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Figure 8. The (m�̃0
1
,�SI

p ) planes in the CMSSM (upper left), the NUHM1 (upper right), the NUHM2

(lower left) and the pMSSM10 (lower right). The red and blue solid lines are the ��2 = 2.30 and 5.99
contours, and the solid purple lines show the projected 95% exclusion sensitivity of the LUX-Zepelin
(LZ) experiment [35]. The green and black lines show the current sensitivities of the XENON100 [33]
and LUX [34] experiments, respectively, and the dashed orange line shows the astrophysical neutrino
‘floor’ [37], below which astrophysical neutrino backgrounds dominate (yellow region).

ing on protons. In [5] it was shown that similar
cancellations hold when the cross section for spin-
independent scattering on neutrons is considered,
instead of the proton case shown in Fig. 8.
Table 1 also summarizes the observability of

DM particles in direct searches in the di↵erent
scenarios considered. We see a degree of com-

plementarity between the LHC and direct DM
searches.
We have focused in this article on the prospects

for direct searches for DM scattering. A comple-
mentary probe of the properties of supersymmet-
ric DM is through indirect detection, searching
for the traces of DM annihilation in the Galaxy.
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Figure 18: Upper panel: The two-dimensional profile likelihood func-
tion in the pMSSM10 in the (m�̃1

0
,�SI

p )-plane [47], showing the re-
gions excluded by the XENON100 and LUX experiments (shaded
green), the neutrino ‘floor’ (shaded yellow), and the prospective sen-
sitivity of the LZ experiment [51]. The preferred 68% CL region is
outlined in red, and the region allowed at the 95% CL is outlined in
blue. The solid contours incorporate the LHC constraints, and the
dashed contours omit them. Lower panels: A comparison of the cur-
rent 90% CL direct search limits from LUX and SuperCDMS (red and
orange lines, respectively), the monojet limits in simple models (blue
lines) and the limits in an e↵ective field theory framework (green line)
in the cross section vs mDM plane used by the direct detection com-
munity. The left and right panels show, respectively, the limits on the
spin-dependent and spin-independent cross sections appropriate for
axial- vector and vector mediators [52].

ingly the present theoretical uncertainties, which are in-
dicated in the right panel by the shaded green bars. The
other coloured bars illustrate the accuracies attainable
with measurements at various accelerators.

A future high-energy pp collider would produce
many more Higgs bosons than the LHC, as seen in
the upper panel of Fig. 20 [55], o↵ering the possibil-
ity of measuring Higgs couplings with greater statisti-
cal accuracy, and also including the elusive triple-Higgs
coupling. A high-energy pp collider would also of-
fer unique possibilities to discover and/or measure the
properties of SUSY particles. Even the SUSY dark
matter particle could weigh several TeV, as seen in the
lower panel of Fig. 20 [56], which illustrates a strip in
the CMSSM parameter space where the relic neutralino
density is brought into the the range allowed by cosmol-

Figure 19: Comparison of the present precisions in measurements of
various Z properties (left panel) and Higgs couplings (right panel),
together with the prospective precisions of possible measurements at
future colliders and the deviations from the SM predictions found at
the best-fit points in various SUSY models. The right panel also shows
the current theoretical uncertainties. From [54].

ogy through coannihilation with the lighter stop squark.
In the example shown, the lightest neutralino weighs
. 3 TeV and only a pp collider with ECM ⇠ 100 TeV
would be able to explore all the range of particle masses
compatible with SUSY providing dark matter (solid and
upper dashed blue lines). For all this range calculations
of the Higgs mass are compatible with the experimen-
tal value (represented by the yellow band), considering
the theoretical uncertainties represented by the solid and
dashed green lines.

The supersymmetric dark matter particle might be
even heavier in more general supersymmetric mod-
els. For example, if the lightest neutralino coannihi-
lates with an almost degenerate gluino, it may weigh
. 8 TeV, as seen in Fig. 21, which would be a challenge
even for a 100-TeV collider.

The physics cases for future large circular colliders
are still being explored. There will be bread-and-butter
high-precision Higgs and other SM measurements to
probe possible BSM scenarios for physics. As for di-
rect searches for new physics, the search for dark matter
particles may provide the strongest case, and this is un-
der continuing study.

10. Conclusion

The physics landscape will look completely di↵erent
when/if future runs of the LHC find evidence for new
physics beyond the SM such as SUSY. The LHC adven-
ture has only just begun, and we look forward to a big
increase in energy with Run 2 and eventually two or-
ders of magnitude more integrated luminosity. Lovers
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Figure 12. Summary of mass ranges predicted in the pMSSM10. The light (darker) peach shaded bars
indicate the 95% (68%) CL intervals, whereas the blue horizontal lines mark the values of the masses at
the best-fit point.

Mass spectra: SoftSUSY
Decays: SDecay

• The spectrum is used for calculation 
of other observables. 

• The decay info is used for the direct 
SUSY search constraints. 
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Figure 18: Upper panel: The two-dimensional profile likelihood func-
tion in the pMSSM10 in the (m�̃1

0
,�SI

p )-plane [47], showing the re-
gions excluded by the XENON100 and LUX experiments (shaded
green), the neutrino ‘floor’ (shaded yellow), and the prospective sen-
sitivity of the LZ experiment [51]. The preferred 68% CL region is
outlined in red, and the region allowed at the 95% CL is outlined in
blue. The solid contours incorporate the LHC constraints, and the
dashed contours omit them. Lower panels: A comparison of the cur-
rent 90% CL direct search limits from LUX and SuperCDMS (red and
orange lines, respectively), the monojet limits in simple models (blue
lines) and the limits in an e↵ective field theory framework (green line)
in the cross section vs mDM plane used by the direct detection com-
munity. The left and right panels show, respectively, the limits on the
spin-dependent and spin-independent cross sections appropriate for
axial- vector and vector mediators [52].

ingly the present theoretical uncertainties, which are in-
dicated in the right panel by the shaded green bars. The
other coloured bars illustrate the accuracies attainable
with measurements at various accelerators.

A future high-energy pp collider would produce
many more Higgs bosons than the LHC, as seen in
the upper panel of Fig. 20 [55], o↵ering the possibil-
ity of measuring Higgs couplings with greater statisti-
cal accuracy, and also including the elusive triple-Higgs
coupling. A high-energy pp collider would also of-
fer unique possibilities to discover and/or measure the
properties of SUSY particles. Even the SUSY dark
matter particle could weigh several TeV, as seen in the
lower panel of Fig. 20 [56], which illustrates a strip in
the CMSSM parameter space where the relic neutralino
density is brought into the the range allowed by cosmol-

Figure 19: Comparison of the present precisions in measurements of
various Z properties (left panel) and Higgs couplings (right panel),
together with the prospective precisions of possible measurements at
future colliders and the deviations from the SM predictions found at
the best-fit points in various SUSY models. The right panel also shows
the current theoretical uncertainties. From [54].

ogy through coannihilation with the lighter stop squark.
In the example shown, the lightest neutralino weighs
. 3 TeV and only a pp collider with ECM ⇠ 100 TeV
would be able to explore all the range of particle masses
compatible with SUSY providing dark matter (solid and
upper dashed blue lines). For all this range calculations
of the Higgs mass are compatible with the experimen-
tal value (represented by the yellow band), considering
the theoretical uncertainties represented by the solid and
dashed green lines.

The supersymmetric dark matter particle might be
even heavier in more general supersymmetric mod-
els. For example, if the lightest neutralino coannihi-
lates with an almost degenerate gluino, it may weigh
. 8 TeV, as seen in Fig. 21, which would be a challenge
even for a 100-TeV collider.

The physics cases for future large circular colliders
are still being explored. There will be bread-and-butter
high-precision Higgs and other SM measurements to
probe possible BSM scenarios for physics. As for di-
rect searches for new physics, the search for dark matter
particles may provide the strongest case, and this is un-
der continuing study.

10. Conclusion

The physics landscape will look completely di↵erent
when/if future runs of the LHC find evidence for new
physics beyond the SM such as SUSY. The LHC adven-
ture has only just begun, and we look forward to a big
increase in energy with Run 2 and eventually two or-
ders of magnitude more integrated luminosity. Lovers

3.2.6 Electroweak Precision Observables

The experiments at LEP and the SLC have established Z-pole observables, cf. section 2.5.5,

to a very high precision and their measured values can be found in Table 8.4 in Ref. [18].

We use these values to constrain the Z-pole observables in our fit as listed in Table 3.3,

with the exception of �↵(5)
had(MZ), which we took from a table provided by the Gfitter

Collaboration [19], cf. Ref. [20]. For the W mass we take the world average as reported in

the Review of Particle Physics [17]

MW = 80.385± 0.015± 0.010SUSY,

where the theoretical uncertainty follows [33].

Observable Constraint

�↵(5)
had(MZ) 0.02756± 0.00010

MZ [GeV] 91.1875± 0.0021
�Z [GeV] 2.4952± 0.0023± 0.001SUSY

�0
had [nb] 41.540± 0.037

R0
` 20.767± 0.025

A0,`
FB 0.01714± 0.00095

A`(P⌧ ) 0.1465 ± 0.0032
A`(SLD) 0.1513 ± 0.0021
R0

b 0.21629 ± 0.00066
R0

c 0.1721 ± 0.0030
A0,b

FB 0.0992 ± 0.0016
A0,c

FB 0.0707 ± 0.0035
Ab 0.923 ± 0.020
Ac 0.670 ± 0.027
sin2 ✓`e↵(Q

had
FB ) 0.2324 ± 0.0012

Table 3.3: The Z-pole observables as listed in Table 8.4 in Ref. [18] (with the exception of

�↵(5)
had(MZ), which we took from [19], cf. Ref. [20]). In our fit we treat �↵(5)

had(MZ) and MZ as
input parameters.

We calculate MW and the Z-pole observables using FeynWZ which is a private code

based on [73] and [107]. This code takes �↵(5)
had(MZ) and MZ as input parameters and

we treat these as nuisance parameters in our fit, cf. Eq. 3.1.
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

LZ
Xenon1TLUX
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Figure 2: Jet production measurements at the LHC show that ↵s con-
tinues to run downward at energies beyond 1 TeV [3].

tions are at a premium for the dominant gluon-fusion
contribution to the Higgs production cross section. Sev-
eral di↵erent NNLO calculations are available, and are
included in various publicly-available tools [4]. Unfor-
tunately, the agreement between them is not yet per-
fect. Fortunately, progress is being made on NNNLO
calculations [5]. These will improve the theoretical ac-
curacy, but progress in convergence between the parton
distribution functions will also be needed in order to re-
duce the theoretical uncertainties below the experimen-
tal measurement uncertainties.

3. Flavour Physics

Another pillar of the SM is the Cabibbo-Kobayashi-
Maskawa (CKM) model of flavour mixing and CP vi-
olation. It is in general very successful, as seen in
Fig. 3 [6]. For example, the second-greatest discovery
during Run 1 of the LHC was perhaps the measurement
by the CMS and LHCb Collaborations of the rare decay
Bs ! µ+µ�, with a branching ratio in good agreement
with the SM prediction [7]:

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 , (1)

as seen in Fig. 4. However, the joint CMS and LHCb
analysis [7] also has an suggestion of a Bd ! µ+µ�
signal that is larger than the SM prediction:

BR(Bd ! µ+µ�) = 3.9+1.6
�1.4 ⇥ 10�10 , (2)

as also seen in Fig. 4. If confirmed, this measurement
would conflict not just with the SM, but also models
with minimal flavour violation (MFV), including many
supersymmetric scenarios. Something to watch during
Run 2!

Figure 3: Flavour and CP violation measurements generally agree
well with the CKM paradigm [6].

Figure 4: a: Measurements by the CMS and LHCb Collaborations of
Bs,d ! µ+µ� decays, including b a clear signal for Bs ! µ+µ� decay
that agrees with the SM, and c a hint of Bd ! µ+µ� decay, possibly
at a rate larger than expected in the SM [7].

There is scope elsewhere for deviations from CKM
predictions: for example, the data allow an important
contribution to Bs meson mixing from physics beyond
the SM (BSM) [6]. Also, there are issues with e � µ
universality in semileptonic B decays [8] and a persis-
tent anomaly in the P05 angular distribution for B0 !
K⇤0µ+µ� [9]. Could this be related to the intriguing
excess in H ! µ⌧ decay reported by the CMS Col-
laboration [10], which is discussed later? Other points
to watch include discrepancies in the determinations of
the Vub CKM matrix element and the Tevatron diimuon
asymmetry anomaly [11]. However, some anomalies do
seem to be going away, such as the branching ratio for
Bu ! ⌧+⌫ decay, which is now in good agreement with
the SM [12] and the forward-backward asymmetry in
tt̄ production [13], which is consistent with the latest
higher-order QCD calculations [14], as is the tt̄ rapidity
asymmetry measured at the LHC. However, there are
still plenty of flavour physics issues to be addressed dur-
ing LHC Run 2.

3.2.7 Flavour Physics Observables

We take into constraints on rare B decays, rare K decays, B � B̄ mixing, and ✏K and

their experimental values are listed in Table 3.4, cf. Table 1 in Ref. [44]. Note that for

many of these observables we list the ratio with respect to the standard model prediction

OEXP/SM, which are used to constrain the relative enhancement due to SUSY contributions

OSUSY/SM.

Observable Source Constraint

BR(Bs,d ! µ+µ�) [13–15] CMS & LHCb (uno�cial) combination

BREXP/SM
B!Xs�

[12, 108,109] 1.089± 0.070EXP ±0.080SM ± 0.050SUSY

BREXP/SM
B!⌧⌫ [12, 16] 1.39± 0.28EXP ± 0.13SM

BREXP/SM
B!Xs``

[12] 0.99± 0.32

BREXP/SM
K!µ⌫ [11] 1.008± 0.014EXP+TH

BREXP/SM
K!⇡⌫⌫̄ [110] < 4.5

�MEXP/SM
Bs

[111] 0.97± 0.20SM

�M
EXP/SM
Bs

�M
EXP/SM
Bd

[111] 0.86± 0.14SM

�✏EXP/SM
K [112] 1.14± 0.10EXP+TH

Table 3.4: Experimental values of rare B decays, rare K decays, B�B̄ mixing, and ✏K . Ratios with
respect to the standard model prediction OEXP/SM are used to constrain the relative enhancement
due to SUSY contributions OSUSY/SM.

For the constraint on BR(Bs,d ! µ+µ�) we use an implementation as detailed in

Ref. [43], where a combined �2 contribution was constructed based on an uno�cial

combination of the CMS [14] and LHCb [13] results. For our fit of the pMSSM10 we

updated the value of the B ! ⌧⌫⌧ decay to the recent measurement by Belle [113]

BREXP/SM
B!⌧⌫ = 1.12± 0.27EXP ± 0.1SM, (3.6)
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4ℓ, given as a function of the assumed
Higgs mass mH . The cyan band gives the
68% C.L. uncertainty of the measurement.
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(b) The signal strength of various Higgs channels
measured at a fixed hypothetical Higgs mass of mH =
125.7 GeV. The combined signal strength scales all
Higgs signal rates uniformly and is estimated to µ̂comb =
0.80± 0.14.

Figure 1. Measured signal strength modifiers by ATLAS in the search for H → ZZ(∗) → 4ℓ [25]
(a), and the best fit rates (in all currently investigated Higgs decay channels) for a Higgs signal at
mH = 125.7 GeV according to CMS [27] (b).

measured rate. Since the signal strength modifier is measured relative to its SM value

(µ̂ = 1, displayed in Fig. 1 by a dashed line), this contains also the theory uncertainties on
the SM Higgs cross section and branching ratios [23, 24, 26]. As can be seen from Fig. 1,

the measured value of µ̂ is allowed to take on negative values. In the absence of sizable

signal-background interference—as is the case for the SM—the signal model would not

give µ̂ < 0. This must therefore be understood as statistical downward fluctuations of

the data w.r.t. the background expectation (the average background-only expectation is

µ̂ = 0). To keep µ̂ as an unbiased estimator of the true signal strength, it is however
essential that the full range of values is retained. As we shall see in more detail below, the

applicability of HiggsSignals is limited to the mass range for which measurements of µ̂

are reported. It is therefore highly desirable that experiments publish this information

even for mass regions where a SM Higgs signal has been excluded.

A second example of HiggsSignals input, this time from CMS, is shown in the right

plot of Fig. 1 (from [27]). This figure summarizes the measured signal strength modifiers
for all relevant Higgs decay channels at an interesting value of the Higgs mass, here

mH = 125.7 GeV. This particular value is typically selected to correspond to the maximal

significance for a signal seen in the data. It is important to note that, once a value formH

has been selected, this plot shows a compilation of information for the separate channels

that is also available directly from the mass-dependent plots (as shown in Fig. 1(a)).

Again, the error bars on the measured µ̂ values correspond to 1σ uncertainties that
include both experimental (systematic and statistical) uncertainties, as well as SM theory

uncertainties.

The idea of HiggsSignals is to compare the experimental measurements of signal
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could in principle entail slepton mixing and phases. Depending on SUSY masses,
mixing and other parameters, the contribution of aSUSY

µ can span a broad range
of possibilities. Studies have been carried out for a variety of models where the
parameters are specified. Here we give a generic discussion primarily intended to
illustrate the strong likelihood that evidence for supersymmetry can be inferred from
aexp

µ and may in fact be the natural explanation for the apparent deviation from SM
theory reported by E821.
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Figure 3: Supersymmetric loops contributing to the muon anomalous magnetic mo-
ment.

Early studies of the supersymmetric contributions aSUSY
µ were carried out in the

context of the minimal SUSY standard model (MSSM) [42, 43, 44, 45, 46, 47, 48, 49],
in an E6 string-inspired model [50, 51], and in an extension of the MSSM with an
additional singlet [52, 53]. An important observation was made in [54], namely that
some of the contributions are enhanced by the ratio of Higgs’ vacuum expectation
values, tan β ≡ ⟨Φ2⟩/⟨Φ1⟩, which in some models is large (in some cases of order
mt/mb ≈ 40). In addition, larger values of tanβ >∼ 2 are generally in better accord
with the recent LEP II Higgs mass bound mH

>∼ 113 GeV and, therefore, currently
favored. The main contribution is generally due to the chargino-sneutrino diagram
(Fig. 3a), which is enhanced by a Yukawa coupling in the muon-sneutrino-Higgsino
vertex (charginos are admixtures of Winos and Higgsinos).

The leading effect from Fig. 3a is approximately given in the large tan β limit by

∣∣∣aSUSY
µ

∣∣∣ ≃
α(MZ)

8π sin2 θW

m2
µ

m̃2
tanβ

(

1 −
4α

π
ln

m̃

mµ

)

, (26)

where m̃ = mSUSY represents a typical SUSY loop mass. (Chargino- and sneutrino-
masses are actually assumed degenerate in that expression [55]; otherwise, m̃ is
approximately the heavier mass scale.) Also, we have included a 7–8% suppression
factor due to leading 2-loop EW effects. Like most “New Physics” effects, SUSY

10

gaugino mass parameters [95]. For this reason this constraint is applied in scans of the

CMSSM, NUHM1 and NUHM2, but not in the case of the pMSSM10.

Observable Constraint
q̃ > 90 GeV
˜̀ > 90 GeV
⌫̃` > 90 GeV
�̃±
1 > 103 GeV

�̃0
1(SUGRA) > 50 GeV

Table 3.2: LEP 95% CL lower limits on SUSY particle masses.

3.2.2 Top Mass

The top mass serves as a SM input parameter to the MSSM spectrum calculation and is

therefore treated it as a nuisance parameter. As such it is allowed to vary, but constrained

by a �2 contribution according to its measured value, cf. Eq. 3.1. In our fits we take the

measured value of the top mass as given in a table provided by the Gfitter Collaboration [19],

cf. Ref. [20]:

mt = 173.2± 0.87 GeV.

3.2.3 The Light Higgs Boson

The discovery of the (lightest) Higgs boson by ATLAS [1] and CMS [2] is a great triumph

of the LHC Run 1. One of the most accurately measured and also most constraining

properties of the lightest Higgs boson is its mass. In our fits of the CMSSM, NUHM1, and

NUHM1 we use

Mh = 125.7± 0.4EXP ± 1.5SUSY GeV,

which was available at the time of writing [43] and [44]. In our analysis of the pMSSM10

we updated this constraint to the recent world average based on a combination of ATLAS

and CMS using 5 (20) fb�1 of data taken at
p
s = 7 (8) GeV [24]

Mh = 125.09± 0.24EXP ± 1.5SUSY GeV.

For the calculation of the lightest Higgs mass, we use FeynHiggs-2.10.0 [71, 96–100].

In our fits we assume a theoretical uncertainty of 1.5 GeV, which is a conservative,
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gluinos we use the interpretation of the jets + /ET search by ATLAS [116] in terms of a

95% CL exclusion contour in the (m0,m1/2) plane.

Based on this contour a �2 contribution is assigned as first outlined in [38]. Given

the dependence on two parameters �2 = 5.99 is applied on the 95% CL contour. This

contribution along the contour is extrapolated to other values of m0 and m1/2 along a line

through the origin of the (m0,m1/2) plane according to the distance M ⌘
q

m2
0 +m2

1/2

and the distance on the contour Mc

�2 = 5.99 ·
✓ M
Mc

◆↵

,

where ↵ is set to 4, cf. the discussion in Ref. [38].

3.3.2 Searches for Heavy Higgs Bosons

The ATLAS (CMS) experiment has placed 95% CL exclusion limits on tan � as a function of

the mass of the heavy neutral MSSM Higgs bosons based on searches for the H/A ! ⌧+⌧�

decay with 20 (5/20) fb�1 of data at
p
s = 8 (7/8) TeV [120] ( [121]). In our scans of the

CMSSM, NUHM1, and NUHM2 we implemented the constraint based on the ATLAS

search following the approach outlined in Ref. [40]: a �2 contribution of 5.99 is applied for

values of MA and tan �c(MA) along the 95% CL exclusion contour. This contribution is

assumed to scale quadratically with tan �

�2 = 5.99 ·
✓

tan �

tan �c(MA)

◆2

.

In our study of the pMSSM10 we refined our approach by replacing the approximate

formula by a �2 evaluation based on the publicly available code HiggsBounds-4.2.0 [122].

HiggsBounds-4.2.0 calculates a �2 contribution on H/A ! ⌧+⌧� based on the CMS

search.

3.3.3 Neutralino Scattering o↵ Nuclei

For the constraints on neutralino scattering o↵ nuclei we follow the approach that we

first outlined in Ref. [43], which takes into account the experimental uncertainties on

⌃⇡N and �0 in the theoretical calculation [79]. We use results from LUX [23], although

XENON100 [22] has a similar sensitivity.
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q

m2
0 +m2

1/2

and the distance on the contour Mc

�2 = 5.99 ·
✓ M
Mc

◆↵

,

where ↵ is set to 4, cf. the discussion in Ref. [38].

3.3.2 Searches for Heavy Higgs Bosons

The ATLAS (CMS) experiment has placed 95% CL exclusion limits on tan � as a function of

the mass of the heavy neutral MSSM Higgs bosons based on searches for the H/A ! ⌧+⌧�

decay with 20 (5/20) fb�1 of data at
p
s = 8 (7/8) TeV [120] ( [121]). In our scans of the

CMSSM, NUHM1, and NUHM2 we implemented the constraint based on the ATLAS

search following the approach outlined in Ref. [40]: a �2 contribution of 5.99 is applied for

values of MA and tan �c(MA) along the 95% CL exclusion contour. This contribution is

assumed to scale quadratically with tan �

�2 = 5.99 ·
✓

tan �

tan �c(MA)

◆2

.

In our study of the pMSSM10 we refined our approach by replacing the approximate

formula by a �2 evaluation based on the publicly available code HiggsBounds-4.2.0 [122].

HiggsBounds-4.2.0 calculates a �2 contribution on H/A ! ⌧+⌧� based on the CMS

search.

3.3.3 Neutralino Scattering o↵ Nuclei

For the constraints on neutralino scattering o↵ nuclei we follow the approach that we

first outlined in Ref. [43], which takes into account the experimental uncertainties on

⌃⇡N and �0 in the theoretical calculation [79]. We use results from LUX [23], although

XENON100 [22] has a similar sensitivity.
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Figure 1. The (m
0

,m
1/2) planes in the CMSSM (upper left), the NUHM1 (upper right) and the NUHM2

(lower left), and the (mq̃,m�̃0
1
) plane in the pMSSM10. Regions in which di↵erent mechanisms bring

the CDM density into the allowed range are shaded as described in the legend and discussed in the text.
The red and blue contours are the ��2 = 2.30 and 5.99 contours found in global fits to these models,
corresponding approximately to the 68 and 95% CL contours, with the green stars indicating the best-fit
points, and the solid purple contours show the current LHC 95% exclusions from /ET searches. In the
CMSSM, NUHM1 and NUHM2 cases, the dashed purple contours show the prospective 5-� discovery
reaches for /ET searches at the LHC with 3000/fb at 14 TeV, corresponding approximately to the 95%
CL exclusion sensitivity with 300/fb at 14 TeV. In the pMSSM10 case, the dashed purple contour shows
the 95% CL exclusion sensitivity of the LHC with 3000/fb assuming mg̃ � mq̃, and the dash-dotted lines
bound the corresponding sensitivity region assuming mg̃ = 4.5 TeV.

Prospects for Supersymmetry John Ellis

Fig. 3 displays (m0,m1/2) planes for the CMSSM (upper left), the NUHM1 (upper right) and
the NUHM2 (lower left), as well as the (mg̃,mc) plane for the pMSSM10 (lower right panel). In
each case, the best-fit point is indicated by a green star, and the Dc2 = 2.30 and 5.99 contours
(corresponding roughly to the 68 and 95% CL boundaries) are indicated by red and blue lines,
respectively. The 95% CL region is shaded according to the mechanism that is most important for
bringing the relic LSP density into the range of cold dark matter density favoured by Planck and
other measurements, with the colour coding illustrated above the figure caption [19].

Figure 3: The (m0,m1/2) planes in the CMSSM (upper left) [14], the NUHM1 (upper right) [14] and the
NUHM2 (lower left) [15], and the (mq̃,mc) plane in the pMSSM10 (lower right panel) [16]. Regions in
which different mechanisms bring the cold dark matter (DM) density into the allowed range are shaded as
described in the legend [19]. The red and blue contours are the Dc2 = 2.30 and 5.99 contours found in
global fits to these models, the green stars indicate the best-fit points, the solid purple contours show the
current LHC 95% exclusions from MET searches, and the dashed purple contours show the prospective 5-s
discovery reaches for MET searches at the LHC with 3000/fb at 14 TeV, which also correspond approximately
to the 95% CL exclusion sensitivity with 300/fb at 14 TeV.

Fig. 4 [20] shows how the different observables contribute to building up the total c2 function
in the CMSSM at the global minimum (left column), along the m0 axis (central column), and
along the m1/2 axis (right column). We see that the contribution of the flavour observables (dark
grey) is almost independent of m0 and m1/2, as is the contribution of the electroweak precision
observables (purple). On the other hand, the contribution from gµ �2 (teal) [21] is quite large at the
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1. Introduction

The density of cold dark matter (CDM) in the
Universe is now very tightly constrained, in par-
ticular by measurements of the cosmic microwave
background radiation, which yield ⌦

CDM

h2 =
0.1186± 0.0020 [1] and are consistent with other,
less precise, determinations. This determination
of the CDM density at the percent level imposes
a corresponding constraint on the parameters of
any model that provides the dominant fraction of
the CDM density. This is, in particular, true for
supersymmetric (SUSY) models with conserved
R-parity in which the CDM is provided by the
stable lightest SUSY particle (LSP) [2]. In a
series of recent papers incorporating the data
from LHC Run 1 and elsewhere, we have im-
plemented the dark matter (DM) density con-
straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A

0

, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:
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In each case we also indicate the colour cod-
ing we use in the subsequent figures. The mea-
sures (1) that we use are empirical, but we have
verified extensively that CMSSM, NUHM1 and
NUHM2 points that satisfy the DM density con-
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(lower left), and the (mq̃,m�̃0
1
) plane in the pMSSM10. Regions in which di↵erent mechanisms bring

the CDM density into the allowed range are shaded as described in the legend and discussed in the text.
The red and blue contours are the ��2 = 2.30 and 5.99 contours found in global fits to these models,
corresponding approximately to the 68 and 95% CL contours, with the green stars indicating the best-fit
points, and the solid purple contours show the current LHC 95% exclusions from /ET searches. In the
CMSSM, NUHM1 and NUHM2 cases, the dashed purple contours show the prospective 5-� discovery
reaches for /ET searches at the LHC with 3000/fb at 14 TeV, corresponding approximately to the 95%
CL exclusion sensitivity with 300/fb at 14 TeV. In the pMSSM10 case, the dashed purple contour shows
the 95% CL exclusion sensitivity of the LHC with 3000/fb assuming mg̃ � mq̃, and the dash-dotted lines
bound the corresponding sensitivity region assuming mg̃ = 4.5 TeV.
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Prospects for Supersymmetry John Ellis

Fig. 3 displays (m0,m1/2) planes for the CMSSM (upper left), the NUHM1 (upper right) and
the NUHM2 (lower left), as well as the (mg̃,mc) plane for the pMSSM10 (lower right panel). In
each case, the best-fit point is indicated by a green star, and the Dc2 = 2.30 and 5.99 contours
(corresponding roughly to the 68 and 95% CL boundaries) are indicated by red and blue lines,
respectively. The 95% CL region is shaded according to the mechanism that is most important for
bringing the relic LSP density into the range of cold dark matter density favoured by Planck and
other measurements, with the colour coding illustrated above the figure caption [19].

Figure 3: The (m0,m1/2) planes in the CMSSM (upper left) [14], the NUHM1 (upper right) [14] and the
NUHM2 (lower left) [15], and the (mq̃,mc) plane in the pMSSM10 (lower right panel) [16]. Regions in
which different mechanisms bring the cold dark matter (DM) density into the allowed range are shaded as
described in the legend [19]. The red and blue contours are the Dc2 = 2.30 and 5.99 contours found in
global fits to these models, the green stars indicate the best-fit points, the solid purple contours show the
current LHC 95% exclusions from MET searches, and the dashed purple contours show the prospective 5-s
discovery reaches for MET searches at the LHC with 3000/fb at 14 TeV, which also correspond approximately
to the 95% CL exclusion sensitivity with 300/fb at 14 TeV.

Fig. 4 [20] shows how the different observables contribute to building up the total c2 function
in the CMSSM at the global minimum (left column), along the m0 axis (central column), and
along the m1/2 axis (right column). We see that the contribution of the flavour observables (dark
grey) is almost independent of m0 and m1/2, as is the contribution of the electroweak precision
observables (purple). On the other hand, the contribution from gµ �2 (teal) [21] is quite large at the
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1. Introduction

The density of cold dark matter (CDM) in the
Universe is now very tightly constrained, in par-
ticular by measurements of the cosmic microwave
background radiation, which yield ⌦

CDM

h2 =
0.1186± 0.0020 [1] and are consistent with other,
less precise, determinations. This determination
of the CDM density at the percent level imposes
a corresponding constraint on the parameters of
any model that provides the dominant fraction of
the CDM density. This is, in particular, true for
supersymmetric (SUSY) models with conserved
R-parity in which the CDM is provided by the
stable lightest SUSY particle (LSP) [2]. In a
series of recent papers incorporating the data
from LHC Run 1 and elsewhere, we have im-
plemented the dark matter (DM) density con-
straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A

0

, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:
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In each case we also indicate the colour cod-
ing we use in the subsequent figures. The mea-
sures (1) that we use are empirical, but we have
verified extensively that CMSSM, NUHM1 and
NUHM2 points that satisfy the DM density con-
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Figure 1. The (m
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1/2) planes in the CMSSM (upper left), the NUHM1 (upper right) and the NUHM2

(lower left), and the (mq̃,m�̃0
1
) plane in the pMSSM10. Regions in which di↵erent mechanisms bring

the CDM density into the allowed range are shaded as described in the legend and discussed in the text.
The red and blue contours are the ��2 = 2.30 and 5.99 contours found in global fits to these models,
corresponding approximately to the 68 and 95% CL contours, with the green stars indicating the best-fit
points, and the solid purple contours show the current LHC 95% exclusions from /ET searches. In the
CMSSM, NUHM1 and NUHM2 cases, the dashed purple contours show the prospective 5-� discovery
reaches for /ET searches at the LHC with 3000/fb at 14 TeV, corresponding approximately to the 95%
CL exclusion sensitivity with 300/fb at 14 TeV. In the pMSSM10 case, the dashed purple contour shows
the 95% CL exclusion sensitivity of the LHC with 3000/fb assuming mg̃ � mq̃, and the dash-dotted lines
bound the corresponding sensitivity region assuming mg̃ = 4.5 TeV.
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Fig. 3 displays (m0,m1/2) planes for the CMSSM (upper left), the NUHM1 (upper right) and
the NUHM2 (lower left), as well as the (mg̃,mc) plane for the pMSSM10 (lower right panel). In
each case, the best-fit point is indicated by a green star, and the Dc2 = 2.30 and 5.99 contours
(corresponding roughly to the 68 and 95% CL boundaries) are indicated by red and blue lines,
respectively. The 95% CL region is shaded according to the mechanism that is most important for
bringing the relic LSP density into the range of cold dark matter density favoured by Planck and
other measurements, with the colour coding illustrated above the figure caption [19].

Figure 3: The (m0,m1/2) planes in the CMSSM (upper left) [14], the NUHM1 (upper right) [14] and the
NUHM2 (lower left) [15], and the (mq̃,mc) plane in the pMSSM10 (lower right panel) [16]. Regions in
which different mechanisms bring the cold dark matter (DM) density into the allowed range are shaded as
described in the legend [19]. The red and blue contours are the Dc2 = 2.30 and 5.99 contours found in
global fits to these models, the green stars indicate the best-fit points, the solid purple contours show the
current LHC 95% exclusions from MET searches, and the dashed purple contours show the prospective 5-s
discovery reaches for MET searches at the LHC with 3000/fb at 14 TeV, which also correspond approximately
to the 95% CL exclusion sensitivity with 300/fb at 14 TeV.

Fig. 4 [20] shows how the different observables contribute to building up the total c2 function
in the CMSSM at the global minimum (left column), along the m0 axis (central column), and
along the m1/2 axis (right column). We see that the contribution of the flavour observables (dark
grey) is almost independent of m0 and m1/2, as is the contribution of the electroweak precision
observables (purple). On the other hand, the contribution from gµ �2 (teal) [21] is quite large at the
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1. Introduction

The density of cold dark matter (CDM) in the
Universe is now very tightly constrained, in par-
ticular by measurements of the cosmic microwave
background radiation, which yield ⌦

CDM

h2 =
0.1186± 0.0020 [1] and are consistent with other,
less precise, determinations. This determination
of the CDM density at the percent level imposes
a corresponding constraint on the parameters of
any model that provides the dominant fraction of
the CDM density. This is, in particular, true for
supersymmetric (SUSY) models with conserved
R-parity in which the CDM is provided by the
stable lightest SUSY particle (LSP) [2]. In a
series of recent papers incorporating the data
from LHC Run 1 and elsewhere, we have im-
plemented the dark matter (DM) density con-
straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A

0

, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:
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In each case we also indicate the colour cod-
ing we use in the subsequent figures. The mea-
sures (1) that we use are empirical, but we have
verified extensively that CMSSM, NUHM1 and
NUHM2 points that satisfy the DM density con-

2

1. Introduction

The density of cold dark matter (CDM) in the
Universe is now very tightly constrained, in par-
ticular by measurements of the cosmic microwave
background radiation, which yield ⌦

CDM

h2 =
0.1186± 0.0020 [1] and are consistent with other,
less precise, determinations. This determination
of the CDM density at the percent level imposes
a corresponding constraint on the parameters of
any model that provides the dominant fraction of
the CDM density. This is, in particular, true for
supersymmetric (SUSY) models with conserved
R-parity in which the CDM is provided by the
stable lightest SUSY particle (LSP) [2]. In a
series of recent papers incorporating the data
from LHC Run 1 and elsewhere, we have im-
plemented the dark matter (DM) density con-
straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A

0

, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:

⌧̃
1

coann. (pink) :

 
m⌧̃1

m�̃0
1

� 1

!
< 0.15 ,

�̃±
1

coann. (green) :

 
m�̃±

1

m�̃0
1

� 1

!
< 0.1 ,

t̃
1

coann. (grey) :

 
m

˜t1

m�̃0
1

!
� 1 < 0.2 ,

A/H funnel (blue) :

�����
MA

m�̃0
1

� 2

����� < 0.4 ,

focus point (cyan) :

 
µ

m�̃0
1

!
� 1 < 0.3 . (1)

In each case we also indicate the colour cod-
ing we use in the subsequent figures. The mea-
sures (1) that we use are empirical, but we have
verified extensively that CMSSM, NUHM1 and
NUHM2 points that satisfy the DM density con-

2

1. Introduction

The density of cold dark matter (CDM) in the
Universe is now very tightly constrained, in par-
ticular by measurements of the cosmic microwave
background radiation, which yield ⌦

CDM

h2 =
0.1186± 0.0020 [1] and are consistent with other,
less precise, determinations. This determination
of the CDM density at the percent level imposes
a corresponding constraint on the parameters of
any model that provides the dominant fraction of
the CDM density. This is, in particular, true for
supersymmetric (SUSY) models with conserved
R-parity in which the CDM is provided by the
stable lightest SUSY particle (LSP) [2]. In a
series of recent papers incorporating the data
from LHC Run 1 and elsewhere, we have im-
plemented the dark matter (DM) density con-
straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A

0

, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:

⌧̃
1

coann. (pink) :

 
m⌧̃1

m�̃0
1

� 1

!
< 0.15 ,

�̃±
1

coann. (green) :

 
m�̃±

1

m�̃0
1

� 1

!
< 0.1 ,

t̃
1

coann. (grey) :

 
m

˜t1

m�̃0
1

!
� 1 < 0.2 ,

A/H funnel (blue) :

�����
MA

m�̃0
1

� 2

����� < 0.4 ,

focus point (cyan) :

 
µ

m�̃0
1

!
� 1 < 0.3 . (1)

In each case we also indicate the colour cod-
ing we use in the subsequent figures. The mea-
sures (1) that we use are empirical, but we have
verified extensively that CMSSM, NUHM1 and
NUHM2 points that satisfy the DM density con-

2

1. Introduction

The density of cold dark matter (CDM) in the
Universe is now very tightly constrained, in par-
ticular by measurements of the cosmic microwave
background radiation, which yield ⌦

CDM

h2 =
0.1186± 0.0020 [1] and are consistent with other,
less precise, determinations. This determination
of the CDM density at the percent level imposes
a corresponding constraint on the parameters of
any model that provides the dominant fraction of
the CDM density. This is, in particular, true for
supersymmetric (SUSY) models with conserved
R-parity in which the CDM is provided by the
stable lightest SUSY particle (LSP) [2]. In a
series of recent papers incorporating the data
from LHC Run 1 and elsewhere, we have im-
plemented the dark matter (DM) density con-
straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A

0

, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:

⌧̃
1

coann. (pink) :

 
m⌧̃1

m�̃0
1

� 1

!
< 0.15 ,

�̃±
1

coann. (green) :

 
m�̃±

1

m�̃0
1

� 1

!
< 0.1 ,

t̃
1

coann. (grey) :

 
m

˜t1

m�̃0
1

!
� 1 < 0.2 ,

A/H funnel (blue) :

�����
MA

m�̃0
1

� 2

����� < 0.4 ,

focus point (cyan) :

 
µ

m�̃0
1

!
� 1 < 0.3 . (1)

In each case we also indicate the colour cod-
ing we use in the subsequent figures. The mea-
sures (1) that we use are empirical, but we have
verified extensively that CMSSM, NUHM1 and
NUHM2 points that satisfy the DM density con-

2

stau coan.
hybrid ↕
A/H funnel

focus point

chargino coan.



5

Figure 1. The (m
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1/2) planes in the CMSSM (upper left), the NUHM1 (upper right) and the NUHM2

(lower left), and the (mq̃,m�̃0
1
) plane in the pMSSM10. Regions in which di↵erent mechanisms bring

the CDM density into the allowed range are shaded as described in the legend and discussed in the text.
The red and blue contours are the ��2 = 2.30 and 5.99 contours found in global fits to these models,
corresponding approximately to the 68 and 95% CL contours, with the green stars indicating the best-fit
points, and the solid purple contours show the current LHC 95% exclusions from /ET searches. In the
CMSSM, NUHM1 and NUHM2 cases, the dashed purple contours show the prospective 5-� discovery
reaches for /ET searches at the LHC with 3000/fb at 14 TeV, corresponding approximately to the 95%
CL exclusion sensitivity with 300/fb at 14 TeV. In the pMSSM10 case, the dashed purple contour shows
the 95% CL exclusion sensitivity of the LHC with 3000/fb assuming mg̃ � mq̃, and the dash-dotted lines
bound the corresponding sensitivity region assuming mg̃ = 4.5 TeV.
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Figure 8. The ��2 likelihood function in the NUHM2 (solid line) as a function of mg̃ (left panel) and
mq̃R (right panel). The dotted (dashed) lines are for the corresponding fits in the CMSSM and NUHM1,
respectively.

Figure 9. As in Fig. 8, for mt̃1
(left panel) and for m⌧̃1 (right panel).

Standard Model value. The fact that the CMSSM
appears to have slightly larger freedom for Rµµ is
related to the fact the total �2 is larger than in the
other models. Shifting the CMSSM curve in the
right panel of Fig. 12 to account for that di↵er-
ence, the CMSSM region would be fully contained
in the NUHM1,2 regions, as expected because of
the stronger restrictions in the CMSSM.

4.2. The Anomalous Magnetic Moment of
the Muon

The right panel of Fig. 12 displays the ��2

functions for the di↵erence from the SM: �
�
g�2
2

�

in the NUHM2, NUHM1 and CMSSM, as blue
solid, dashed and dotted lines, respectively. Also
shown, as a solid red line, is the (g � 2)µ con-
tribution to the �2 function. As is well known,
the other constraints, principally those from the
LHC, do not allow a large SUSY contribution
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Fig. 3 displays (m0,m1/2) planes for the CMSSM (upper left), the NUHM1 (upper right) and
the NUHM2 (lower left), as well as the (mg̃,mc) plane for the pMSSM10 (lower right panel). In
each case, the best-fit point is indicated by a green star, and the Dc2 = 2.30 and 5.99 contours
(corresponding roughly to the 68 and 95% CL boundaries) are indicated by red and blue lines,
respectively. The 95% CL region is shaded according to the mechanism that is most important for
bringing the relic LSP density into the range of cold dark matter density favoured by Planck and
other measurements, with the colour coding illustrated above the figure caption [19].

Figure 3: The (m0,m1/2) planes in the CMSSM (upper left) [14], the NUHM1 (upper right) [14] and the
NUHM2 (lower left) [15], and the (mq̃,mc) plane in the pMSSM10 (lower right panel) [16]. Regions in
which different mechanisms bring the cold dark matter (DM) density into the allowed range are shaded as
described in the legend [19]. The red and blue contours are the Dc2 = 2.30 and 5.99 contours found in
global fits to these models, the green stars indicate the best-fit points, the solid purple contours show the
current LHC 95% exclusions from MET searches, and the dashed purple contours show the prospective 5-s
discovery reaches for MET searches at the LHC with 3000/fb at 14 TeV, which also correspond approximately
to the 95% CL exclusion sensitivity with 300/fb at 14 TeV.

Fig. 4 [20] shows how the different observables contribute to building up the total c2 function
in the CMSSM at the global minimum (left column), along the m0 axis (central column), and
along the m1/2 axis (right column). We see that the contribution of the flavour observables (dark
grey) is almost independent of m0 and m1/2, as is the contribution of the electroweak precision
observables (purple). On the other hand, the contribution from gµ �2 (teal) [21] is quite large at the
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1. Introduction

The density of cold dark matter (CDM) in the
Universe is now very tightly constrained, in par-
ticular by measurements of the cosmic microwave
background radiation, which yield ⌦

CDM

h2 =
0.1186± 0.0020 [1] and are consistent with other,
less precise, determinations. This determination
of the CDM density at the percent level imposes
a corresponding constraint on the parameters of
any model that provides the dominant fraction of
the CDM density. This is, in particular, true for
supersymmetric (SUSY) models with conserved
R-parity in which the CDM is provided by the
stable lightest SUSY particle (LSP) [2]. In a
series of recent papers incorporating the data
from LHC Run 1 and elsewhere, we have im-
plemented the dark matter (DM) density con-
straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A

0

, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:
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In each case we also indicate the colour cod-
ing we use in the subsequent figures. The mea-
sures (1) that we use are empirical, but we have
verified extensively that CMSSM, NUHM1 and
NUHM2 points that satisfy the DM density con-
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straint in global analyses of the parameter spaces
of di↵erent variants of the minimal SUSY exten-
sion of the Standard Model (MSSM), assuming
that the LSP is the lightest neutralino �̃0

1

. The
models studied included the constrained MSSM
(CMSSM) with universal soft SUSY-breaking pa-
rameters (m

0

,m
1/2 and A

0

, in standard notation)
at the GUT scale [3], the NUHM1(2) in which
universality is relaxed for both together (each sep-
arately) of the soft SUSY-breaking contributions
to the masses-squared of the Higgs multiplets
m2

H1,2
[3, 4], and a version of the pMSSM10 [5],

in which 10 of the e↵ective Lagrangian parame-
ters (3 gaugino masses M

1,2,3, 2 squark masses
mq̃1,2 6= mq̃3 , a common slepton mass m

˜`, a com-
mon trilinear coupling A
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, the Higgs mixing pa-
rameter µ, the pseudoscalar Higgs mass MA, and
the ratio of Higgs vevs tan�) are treated as inde-
pendent inputs specified at the electroweak scale.
Reproducing correctly the cosmological CDM

density requires, in general, some special choice of
the SUSY model parameters, which may be some
particular combination of sparticle masses and/or
couplings. Examples of the former include hy-
persurfaces in the SUSY parameter space where
the LSP is almost degenerate in mass with some
next-to-lightest SUSY particle (NLSP), such as
the lighter stau ⌧̃

1

[6, 7], stop t̃
1

[8] or chargino
�̃±
1

[9], or where m�̃0
1
is almost half the mass of a

boson such as a heavy Higgs H/A [10], a light

Higgs h or Z [11], in which case rapid direct-
channel annihilation may bring the CDM den-
sity into the allowed range. Examples of special
coupling combinations include the focus-point re-
gion [12], where the LSP acquires a significant
Higgsino component.
We have commented in our previous work on

the relevances of these DM mechanisms for our
global analyses. Here we discuss systematically
which DM mechanisms are dominant in which
subspaces of the CMSSM [13], NUHM1 [14, 15],
NUHM2 [15, 16] and pMSSM10 [17] parameter
spaces, what are the corresponding experimental
signatures, and how one might discover SUSY in
each of these di↵erent DM regions.
Our analysis of the possible detectability of su-

persymmetry in the CMSSM, NUHM1, NUHM2
and pMSSM10, depending on the dominant DM
mechanisms, is summarized in Table 1.

2. Measures of Mass Degeneracy

We first introduce measures on the MSSM
parameters that quantify the relevant mass
degeneracies and define each of the above-
mentioned subspaces in the CMSSM, NUHM1
and NUHM2 [4,18]:
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Figure 10. As in Fig. 8, for MA (left panel) and for µ (right panel).

Figure 11. As in Fig. 8, for m�̃0
1
(left panel) and for m�̃±

1
(right panel).

to (g � 2)µ within the NUHM1 (dashed line) or
the CMSSM (dotted line). We find that in the
NUHM2 the most important role is played by the
LHC Mh measurement. As we also see in the
right panel of Fig. 12, there is significantly more
flexibility in the NUHM2 contribution to (g�2)µ
(solid line). However, even in this case the model
is unable to reduce the discrepancy between the
theoretical prediction and the central experimen-
tal value much below the ��2 ⇠ 9 level. A re-
duction of the minimum value of the global �2

function w.r.t. the SM [11] is found at the level

of ��2 ⇠ 4.0, with a best-fit value of �
�
g�2
2

�
=

3.4⇥ 10�10. Comparing with the NUHM1 (best-
fit value �

�
g�2
2

�
= 1.0 ⇥ 10�10), we find a re-

duction in the (g� 2)µ contribution to the global
�2 function at the best-fit point by ⇠ 1.6, that
is largely compensated by a net increase in the
contributions of other observables, including the
electroweak precision measurements. The best-fit
value in the CMSSM is �

�
g�2
2

�
= 2.8 ⇥ 10�10,

with a total �2 higher than in the NUHM2 by 2.5.
As seen in Fig. 11, in the low-mass regions the
��2 functions form�̃0

1
(in the left panel) andm�̃±

1
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Figure 12. As in Fig. 8, for Rµµ (left panel) and for �
�
g�2
2

�
(right panel). In each panel, we display

separately as a red line the contribution of that individual observable to the global �2 functions.

(in the right panel) in the NUHM2, the NUHM1
and the CMSSM are not very di↵erent. Going
to lower mass, as would be needed for a further
reduction in the (g � 2)µ discrepancy, is strongly
penalized by the direct LHC searches for sparti-
cles.

4.3. Direct Dark Matter Detection
The left panel of Fig. 13 displays the (m�̃0

1
,�SI

p )

plane, where �SI
p is the spin-independent LSP-

proton scattering cross-section, including the
best-fit points and the 68% and 95% CL contours
in the NUHM2, NUHM1 and CMSSM. Our com-
putation of �SI

p follows the procedure described
in [11], and we have once again adopted for the
⇡-nucleon � term the value ⌃⇡N = 50 ± 7 MeV.
In addition to the model results, we also dis-
play the 90% CL upper limits on �SI

p given by
the XENON100 and LUX experiments [26, 27],
and the level of the atmospheric neutrino back-
ground [54]. As we see in the right panel of
Fig. 13, in the CMSSM the ��2 function is rel-
atively flat for 10�47 cm2 <⇠ �SI

p
<⇠ 10�45 cm2.

On the other hand, in the case of the NUHM1,
values of �SI

p ⇠ 10�48 cm2 are only slightly dis-
favoured relative to the best-fit value of �SI

p ⇠
10�45 cm2, with intermediate values somewhat
disfavoured. In the case of the NUHM2, val-
ues of �SI

p ⇠ 4 ⇥ 10�49 cm2, within the range

where the atmospheric neutrino background dom-
inates, are slightly favoured relative to the range
�SI
p ⇠ 10�45 cm2. In all the three models, the

steep rise in the ��2 function at low values of �SI
p

is due to the contribution from Higgs exchange
via the small Higgsino component in the �̃0

1.

5. Summary and Conclusions

In this paper we have presented the results of a
frequentist global fit of the NUHM2 model. Pre-
vious analyses of the CMSSM and NUHM1 mod-
els [11] have shown those models to be very con-
strained by available data. One might have won-
dered whether the extra degrees of freedom in the
Higgs sector in the NUHM2 scenario would alle-
viate this tension, but we found that this was not
the case.

Our fit employed ⇠ 4 ⇥ 108 points in the
NUHM2 parameter space, and we paid particular
attention to the part of the NUHM2 parameter
space where m2

0 < 0. Applying the LHC con-
straints on jets + /ET to the NUHM1,2 (and espe-
cially to m2

0 < 0) required an extrapolation from
the published results, which we previously vali-
dated for 7 TeV limits using an implementation
of the Delphes collider detector simulation code
set to emulate the ATLAS detector.

The minimum value of �2/dof was 32.5/21, to
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Figure 16. Left panel: The two-dimensional profile likelihood function for mµ̃R versus the lightest neu-
tralino mass m�̃0

1
. The solid (dashed) red/blue contours denote the ��2 = 2.30/5.99 level contours for

the case where we do (not) apply the LHC8 constraints, respectively, and the green filled and empty stars
indicate the corresponding best-fit points. Right panel: The one-dimensional profile likelihood function for
mµ̃R in the pMSSM10 (solid black line), the NUHM2, (solid blue line), the NUHM1 (dashed blue line)
and the CMSSM (dotted blue line).

though tan� values below 10 are still allowed at
the 95% CL. We note that this feature is an e↵ect
of the choice of a single slepton mass scale, which
could be avoided in more general versions of the
pMSSM.

3.7. Higgs Physics
Fig. 18 displays one-dimensional profile likeli-

hood for Mh when the LHC constraints are ap-
plied. We see that the likelihood for Mh in the
pMSSM10 (black line) is very similar to the ex-
perimental value smeared by the theoretical un-
certainty in the FeynHiggs calculation of Mh for
specific values of the MSSM input parameters.
The left panel of Fig. 19 displays the two-

dimensional profile likelihood function in the
(MA, tan�) plane. As before, the solid (dashed)
red/blue contours denote the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicate the

corresponding best-fit points. Comparing the
dashed and solid 68% contours, we see that
lower values of tan� are disfavoured at the 68%
CL by the combination of LHC8

EWK

, (g � 2)µ
and Dark Matter constraints, as discussed in
the previous subsection. Those constraints, in
combination with the choice of a single slep-
ton mass scale for all three generations, lead
to limits of MA

>⇠ 1000(500) GeV at the 68
(95)% CL, whereas otherwise low CP-odd Higgs
boson masses down to MA ⇠ 500(350) GeV
would be found in the 68 (95)% CL area.
The right panel of Fig. 19 displays the corre-

sponding one-dimensional profile likelihood func-
tion for MA: as before, the solid black line is for
the pMSSM10, the solid blue line for the NUHM2,
the dashed blue line for the NUHM1 and the dot-
ted blue line for the CMSSM. Lower MA values
for tan� <⇠ 30 are in particular disfavoured by the
LUX and other limits, as discussed in the previ-
ous subsection.
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(right panel). In each panel, we display

separately as a red line the contribution of that individual observable to the global �2 functions.
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Figure 3: Supersymmetric loops contributing to the muon anomalous magnetic mo-
ment.

Early studies of the supersymmetric contributions aSUSY
µ were carried out in the

context of the minimal SUSY standard model (MSSM) [42, 43, 44, 45, 46, 47, 48, 49],
in an E6 string-inspired model [50, 51], and in an extension of the MSSM with an
additional singlet [52, 53]. An important observation was made in [54], namely that
some of the contributions are enhanced by the ratio of Higgs’ vacuum expectation
values, tan β ≡ ⟨Φ2⟩/⟨Φ1⟩, which in some models is large (in some cases of order
mt/mb ≈ 40). In addition, larger values of tanβ >∼ 2 are generally in better accord
with the recent LEP II Higgs mass bound mH

>∼ 113 GeV and, therefore, currently
favored. The main contribution is generally due to the chargino-sneutrino diagram
(Fig. 3a), which is enhanced by a Yukawa coupling in the muon-sneutrino-Higgsino
vertex (charginos are admixtures of Winos and Higgsinos).

The leading effect from Fig. 3a is approximately given in the large tan β limit by
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where m̃ = mSUSY represents a typical SUSY loop mass. (Chargino- and sneutrino-
masses are actually assumed degenerate in that expression [55]; otherwise, m̃ is
approximately the heavier mass scale.) Also, we have included a 7–8% suppression
factor due to leading 2-loop EW effects. Like most “New Physics” effects, SUSY
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mq̃1,2 ,mq̃3 ,

}

}

}
3 gaugino 
masses

10 sfermion 
masses

3 others

pMSSM-19

}
3 A-terms

We define 10 param. pMSSM



Multi-dim Scan
• For multi-dim scans with N free parameters, the number of model 

points grows as power of N: cN, which makes the scan 
computationally very expensive.  

• Imposing experimental constraints effectively reduces the # of dim.    

• Efficient sampling around the valid region is essential.

mh ' 125GeV

⌦DMh2 ' 0.12

�
theo/exp
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mA, µ, tanβ

M1,M2,M3

}

}

}
3 gaugino 
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3 sfermion 
masses

3 others

}
1 A-term

mq̃1,2 ,mq̃3 ,
mℓ

A0

pMSSM-10
pMSSM global fit

5

Parameter Range Number of
segments

M
1

(-1 , 1 ) TeV 2
M

2

( 0 , 4 ) TeV 2
M

3

(-4 , 4 ) TeV 4
mq̃ ( 0 , 4 ) TeV 2
mq̃3 ( 0 , 4 ) TeV 2
m

˜l ( 0 , 2 ) TeV 1
MA ( 0 , 4 ) TeV 2
A (-5 , 5 ) TeV 1
µ (-5 , 5 ) TeV 1

tan� ( 1 , 60) 1

Total number of boxes 128
Table 1
Ranges of the pMSSM10 parameters sampled, together with the numbers of segments into which each
range was divided, and the corresponding number of sample boxes.

2.3. Electroweak, Flavour, Cosmological
and Dark Matter Constraints

For many of these constraints, we follow very
closely our previous implementations, which were
summarized recently in Table 1 in [16]. Specif-
ically, we treat all electroweak precision ob-
servables, all B-physics observables (except for
BR(Bs,d ! µ+µ�)), (g � 2)µ, and the relic den-
sity as Gaussian constraints. The �2 contribution
from BR(Bs,d ! µ+µ�), combined here in the
quantity Rµµ [21], is calculated using the com-
bination of CMS [5] and LHCb [4] results de-
scribed in [7]. We incorporate the current world
average of the branching ratio for BR(b ! s�)
from [38] combined with the theoretical estimate
in the SM from [39], and the recent measure-
ment of the branching ratio for BR(Bu ! ⌧⌫⌧ )
by the Belle Collaboration [40] combined with
the SM estimate from [41]. We use the upper
limit on the spin-independent cross section as a
function of the lightest neutralino mass m�̃0

1
from

LUX [42], which is slightly stronger than that
from XENON100 [43], taking into account the
theoretical uncertainty on �SI

p as described in [21].

2.4. Higgs Constraints
We use the recent combination of ATLAS and

CMS measurements of the mass of the Higgs bo-
son: Mh = 125.09±0.24 GeV [44], which we com-

bine with a one-� uncertainty of 1.5 GeV in the
FeynHiggs calculation of Mh in the MSSM.

In addition, we refine substantially our treat-
ment of the Higgs boson constraints, as com-
pared with previous analyses in the MasterCode
framework. In order to include the ob-
served Higgs signal rates we have incorporated
HiggsSignals [35], which evaluates the �2 con-
tribution of 77 channels from the Higgs bo-
son searches at the LHC and the Tevatron (see
Ref. [35] for a complete list of references). A dis-
cussion of the e↵ective number of contributing
channels is given in Sect. 3.2 below.

We also take into account the relevant searches
for heavy neutral MSSM Higgs bosons via the
H/A ! ⌧+⌧� channels [45, 46]. We evaluate
the corresponding �2 contribution using the code
HiggsBounds [36], which includes the latest CMS
results [45] based on ⇠ 25 fb�1 of data 1. These
results include a combination of the two possi-
ble production modes, gg ! H/A and bb̄ !
bb̄H/A, which is consistently evaluated depend-
ing on the MSSM parameters. Their implementa-
tion in HiggsBounds has been tested against the
published CMS data, and very good qualitative
and quantitative agreement had been found [47].
Other Higgs boson searches are not taken into

1The corresponding ATLAS results [46] have similar sen-
sitivity, but are documented less completely.

19 parameter
3 x 1011 CPU years

Full pMSSM
1019 points

1point / 1sec

We define 10 param. pMSSM
sample 109 points

30 CPU years

needs very fast evaluation 
of LHC constraints
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Fig. 5. Determination of the CLs exclusion confidence level for the set of NS spectra defined
in this paper, in which the gluino, third-generation squarks and LSP masses are fixed to the

representative values of 1000 GeV, 700 GeV and 100 GeV, respectively. The CLs value is plotted

as a function of increasing underlying complexity (NS0 to NS4), shown for the individual searches,
and in combination.

decay chains producing leptonic final states become more important as the com-
plexity of the underlying spectrum increases (see Table 2). Only when combining all
individual searches does the CLs value remain stable as a function of the underlying
spectrum complexity.

As a next step, we perform a scan in the gluino and third-generation squark
mass plane, for a fixed LSP mass of 100 GeV, for each of the Natural SUSY spectra
NS0-NS4. Based on this scan, we determine the 95% CLs exclusion mass limits for
the gluino mg̃, or third-generation squarks m3̃G. The results of this scan are sum-
marised in Figure 6. The mass limits shown represent the cases where the gluino,
Figure 6(a), or third-generation squark mass, Figure 6(b), is ruled out, irrespective
of other masses in the spectra. The size of the shaded band on the combination rep-
resents the 50 GeV granularity of our scan, which dominates in this particular case
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lustration, the simplest (NS0) and most complicated (NS4) spectra are shown in
Figure 4 with some representative mass values chosen.

Table 2. An overview of the sparticle content of the Natural-like SUSY spectra defined in this paper. The
most important decay chains for each spectrum are also indicated.

Spectra NS0 NS1 NS2 NS3 NS4
sparticle g̃ g̃ g̃ g̃ g̃
content t̃1, t̃2 t̃1, t̃2, b̃1 t̃1, t̃2, b̃1 t̃1, t̃2, b̃1, b̃2 t̃1, t̃2, b̃1, b̃2

�̃2
0 �̃2

0 �̃2
0

�̃± �̃± �̃±, ˜̀L,R

�̃1
0 �̃1

0 �̃1
0 �̃1

0 �̃1
0

main g̃ ! tt̃1,2 g̃ ! tt̃1,2, bb̃1 g̃ ! tt̃1,2, bb̃1 g̃ ! tt̃1,2, bb̃1,2 g̃ ! tt̃1,2, bb̃1,2
decay t̃1,2 ! t�̃1

0 t̃1,2 ! t�̃1
0 t̃1,2 ! t�̃1,2

0 , b�̃± t̃1,2 ! t�̃1,2
0 , b�̃± t̃1,2 ! t�̃1,2

0 , b�̃±

chains b̃1 ! b�̃1
0 b̃1 ! b�̃2

0, t�̃
± b̃1,2 ! b�̃2

0, t�̃
± b̃1,2 ! b�̃2

0, t�̃
±

�̃± ! W±�̃1
0 �̃± ! W±�̃1

0 �̃± ! W±�̃1
0

�̃2
0 ! Z�̃1

0 �̃2
0 ! Z�̃1

0 �̃2
0 ! Z�̃1

0,
˜̀̀
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Fig. 4. An illustration of the particle mass hierarchy for the Natural-like SUSY spectra NS0 (left)
and NS4 (right).

To minimise the impact of statistical uncertainties in our work, for each of the
results reported in the following, we generate signal events corresponding to at least
200fb�1 of data, and normalise the signal expectations to those as reported in the
publications.

In order to determine the importance of combining relevant topology searches,
we first perform a calculation of the CLs exclusion value for a set of NS spec-
tra in which the gluino, third-generation squarks and LSP masses are fixed to the
representative values shown in Figure 4, of 1000 GeV, 700 GeV and 100 GeV, re-
spectively. The results of this study are shown in Figure 5. The calculated CLs value
for individual searches varies strongly as the level of complexity increases from NS0
to NS4 (i.e. going from left to right in the plot). While the zero-lepton ↵T search
dominates the combined exclusion confidence for the simple spectra NS0 and NS1,

mg̃,mq̃3 ,mχ̃0
1
= (1000, 700, 100)GeV

O.Buchmueller, J.Marrouche ‘14

“If the variety of channels 
are combined, the limit 
becomes insensitive to the 
topology.”

Universal Mass Limit
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Figure 2. Left panel: Histogram of the di↵erences between the values of the likelihood function
�2(Scorpion) evaluated using individual LHC8

col

searches for 1000 randomly-selected points and the
estimate �2(LHC8

col

) obtained by interpolation from a look-up table as described in the text. Right panel:
Scatter plot in the (�2(Scorpion),�2(LHC8

col

)) plane of the �2 values obtained from the two approaches;
the vertical and horizontal dashed lines in this plot correspond to the 95% CLs in each approach.

decay �̃0

2

! �̃0

1

h [61, 62]. The same two-lepton
analyses constrain slepton pair production, lead-
ing to the limits m

˜`L(R)

<⇠ 270 (200)GeV for

m�̃0
1

<⇠ 100 (50)GeV [59, 60]. Therefore, the uni-
versal limit approach that we use to combine and
characterise searches for coloured sparticles is in-
applicable to searches for electroweakly-produced
sparticles, and we use an alternative method.
For model points where the production of

electroweakly-produced sparticles provides a non-
trivial constraint, they must be much lighter than
the coloured sparticles, since otherwise the much
higher rates of production of coloured sparticles
would already exclude the model points. There-
fore, in the region of interest, there can be only
a few particles lighter than the electroweakly-
produced sparticles, implying that one can use a
combination of a few simplified models (SMS) to
approximate the sensitivities of the LHC searches
for the production of these sparticles. Depend-
ing on the decay mode and final state, we select
ATLAS and/or CMS limits derived from relevant
simplified models to calculate the contributions
of these searches to our global �2 function. For

the LHC searches that constrain electroweakly-
produced gauginos, Higgsinos and sleptons, to
a good approximation all relevant �2 contribu-
tions can be extracted from simplified chargino-
neutralino and simplified smuon and selectron
models.

For each simplified model limit we construct
a function �2

SMS

that depends on the two rele-
vant masses: (m�̃±

1
' m�̃0

2
,m�̃0

1
) for the simpli-

fied chargino-neutralino model and (m
˜`,m�̃0

1
) for

the simplified slepton (˜̀ ⌘ ẽ, µ̃) model. We as-
sume that �2

SMS

= 15 in the bulk of the region
excluded in the simplified model, and that this
�2 penalty vanishes exponentially when crossing
the boundary to the allowed region, with the gen-
eral form

�2

SMS

= min
l,r


15 ·B · 1

e(dl,r�µl,r)/�l,r + 1

�
, (2)

where the subscripts l, r indicate the simplified
model exclusion contour to the left and right (in
the horizontal direction, i.e., m�̃±

1
' m�̃0

2
or m

˜`)
of the point on the contour with the largest value
of m�̃0

1
, B is the branching ratio of the decay in

Universal Mass Limit
We create 4D lookup table 
using the full simulation chain. 

(mg̃,mq̃1,2 ,mq̃3 ,mχ̃0
1
)

validated with the full simulation 
chain using random 103 points

available)
p
s = 8 TeV and 20 fb�1 searches for jets +X + /ET as listed in Table 3.5. The

validation is detailed in appendix A.

Searches Reference Signal Regions
Monojet [135] Strongest expected
0-lepton (MT2) [125] All
single-lepton (MW

T2) [136] Strongest expected
SS-dilepton [137] All
OS-dilepton [132] All
� 3-lepton [138] All

Table 3.5: CMS searches implemented in the Scorpion framework that are used for this thesis.

ATLAS Searches: Atom

For the recast of ATLAS we rely on Atom [139] (see e.g. [140, 141]), which is a framework

based on Rivet [142]. Atom emulates the reported detector resolutions of ATLAS and CMS

by mapping the truth level particles from the event generator to reconstructed objects,

using analytic functions and numerical grids for parameters associated with momentum

smearing and e�ciencies of object reconstruction. A validation of the Atom code can be

found in Ref. [143].

The implemented searches used for the analysis in this thesis and in Ref. [60] are listed

in Table 3.6. The CLs calculation is done in the same way as in Scorpion, namely using

the LandS package and combining the signal regions from multiple searches. For each

search the strongest expected signal region is used for the combination, since the searches

defined overlapping signal regions. Since the 2-lepton searches have overlapping signatures,

only the strongest expected signal region is taken from these two searches.

Searches Reference
2-b-jets [144]
1-lepton [145,146]
2-leptons (MT2) [147]
2-leptons [148]
3-leptons [149]

Table 3.6: ATLAS searches implemented in the Atom framework that are used in this thesis.

67

Grid:
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Figure 4. Illustration of �2

SMS

/B, as defined in Eq. (2), for �̃±
1

�̃0

2

production and decay via sleptons.
In the left panel �2

SMS

/B is shown for a fixed value of m�̃0
1
= 300 GeV, where the green (blue) line

corresponds to dl, µl,�l, (dr, µr,�r) and vertical dashed lines indicate the position of the contour. The
right panel shows the same �2

SMS

/B (in colour) as a function of m�̃±
1
' m�̃0

2
and m�̃0

1
, and the 95% CLs

exclusion contour found in Fig. 7(a) of [58] (blue line).

Simplified Model Limit (µl,�l) [GeV] (µr,�r) [GeV]

�̃±
1

�̃0

2

via ˜̀ Fig. 7(a) in [58] (-5, 5) (-40, 40)
�̃±
1

�̃0

2

via WZ Fig. 7(b) in [58] (-20, 20) (-300, 300)
˜̀! `�̃0

1,2, ⌫`�̃
±
1

Generated using Atom (-20, 10) (-40, 30)
Table 2
The simplified model limits used to constrain electroweak gauginos, Higgsinos and sleptons.

the corresponding uncertainties do not impact the
overall conclusions.

2.5.3. LHC constraints on compressed stop
spectra

In their searches for stop production, ATLAS
and CMS have placed special emphasis on com-
pressed spectra, which pose particular challenges
for LHC searches. Whilst limits on stop produc-
tion in the region where m

˜t1 � m�̃0
1
> mt are

fully included in the LHC8
col

limits described
in Section 2.5.1, a dedicated treatment of the
compressed-spectrum region m

˜t1 � m�̃0
1
< mt is

required in order to include properly all the rel-
evant collider limits. In this region we calculate
the contribution of stop searches to the global �2

in a similar way as for the for electroweakly pro-
duced sparticles described in Section 2.5.2. We

refer to this dedicated limit-setting procedure as
LHC8

stop

.
We show in Fig. 7 a colour-coded scatter plot

in the (m
˜t1 ,m�̃0

1
) plane of the t̃

1

decay modes
with branching ratios > 50% for 1000 randomly-
selected pMSSM10 points in the region of inter-
est. We see that the t̃

1

! b�̃±
1

mode (shown in
light green) dominates for the majority of points,
and that this decay can be important through-
out the parameter region displayed. We also find
that, when this is the dominant stop decay mode,
in most cases the �̃±

1

and �̃0

1

are almost mass de-
generate. To constrain the final states with this
decay mode we implement the simplified model
limit presented in Fig. 6 of the ATLAS di-bottom
analysis [63], where m�̃±

1
� m�̃0

1
= 5 GeV is as-

sumed, applying this for the model points with
m�̃±

1
�m�̃0

1
< 30 GeV.

EW SUSY searches
The universal mass limit does not 
work well for EW SUSY particles.

The EW SUSY sector is comprised 
of a few particles (effectively 
simplified model).

We construct χ2 as

Branching Ratio

χ2
EW =

SMS∑

i

fi(m̃,mχ̃0
1
)×Bi

χ̃±
1 χ̃

0
2 via ℓ̃/ν̃

χ̃±
1 χ̃

0
2 via WZ

ℓ̃ → ℓχ̃0
1

We use ATLAS run-1 searches of
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Figure 5. Scatter plots in the (m�̃±
1
,m�̃0

1
) plane of the contributions to the global �2 functions from

the electroweakly-interacting sparticle constraints for 1000 randomly-selected points accessible to LHC
searches, as calculated using the LHC8

EWK

method based on simplified model searches (�2(LHC8
EWK

),
left panel) and the Atom code (�2(Atom), right panel).

Figure 6. Left panel: Histogram of the di↵erences between the values of the contributions of the
electroweakly-interacting sparticle constraints to the global likelihood function �2(LHC8

EWK

) evaluated
using simplified model searches for the 1000 randomly-selected points and the estimate �2(Atom) obtained
using the Atom code. Right panel: Scatter plot in the (�2(Atom),�2(LHC8

EWK

)) plane of the �2 values
obtained from the two approaches; the vertical and horizontal dashed lines in this plot correspond to the
95% CLs in each approach.
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Figure 7. Scatter plot in the (m
˜t1 ,m�̃0

1
) plane of the t̃

1

decay modes with branching ratios > 50% for
1000 randomly-selected points with m

˜t1 �m�̃0
1
< mt.

If m
˜t1 � m�̃0

1
> MW + mb, the 3-body t̃

1

!
bW �̃0

1

mode can dominate stop decay. The points
for which this mode is dominant are shown by
purple dots in Fig. 7. For this decay mode we
implement the simplified model limit presented
for MW +mb < m

˜t1 �m�̃0
1
< mt in Fig. 15 of the

ATLAS single-lepton analysis [64].
In the m

˜t1 � m�̃0
1

< MW + mb region, the

decays t̃
1

! c�̃0

1

(red dots in Fig. 7) and t̃
1

!
bff 0�̃0

1

(grey dots) can be the dominant stop de-
cay modes. The t̃

1

! b⌫⌧ ⌧̃1 mode (green dots)
may also dominate stop decay in this region, as
well as in the m

˜t1 �m�̃0
1

>⇠ MW +mb region, as
can also be seen in Fig. 7.
Due to the variety of di↵erent stop decay modes

that are relevant in this compressed region, we
cannot use only the limits from simplified models
provided by the experiments, as they do not cover
all relevant decay chains and assume branching
ratios of 100%. However, these missing, in part
rather complex, decay chains can e↵ectively be
constrained by hadronic inclusive searches such
as those we have already used for our LHC8

col

limits. In particular, the CMS hadronic mT2

search [56] has rather high sensitivity for these
decay chains, as the kinematic phase space cov-
ered by the search makes no special assumptions
on the final state, other than it having a purely
hadronic signature.

Based on these inclusive searches, we derive
limits for simplified models for t̃

1

! c�̃0

1

and
t̃
1

! b⌫⌧ ⌧̃1 decays. For the t̃
1

! b⌫⌧ ⌧̃1 sim-
plified model we assume m⌧̃1 � m�̃0

1

<⇠ 40 GeV
when creating the limit in the (m

˜t1 , m�̃0
1
) plane.

We do not implement a simplified model limit for
t̃
1

! bff 0�̃0

1

because this decay mode has negligi-
ble impact on our study, as can be seen in Fig. 7.
Using these simplified model limits, we constrain
the stop decay modes following a procedure very
similar to what we used for LHC8

EWK

, using an
interpolating function of the form (2) to mimic
the uncertainty (yellow) band in, e.g., Fig. 6c
in [63]. We summarise our implementation of the
simplified model limits in Table 3. When estab-
lishing these limits we use values of the param-
eters µl,r and �l,r that depend on m�̃0

1
. When-

Compressed stop searches

random 103 points

The universal mass limit does not work 
well for the compressed stop region.

assumed. We found that it is appropriate to apply this limit for the model points with

m�̃±
1
�m�̃0

1
< 30 GeV.

If mt̃1 �m�̃0
1
> MW +mb, the 3-body decay mode t̃1 ! bW �̃0

1 can dominate (shown

as purple dots in Fig. 3.10). For this decay mode we implement the simplified model

limit presented for MW +mb < mt̃1 �m�̃0
1
< mt in Fig. 15 of the ATLAS single-lepton

analysis [146].

In the mt̃1 �m�̃0
1
< MW +mb region, the decays t̃1 ! c�̃0

1 (red dots in Fig. 3.10) and

t̃1 ! bff 0�̃0
1 (grey dots) can be the dominant stop decay modes. The t̃1 ! b⌫⌧ ⌧̃1 mode

(green dots in Fig. 3.10) may also dominate stop decay in this region, as well as in the

mt̃1 �m�̃0
1
& MW +mb region. In this very compressed region we found that the most

constraining (and implemented) search is the hadronic MT2 search by CMS [125]. Given

our aim to approximate the point-by-point reinterpretation of ATLAS and CMS searches,

and the absence of an interpretation for the t̃1 ! b⌫⌧ ⌧̃1 mode, we derived our own SMS

interpretations for the t̃1 ! c�̃0
1 and t̃1 ! b⌫⌧ ⌧̃1 modes respectively, using this MT2 search.

For the latter we assumed a mass splitting m⌧̃1 �m�̃0
1
< 40 GeV. We note in passing that

the t̃1 ! bff 0�̃0
1 turned out to have negligible impact on our study.

Table 3.8 summarises our implementation of the SMS limits, which are applied using

Eq. 3.9, for the compressed-stop region. Note that this time µl,r and �l,r depend on m�̃0
1

for the t̃1 ! b�̃±
1 and t̃1 ! bW �̃0

1 decay modes. In these cases multiple values of µl,r and

�l,r are given for di↵erent values of m�̃0
1
. For intermediate values of m�̃0

1
the parameters

are obtained by linear interpolation, whereas they are constant elsewhere. We denote the

sum of these limits as �2(LHC8stop).

Decay Contour m�̃0
1
[GeV] (µl,�l) [GeV] (µr,�r) [GeV] Condition/Remark

t̃1 ! b�̃±
1 Fig. 6(c) in Ref. [144] 210 (10, 20) (-50, 50) m

�̃±
1

�m�̃0
1
< 30 GeV

300 (-250, 200) (-200, 200)

t̃1 ! bW �̃0
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Table 3.8: Simplified model interpretations used to construct �2(LHC8
stop

). In some cases the
values of µl,r and �l,r depend on m�̃0

1
. Whenever multiple values of these parameters are specified

for di↵erent values of m�̃0
1
, the parameters for intermediate values of m�̃0

1
are obtained by linear

interpolation, and constant elsewhere.

To tune and validate the implementation of the stop searches in Table 3.8 we calculated

80

2b+MET: 1308.2631

1L+jets+MET: 1407.0583

MT2 had: 1502.04358

MT2 had: 1502.04358

We construct χ2 as based on 
simplified models

χ2
stop =

∑

i

fi(mt̃,mχ̃0
1
)×Bi



17

Decay Limit m�̃0
1
[GeV] (µl,�l) [GeV] (µr,�r) [GeV] Condition/Remark

t̃ ! b�̃±
1

Fig. 6(c) in [63] 210 (10, 20) (-50, 50) m�̃±
1
�m�̃0

1
< 30 GeV

300 (-250, 200) (-200, 200)

t̃ ! bW �̃0

1

Fig. 15 in [64] 100 (-20,50) (-70, 50) MW < m
˜t1 �m�̃0

1
< mt

150 (-50, 50) (-100,50)

t̃ ! b⌫⌧̃
1

Generated using - (-50, 50) (-20, 50) Based on [56], assuming
Scorpion m⌧̃1 �m�̃0

1

<⇠ 40 GeV

t̃ ! c�̃0

1

Generated using - (-20, 20) (-20, 20) Based on [56]
Scorpion

Table 3
The simplified model limits used to constrain scenarios with compressed stop spectra. When establishing
these limits we use values of µl,r and �l,r in Eq. (2) that in some cases depend on m�̃0

1
. Whenever multiple

values of these parameters are specified for di↵erent values of m�̃0
1
, the parameters for intermediate values

of m�̃0
1
are obtained by linear interpolation, and taken as constants elsewhere.

Figure 8. Scatter plots in the (m
˜t1 ,m�̃0
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) plane of the contributions to the global �2 functions from the

ATLAS mono-jet [65] and single-lepton [66] searches for 1000 randomly-selected points in the regions of
interest. The left panel shows calculations using simplified model searches (�2(LHC8

EWK

)) and the right
panel shows results from the Scorpion and Atom codes (�2(true)).

However, after applying the LHC8 constraints
only the Z- and h-funnels are allowed in this
region. In the region where m�̃0

1
& 80 GeV,

before implementing the LHC8 constraints stau
coannihilation and t-channel sfermion exchange
were both possible. However, after applying the
LHC8 constraints the dominant processes con-
trolling the dark matter density are �̃0

1

� �̃0

2

� �̃±
1

coannihilations, with the LSP having mainly a
Bino composition.

The two top panels of Fig. 10 display clearly
the direct impacts of the LHC8 constraints, which
are visible in the displacements to larger masses
of the 68% and 95% CL contours, as can be seen
from the comparison of the solid and dashed lines.
On the other hand, the pictures in the two middle
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Figure 9. Left panel: Histogram of the di↵erence between the values of the contributions of the stop
constraints to the global likelihood function �2(LHC8

EWK

) + �2(LHC8
stop

) evaluated using simplified
model searches for 1000 randomly-selected points and the estimates of �2 found using Scorpion and
Atom. Right panel: Scatter plot in the (�2(true),�2(LHC8

EWK

) + �2(LHC8
stop

)) plane of the values
obtained from the two approaches; the vertical and horizontal dashed lines in these plots correspond to
the 95% CLs in each approach.

panels are more complex. There are intermediate
values of m

˜t1 that are disfavoured by the LHC8
constraints, but there are regions with low values
of m

˜t1 that are allowed by the LHC8 constraints
at the 95% CL, and even some points with m

˜t1
and m

˜b1
that are favoured at the 68% CL, though

these are not prominent. In the case of the lighter
sbottom, the LHC8 constraints disfavour the re-
gion where both m

˜b1
and m�̃0

1
have small values.

However, a small value of m
˜b1

is still allowed at
the ⇠ 95% CL if m�̃0

1
& 300 GeV to 450 GeV,

where some points are favoured at the 68% CL.
Finally, the bottom two panels of Fig. 10 show

the impacts of the LHC8 constraints on the
chargino and stau masses. The main impact on
the chargino mass is to disfavour most values ex-
cept some where m�̃±

1
�m�̃0

1
is small. This is an

indirect e↵ect of the LHC8 constraints, with the
coannihilation of the dark matter particle with
the lighter chargino playing an important role in
bringing the dark matter density into the allowed
range. This compression of the spectrum can be
attributed to the LHC8

EWK

limits on direct pro-
duction of light sleptons, and to a lesser extent

on charginos decaying via sleptons. These con-
straints on light sleptons disfavour the t-channel
sfermion exchange and stau coannihilation re-
gions. The latter is a consequence of our choice
of a single mass parameter for the masses of all
the scalar leptons (see also Sect. 7). In the case of
the lighter stau, we see in the bottom right panel
of Fig. 10 a triangular region that is favoured at
the ⇠ 68% CL, which is somewhat reduced and
shifted towards higher mass values by the LHC8
constraints.

3.2. The Best-Fit Point
We now discuss the characteristics of the best-

fit point, whose parameters are listed in Table 4,
together with the parameters of several bench-
mark points that are discussed below. The best-
fit spectrum is shown in Fig. 11, and its SLHA
file [37] can be downloaded from the MasterCode
website [25]. We note first the near-degeneracy
between the �̃0

1

, �̃0

2

and �̃±
1

, which is a general fea-
ture of our 68% CL region that occurs in order to
bring the cold dark matter density into the range
allowed by cosmology: see the bottom left panel
of Fig. 10. Correspondingly, we see in Table 4
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Results

pMSSM10 mass spectrum

… Poor determination of the mass of colored sparticles (only lower bound from LHC
searches).

… Larger freedom allow to fullfill the (g� 2)µ constraint without being in tension with
the LHC searches.

… Improved fit with respect to the GUT models.
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… Heavy Higgses, squarks, gluinos are relatively unconstrained.
… Left-handed fermion decay chains evolve via �̃±1 and �̃ 0

2 .
… Sleptons are at less than 1 TeV.
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Figure 11. The particle spectrum and dominant decay branching ratios at our best-fit pMSSM10 point.
Note the near-degeneracies between �̃0

1

, �̃0

2

and �̃±
1

, between the sleptons, between �̃0

3

, �̃0

4

and �̃±
2

, between
the q̃L and q̃R, between the heavy Higgs bosons, and between the stops and bottoms, which are general
features of our 68% CL region. On the other hand, the overall sparticle mass scales, in particular of the
coloured sparticles, are poorly determined.

Figure 12. Summary of mass ranges predicted in the pMSSM10. The light (darker) peach shaded bars
indicate the 95% (68%) CL intervals, whereas the blue horizontal lines mark the values of the masses at
the best-fit point.
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Figure 11. The particle spectrum and dominant decay branching ratios at our best-fit pMSSM10 point.
Note the near-degeneracies between �̃0

1

, �̃0

2

and �̃±
1

, between the sleptons, between �̃0

3

, �̃0

4

and �̃±
2

, between
the q̃L and q̃R, between the heavy Higgs bosons, and between the stops and bottoms, which are general
features of our 68% CL region. On the other hand, the overall sparticle mass scales, in particular of the
coloured sparticles, are poorly determined.

Figure 12. Summary of mass ranges predicted in the pMSSM10. The light (darker) peach shaded bars
indicate the 95% (68%) CL intervals, whereas the blue horizontal lines mark the values of the masses at
the best-fit point.
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Figure 16. Left panel: The two-dimensional profile likelihood function for mµ̃R versus the lightest neu-
tralino mass m�̃0

1
. The solid (dashed) red/blue contours denote the ��2 = 2.30/5.99 level contours for

the case where we do (not) apply the LHC8 constraints, respectively, and the green filled and empty stars
indicate the corresponding best-fit points. Right panel: The one-dimensional profile likelihood function for
mµ̃R in the pMSSM10 (solid black line), the NUHM2, (solid blue line), the NUHM1 (dashed blue line)
and the CMSSM (dotted blue line).

though tan� values below 10 are still allowed at
the 95% CL. We note that this feature is an e↵ect
of the choice of a single slepton mass scale, which
could be avoided in more general versions of the
pMSSM.

3.7. Higgs Physics
Fig. 18 displays one-dimensional profile likeli-

hood for Mh when the LHC constraints are ap-
plied. We see that the likelihood for Mh in the
pMSSM10 (black line) is very similar to the ex-
perimental value smeared by the theoretical un-
certainty in the FeynHiggs calculation of Mh for
specific values of the MSSM input parameters.
The left panel of Fig. 19 displays the two-

dimensional profile likelihood function in the
(MA, tan�) plane. As before, the solid (dashed)
red/blue contours denote the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicate the

corresponding best-fit points. Comparing the
dashed and solid 68% contours, we see that
lower values of tan� are disfavoured at the 68%
CL by the combination of LHC8

EWK

, (g � 2)µ
and Dark Matter constraints, as discussed in
the previous subsection. Those constraints, in
combination with the choice of a single slep-
ton mass scale for all three generations, lead
to limits of MA

>⇠ 1000(500) GeV at the 68
(95)% CL, whereas otherwise low CP-odd Higgs
boson masses down to MA ⇠ 500(350) GeV
would be found in the 68 (95)% CL area.
The right panel of Fig. 19 displays the corre-

sponding one-dimensional profile likelihood func-
tion for MA: as before, the solid black line is for
the pMSSM10, the solid blue line for the NUHM2,
the dashed blue line for the NUHM1 and the dot-
ted blue line for the CMSSM. Lower MA values
for tan� <⇠ 30 are in particular disfavoured by the
LUX and other limits, as discussed in the previ-
ous subsection.

Best Fit

1σ: |µ| < 1TeV

M1 ≃ M2 < 500GeV

mℓ̃ < 1TeV

M1 < 500GeV
mℓ̃ < 1TeV

2σ: 

“prediction”

28

Figure 16. Left panel: The two-dimensional profile likelihood function for mµ̃R versus the lightest neu-
tralino mass m�̃0

1
. The solid (dashed) red/blue contours denote the ��2 = 2.30/5.99 level contours for

the case where we do (not) apply the LHC8 constraints, respectively, and the green filled and empty stars
indicate the corresponding best-fit points. Right panel: The one-dimensional profile likelihood function for
mµ̃R in the pMSSM10 (solid black line), the NUHM2, (solid blue line), the NUHM1 (dashed blue line)
and the CMSSM (dotted blue line).

though tan� values below 10 are still allowed at
the 95% CL. We note that this feature is an e↵ect
of the choice of a single slepton mass scale, which
could be avoided in more general versions of the
pMSSM.

3.7. Higgs Physics
Fig. 18 displays one-dimensional profile likeli-

hood for Mh when the LHC constraints are ap-
plied. We see that the likelihood for Mh in the
pMSSM10 (black line) is very similar to the ex-
perimental value smeared by the theoretical un-
certainty in the FeynHiggs calculation of Mh for
specific values of the MSSM input parameters.
The left panel of Fig. 19 displays the two-

dimensional profile likelihood function in the
(MA, tan�) plane. As before, the solid (dashed)
red/blue contours denote the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicate the

corresponding best-fit points. Comparing the
dashed and solid 68% contours, we see that
lower values of tan� are disfavoured at the 68%
CL by the combination of LHC8

EWK

, (g � 2)µ
and Dark Matter constraints, as discussed in
the previous subsection. Those constraints, in
combination with the choice of a single slep-
ton mass scale for all three generations, lead
to limits of MA

>⇠ 1000(500) GeV at the 68
(95)% CL, whereas otherwise low CP-odd Higgs
boson masses down to MA ⇠ 500(350) GeV
would be found in the 68 (95)% CL area.
The right panel of Fig. 19 displays the corre-

sponding one-dimensional profile likelihood func-
tion for MA: as before, the solid black line is for
the pMSSM10, the solid blue line for the NUHM2,
the dashed blue line for the NUHM1 and the dot-
ted blue line for the CMSSM. Lower MA values
for tan� <⇠ 30 are in particular disfavoured by the
LUX and other limits, as discussed in the previ-
ous subsection.

14

Figure 5. Scatter plots in the (m�̃±
1
,m�̃0

1
) plane of the contributions to the global �2 functions from

the electroweakly-interacting sparticle constraints for 1000 randomly-selected points accessible to LHC
searches, as calculated using the LHC8

EWK

method based on simplified model searches (�2(LHC8
EWK

),
left panel) and the Atom code (�2(Atom), right panel).

Figure 6. Left panel: Histogram of the di↵erences between the values of the contributions of the
electroweakly-interacting sparticle constraints to the global likelihood function �2(LHC8

EWK

) evaluated
using simplified model searches for the 1000 randomly-selected points and the estimate �2(Atom) obtained
using the Atom code. Right panel: Scatter plot in the (�2(Atom),�2(LHC8

EWK

)) plane of the �2 values
obtained from the two approaches; the vertical and horizontal dashed lines in this plot correspond to the
95% CLs in each approach.
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Figure 15. Profile likelihoods for the SUSY contribution to (g � 2)µ. The left panel shows the ��2

contributions from (g� 2)µ to the global likelihood functions of our fits to the CMSSM (blue dotted line),
the NUHM1 (blue dashed line), the NUHM2 (blue solid line) and the pMSSM10 (black solid line), as well
as the experimental likelihood function that we assume (solid red line). The right panel displays the global
�2 function calculated without (dashed line) and with (solid line) the contribution of the electroweakly-
interacting sparticle searches implemented via LHC8

EWK

.

red/blue contours denoting the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicating the
corresponding best-fit points 8. Qualitatively,
this plane is quite similar to the corresponding
(m⌧̃1 ,m�̃0

1
) plane shown in the bottom right panel

of Fig. 10, though we note, e.g., that the best-fit
value of mµ̃R is ⇠ 100 GeV larger than the best-
fit value of m⌧̃1 . This feature is apparent also
when one compares the right panel of Fig. 16,
which displays the one-dimensional profile like-
lihood function for mµ̃R with the corresponding
plot for m⌧̃1 in the bottom right panel of Fig. 13.
In both cases, the one-dimensional profile like-
lihood function in the pMSSM10 is shown as a
solid black line, that in the NUHM2 as a solid
blue line, that in the NUHM1 as a dashed blue
line, and that in the CMSSM as a dotted blue
line.

8We do not show the corresponding results for the µ̃L,
which are very similar.

3.6. Interplay of the LHC8EWK, (g � 2)µ
and Dark Matter Constraints

The 68% and 95% CL regions in the
(mµ̃R , tan�) plane before (dashed lines) and af-
ter (solid lines) implementation of the LHC8 and
other constraints are displayed in Fig. 17. We
see that the lowest values of tan� receive a �2

penalty, which is due to a combination of di↵erent
e↵ects. In particular, the LHC8

EWK

constraint
disfavours lower values of mµ̃R,L which, in com-
bination with (g � 2)µ, results in a �2 penalty
for tan� <⇠ 10. Because we impose slepton
mass universality in the pMSSM10, stau masses
are also pushed to higher values. In this way
the LHC8

EWK

constraints eliminate pMSSM10
models with a Bino-like LSP and small �SI

p , for
which stau coannihilation and t-channel slepton
exchanges brought the relic LSP density into
the allowed range. The remaining models with
tan� <⇠ 30 then fall foul of the LUX upper limit
[42] on �SI

p , because the LSP has a substantial
Higgsino component, which enhances �SI

p . The
overall combined e↵ect of the LHC8

EWK

, (g�2)µ
and dark matter constraints is to prefer values of
tan� between about 15 and 45 at the 68% CL,

(g-2)μ
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Figure 16. Left panel: The two-dimensional profile likelihood function for mµ̃R versus the lightest neu-
tralino mass m�̃0

1
. The solid (dashed) red/blue contours denote the ��2 = 2.30/5.99 level contours for

the case where we do (not) apply the LHC8 constraints, respectively, and the green filled and empty stars
indicate the corresponding best-fit points. Right panel: The one-dimensional profile likelihood function for
mµ̃R in the pMSSM10 (solid black line), the NUHM2, (solid blue line), the NUHM1 (dashed blue line)
and the CMSSM (dotted blue line).

though tan� values below 10 are still allowed at
the 95% CL. We note that this feature is an e↵ect
of the choice of a single slepton mass scale, which
could be avoided in more general versions of the
pMSSM.

3.7. Higgs Physics
Fig. 18 displays one-dimensional profile likeli-

hood for Mh when the LHC constraints are ap-
plied. We see that the likelihood for Mh in the
pMSSM10 (black line) is very similar to the ex-
perimental value smeared by the theoretical un-
certainty in the FeynHiggs calculation of Mh for
specific values of the MSSM input parameters.
The left panel of Fig. 19 displays the two-

dimensional profile likelihood function in the
(MA, tan�) plane. As before, the solid (dashed)
red/blue contours denote the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicate the

corresponding best-fit points. Comparing the
dashed and solid 68% contours, we see that
lower values of tan� are disfavoured at the 68%
CL by the combination of LHC8

EWK

, (g � 2)µ
and Dark Matter constraints, as discussed in
the previous subsection. Those constraints, in
combination with the choice of a single slep-
ton mass scale for all three generations, lead
to limits of MA

>⇠ 1000(500) GeV at the 68
(95)% CL, whereas otherwise low CP-odd Higgs
boson masses down to MA ⇠ 500(350) GeV
would be found in the 68 (95)% CL area.
The right panel of Fig. 19 displays the corre-

sponding one-dimensional profile likelihood func-
tion for MA: as before, the solid black line is for
the pMSSM10, the solid blue line for the NUHM2,
the dashed blue line for the NUHM1 and the dot-
ted blue line for the CMSSM. Lower MA values
for tan� <⇠ 30 are in particular disfavoured by the
LUX and other limits, as discussed in the previ-
ous subsection.
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. The solid (dashed) red/blue contours denote the ��2 = 2.30/5.99 level contours for

the case where we do (not) apply the LHC8 constraints, respectively, and the green filled and empty stars
indicate the corresponding best-fit points. Right panel: The one-dimensional profile likelihood function for
mµ̃R in the pMSSM10 (solid black line), the NUHM2, (solid blue line), the NUHM1 (dashed blue line)
and the CMSSM (dotted blue line).

though tan� values below 10 are still allowed at
the 95% CL. We note that this feature is an e↵ect
of the choice of a single slepton mass scale, which
could be avoided in more general versions of the
pMSSM.

3.7. Higgs Physics
Fig. 18 displays one-dimensional profile likeli-

hood for Mh when the LHC constraints are ap-
plied. We see that the likelihood for Mh in the
pMSSM10 (black line) is very similar to the ex-
perimental value smeared by the theoretical un-
certainty in the FeynHiggs calculation of Mh for
specific values of the MSSM input parameters.
The left panel of Fig. 19 displays the two-

dimensional profile likelihood function in the
(MA, tan�) plane. As before, the solid (dashed)
red/blue contours denote the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicate the

corresponding best-fit points. Comparing the
dashed and solid 68% contours, we see that
lower values of tan� are disfavoured at the 68%
CL by the combination of LHC8

EWK

, (g � 2)µ
and Dark Matter constraints, as discussed in
the previous subsection. Those constraints, in
combination with the choice of a single slep-
ton mass scale for all three generations, lead
to limits of MA

>⇠ 1000(500) GeV at the 68
(95)% CL, whereas otherwise low CP-odd Higgs
boson masses down to MA ⇠ 500(350) GeV
would be found in the 68 (95)% CL area.
The right panel of Fig. 19 displays the corre-

sponding one-dimensional profile likelihood func-
tion for MA: as before, the solid black line is for
the pMSSM10, the solid blue line for the NUHM2,
the dashed blue line for the NUHM1 and the dot-
ted blue line for the CMSSM. Lower MA values
for tan� <⇠ 30 are in particular disfavoured by the
LUX and other limits, as discussed in the previ-
ous subsection.

24

Figure 13. The one-dimensional profile likelihood functions for mg̃, mq̃, m
˜t1 , m

˜b1
, m�̃±

1
and m⌧̃1 . In

each panel the solid black line is for the pMSSM10, the solid blue line for the NUHM2, the dashed blue
line for the NUHM1 and the dotted blue line for the CMSSM.

14

Figure 10. As in Fig. 8, for MA (left panel) and for µ (right panel).

Figure 11. As in Fig. 8, for m�̃0
1
(left panel) and for m�̃±

1
(right panel).

to (g � 2)µ within the NUHM1 (dashed line) or
the CMSSM (dotted line). We find that in the
NUHM2 the most important role is played by the
LHC Mh measurement. As we also see in the
right panel of Fig. 12, there is significantly more
flexibility in the NUHM2 contribution to (g�2)µ
(solid line). However, even in this case the model
is unable to reduce the discrepancy between the
theoretical prediction and the central experimen-
tal value much below the ��2 ⇠ 9 level. A re-
duction of the minimum value of the global �2

function w.r.t. the SM [11] is found at the level

of ��2 ⇠ 4.0, with a best-fit value of �
�
g�2
2

�
=

3.4⇥ 10�10. Comparing with the NUHM1 (best-
fit value �

�
g�2
2

�
= 1.0 ⇥ 10�10), we find a re-

duction in the (g� 2)µ contribution to the global
�2 function at the best-fit point by ⇠ 1.6, that
is largely compensated by a net increase in the
contributions of other observables, including the
electroweak precision measurements. The best-fit
value in the CMSSM is �

�
g�2
2

�
= 2.8 ⇥ 10�10,

with a total �2 higher than in the NUHM2 by 2.5.
As seen in Fig. 11, in the low-mass regions the
��2 functions form�̃0

1
(in the left panel) andm�̃±

1

(g-2)μ anomaly can be 
explained without tension 
from the LHC limit. 
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Figure 7: Results from a recent global fit to the pMSSM10 showing (left panel) the contributions to the
global likelihood at the best-fit point, and the marginalized likelihood as a function of (centre panel) the µ̃R

mass and (right panel) the lighter chargino mass, mc̃±
1

[20].

Figure 8: One-dimensional profile likelihoods for the supersymmetric contributions to gµ � 2, from recent
global fits to the CMSSM (blue dotted line), the NUHM1 (blue dashed line), the NUHM2 (blue solid line) and
the pMSSM10 (black solid line), with the experimental likelihood (solid red line) shown for comparison [16].

within the pMSSM framework. The good news is that an experiment to remeasure gµ � 2 with

10

(g-2)μ

χ2 χ2
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Figure 5. Scatter plots in the (m�̃±
1
,m�̃0

1
) plane of the contributions to the global �2 functions from

the electroweakly-interacting sparticle constraints for 1000 randomly-selected points accessible to LHC
searches, as calculated using the LHC8

EWK

method based on simplified model searches (�2(LHC8
EWK

),
left panel) and the Atom code (�2(Atom), right panel).

Figure 6. Left panel: Histogram of the di↵erences between the values of the contributions of the
electroweakly-interacting sparticle constraints to the global likelihood function �2(LHC8

EWK

) evaluated
using simplified model searches for the 1000 randomly-selected points and the estimate �2(Atom) obtained
using the Atom code. Right panel: Scatter plot in the (�2(Atom),�2(LHC8

EWK

)) plane of the �2 values
obtained from the two approaches; the vertical and horizontal dashed lines in this plot correspond to the
95% CLs in each approach.
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Figure 16. Left panel: The two-dimensional profile likelihood function for mµ̃R versus the lightest neu-
tralino mass m�̃0

1
. The solid (dashed) red/blue contours denote the ��2 = 2.30/5.99 level contours for

the case where we do (not) apply the LHC8 constraints, respectively, and the green filled and empty stars
indicate the corresponding best-fit points. Right panel: The one-dimensional profile likelihood function for
mµ̃R in the pMSSM10 (solid black line), the NUHM2, (solid blue line), the NUHM1 (dashed blue line)
and the CMSSM (dotted blue line).

though tan� values below 10 are still allowed at
the 95% CL. We note that this feature is an e↵ect
of the choice of a single slepton mass scale, which
could be avoided in more general versions of the
pMSSM.

3.7. Higgs Physics
Fig. 18 displays one-dimensional profile likeli-

hood for Mh when the LHC constraints are ap-
plied. We see that the likelihood for Mh in the
pMSSM10 (black line) is very similar to the ex-
perimental value smeared by the theoretical un-
certainty in the FeynHiggs calculation of Mh for
specific values of the MSSM input parameters.
The left panel of Fig. 19 displays the two-

dimensional profile likelihood function in the
(MA, tan�) plane. As before, the solid (dashed)
red/blue contours denote the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicate the

corresponding best-fit points. Comparing the
dashed and solid 68% contours, we see that
lower values of tan� are disfavoured at the 68%
CL by the combination of LHC8

EWK

, (g � 2)µ
and Dark Matter constraints, as discussed in
the previous subsection. Those constraints, in
combination with the choice of a single slep-
ton mass scale for all three generations, lead
to limits of MA

>⇠ 1000(500) GeV at the 68
(95)% CL, whereas otherwise low CP-odd Higgs
boson masses down to MA ⇠ 500(350) GeV
would be found in the 68 (95)% CL area.
The right panel of Fig. 19 displays the corre-

sponding one-dimensional profile likelihood func-
tion for MA: as before, the solid black line is for
the pMSSM10, the solid blue line for the NUHM2,
the dashed blue line for the NUHM1 and the dot-
ted blue line for the CMSSM. Lower MA values
for tan� <⇠ 30 are in particular disfavoured by the
LUX and other limits, as discussed in the previ-
ous subsection.
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Figure 29. The one-dimensional profile likelihood functions for various thresholds in e+e� annihilation.
Upper left panel: The threshold for �̃0

1

�̃0

1

production. Upper right panel: The threshold for associated
�̃0

1

�̃0

2

production. Lower left panel: The threshold for associated �̃0

1

�̃0

3

production. Lower right panel: The
threshold for �̃±

1

�̃⌥
1

production.

The results of our analysis of the pMSSM10 are
described in Section 3, where we provide many
details of the global likelihood function. We give
there the parameters of our best-fit pMSSM10
point, while cautioning that its squark and gluino
mass parameters are poorly constrained. On the
other hand, some of the pMSSM10 parameters in
the electroweak sector are relatively tightly con-
strained. For example, we find relatively narrow
ranges of �̃0

1

and slepton masses, which are quite
light, and thatm�̃0

1
' m�̃0

2
' m�̃±

1
in the region of

parameter space that is preferred at the 68% CL.
The light spectrum of electroweakly-interacting
sparticles is preferred by the (g � 2)µ constraint,
and the neutralino and chargino mass degenera-
cies are then required to obtain a satisfactory cold
dark matter density. In addition to the best-fit
point, we have presented and analyzed several al-
ternative pMSSM10 points with low stop, squark
and gluino masses that may serve as benchmarks
for LHC Run 2 analyses 14.

14SLHA files [37] for these points can be downloaded from
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Figure 29. The one-dimensional profile likelihood functions for various thresholds in e+e� annihilation.
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The results of our analysis of the pMSSM10 are
described in Section 3, where we provide many
details of the global likelihood function. We give
there the parameters of our best-fit pMSSM10
point, while cautioning that its squark and gluino
mass parameters are poorly constrained. On the
other hand, some of the pMSSM10 parameters in
the electroweak sector are relatively tightly con-
strained. For example, we find relatively narrow
ranges of �̃0

1

and slepton masses, which are quite
light, and thatm�̃0

1
' m�̃0

2
' m�̃±

1
in the region of

parameter space that is preferred at the 68% CL.
The light spectrum of electroweakly-interacting
sparticles is preferred by the (g � 2)µ constraint,
and the neutralino and chargino mass degenera-
cies are then required to obtain a satisfactory cold
dark matter density. In addition to the best-fit
point, we have presented and analyzed several al-
ternative pMSSM10 points with low stop, squark
and gluino masses that may serve as benchmarks
for LHC Run 2 analyses 14.

14SLHA files [37] for these points can be downloaded from

Discovery @ ILC

•The	500	GeV	ILC	can	explore	a	large	part	of	the	low	χ2	region.	
•The	1	TeV	ILC	can	explore	the	low	χ2	region.
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Figure 17. The 68% and 95% CL regions in the (mµ̃R , tan�) plane before (dashed lines) and after (solid
lines) implementation of the LHC8 and other constraints.

Figure 18. The one-dimensional profile likelihood function for Mh: the solid black line is for the
pMSSM10, the solid blue line for the NUHM2, the dashed blue line for the NUHM1, the dotted blue
line for the CMSSM, and the red line is the �2 penalty from the experimental measurement of Mh with
the assumed theoretical uncertainty of 1.5 GeV.

tanβ

δαµ ∼ 1.3× 10−9
(100GeV

mSUSY

)2
tanβ
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Figure 17. The 68% and 95% CL regions in the (mµ̃R , tan�) plane before (dashed lines) and after (solid
lines) implementation of the LHC8 and other constraints.

Figure 18. The one-dimensional profile likelihood function for Mh: the solid black line is for the
pMSSM10, the solid blue line for the NUHM2, the dashed blue line for the NUHM1, the dotted blue
line for the CMSSM, and the red line is the �2 penalty from the experimental measurement of Mh with
the assumed theoretical uncertainty of 1.5 GeV.
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Figure 19. Left panel: The two-dimensional profile likelihood function for MA versus tan�. The solid
(dashed) red/blue contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not)
apply the LHC constraints, respectively, and the green filled and empty stars indicate the corresponding
best-fit points. Right panel: The one-dimensional profile likelihood function for MA: the solid black line
is for the pMSSM10, the solid blue line for the NUHM2, the dashed blue line for the NUHM1 and the
dotted blue line for the CMSSM.

3.8. BR(Bs ! µ+µ�) Decay
We display as a black line in Fig. 20 the pro-

file likelihood in the pMSSM10 for the ratio of
BR(Bs ! µ+µ�) to the SM value. This can be
compared with the �2 penalty from the experi-
mental constraint on BR(Bs ! µ+µ�), which is
shown as a red line. It is interesting to note that
in the pMSSM10 both enhancement and suppres-
sion are possible, as opposed to the CMSSM, the
NUHM1 and the NUHM2 [16,21], in which a sup-
pression was not possible and only an enhance-
ment was allowed. This comes about because the
extra parameters in the pMSSM10 make possible
some negative interference between the SM and
SUSY amplitudes, which is not possible in the
other models when the various other constraints
are implemented.

3.9. Direct Dark Matter Detection
The left panel of Fig. 21 displays the one-

dimensional profile likelihood in the pMSSM10
form�̃0

1
with the same colour coding as in Fig. 13.

We see that, in contrast to the other models, the
pMSSM10 favours a low mass for the �̃0

1

, driven
again by the (g� 2)µ constraint. The right panel
of Fig. 21 displays the two-dimensional profile
likelihood for the lightest neutralino mass versus
the spin-independent cross-section, where the red
and blue contours show the 68% and 95% CL lev-
els respectively. The region that is excluded by
LUX [42] and XENON100 [43] is shaded green,
whereas the ‘floor’ below which the background
from atmospheric neutrinos dominates is shaded
yellow [73]. The low-mass vertical 95% CL strips
are due to points where the relic LSP density is
brought into the cosmological range by annihila-
tions through direct-channel Z and h poles.

It is interesting to note that the pMSSM10 fit
prefers rather high values of the spin-independent
cross section after application of the LHC8 con-
straints: lower values could be reached for a
Bino-like LSP, but the dark matter density con-
straint would then require stau coannihilation
and t-channel slepton exchange, which are, how-

Higgses

Run-1 mhmax limit

No tension with the Higgs mass

Heavy Higgses may be around 
the corner
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Figure 26. The (mq̃,mg̃) plane with our 68 and 95% CL contours shown as solid red and blue lines,
respectively, and the best-fit point as a green star. Also shown as solid (dashed) magenta lines are the
estimated ATLAS sensitivities for 5-� discovery (95% CL exclusion) of SUSY via the generic /ET search
with 300 fb�1 at 14 TeV.

mated 5-� discovery (95% CLs exclusion) sensi-
tivity with 300 fb�1 as solid (dashed) magenta
contours 11. This shows that a substantial region
of our preferred parameter space, including our
best-fit point, is within reach of future LHC runs.
However, we recall that the position of our best-
fit point in the (mq̃,mg̃) plane is rather poorly
determined.

In the following we revisit the mass planes of
Fig. 10, assessing carefully the decay modes of the
respective SUSY particles. A recurring theme is
that the �̃±

1

and �̃0

2

are nearly degenerate in mass
with �̃0

1

in the 68% CL region, so that squarks
and sleptons decay via �̃±

1

or �̃0

2

in large fractions
of the preferred parameter space. This general
scenario is consistently indicated using pale blue
shading.

With this in mind we turn to Fig. 27, where
in the upper left panel we explore the possi-

11The 5-� discovery contour for 3000 fb�1 is almost coin-
cident with the 95% exclusion contour for 300 fb�1.

ble future LHC sensitivity to direct stop pro-
duction in the compressed-spectrum region. As
previously, our present 68% (95%) CL contours
are shown in red (blue). The colour shadings
code the regions where the corresponding branch-
ing ratio, shown in the legend, exceeds 50% for
the point at each location that minimises the
�2 function over the remaining parameters, and
the thin diagonal dashed black lines correspond
to �m ⌘ m

˜t1 � m�̃0
1
= 0,MW + mb and mt.

The solid dashed black lines show the projected
LHC 95% CLs exclusion sensitivities for t̃

1

! �̃0

1

t
decays with 300 fb�1 [79] (similar sensitivity is
found in this region with 3000 fb�1). These do
not cover the case of a compressed spectrum re-
gion, which includes the 95% CL region where the
dominant t̃

1

decays are to �̃±
1

b. Here we rescale
from the present 95% CLs limit from the dibot-
tom analysis, assuming that m�̃±

1
�m�̃0

1
⇠ 5 GeV

and using the Collider Reach tool [80] to rescale
the production cross-section, and assume that fu-

Gluinos24

Figure 13. The one-dimensional profile likelihood functions for mg̃, mq̃, m
˜t1 , m

˜b1
, m�̃±

1
and m⌧̃1 . In

each panel the solid black line is for the pMSSM10, the solid blue line for the NUHM2, the dashed blue
line for the NUHM1 and the dotted blue line for the CMSSM.

5σ LHC14 300/fb
2σ LHC14 300/fb

gluino mass can be as light as 1.2 TeV

squarks can be decoupled from the 
gluino production

The best fit point can be explored by 
the 14TeV LHC
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Figure 10. The two-dimensional profile likelihood functions for (top left to bottom right) the masses of the
gluino, the first- and second-generation squarks, the lighter stop and sbottom squarks, the lighter chargino
and the lighter stau, each versus the lightest neutralino mass m�̃0

1
. In each panel the solid (dashed)

red/blue contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not) apply the
LHC8 constraints, respectively. The green filled and empty stars indicate the corresponding best-fit points.
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Figure 5. The (m�̃±
1
,m�̃0

1
) planes in the CMSSM (upper left), the NUHM1 (upper right), the NUHM2

(lower left) and the pMSSM10 (lower right). The red and blue solid lines are the ��2 = 2.30 and
5.99 contours. The solid (dashed) orange lines are the current and projected 3000/fb 95% CL exclusion
sensitivities for �̃±

1

�̃0

2

! W/Z + /ET searches, the green dashed lines the projected 3000/fb 95% CL
exclusion sensitivity for a �̃±

1

�̃0

2

! W/h + /ET search (both from [21]), and the magenta dashed line
is the projected 3000/fb 95% CL exclusion sensitivity for �̃±

1

�̃0

2

, �̃±
1

�̃±
1

! ⌧, ⌧̃ ! 2, 3⌧ 0s + /ET searches
(from [42]).

ever, it is not sensitive to decays involving on-shell
W bosons or t̃

1

! c�̃0

1

. We conclude that future
searches have the potential to explore parts of the
⌧̃
1

coannihilation regions of the CMSSM, NUHM1
and NUHM2, and of the �̃±

1

coannihilation region

in the pMSSM10 case 11, but no DM channel can
be fully explored by LHC searches.

11We recall that the h and Z funnels in the pMSSM10
could in principle be explored by future searches for invis-
ible h and Z decays.
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Figure 6. The (m
˜t1
,m�̃0

1
) planes in the CMSSM (upper left), the NUHM1 (upper right), the NUHM2

(lower left) and the pMSSM10 (lower right). The red and blue solid lines are the ��2 = 2.30 and 5.99
contours. The diagonal black dashed lines correspond to m

˜t1
= m�̃0

1
and m

˜t1
= mt + m�̃0

1
. In each of

the CMSSM, NUHM1 and NUHM2 panels, the solid purple line is the current 95% CL limit from the
t̃
1

! t�̃0

1

search in [43], and the dashed purple line is the 3000/fb projection from [44]. The solid and
dashed purple lines for the pMSSM10, obtained using [45] and [46] respectively, are the LHC Run 1 95%
CL limit and the projected 3000/fb 95% CL exclusion sensitivity with 3000/fb for a t̃

1

! b�̃±
1

search,
assuming a 100% branching ratio and m�̃±

1
�m�̃0

1
= 5 GeV.

4.6. The Heavy Higgs Bosons
We now study the di↵erences between the dom-

inant DM mechanisms in the pMSSM10 and the

other models in the (MA, tan�) planes shown in
Fig. 7. In the case of the CMSSM, the regions al-
lowed at the 95% CL and preferred at the 68% CL
(blue and red contours, respectively) are generally
at considerably larger MA than the LHC bound
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Figure 8. The (m�̃0
1
,�SI

p ) planes in the CMSSM (upper left), the NUHM1 (upper right), the NUHM2

(lower left) and the pMSSM10 (lower right). The red and blue solid lines are the ��2 = 2.30 and 5.99
contours, and the solid purple lines show the projected 95% exclusion sensitivity of the LUX-Zepelin
(LZ) experiment [35]. The green and black lines show the current sensitivities of the XENON100 [33]
and LUX [34] experiments, respectively, and the dashed orange line shows the astrophysical neutrino
‘floor’ [37], below which astrophysical neutrino backgrounds dominate (yellow region).

ing on protons. In [5] it was shown that similar
cancellations hold when the cross section for spin-
independent scattering on neutrons is considered,
instead of the proton case shown in Fig. 8.
Table 1 also summarizes the observability of

DM particles in direct searches in the di↵erent
scenarios considered. We see a degree of com-

plementarity between the LHC and direct DM
searches.
We have focused in this article on the prospects

for direct searches for DM scattering. A comple-
mentary probe of the properties of supersymmet-
ric DM is through indirect detection, searching
for the traces of DM annihilation in the Galaxy.
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Figure 23. The impacts of the optional anti-tachyon cut on the two-dimensional profile likelihood functions
in the (mq̃,mg̃), (m˜t1 ,m�̃0

1
), (m�̃±

1
,m�̃0

1
) and (mµ̃R ,m�̃0

1
) planes. In each panel the solid (dashed) red/blue

contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not) apply the anti-tachyon
constraint, respectively. The green filled and empty stars indicate the corresponding best-fit points.

ple that would survive the anti-tachyon cut.
Fig. 25 shows a plane of the root-mean-squared
deviations from gaugino- and sfermion-mass uni-
versality, defined by

�M,m ⌘
vuut

NX

i

(mi � m̄)2/N , (4)

where the mi denote, respectively, the various
gaugino mass parameters and the square roots
of the (positive) squark and slepton m2

0

pa-
rameters in the pMSSM10 at the GUT scale,
and m̄ denotes their respective averages. Exact
unification of the gaugino (sfermion) masses is
achieved when �M (�m) vanishes. We see that
sfermion-mass universality is quite strongly vio-

lated, and gaugino-mass universality is also dis-
favoured, though still possible at the 95% CL. As
we have already commented, the favoured points
in the narrow �̃±

1

� �̃0

1

coannihilation strip must
have near-degenerate �̃0

1

and �̃0

2

and hence M
2

'
M

1

at the SUSY-breaking scale, corresponding
to a breakdown of universality by a factor ⇠ 2 at
the GUT scale, i.e. M

1

(M
GUT

) ⇠ 2M
2

(M
GUT

).
As can also be inferred by comparing the top left
and middle right panels of Fig. 24, a violation
of GUT-scale M

3

� M
1

universality is also sug-
gested. Thus, refined future fits based on more
data might lead to a preference for some di↵erent
scenario for unification.
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Figure 27. Upper left panel: The (m
˜t1 ,m�̃0

1
) plane with our 68 and 95% CL contours shown as solid

red and blue lines, respectively, as well as coloured regions where the indicated branching ratios exceed
50%. The projected LHC sensitivity with 300 fb�1 for t̃

1

! �̃0

1

+ t decays is shown as a thick black
line, and the corresponding sensitivity for t̃

1

! �̃±
1

b decays is shown as a pale blue dashed line. Upper
right panel: The (m�̃±

1
,m�̃0

1
) plane with our 68 and 95% CL contours shown as solid red and blue lines,

respectively. The shadings indicate where the branching ratios exceed 50%. Also shown as solid (dashed)
yellow/orange/purple lines are the projected LHC 95% CLs exclusion reaches for associated �̃±

1

and �̃0

2

production with decays via W/Z/W/h/˜̀L/⌫̃`L/⌧̃L/⌫̃⌧L with 300 (3000) fb�1 of data if these decays are
dominant. Lower left panel: The (mµ̃R ,m�̃0

1
) plane with our 68 and 95% CL contours shown as solid red

and blue lines, respectively, with pale blue shading showing also where the branching ratio for µ̃R ! µ�̃0

1

is dominant, typically & 90%. The solid (dashed) pale blue lines show our estimates of the LHC 95%
exclusion reach with 300 (3000) fb�1. Lower right panel: Similarly for the (mµ̃R ,m�̃0

1
) plane, displaying

the regions where the µ̃L ! µ�̃0

1

, µ�̃0

2

/⌫µ�̃
±
1

or µ�̃0

4

/⌫µ�̃
±
2

decay modes have branching ratios exceeding
50%. The red lines indicate the 95% exclusion reach with 300 (3000) fb�1 if µ̃L ! µ�̃0

1

were dominant,
but are also indicative for the decay into �̃±

1

/�̃0

2

that have masses nearly degenerate with �̃0

1

.
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T cuts on the lepton or photon reduce the W� background. These cuts
will gain in e�cacy as missing transverse momentum becomes much larger than inter-electroweakino mass
splittings, as will occur at a 100 TeV collider, because the electroweakino Lorentz boosts (��0

2
and ��±
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) and

mass splittings typically produce smaller lepton and photon transverse momenta.

the anti-kT jet algorithm [112, 113] for clustering partons into jets, with R = 0.5. We simulate the

detector acceptance using Delphes3 [114], with the Snowmass detector card [115]. For generator-

level cuts we require one jet with pT,j > 600 GeV and a minimum missing transverse momentum

/pT > 1.5 TeV. Our results only rely on the leading order pp ! �0
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j cross-sections, which

will be increased by NLO contributions [106, 116, 117], threshold and transverse momentum

resummation [118, 119], and weak boson fusion [96].

To illustrate why this analysis works with maximum cuts on lepton and photon momenta, we

show the lepton and photon transverse momentum distributions for a m� = 200 GeV bino-wino

with a 10 GeV inter-neutralino mass splitting in Figure 7. For the LHC with 14 TeV we find many

W�j background events with a soft lepton and a soft photon. As the collider energy and the cuts

on the hard jet and the missing transverse momentum increase, the background lepton and photon

become harder. Both of them show a correlation with the missing transverse momentum cut of

/pT > 1.5 TeV, making it easier to remove this background with a maximum photon and lepton

pT requirement.

We now proceed to the analysis of the bino-wino portion of the relic neutralino surface. To

probe this parameter regime we decouple the higgsino fraction at |µ| = 4 TeV. Adjusting M
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and M
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allows us to follow the line with the correct relic density. As the mass splitting varies as

we traverse the surface, one would ideally optimize the cuts at each M
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point to maximize

the e�ciency. Here, for simplicity, we work with only two sets of cuts; one set for M
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> 900GeV where the LSP is

more wino.
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Figure 8. The (m�̃0
1
,�SI

p ) planes in the CMSSM (upper left), the NUHM1 (upper right), the NUHM2

(lower left) and the pMSSM10 (lower right). The red and blue solid lines are the ��2 = 2.30 and 5.99
contours, and the solid purple lines show the projected 95% exclusion sensitivity of the LUX-Zepelin
(LZ) experiment [35]. The green and black lines show the current sensitivities of the XENON100 [33]
and LUX [34] experiments, respectively, and the dashed orange line shows the astrophysical neutrino
‘floor’ [37], below which astrophysical neutrino backgrounds dominate (yellow region).

ing on protons. In [5] it was shown that similar
cancellations hold when the cross section for spin-
independent scattering on neutrons is considered,
instead of the proton case shown in Fig. 8.
Table 1 also summarizes the observability of

DM particles in direct searches in the di↵erent
scenarios considered. We see a degree of com-

plementarity between the LHC and direct DM
searches.
We have focused in this article on the prospects

for direct searches for DM scattering. A comple-
mentary probe of the properties of supersymmet-
ric DM is through indirect detection, searching
for the traces of DM annihilation in the Galaxy.
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• 1σ: will be explored by LZ
• complementarity with the LHC SUSY searches



Summary
Global fit

tells us the status of models
helps us to come up with strategy of discovery
becomes more important after the discovery



Summary
pMSSM 10 fit

sampled 109 points fast calculation of LHC limit

Result
X2/ndof	 p-value	

CMSSM	 32.8/24	 11	%	

NUHM1	 31.1/23	 12	%	

NUHM2	 30.3/22	 11	%	

pMSSM10	 20.5/18	 31	%	

pMSSM10 looks healthy 
Higgs 
Dark Matter 
(g-2)μ 
LHC SUSY limit

Implication

• Chargino1 ~ Neutralino1 @ 1σ

• M1 < 500GeV, Mslepton < 1TeV @ 2σ HL-LHC and LZ DM 
detection can explore the 
preferred region! 


