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We present a frequentist analysis of the parameter space of the pMSSM10, in which the following 10 soft
SUSY-breaking parameters are specified independently at the mean scalar top mass scale M

SUSY

⌘ p
m

˜t1
m

˜t2
:

the gaugino masses M
1,2,3, the first-and second-generation squark masses mq̃1 = mq̃2 , the third-generation squark

mass mq̃3 , a common slepton mass m
˜` and a common trilinear mixing parameter A, as well as the Higgs mixing

parameter µ, the pseudoscalar Higgs mass MA and tan�, the ratio of the two Higgs vacuum expectation values.
We use the MultiNest sampling algorithm with ⇠ 1.2⇥ 109 points to sample the pMSSM10 parameter space. A
dedicated study shows that the sensitivities to strongly-interacting sparticle masses of ATLAS and CMS searches
for jets, leptons + /ET signals depend only weakly on many of the other pMSSM10 parameters. With the aid
of the Atom and Scorpion codes, we also implement the LHC searches for electroweakly-interacting sparticles
and light stops, so as to confront the pMSSM10 parameter space with all relevant SUSY searches. In addition,
our analysis includes Higgs mass and rate measurements using the HiggsSignals code, SUSY Higgs exclusion
bounds, the measurements of BR(Bs ! µ+µ�) by LHCb and CMS, other B-physics observables, electroweak
precision observables, the cold dark matter density and the XENON100 and LUX searches for spin-independent
dark matter scattering, assuming that the cold dark matter is mainly provided by the lightest neutralino �̃0

1

.
We show that the pMSSM10 is able to provide a supersymmetric interpretation of (g � 2)µ, unlike the CMSSM,
NUHM1 and NUHM2. As a result, we find (omitting Higgs rates) that the minimum �2 = 20.5 with 18 degrees of
freedom (d.o.f.) in the pMSSM10, corresponding to a �2 probability of 30.8%, to be compared with �2/d.o.f. =
32.8/24 (31.1/23) (30.3/22) in the CMSSM (NUHM1) (NUHM2). We display the one-dimensional likelihood
functions for sparticle masses, and show that they may be significantly lighter in the pMSSM10 than in the other
models, e.g., the gluino may be as light as ⇠ 1250 GeV at the 68% CL, and squarks, stops, electroweak gauginos
and sleptons may be much lighter than in the CMSSM, NUHM1 and NUHM2. We discuss the discovery potential
of future LHC runs, e+e� colliders and direct detection experiments.

KCL-PH-TH/2015-15, LCTS/2015-07, CERN-PH-TH/2015-066,

DESY 15-046, FTPI-MINN-15/13, UMN-TH-3427/15, SLAC-PUB-16245, FERMILAB-PUB-15-100-CMS
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EXPERIMENTAL CONSTRAINTS

We use a suite of constraints from

• Higgs Physics
• Precision Electroweak
• Direct Detection and Cosmology 
• Flavour Physics
• LHC SUSY Searches

SoftSusy, FEWZ,  FeynHiggs, SuFla, SuperIso, Micromegas, SSARD, 
HiggsSignals, HiggsBounds, ATOM

See also yesterday’s talk.



DARK MATTER PHENOMENOLOGY

Fits provide a rich dataset.

How is relic density set in the pMSSM?

How does LHC probe the pMSSM by mechanism?

Direct detection prospects?



RELIC DENSITY MECHANISMS

Relic density depletion requires relations between sparticle masses.

In the MSSM this happens through resonant DM annihilation (‘funnel’) 
or co-annihilation

Credit: Cohen/Wacker 2013

Resonant/funnel/s-channel Co-annihilation/t-channel



Credit: Cohen/Wacker 2013

Resonant/funnel/s-channel Co-annihilation/t-channel

RELIC DENSITY MECHANISMS

Also for :
• Light Higgs h
• Heavy Higgs A/H

Also for :
• stau co-annihilation
• chargino co-annihilation



RELIC DENSITY MECHANISMS

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

3

straint do fulfill at least one of these conditions,
and that they indeed correspond to the dominant
DMmechanisms (in the sense of giving the largest
fractions of final states, generally & 50%) [4, 18].
We have found that there are some ‘hybrid’ re-
gions where the dominant mechanism requires
two of these conditions simultaneously. In partic-
ular, there are regions where the dominant DM
mechanism is ⌧̃+

1

⌧̃�
1

! b̄b or t̄t, processes involv-
ing both stau coannihilation and annihilation via
the A/H funnel, which we colour purple. There
are also regions where the chargino coannihilation
condition is satisfied simultaneously with the stau
coannihilation or A/H funnel condition. How-
ever, a dedicated study using MicrOMEGAs [19]
shows that chargino coannihilation is the dom-
inant DM mechanism in these regions, and that
hybrid processes dependent on the m�̃±

1
and some

other degeneracy conditions being valid simulta-
neously are unimportant, so we colour these re-
gions the same green as the other chargino coan-
nihilation regions.

The above DM mechanism conditions need to
be modified for our analysis of the pMSSM10.
First, as we see later, funnels due to annihila-
tions via direct-channel h and Z resonances can
be important [11], so for the pMSSM10 we add
to (1) the supplementary criteria:

h funnel (magenta) :

�����
Mh

m�̃0
1

� 2

����� < 0.4 ,

Z funnel (orange) :

�����
MZ

m�̃0
1

� 2

����� < 0.4 . (2)

Secondly, we find that chargino coannihilation
dominates in the pMSSM10 also when the sec-
ond condition in (1) is relaxed: we use later the
condition |m�̃±

1
/m�̃0

1
� 1| < 0.25 in our subse-

quent analysis, which reproduces better the do-
mains of dominance by �̃±

1

coannihilation 1. Fi-
nally, we recall that the focusing property of the
RGEs is not relevant in the pMSSM10. However,
the LSP annihilation rate may still be enhanced
when the fifth measure in (1) is satisfied, due to

1This approach yields results similar to those of [18], where
empirical constraints combining the masses and neutralino
mixing matrix elements are used.

a larger Higgsino component in the LSP, though
we find that the dominant DM mechanism in the
pMSSM10 generally does not involve this prop-
erty. dWe use the same cyan colour to identify
regions where this condition is satisfied, though
it is not due to focus-point behaviour.

Our discussion here of DM mechanisms is
based on our previously-published global likeli-
hood analyses of the CMSSM and NUHM1 [3],
the NUHM2 [4] and the pMSSM10 [5]. The
reader wishing to know details of our treat-
ments of the various experimental, phenomeno-
logical, theoretical and cosmological constraints,
as well as our strategies for scanning the parame-
ter spaces of these models is referred to [3–5,20].

3. Dominant Dark Matter Mechanisms

In this section we discuss the various mecha-
nisms that play dominant rôles in bringing the
relic density into the experimentally measured in-
terval in our four models. We display in Fig. 1
(m

0

,m
1/2) planes for the CMSSM (upper left) [3],

the NUHM1 (upper right) [3] and the NUHM2
(lower left) [4], while for the pMSSM10 we show
the (mq̃,m�̃0

1
) plane (lower right), where mq̃ de-

notes the mass of the squarks of the first two
generations, which we assume to be common 2.
The ��2 = 2.30 and 5.99 contours that we found
in global fits to these models, corresponding ap-
proximately to the 68 and 95% CL contours, are
shown as solid red and blue lines, respectively.
Here and elsewhere, the green stars indicate the
best-fit points, whose exact locations in some pa-
rameter planes are poorly determined and do not
carry much useful information, in general, as the
�2 minima are quite shallow. Also shown, as
solid purple lines, is the current 95% CL CMSSM
exclusion from /ET searches at the LHC 3. The
dashed purple contours in the CMSSM, NUHM1
and NUHM2 cases show the prospective 5-� dis-

2In some cases, these and subsequent figures may include
small updates from the versions shown previously [3–5], as
they incorporate the latest implementations of the exper-
imental constraints.
3As discussed in [3,4], this exclusion curve can be applied
to the NUHM1 and NUHM2, also in the range of m

0

< 0
shown in these plots, where we interpret negative m

0

=

Sign(m2

0

)
q

m2

0

.

How to quantify this?

Conditions cross-checked from Micromegas output



CONSTRAINED MODELS
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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.
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Figure 4. The (mq̃,mg̃) 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 (dashed) purple lines are the current and (projected) 95% exclusion contours for
/ET searches at the LHC (with 300/fb of data at 14 TeV). The solid lines are almost identical with the
contours for 5-� discovery with 3000/fb.

in a narrow strip where m�̃±
1

⇠ 2m�̃0
1
. This re-

flects the fact that in the CMSSM, NUHM1 and
NUHM2 universal boundary conditions are im-
posed on the gaugino masses at the GUT scale.
We see that ⌧̃

1

coannihilation dominates over
most of the 95% CL region in this projection of
the pMSSM10 parameter space, though not in
the 68% CL region, which has small m�̃±

1
�m�̃0

1

and is where �̃±
1

coannihilation dominates 9. On
the other hand, in the CMSSM, NUHM1 and
NUHM2, the H/A funnel dominates most of the
95% CL regions in the (m�̃±

1
,m�̃0

1
) planes, and

also the 68% CL region in the CMSSM, whereas

9We also note in Fig. 5 the appearance of an uncoloured
region with m�̃0

1
. 150 GeV, which is where ‘bulk’ anni-

hilation dominates.
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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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the 95% CL exclusion sensitivity of the LHC with 3000/fb assuming mg̃ � mq̃, and the dash-dotted lines
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(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 3. The (m
0

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

(lower left), showing the regions where the lowest-�2 points have ��2 < 5.99 and 103s > ⌧⌧̃1 > 10�7s:
the lifetimes [7] of these points are colour-coded, as indicated in the legends. The red and blue contours
are for ��2 < 2.30(5.99) relative to the absolute minimum. Also shown in these panels as solid purple
contours are the current LHC 95% exclusions from /ET searches in the ⌧̃

1

coannihilation regions, and as
dashed purple contours 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. As
discussed in the text, the sensitivities of LHC searches for metastable ⌧̃

1

’s in the ⌧̃
1

coannihilation region
are expected to be similar [29]. The lower right panel shows the one-dimensional ��2 function in the
pMSSM10 for the lifetime of the ⌧̃

1

in the range 103s > ⌧
NLSP

> 10�7s.

4.4. Charginos and Neutralinos
The di↵erences between the dominant DM

mechanisms in the pMSSM10 and the other mod-
els studied are highlighted in Fig. 5, which dis-
plays the (m�̃±

1
,m�̃0

1
) planes in the CMSSM (up-

per left), the NUHM1 (upper right), the NUHM2
(lower left) and the pMSSM10 (lower right). The

diagonal dashed lines indicate where m�̃±
1
= m�̃0

1
.

As usual, the red and blue solid lines are the
��2 = 2.30 and 5.99 contours. In the pMSSM10
case, the region preferred at the 68% CL is a nar-
row strip where m�̃±

1
�m�̃0

1
is small, whereas in

the other models much of the 68% CL region is

LONG LIVED SPARTICLES

In constrained models, squark/gluino limits also push up the LSP mass

Heavier LSP implies greater NLSP degeneracy for correct annihilation 
cross-section

CMSSM8

Figure 2. The one-dimensional ��2 profile likelihood functions in the CMSSM (upper left), the NUHM1
(upper right), the NUHM2 (lower left) and the pMSSM10 (lower right) for m⌧̃1 �m�̃0

1
< 100 GeV. In the

CMSSM, NUHM1 and NUHM2, low values of �2 are found for points with m⌧̃1 �m�̃0
1
⇠ MeV, whereas

in the pMSSM10 ��2 rises to ⇠ 8 at small m⌧̃1 �m�̃0
1
.

3000/fb) are shown as dashed purple lines. The
CMSSM panel shows again that the ⌧̃

1

coannihila-
tion region is within the LHC reach in this model.
However, in the NUHM1 and the NUHM2 only
portions of the ⌧̃

1

coannihilation regions are ac-
cessible at the LHC, along with small pieces of the
H/A funnel regions. In the case of the NUHM2
the small t̃

1

coannihilation regions are also well
within the LHC reach.
The pMSSM10 panel shows a completely dif-

ferent picture: �̃±
1

coannihilation dominates
throughout the (mq̃,mg̃) plane, as discussed at
the end of Sect. 3, and the likelihood function is
very flat beyond the current LHC /ET exclusion.
The LHC at 14 TeV will explore a large part of
the (mq̃,mg̃) plane, but a (more) complete explo-
ration would be a task for a higher-energy col-
lider [24].
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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.

DIRECT DETECTION PHENOMENOLOGY5

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.

Projected LZ bound

Cancellations in 
matrix elements here
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DM Exp’t Models
mechanism CMSSM NUHM1 NUHM2 pMSSM10

⌧̃
1

LHC X /ET , X LL (X /ET , X LL) (X /ET , X LL) (X /ET ), ⇥ LL
coann. DM (X) (X) ⇥ ⇥
�̃±
1

LHC – ⇥ ⇥ (X /ET )
coann. DM – X X (X)

t̃
1

LHC – – X /ET –
coann. DM – – ⇥ –
A/H LHC X A/H (X A/H) (X A/H) –
funnel DM X X (X) –
Focus LHC (X /ET ) – – –
point DM X – – –
h, Z LHC – – – (X /ET )

funnels DM – – – (X)

Table 1
Summary of the detectability of supersymmetry in the CMSSM, NUHM1, NUHM2 and pMSSM10 models
at the LHC in searches for /ET events, long-lived charged particles (LL) and heavy A/H Higgs bosons, and
in direct DM search experiments, depending on the dominant mechanism for bringing the DM density
into the cosmological range. The symbols X, (X) and ⇥ indicate good prospects, interesting possibilities
and poorer prospects, respectively. The symbol – indicates that a DM mechanism is not important for the
corresponding model. The LHC information is drawn largely from Figs. 1, 3 and 4, and the direct DM
search information from Fig. 8.

the preferred ⌧̃
1

stau coannihilation region lies
just outside the current LHC 95% CL exclusion
region (solid purple line). On the other hand, the
A/H-funnel region allowed in the CMSSM at the
95% CL lies well outside this region. However,
this is no longer the case in the NUHM1 and
particularly the NUHM2, where portions of the
A/H-funnel region lie much closer to the LHC
95% CL exclusion. This is possible mainly be-
cause the Higgs mass constraint is less restrictive
in these models. In the CMSSM, the future LHC
sensitivity estimated in Fig. 1 of [24] (dashed pur-
ple line) covers the region where ⌧̃

1

coannihilation
is dominant, and a part of the hybrid region. It
also covers slices of the H/A funnel region and of
the focus-point region. Similar features are seen
in the NUHM1, except that the focus-point re-
gion is not visible in this case, but the LHC /ET

search has no sensitivity in the �̃±
1

coannihilation
region. In the case of the NUHM2, the /ET search
is sensitive to only part of the ⌧̃

1

coannihilation,
and none of the �̃±

1

coannihilation region, but it
does cover part of the H/A funnel region and all

the t̃
1

coannihilation region. In the pMSSM10
case, parts of the �̃±

1

coannihilation region and
the low-m�̃0

1
band are accessible to future LHC

searches 7, though the future LHC /ET searches
are less sensitive if mg̃ � mq̃ (dashed line) than if
mg̃ = 4.5 TeV (dotted line). Table 1 summarizes
the observability of /ET events that we estimate
in the di↵erent models considered, depending on
the dominant DM mechanism in each case.

4.2. The Possibility of a Long-Lived
Charged Sparticle

In some circumstances, a charged sparticle such
as the ⌧̃

1

or the �̃±
1

may be the NLSP, and be only
slightly more massive than the LSP, so that it can

7In principle, these bands are accessible to precise searches
for invisible Z and h decays. However, we found in a sur-
vey of the pMSSM10 (mq̃ ,m�̃0

1
) plane in Fig. 1 that the

Z ! �̃0

1

�̃0

1

branching ratio exceeds the current experi-
mental uncertainty of 1.5 MeV for only a handful of the
lowest-�2 points. Likewise, the h ! �̃0

1

�̃0

1

branching ra-
tio exceeds 0.1 also for just a handful of points. Invisi-
ble Z and h decays both present opportunities for future
searches.

SUMMARY OF DETECTABILITY
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FIG. 1: The dashed red line shows �

�
�

0

�

0 ! W

+

W

��
v in cm3/s. The solid blue line shows

�

�
�

0

�

0 ! � �

�
v + 1

2

�

�
�

0

�

0 ! � Z

0

�
v in cm3/s. All three cross sections are computed in the

tree-level-SE approximation. One-loop e↵ects have been shown to reduce the cross section to line
photons by as much as a factor of 4 (see Sec. III B). The exclusion from Fermi (relevant for the
W

+

W

� channel) is the shaded red region, which is bordered by the dashed line. The exclusion
from H.E.S.S. (relevant for the � � + 1

2

� Z

0 channel) is the shaded blue region, which is bordered
by the solid line. These exclusion contours assume that the wino abundance is set by thermal
freeze-out. The H.E.S.S. limit is appropriate for an NFW profile, see Sec. III A. The shaded yellow
region between the dotted lines corresponds to ⌦ h

2 = 0.12 ± 0.006. In the black shaded region, a
thermal wino exceeds the observed relic density.

which the LHC and direct detection experiments are not sensitive. In particular, if the wino

makes up a non-trivial fraction of the DM, it can lead to observable rates for experiments that

search for photons from DM annihilation. Even in this case, the perturbative annihilation

cross section for winos is not always large enough to be observable. However, as the wino

mass becomes large with respect to the W±-boson mass, non-perturbative SE e↵ects due

to the presence of a relatively long-range potential become important, especially at low

velocities. The impact of the SE on wino annihilation has been studied in detail [1–8]

and must be properly accounted for when computing the wino relic density, as well as its

present-day annihilation cross section. Following [1–4], we take the mass dependence for

most cross sections to be proportional to 1/M2

2

. However, we include the appropriate phase-

space and propagator factors for wino annihilations to W+W� and � Z0 today as they are

numerically relevant at low mass. This implies that our relic density is a slight overestimate

at O(100 GeV) masses. Appendix A reviews the procedure we follow to compute these

non-perturbative e↵ects, and we refer the reader there for an overview of the computation,

Cohen, Lisanti, Pierce, Slatyer 2013

Will be interesting to incorporate 
recent Fermi-LAT dwarf satellite limitsMAGIC/Fermi-LAT combined dark matter searches Matthew Wood
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Figure 1: 95% CL upper limits on the thermally-averaged cross section for DM particles annihi-
lating into bb̄ (upper plots) and t+t� (lower plots). Thick solid lines show the combined limits
obtained by merging the Fermi-LAT observations of 15 dSphs (left plots) or Segue 1 (right plots)
with MAGIC observations of Segue 1. Dashed lines show the individual MAGIC (short dashes)
and Fermi-LAT (long dashes) limits. J-factor statistical uncertainties are included. For the Segue 1
results, we also show (thin-solid line) the combined limits assuming a fixed J-factor (no statistical
uncertainties). The thin-dotted line, green and yellow bands show, respectively, the median and the
symmetrical, two-sided 68% and 95% containment bands for the distribution of limits under the
null (H0 : hsvi=0) hypothesis (see main text for more details). The red-dashed-dotted line shows
the thermal relic cross section from [24].

5. Discussion and Conclusions

This work presents, for the first time, limits to the DM annihilation cross-section from a com-
prehensive analysis of gamma-ray data of energies between 500 MeV and 10 TeV. Using a com-
mon, homogeneous analysis approach (both in the applied statistical methods and in the determi-
nation of the J-factors), we have combined the MAGIC observations of Segue 1 with Fermi-LAT
observations of 15 dSphs. This allowed the computation of meaningful global DM limits, and the
direct comparison of the individual results obtained with different instruments. Our results span the
DM particle mass range from 10 GeV to 100 TeV – the widest range covered by a single analysis
to date.

We have not observed any DM signal. Consequently, we set limits on the DM annihilation
cross-section. Our results are the most constraining from observations of dSphs in the considered
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SUMMARY

DD and Collider searches will probe variety of DM 
mechanisms in near future

Charged track searches in constrained models

Run II + CTA/SKA/HESS/Fermi-LAT = Interesting times 
ahead!


