% CL preferred region in the wino case at
tanβ & 35, where supersymmetric contributions
improve the consistency with the measurements
of BR(Bs,d → µ+µ−), as discussed in more detail
in Section 5.3 7.

The parameters of the best-fit points for µ > 0
and µ < 0 are listed in Table 2, together with
their 68% CL ranges corresponding to ∆χ2 = 1.
We see that at the 68% CL the range of tanβ
is restricted to low values for both LSP compo-

7The diagonal gap in the left panel of Fig. 7 for µ > 0
is in a region where our numerical calculations encounter
instabilities.

sitions, with the exception of the µ > 0 wino-
LSP case, where also larger tanβ values around
45 are allowed. In the wino-LSP scenario, m3/2

is restricted to a narrow region around 940 TeV
and m0 is required to be larger than 4 TeV. The
precise location of the Higgsino-LSP region de-
pends on the spectrum calculator employed, and
also on the version used. These variations can
be as large as tens of TeV for m0 or a couple of
units for tanβ, and can change the χ2 penalty
coming from the Higgs mass. In our implementa-
tions, we find that m3/2 can take masses as low as
650 TeV (480 TeV) while m0 is required to be at
least 23 TeV (18 TeV) at the 68% CL in the µ > 0
(µ < 0) case. This variability is related to the un-
certainty in the exact location of the electroweak
symmetry-breaking boundary, which is very sen-
sitive to numerous corrections, in particular those
related to the top quark Yukawa coupling.

The minimum values of the global χ2 function
for the two signs of µ are also shown in Table 2, as
are the χ2 probability values obtained by combin-
ing these with the numbers of effective degrees of
freedom. We see that all the cases studied (wino-
and Higgsino-like LSP, µ > 0 and µ < 0) have
similar χ2 probabilities, around 11%.

We show in Fig. 8 the contributions to the to-
tal χ2 of the best-fit point in the scenarios with
different hypotheses on the sign of µ and the com-
position of CDM. In addition, we report the main
χ2 penalties in Table 3.

Figure 9 shows the best fit values (blue lines)
of the particle masses and the 68% and 95% CL
ranges allowed in both the wino- and Higgsino-
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Figure 4. The (m0,m3/2) planes for µ > 0 (left panel) and µ < 0 (right panel). The red and blue coloured
contours surround regions that are allowed at the 68 and 95% confidence levels (CLs), corresponding
approximately to one and two standard deviations, respectively, assuming that all the CDM is provided by
the χ̃0

1. The wino- (Higgsino-)like DM regions are shaded blue (yellow), and mixed wino-Higgsino regions
are shaded orange. The best-fit points for the two signs of µ are indicated by green stars, closed in the
wino-like region and open in the Higgsino-like region.
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Figure 5. Profiled ∆χ2 of the χ̃0
1 Higgsino fraction for µ > 0 (left panel) and for µ < 0 (right panel).

The profiles for the Ωχ̃0
1

= ΩCDM case and for the Ωχ̃0
1
≤ ΩCDM case are shown as solid and dashed lines

respectively. The lowest-χ2 point in the Higgsino-LSP region (N2
13 +N2

14 ' 1) has very similar χ2 to the
wino-LSP best-fit point (N2

13 +N2
14 ' 0), except in the µ > 0 Ωχ̃0

1
≤ ΩCDM case.

like LSP cases for both signs of µ. More com-
plete spectra at the best-fit points for the two
signs of µ are shown in Fig. 10 in both the wino-
and Higgsino-LSP cases, where branching ratios

exceeding 20% are indicated by dashed lines. As
was apparent from the previous Figures and Ta-
bles, a relatively heavy spectrum is favoured in
our global fits. The difference between the best-
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Wino-LSP Higgsino-LSP
Parameter µ > 0 µ < 0 µ > 0 µ < 0

m0: best-fit value 16 TeV 25 TeV 32 TeV 27 TeV
68% range (4, 40) TeV (4, 43) TeV (23, 50) TeV (18, 50) TeV

m3/2: best-fit value 940 TeV 940 TeV 920 TeV 650 TeV
68% range (860, 970) TeV (870, 950) TeV (650, 1500) TeV (480, 1500) TeV

tanβ: best-fit value 5.0 4.0 4.4 4.2
68% range (3, 8) and (42, 48) (3, 7) (3, 7) (3, 7)

χ2/d.o.f 36.4 / 27 36.4 / 27 36.6 / 27 36.4 / 27
χ2 probability 10.7% 10.7% 10.2% 10.7%

Table 2
Fit results for the mAMSB assuming that the LSP makes the dominant contribution to the cold dark
matter density. The 68% CL ranges correspond to ∆χ2 = 1. We also display the values of the global
χ2 function omitting the contributions from HiggsSignals, and the corresponding χ2 probability values.
Each mass range is shown for both the wino- and higgsino-LSP scenarios as well as for both signs of µ.
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Figure 6. The (tanβ,m0) planes for µ > 0 (left panel) and for µ < 0 (right panel), assuming that the χ̃0
1

provides all the CDM density. The colouring convention for the shadings and contours is the same as in
Fig. 4, and the best-fit points for the two signs of µ are again indicated by green stars.

fit spectra in the Higgsino LSP case for µ > 0
and < 0 reflects the fact that the likelihood func-
tion is quite flat in the preferred region of the
parameter space. In the Higgsino-LSP case, the
spectra are even heavier than the other one with
a wino LSP, apart from the gauginos, which are
lighter. Overall, these high mass scales, together
with the minimal flavor violation assumption, im-
plies that there are, in general, no significant de-
partures from the SM predictions in the flavour

sector or for (g − 2)µ.
Figure 11 shows the (MA, tanβ) planes for

µ > 0 (left panel) and for µ < 0 (right panel),
assuming that the χ̃0

1 contributes all the CDM
density. As previously, the red (blue) contours
represent the 68% (95%) CL contours, and the
wino- (Higgsino-)like DM regions are shaded blue
(yellow), and mixed wino-Higgsino regions are
shaded orange. We find that the impact of the re-
cent LHC 13-TeV constraints on the (MA, tanβ)
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Figure 7. The (tanβ,m3/2) planes for µ > 0 (left panel) and µ < 0 (right panel), assuming that the χ̃0
1

provides all the CDM density. The shadings and colouring convention for the contours are the same as
in Fig. 4, and the best-fit points for the two signs of µ are again indicated by green stars.

Ωχ̃0
1

= ΩCDM Ωχ̃0
1
< ΩCDM

W̃ -LSP H̃-LSP W̃ -LSP H̃-LSP
Constraint µ > 0 µ < 0 µ > 0 µ < 0 µ > 0 µ < 0 µ > 0 µ < 0

σ0
had 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
Rl 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
AbFB 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8
AeLR 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
MW 1.9 1.9 2.1 1.9 1.8 1.8 1.8 1.9

(g − 2)µ 11.2 11.2 11.2 11.2 10.4 11.2 11.2 11.2
BR(Bs → µ+µ−) 1.9 1.9 1.9 1.9 0.0 1.9 1.9 1.9

∆MBs/SM
∆MBd

1.8 1.8 1.8 1.8 1.6 1.8 1.8 1.8

εK 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
∆χ2

HiggsSignals 67.9 67.9 67.9 68.0 68.0 67.9 67.9 68.0

Table 3
The most important contributions to the total χ2 of the best fit points for mAMSB assuming different
hypotheses on the composition of the dark matter relic density and on the sign of µ. In the µ > 0 scenario
with Ωχ̃0

1
< ΩCDM and W̃ -LSP, the experimental constraints from (g − 2)µand BR(Bs → µ+µ−) can be

accommodated and get a lower χ2 penalty.

plane is small in these plots. We see here that
the large-tanβ 68% CL region mentioned above
corresponds to MA . 6 TeV.

As anticipated in Section 1, the wino-LSP
is almost degenerate with the lightest chargino,
which acquires a mass about 170 MeV larger
through radiative corrections. Therefore, because

of phase-space suppression the chargino acquires
a lifetime around 0.15 ns, and therefore may de-
cay inside the ATLAS tracker. However, the AT-
LAS search for disappearing tracks [50] is insen-
sitive to the large mass ∼ 2.9 TeV expected for
the mAMSB chargino if the LSP makes up all the
dark matter. In Section 5.2 we estimate the LHC
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Figure 9. The ranges of masses obtained for the wino-like LSP case with µ > 0 (top panel) and µ < 0
(second panel), and also for the Higgsino-like LSP case for µ > 0 (third panel) and µ < 0 (bottom panel),
assuming that the LSP makes the dominant contribution to the cold dark matter density.
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Figure 10. The spectra of our best-fit points for µ > 0 (left panel) and µ < 0 (right panel), assuming
that the LSP makes the dominant contribution to the cold dark matter density. Both the wino- (upper)
and the Higgsino-like LSP (lower) best-fit points are shown. In each case, we also indicate all the decay
modes with branching ratios above 20%.

sensitivity to the lower chargino masses that are
possible if the χ̃0

1 contributes only a fraction of
the cold dark matter density. In the Higgsino-
LSP case, the chargino has a mass ∼ 1.1 TeV in
the all-DM case, but its lifetime is very short, of
the order of few ps.

The 68% CL ranges of the neutralino masses,
the gluino mass, the χ̃±

1 − χ̃0
1 mass splitting and

the χ̃±
1 lifetime are reported in Table 4, assuming

that the χ̃0
1 accounts for all the CDM density.

Each parameter is shown for both the wino- and
Higgsino-like LSP scenarios and for the two signs
of µ.

Figure 12 shows our results in the (mχ̃0
1
,Ωχ̃0

1
h2)

plane in the case when the χ̃0
1 is required to pro-

vide all the CDM density, within the uncertainties
from the Planck and other measurements. The
left panel is for µ > 0 and the right panel is for
µ < 0: they are quite similar, with each featuring
two distinct strips. The strip where mχ̃0

1
∼ 1 TeV

corresponds to a Higgsino LSP near the focus-
point region, and the strip where mχ̃0

1
∼ 3 TeV is

in the wino LSP region of the parameter space.
In between these strips, the make-up of the LSP
changes as the wino- and Higgsino-like neutralino
states mix, and coannihilations between the three
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Figure 11. The (MA, tanβ) planes for µ > 0 (left panel) and for µ < 0 (right panel), assuming that
the χ̃0

1 contributes all the CDM density. As previously, the red (blue) contours represent the 68% (95%)
CL contours, and the wino- (Higgsino-)like (mixed wino-Higgsino) DM regions are shaded blue (yellow)
(orange).

wino-LSP Higgsino-LSP
Parameter µ > 0 µ < 0 µ > 0 µ < 0

mχ̃0
1

2.9± 0.1 TeV 2.9± 0.1 TeV 1.12± 0.02 TeV 1.13± 0.02 TeV

mχ̃0
2

(3.4, 9.2) TeV (2.9, 9.1) TeV 1.13± 0.02 TeV 1.14± 0.02 TeV

mχ̃0
3

(3.5, 13.5) TeV (2.9, 13.5) TeV (2.2, 4.9) TeV (1.7, 4.6) TeV

mχ̃0
4

(9.0, 13.5) TeV (8.4, 13.5) TeV (6.5, 15.0) TeV (4.6, 14.0) TeV

mg̃ 16± 1 TeV 16± 1 TeV, (13, 26) TeV (9, 25) TeV
mχ̃±

1
−mχ̃0

1
0.17± 0.01 GeV 0.17± 0.01 GeV (0.7, 1.3) GeV (1.3, 2.2) GeV

τχ̃±
1

0.15± 0.02 ns 0.15± 0.02 ns < 5.0× 10−3 ns < 1.0× 10−3 ns

Table 4
The 68% CL ranges for the masses of the LSP χ̃0

1 and of the heavier neutralinos χ̃0
2, χ̃0

3 and χ̃0
4, as well

as the mass splitting between the lighter chargino χ̃±
1 and the LSP and the corresponding lifetime of the

χ̃±
1 , for the case in which the χ̃0

1 accounts for all the CDM density. Each parameter is shown for both the
wino- and Higgsino-LSP scenarios, as well as for both signs of µ.

lightest neutralinos and both charginos become
important. The Sommerfeld enhancement varies
rapidly (we recall that it is not important in the
Higgsino LSP region), causing the relic density
to rise rapidly as well. We expect the gap seen
in Fig. 12 to be populated by points with very
specific values of m0.

5.2. Case II: the LSP does not provide all
the cold dark matter

If the LSP is not the only component of the cold
dark matter, mχ̃0

1
may be smaller, m3/2 may also

be lowered substantially, and some sparticles may
be within reach of the LHC. The preferred regions
of the (m0,m3/2) planes for µ > 0 (left panel) and
µ < 0 (right panel) in this case are shown in the
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Figure 12. The (mχ̃0
1
,Ωχ̃0

1
h2) planes for µ > 0 (left panel) and µ < 0 (right panel) assuming that all the

CDM density is provided by the χ̃0
1. The shadings are the same as in Fig. 4.

upper panels of Fig 13 8. We see that the wino
region allowed at the 95% CL extends to smaller
m3/2 for both signs of µ, and also to larger m0 at
m3/2 & 300 TeV when µ < 0. We also see that
the 68% CL region extends to much larger m0

and m3/2 when µ < 0, and the best-fit point also
moves to larger masses than for µ > 0, though
with smaller tanβ.

The best-fit points and mass ranges for the
case where the LSP relic density falls below the
Planck preferred density are given in Table 5. As
one can see, the best fit for µ > 0 has a some-
what lower value of χ2 and a significantly higher
value of tanβ. This is because in the case of pos-
itive µ there is negative interference between the
mAMSB and SM contributions to the decay am-
plitude in this parameter-space region, reducing
BR(Bs,d → µ+µ−) and allowing a better fit to
the latest experimental combination of ATLAS,
CMS and LHCb measurements (see Fig. 19). On
the other hand, in the negative-µ case, the in-
terference is constructive and thus the best fit
to the experimental measurement is for a SM-
like branching ratio, which is predicted in a much

8The sharp boundaries at low m0 in the upper panels of
Fig 13 are due to the stau becoming the LSP, and the
narrow separation between the near-horizontal portions
of the 68 and 95% CL contours in the upper right panel
of Fig. 13 is due to the sharp upper limit on the CDM
density.

wider region of the parameter space.
The lower panels of Fig. 13 show the

(tanβ,m3/2) planes for µ > 0 (left) and for
µ < 0 (right). Comparing with the corresponding
planes in Fig. 7 for the case in which the LSP pro-
vides all the dark matter, we see a large expansion
of the wino-like region, that the allowed range of
m3/2 extends down to ∼ 100 TeV, and the 68%
CL region extends to large values of tanβ.

We display in Fig. 14 the (MA, tanβ) planes in
the partial-CDM case for µ > 0 (left panel) and
µ < 0 (right panel). Comparing with the cor-
responding Fig. 11 for the all-CDM case, we see
that a large region of smaller values of MA and
tanβ are allowed in this case. We also note that
the best-fit point in the wino-like region for µ > 0
has moved to a much smaller value of MA and a
much larger value of tanβ, much closer to the re-
gion currently excluded by LHC searches. In this
connection, we note that the fit including only
the LHC 8-TeV H/A → τ+τ− constraint [30] is
slightly weaker in this region than that including
the 13-TeV constraint [31]. This gives hope that
future improvements in the LHC H/A search may
be sensitive to the preferred region of the mAMSB
parameter space in the partial-CDM case.

Figure 15 displays the (mχ̃0
1
,Ωχ̃0

1
h2) planes for

µ > 0 (left panel) and µ < 0 (right panel) in the
partial-CDM case. We see that the allowed range
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Figure 13. The (m0,m3/2) planes (upper panels) and the (tanβ,m3/2) planes (lower panels) for µ > 0
(left panels) and for µ < 0 (right panels), allowing the χ̃0

1 to contribute only part of the CDM density.
The shadings are the same as in Fig. 4.

of χ̃0
1 masses decreases with Ωχ̃0

1
h2, as expected.

Pure wino or Higgsino LSP states are slightly pre-
ferred over mixed ones because the latter are ac-
companied by larger scattering cross sections on
protons and are thus in tension with direct DM
searches (see Section 5.5). The preferred region in
the wino-like LSP µ > 0 case appears at small val-
ues of mχ̃0

1
and Ωχ̃0

1
h2, pulled down by the possi-

bility of negative interference in the Bs,d → µ+µ−

decay amplitudes and the consequent decrease in
BR(Bs,d → µ+µ−), as discussed in Section 5.3.
In the Higgsino-LSP µ > 0 case and in all µ < 0
cases, all Ωχ̃0

1
h2 values below the Planck preferred

density are equally likely.
Figure 16 shows the mass spectra allowed in

the wino-like LSP case for µ > 0 (top panel) and
µ < 0 (second panel), and also in the Higgsino-
like LSP case for µ > 0 (third panel) and µ < 0
(bottom panel). The one- and two-σ ranges are
again shown in dark and light orange respectively,
and the best-fit values are represented by blue
lines. We see that the spectra in the wino-like
LSP case are quite different for the two signs of
µ, whereas those in the Higgsino-like LSP case
resemble each other more. Table 6 provides nu-
merical values for the 68% CL ranges for the neu-
tralino masses, the gluino mass, the mass dif-
ference between the lightest chargino and neu-
tralino, as well as for the corresponding chargino
lifetime.
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Figure 14. The (MA, tanβ) planes for µ > 0 (left panel) and for µ < 0 (right panel), allowing the χ̃0
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contribute only part of the CDM density. The shadings are the same as in Fig. 4.
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Figure 15. The (mχ̃0
1
,Ωχ̃0

1
h2) planes in the mAMSB for µ > 0 (left) and µ < 0 (right), allowing the χ̃0

1 to
contribute only part of the CDM density. The red (blue) contours represent the 68% (95%) CL contours.
The shadings are the same as in Fig. 4.

Finally, Fig. 17 displays the spectra of our best-
fit points in the case that the LSP contributes
only a fraction of the cold dark matter density. As
previously, the left panels are for µ > 0 and the
right panels are for µ < 0 (note the different scales
on the vertical axes). Both the wino- (upper) and

the Higgsino-like LSP (lower) best-fit points are
shown. In each case, we also indicate all the decay
modes with branching ratios above 20%.
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Figure 16. The ranges of masses obtained for the wino-like LSP case with µ > 0 (top panel) and µ < 0
(second panel), and also for the Higgsino-like LSP case for µ > 0 (third panel) and µ < 0 (bottom panel),
relaxing the assumption that the LSP contributes all the cold dark matter density. The one- and two-σ
CL regions are shown in dark and light orange respectively, and the best-fit values are represented by blue
lines.
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Figure 17. The spectra of our best-fit points for µ > 0 (left panel) and µ < 0 (right panel), allowing the
LSP to contribute only part of the cold dark matter density. Both the wino- (upper) and the Higgsino-like
LSP (lower) best-fit points are shown. In each case, we also indicate all the decay modes with branching
ratios above 20%. The range of masses shown for the W̃ -LSP µ > 0 best fit point (top-left panel) is
smaller than the others, since its mass spectrum is considerably lighter.

5.3. χ2 Likelihood Functions for Observ-
ables

We show in Fig. 18 the one-dimensional like-
lihoods for several sparticle masses. In all cases
the solid lines correspond to the case in which
the LSP accounts for all of the CDM, and the
dashed lines for the case in which it may provide
only a fraction of the CDM. The blue lines are for
µ > 0 and the red lines are for µ < 0. It is ap-
parent that in the all-CDM case the sparticles in
the mAMSB are expected to be too heavy to be
produced at the LHC: mg̃,mt̃1

& 10 TeV,mq̃ &

15 TeV,mτ̃1 & 3 TeV,mχ̃0
1
& 1 TeV. However,

in the part-CDM case the sparticle masses may be
much lighter, with strongly-interacting sparticles
possibly as light as ∼ 2 TeV and much lighter χ̃0

3

and χ̃±
2 also possible, so that some of them may

become accessible at LHC energies. Indeed, as we
discuss below, future LHC runs should be able to
explore parts of the allowed parameter space.

As shown in Fig 19, there are some interest-
ing prospects for indirect searches for mAMSB ef-
fects. There are in general small departures from
the SM if the LSP accounts for all of the CDM,
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Figure 18. The χ2 likelihood functions for mg̃,mq̃,mt̃1
,mτ̃1 ,mχ̃±

1
and MA. We show curves with both

Ωχ̃0
1

= ΩCDM (solid lines), and with Ωχ̃0
1
≤ ΩCDM (dashed lines), for both the µ > 0 and µ < 0 cases

(blue and red, respectively).
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whereas much more significant effects can arise
if the CDM constraint is relaxed. In particular,
we find that significant destructive interference
between mAMSB effects and the SM may cause
a sizeable decrease of the BR(Bs,d → µ+µ−)
branching ratio in the positive µ case, which can
be significant within the range of model param-
eters allowed at the 2-σ level and improves the
agreement with the experimental measurement
shown by the dotted line. This effect arises from
a region of parameter space at large tanβ where
MA can be below 5 TeV, as seen in the bot-
tom right panel of Fig 18. We find that the de-
structive interference in BR(Bs,d → µ+µ−) is al-
ways accompanied by a constructive interference
in BR(b → sγ). There is also some possibility
of positive interference in BR(Bs,d → µ+µ−) and
negative interference in BR(b → sγ) when µ < 0
and the LSP does not provide all the dark mat-
ter, though this effect is much smaller. Finally,
we also note that only small effects at the level of
10−10 can appear in (g− 2)µ, for either sign of µ.

5.4. Discovery Prospects at the LHC and
FCC-hh

As mentioned above, current LHC searches
are not sensitive to the high-mass spectrum of
mAMSB, even if the LSP is not the only compo-
nent of CDM. However, simple extrapolation in-
dicates that there are better prospects for future
LHC searches with 300 or 3000 fb−1. Searches for
chargino tracks disappearing in the tracker, such
as that performed by ATLAS [50] start to be sen-
sitive with 300 fb−1of data, and become much
more sensitive with 3000 fb−1, as shown in Fig-
ure 20. We have obtained the projected contours
for the 13 TeV LHC with 13, 300 and 3000 fb−1by
rescaling the Run-1 sensitivity presented in [50].
In doing so, at a given lifetime we shift the Run-1
value of the 95% CL reach for the wino mass to
the higher value at which the wino cross-section
times luminosity (13, 300 and 3000 fb−1) at the
13-TeV LHC coincides with the reach achieved
during Run-1. This method is often used and is
known to give a reasonable estimate [51]. We find
that the disappearing-track search is more sensi-
tive in the µ > 0 case than in the µ < 0 case
because, in order to accommodate the reduced



24

0.0 0.5 1.0 1.5 2.0
BR

MSSM/SM

Bs,d→µ+ µ−

0
1
2
3
4
5
6
7
8
9

∆
χ

2

0.6 0.8 1.0 1.2 1.4
BR

MSSM/SM

b→sγ

0
1
2
3
4
5
6
7
8
9

∆
χ

2

1.0 0.5 0.0 0.5 1.0
∆
(
g−2

2

) 1e 9

0
1
2
3
4
5
6
7
8
9

∆
χ

2

Figure 19. The χ2 likelihood functions for the ratios of BR(Bs,d → µ+µ−), BR(b → sγ) to their SM
values, and for the contribution to (g− 2)µ/2. We show curves with both Ωχ̃0

1
= ΩCDM (solid lines), and

with Ωχ̃0
1
≤ ΩCDM (dashed lines), as well as both the µ > 0 and µ < 0 cases (blue and red, respectively).

The dotted lines represent the current experimental measurements of these observables.

BR(Bs → µ+µ−), the wino-LSP solution is pre-
ferred over the Higgsino-LSP one.

The large mass reach of a 100 TeV pp collider
would extend these sensitivities greatly. Ref. [52]
studied the capability of exploring the wino LSP
scenario at a 100-TeV collider and found that
the sensitivity reaches around mχ̃±

1
∼ 3 TeV at

3000 fb−1. We therefore expect that at a 100-TeV
collider with 3000 fb−1 almost the entire 68% CL
region and a part of the 95% CL with τχ̃±

1
> 0.1 ns

will be explored for µ > 0 and < 0, respectively.

If improvements on the detector and the analysis
allow the sensitivity to be extended to mχ̃±

1

>∼ 3

TeV, the wino-like dark matter region in the sce-
nario with Ωχ̃0

1
= ΩCDM can also be probed.

Coloured sparticle searches that will become
sensitive in future LHC runs are shown in
Figs. 21, 22, and 23 in the (mg̃,mq̃R), (mq̃R ,mχ̃0

1
)

and (mg̃,mχ̃0
1
) planes, respectively, the latter be-

ing the most promising one. In these figures,
exclusion contours from the Run-1 (orange) and
the 13 TeV with 13 fb−1 (purple) data are taken
from ATLAS analyses [53] and [56], respectively.
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Figure 20. The region of the (mχ̃±
1
, τχ̃±

1
) plane allowed in the Ωχ̃0

1
≤ ΩCDM case for µ > 0 (left) and

µ < 0 (right). The orange solid line represents the limit from the ATLAS 8-TeV search for disappearing
tracks [50]. The magenta solid, green dashed and green dotted lines represents the projection of this limit
to 13- TeV data with 13, 300 and 3000 fb−1, respectively. The shadings are the same as in Fig. 4.

Also superimposed are the projected 95% CL con-
tours at the 14 TeV LHC with 300 (green dashed)
and 3000 (green dotted) fb−1estimated by AT-
LAS [54, 57]. We also show, by grey dotted con-
tours, the sensitivity at a 100 TeV collider with
3000 fb−1 taken from [55]. These contours assume
simplified models with BR(q̃ → qχ̃0

1) = BR(g̃ →
qqχ̃0

1) = 100% for Figs. 22 and 23. For Fig. 21, in
addition to these decays the heavier of the gluino
and squark can also decay into the lighter one
with an appropriate branching ratio. In Fig. 22
the projected LHC contours are estimated postu-
lating mg̃ = 4.5 TeV, which is the right ball-park
in our scenario. We see that with 3000 fb−1 the
LHC could nip the tip of the 95% CL region in
these planes, whereas with the same luminosity a
100-TeV collider would explore a sizeable region
of the parameter space. In particular, the best-
fit point and the 68% CL region are within this
sensitivity for the µ > 0 case.

Allowing Ωχ̃0
1
< ΩCDM, we found in our sample

very light winos as well as Higgsinos. If both of
them are light but with a sufficiently large mass
hierarchy between them, the LHC and a 100-TeV

collider may be able to detect the production of a
heavier state decaying subsequently into the light-
est state by emitting the heavy bosons W±, Z
and h. In Fig. 24 we plot the current and future
LHC reaches as well as the sensitivity expected at
a 100-TeV collider with the same luminosity as-
sumptions as in the previous figures. The current
limit (purple) and projected sensitivity (green)
at the LHC are estimated by CMS [58] and AT-
LAS [57] and assume wino-like chargino and neu-
tralino production and a 100% rate for decay into
the W±Z + /ET final state. As can be seen in
Fig. 24, the region that can be explored is mainly
the Higgsino-like LSP region, whereas we are in-
terested in the wino-like chargino and neutralino
production. However, unlike the simplified model
assumption employed by ATLAS and CMS, the
charged wino decays into neutral or charged Hig-
gsinos emitting W±, Z and h with 50, 25 and
25% branching ratio, respectively [59–61]. Simi-
larly, the branching ratios of the neutral wino are
50, 25 and 25% for decays into W±, Z and h,
respectively. In total, only 25% of the associated
charged and neutral wino production events con-
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Figure 21. The region of the (mq̃R ,mg̃) plane allowed in the Ωχ̃0
1
≤ ΩCDM case for µ > 0 (left) and

µ < 0 (right). The orange solid line represents the LHC 8-TeV 95% CL exclusion [53]. The green dashed
and dotted lines show the projection estimated by ATLAS [54] for 14-TeV data with 300 and 3000 fb−1,
respectively. The grey dotted line is the 95% CL sensitivity expected at a 100 TeV pp collider with a
3000 fb−1 integrated luminosity obtained from [55]. All contours assume massless χ̃0

1. The shadings are
the same as in Fig. 4.

tribute to the W±Z+/ET channel. The LHC con-
tours shown in Fig. 24 should be considered with
this caveat. Also shown by the grey dotted line
is the sensitivity expected at a 100-TeV collider
with 3000 fb−1 luminosity studied in [59] (see
also [61]) assuming a Higgsino-like LSP and wino-
like chargino and neutralino production, taking
into account the correct branching ratios men-
tioned above. As can be seen, a 100-TeV collider
is sensitive up to mχ̃0

3
∼ 2 TeV, and a large part

of the 95% CL region would be within reach, and
also a substantial portion of the 68% CL region
if µ < 0, though not the best-fit point for either
sign of µ.

Finally, in Fig. 25 we show the (mg̃,mq̃R) plane
for the scenario with Ωχ̃0

1
= ΩCDM. We found

that a small part of the wino-like dark matter
region and a good amount of the Higgsino-like
dark matter region are within the 95% CL sensi-
tivity region at a 100-TeV collider with 3000 fb−1.
In particular, the sensitivity contour reaches the

best-fit point for the µ > 0 case.

5.5. Prospects for Direct Detection of
Dark Matter

While the heavy spectra of mAMSB models
may lie beyond the reach of the LHC constraints,
future direct DM search experiments may be ca-
pable of detecting the interaction of a mAMSB
neutralino, even if it does not provide all the
CDM density [62]. Fig 26 displays the cross sec-
tion for spin-independent scattering on a proton,
σSI
p , versus the neutralino mass. As previously,

the left plane is for µ > 0, the right plane is for
µ < 0, the 1 and 2σ CL contours are shown as red
and blue lines, and the wino- and Higgsino-LSP
regions are shaded in pale blue and yellow. The
pale-green-shaded region represents the range of
σSI
p excluded at the 95% CL by our combination of

the latest PandaX and LUX results [63,64], while
the purple and blue lines show the prospective
sensitivities of the LUX-Zeplin (LZ), XENON1T
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Figure 22. The region of the (mq̃R ,mχ̃0
1
) plane allowed in the Ωχ̃0

1
≤ ΩCDM case for µ > 0 (left) and µ < 0

(right). The purple solid line represents the ATLAS 13-TeV 95% CL exclusion using 13 fb−1 of data
[56]. The green dashed and dotted lines show the projected 95% CL sensitivity estimated by ATLAS [57]
for 14-TeV data with integrated luminosities of 300 and 3000 fb−1, respectively. The grey dotted line is
the 95% CL sensitivity expected at a 100 TeV pp collider with a 3000 fb−1 integrated luminosity obtained
from [55]. All contours assume a simplified model with 100% BR for q̃ → qχ̃0

1. The current limit and
100 TeV projection assumes decoupled gluino, while the projection to the higher luminosity LHC assumes
a 4.5-TeV gluino. The shadings are the same as in Fig. 4.

Wino-LSP Higgsino-LSP
Parameter µ > 0 µ < 0 µ > 0 µ < 0

m0: best-fit value 2.0 TeV 18 TeV 26 TeV 26 TeV
68% range (1, 8) TeV (1, 40) TeV (6, 50) TeV (6, 50) TeV

m3/2: best-fit value 320 TeV 880 TeV 700 TeV 700 TeV
68% range (200, 400) TeV (150, 950) TeV (150, 1500) TeV (150, 1500) TeV

tanβ: best-fit value 35 4.4 4.4 4.2
68% range (28, 45) (3, 50) (3, 50) (3, 50)

χ2/d.o.f 33.7 / 27 36.4 / 27 36.4 / 27 36.4 / 27
χ2 probability 17.5% 10.6% 10.6% 10.7%

Table 5
Fit results for the mAMSB assuming that the LSP accounts for just a fraction of the cold dark matter
density. The 68% CL ranges correspond to ∆χ2 = 1. We also display the values of the global χ2 function
omitting the contributions from HiggsSignals, and the corresponding χ2 probability values. Each mass
range is shown for both the wino- and Higgsino-LSP scenarios and both signs of µ.

and XENONnT experiments [65,66]. Also shown,
as a dashed orange line, is the neutrino ‘floor’,
below which astrophysical neutrino backgrounds
would dominate any DM signal [67] (grey region).

The mAMSB region allowed at the 2σ level in-
cludes points where σSI

p is nominally larger than
that excluded by LUX and PandaX at the 95%
CL, which become allowed when the large theo-
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Figure 23. The region of the (mg̃,mχ̃0
1
) plane allowed in the Ωχ̃0

1
≤ ΩCDM case for µ > 0 (left) and µ < 0

(right). The purple solid line represents the ATLAS 13-TeV 95% CL exclusion with the data with 13 fb−1

[56]. The green dashed and dotted lines show the projected 95% CL sensitivity estimated by ATLAS [57]
for 14-TeV data with integrated luminosities of 300 and 3000 fb−1, respectively. The grey dotted line is
the 95% CL sensitivity expected at a 100 TeV pp collider with a 3000 fb−1 integrated luminosity obtained
from [55]. All contours assume a simplified model with 100% BR for g̃ → qqχ̃0

1. The shadings are the
same as in Fig. 4.

Wino-LSP Higgsino
Parameter µ > 0 µ < 0 µ > 0 µ < 0

mχ̃0
1

(0.7, 1.2) TeV (0.5, 3.1) TeV (0.07, 1.15) TeV (0.07, 1.15) TeV

mχ̃0
2

(1.9, 3.5) TeV (0.6, 9.2) TeV (0.08, 1.15) TeV (0.08, 1.15) TeV

mχ̃0
3

(2.8, 5.4) TeV (0.6, 13.7) TeV (0.5, 4.9) TeV (0.5, 4.8) TeV

mχ̃0
4

(2.8, 5.4) TeV (1.3, 13.7) TeV (1.4, 15.0) TeV (1.3, 14.8) TeV

mg̃ (3.9, 6.9) TeV (2.9, 17.2) TeV, (3.1, 27) TeV (3.0, 26) TeV
mχ̃±

1
−mχ̃0

1
(0.16, 0.17) GeV (0.16, 4.5) GeV (0.7, 6.0) GeV (1.3, 7.0) GeV

τχ̃±
1

(0.15, 0.17) ns (0.02, 0.17) ns < 5.0× 10−3 ns < 1.0× 10−3 ns

Table 6
Ranges for the masses of the LSP χ̃0

1, the next-to-lightest neutralino χ̃0
2 and the mass splitting between

the lighter chargino χ̃±
1 and the LSP and the corresponding lifetime of χ̃±

1 for the case in which the χ̃0
1

may accounts for only a fraction of the CDM density. Each parameter is shown for both the wino- and
Higgsino-LSP scenarios as well as for the two signs of µ.

retical uncertainty in σSI
p is taken into account.

This uncertainty stems largely from the un-
certainty in the strangeness contribution to the
nucleon, which receives contributions from two
sources. The strange scalar density can be writ-
ten as y = 1− σ0/ΣπN where σ0 is the change in

the nucleon mass due to the non-zero u, d quark
masses, and is estimated from octet baryon mass
differences to be σ0 = 36 ± 7 MeV [68]. This
is the dominant source of error in the computed
cross section. In addition, the π-nucleon Σ term
is taken as 50 ± 8 MeV. Another non-negligible
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Figure 24. The region of the (mχ̃0
3
,mχ̃0

1
) plane allowed in the Ωχ̃0

1
≤ ΩCDM case for µ > 0 (left) and µ < 0

(right). The purple solid line represents the CMS 13-TeV 95% CL exclusion [58] assuming a simplified
model with wino-like chargino and neutralino production and 100% BR for the W±Z+/ET final state. The
green dashed (dotted) line shows the projected sensitivity for 14-TeV data with an integrated luminosity of
300 fb−1 (3000 fb−1) estimated by ATLAS [57]. The grey dotted line is the 95% CL sensitivity expected
at a 100 TeV pp collider with a 3000 fb−1 integrated luminosity obtained from [59]. The shadings are
the same as in Fig. 4.

source of error comes from the uncertainty in
quark masses. The resulting 68% CL uncertainty
in the calculated value of σSI

p is more than 50%.
However, the current data already put pressure

on the mAMSB when µ > 0, in both the wino-
and Higgsino-like LSP cases, corresponding to the
left and right vertical strips in Fig 26 9. The
Higgsino-like χ̃0

1 with this sign of µ could be ex-
plored completely with the prospective LZ sen-
sitivity, while the wino-like LSP may have σSI

p

below the neutrino ‘floor’. The wino-like LSP re-
gion lying below the LZ sensitivity could be partly
accessible to a 20-tonne DM experiment such as
Darwin [69]. When µ < 0, σSI

p may be lower than
for positive µ, possibly lying below the LZ sen-
sitivity in the Higgsino case and far below the
neutrino ‘floor’ in the wino case.

Fig 27 extends the analysis to the case in which
the LSP is allowed to contribute only a fraction

9The arches between them, where the LSP has a mixed
wino/Higgsino composition, are under severe pressure
from LUX and PandaX.

of the CDM density. In this case we weight the
model value σSI

p by the ratio Ωχ̃0
1
/ΩCDM, since

this would be the fraction of the galactic halo
provided by the LSP in this case. There are still
reasonably good prospects for future DM direct
detection experiments when µ > 0, with only a
small fraction of the parameter space lying below
the neutrino ‘floor’. However, when µ < 0 σSI

p

may fall considerably below the ‘floor’, because
of cancellations [70] in the scattering matrix ele-
ment.

6. Summary

Using the MasterCode framework, we have con-
structed in this paper a global likelihood func-
tion for the minimal AMSB model and explored
the constraints imposed by the available data on
flavour, electroweak and Higgs observables, as
well as by LHC searches for gluinos via /ET signa-
tures. We have also included the constraint im-
posed by the cosmological cold dark matter den-
sity, which we interpret as either a measurement
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Figure 25. The region of the (mq̃R ,mg̃) plane allowed in the Ωχ̃0
1

= ΩCDM case for µ > 0 (left) and
µ < 0 (right). The orange solid line represents the LHC 8-TeV 95% CL exclusion [53]. The green dashed
and dotted lines show the projection estimated by ATLAS [54] for 14-TeV data with 300 and 3000 fb−1,
respectively. The grey dotted line is the 95% CL sensitivity expected at a 100 TeV pp collider with a
3000 fb−1 integrated luminosity obtained from [55]. All contours assume massless χ̃0

1. The shadings are
the same as in Fig. 4.

or an upper limit on the relic LSP density, and
searches for dark matter scattering.

In the all-CDM case, we find that the spec-
trum is relatively heavy, with strongly-interacting
sparticles weighing & 10 TeV, but much smaller
masses are possible if the LSP contributes only a
fraction of the overall CDM density. In the all-
CDM case, the LSP composition may be either
wino- or Higgsino-like with almost equal likeli-
hood, weighing ∼ 3 TeV and ∼ 1 TeV, respec-
tively. On the other hand, in the part-CDM case
much lighter LSP masses are allowed at the 68%
CL, as are intermediate LSP masses.

Because of the high masses in the all-CDM
case, the prospects for discovering sparticles
at the LHC are small, and there are limited
prospects for observing significant deviations for
the SM predictions for flavour observables. How-
ever, in the part-CDM case some sparticles
may well be within reach of the LHC, and
there are more interesting possibilities for observ-
ing mAMSB effects on flavour observables, e.g.,
BR(Bs,d → µ+µ−). In both cases, wide ranges

of dark matter scattering cross-sections, σSI
p are

allowed: σSI
p may be very close to the upper lim-

its established recently by the PandaX and LUX
experiments, or it may be within reach of the
planned LUX-Zeplin experiment, or it may even
be far below the neutrino ‘floor’.

The mAMSB scenario discussed in this pa-
per clearly presents different challenges from the
models with GUT-scale unification of (at least
some of) the soft SUSY-breaking parameters that
we have studied previously [1–3, 5, 6], and does
not share the flexibility of pMSSM models [4,71].
As such, the mAMSB serves as a useful reminder
that SUSY phenomenology may differ signifi-
cantly from what is preferred in these other sce-
narios.



31

100 101 102 103 104

mχ̃0
1
[GeV]

10-50
10-49
10-48
10-47
10-46
10-45
10-44
10-43
10-42

σ
S
I

p
[c

m
2

]

XENON100

LUX

PandaX-II + LUX

XENON1T

LZ

XENONnT

neutrino floor

mAMSB: W̃ best fit, H̃ best fit, 1σ, 2σ
LSP composition: W̃, Mixed, H̃

µ > 0, Ωχ̃0
1

= ΩCDM

100 101 102 103 104

mχ̃0
1
[GeV]

10-50
10-49
10-48
10-47
10-46
10-45
10-44
10-43
10-42

σ
S
I

p
[c

m
2

]

XENON100

LUX

PandaX-II + LUX

XENON1T

LZ

XENONnT

neutrino floor

mAMSB: W̃ best fit, H̃ best fit, 1σ, 2σ
LSP composition: W̃, Mixed, H̃

µ < 0, Ωχ̃0
1

= ΩCDM

Figure 26. The (mχ̃0
1
, σSI
p ) planes in the mAMSB for µ > 0 (left) and µ < 0 (right) in the case when the

LSP accounts for the whole DM density. The red and blue solid lines are the 1 and 2σ CL contours, and
the solid purple and blue lines show the projected 95% exclusion sensitivities of the LUX-Zeplin (LZ) [65]
and XENON1T/nT experiments [66], respectively. The green line and shaded region show the combined
limit from the LUX and PandaX experiments [63,64], and the dashed orange line shows the astrophysical
neutrino ‘floor’ [67], below which astrophysical neutrino backgrounds dominate (grey region). The blue,
orange and yellow shadings are the same as in Fig. 4.
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Figure 27. The (mχ̃0
1
, σSI
p ) planes in the mAMSB for µ > 0 (left) and µ < 0 (right) in the case when the

LSP only accounts for a fraction of the CDM density. The legends, line styles and shadings are the same
as in Fig 26.
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