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1. Why are global fits necessary? 
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Comparing BSM theories to data

• Lots of theories for BSM physics


• For each theory, a parameter space 
of varying phenomenology


• Many different experiments can 
constrain each theory
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Comparing BSM theories to data

…

What to do when there are many parameters and many constraints?  
A global fit.
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Global fits

• Calculate combined likelihood function including observables 
from collider physics, dark matter, flavor physics, +++


 

• Use sophisticated scanning techniques to explore likelihood 
function across the parameter space of the theory


• Test parameter regions in a statistically sensible way — not just 
single points (parameter estimation) 

• Test different theories the same way (model comparison) 
 

L = LcolliderLDMLflavorLEWPO . . .

 7



Anders Kvellestad  7

Global fits

• Calculate combined likelihood function including observables 
from collider physics, dark matter, flavor physics, +++


 

• Use sophisticated scanning techniques to explore likelihood 
function across the parameter space of the theory


• Test parameter regions in a statistically sensible way — not just 
single points (parameter estimation) 

• Test different theories the same way (model comparison) 
 

L = LcolliderLDMLflavorLEWPO . . .

 7

histograms 
of «allowed 
points»



Anders Kvellestad  7

Global fits

• Calculate combined likelihood function including observables 
from collider physics, dark matter, flavor physics, +++


 

• Use sophisticated scanning techniques to explore likelihood 
function across the parameter space of the theory


• Test parameter regions in a statistically sensible way — not just 
single points (parameter estimation) 

• Test different theories the same way (model comparison) 
 

L = LcolliderLDMLflavorLEWPO . . .

 7



Anders Kvellestad  8

2. Why are global fits difficult? 
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⇥
[long calculation time per observable per parameter point]
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• Need many observables to constrain many parameters


• Observable calculations generally introduce additional 
parameters → nuisance parameters


• Typically need to interface several external tools 


• Need consistent treatment of uncertainties across 
different calculations and codes


• Need to make observable calculations as reusable as possible
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• Some observables require very time-consuming calculations 
(e.g. MC simulation of LHC searches) 


• Sort likelihood calculations from quickest to slowest


• Optimize calculations as much as possible


• Parallelize calculations


• Make approximations when valid 
Typically requires expert knowledge 
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• Some observables require very time-consuming calculations 
(e.g. MC simulation of LHC searches) 


• Sort likelihood calculations from quickest to slowest


• Optimize calculations as much as possible


• Parallelize calculations


• Make approximations when valid 
Typically requires expert knowledge 

What about LHC non-discoveries?

•They tell us a lot, but are infamously hard to reinterpret 

– how should we do that?

ATLAS stop limit with 
simplified model assumptions

ATLAS stop limit without 
assumptions → no limit!

from Martin White
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• Some observables require very time-consuming calculations 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[large number of observables]
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lim
D!1

Vinteresting

Vtotal
= 0

…

Finding interesting parameter regions gets harder 
with increasing number of dimensions…

…so simply picking points «at random» will be 
highly inefficient…
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…and it will mainly explore the boundary of the parameter space!

…
p

~x = (x1, x2, . . . , xD) xi ⇠ U(0, 1)

0 1

(

P (boundary) = 1� P (not boundary) = 1� pD

Need to use some smart sampling algorithms
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1

⇥

[huge number of points required to explore parameter space]

[large number of observables]

⇥
[long calculation time per observable per parameter point]

⇡

How to tackle these challenges? 
How to avoid reinventing the wheel for every new analysis? 
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3. GAMBIT and what it can  
    do for you
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GAMBIT 
The Global And Modular BSM Inference Tool

• A new and general framework for BSM global fits


• Fully open source 

• Modular design: can be extended with  
— new models 
— new likelihoods 
— new theory calculators 
— new scanning algorithms


• Use external codes (backends) as runtime plugins 
— Supported languages:  
     C, C++, Fortran, Python and Mathematica


• Two-level parallellization with MPI and OpenMP


• Hierarchical model database  

• Flexible output streams (ASCII, HDF5, …)


• Many scanners and backends already included 
gambit.hepforge.org

http://gambit.hepforge.org


Anders Kvellestad

G A M B I T

G A M B I T

Pat Scott – Mar 20 2018 – Moriond QCD Global analyses of supersymmetry with GAMBIT 20
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GAMBIT 
What’s in the box?

Core 
• Models


Physics modules 
• ColliderBit: fast LHC sim, Higgs searches, LEP SUSY limits 

• DarkBit: relic density, gamma ray signal yields, ID/DD likelihoods

• FlavBit: wide range of flavour observables & likelihoods

• SpecBit: spectrum objects, RGE running

• DecayBit: decay widths

• PrecisionBit: precision BSM tests


Statistics and sampling 
• ScannerBit: stats & sampling (Diver, MultiNest, T-Walk, ++) 


Backends (external tools)

EPJC, arXiv:1705.07908


EPJC, arXiv:1705.07919

EPJC, arXiv:1705.07920

EPJC, arXiv:1705.07933


EPJC, arXiv:1705.07936


EPJC, arXiv:1705.07959


}

 21
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GAMBIT 
Code structureGAMBIT Structure

Core

ColliderBit DarkBit FlavBit PrecisionBit SpecBit

ScannerBitModels

Physics Modules

Backends: 
FlexibleSUSY, SPheno, FeynHiggs, 

HiggsBounds, HiggsSignals, PYTHIA, 
Delphes, BuckFast*, SUSYHit, DarkSUSY, 

micrOMEGAs, nuLike, DDCalc*, 
GamLike*, SuperISO, gm2Calc

*New!

DecayBit

Scanners: 
MultiNest, 

Diver*, 
GreAT, 
twalk*

 22
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GAMBIT 
Code structure

• Basic building blocks: module functions 

• A physics module: a collection of module 
functions related to the same physics topic


• Each module function has a single capability 
(what it calculates) 


• A module function can have dependencies 
on the results of other module functions


• A module function can declare which 
models it can work with 

• GAMBIT determines which module functions 
should be run in which order for a given scan 
(dependency resolution) 

 23
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GAMBIT 
Dependency resolution40

CMSSM_parameters
Type: ModelParameters

Function: primary_parameters
Module: CMSSM

LibFirst_1_1_init
Type: void

Function: LibFirst_1_1_init
Module: BackendIniBit

nevents_postcuts
Type: int

Function: predicted_events
Module: ExampleBit_B

Example_lnL_B
Type: double

Function: example_lnL
Module: ExampleBit_B

LibFortran_1_0_init
Type: void

Function: LibFortran_1_0_init
Module: BackendIniBit

function_pointer
Type: fptr

Function: function_pointer_retriever
Module: ExampleBit_A

particle_id
Type: std::string

Function: particle_identity
Module: ExampleBit_B

ptr_arr_tests
Type: int

Function: ptrArrTester
Module: ExampleBit_B

test_BE_Array
Type: double

Function: Backend_array_test
Module: ExampleBit_A

test_vector
Type: std::vector<double>

Function: exampleVec
Module: ExampleBit_B

nevents
Type: double

Function: nevents_pred
Module: ExampleBit_A

nevents
Type: int

Function: nevents_pred_rounded
Module: ExampleBit_A

eventLoopManagement
Type: void

Function: eventLoopManager
Module: ExampleBit_A

event
Type: float

Function: exampleEventGen
Module: ExampleBit_A

event
Type: int

Function: exampleCut
Module: ExampleBit_A

eventAccumulation
Type: int

Function: eventAccumulator
Module: ExampleBit_A

Example_lnL_A
Type: double

Function: nevents_like
Module: ExampleBit_A

xsection
Type: double

Function: test_sigma
Module: ExampleBit_A

G A M B I T

Fig. 5: An example dependency tree generated in the initial-
isation stage of a GAMBIT scan. Each block corresponds to a
single module function, with the red text indicating its capa-
bility. Arrows indicate resolution of dependencies of di�erent
module functions with the results of others. The functions se-
lected by the dependency resolver to provide the observables
and likelihoods requested in the ObsLikes section of the scan’s
input YAML file are shaded in green. Module functions shown
shaded in purple are nested module functions. These run
in an automatically-parallelised loop managed by a loop man-
ager function, which is shown shaded in blue. This example
is included in the GAMBIT distribution as spartan.yaml; see
Sec. 12.1 for more details. Figures like this can be generated
for any scan by following the instructions provided after calling
GAMBIT with the -d switch; see Sec. 6.1 for details.

6. Adopt the Rules specified in the initialisation file (see
Sec. 6.5), removing non-matching module functions
from the list.

7. If exactly one module function is left on the list,
resolve the quantity requested by the target function
with the capability provided by that module function.
This automatically connects the pipe of the target
function to the result of the resolving function.

8. If the resolving function was not already activated
for the scan, activate it and add its dependencies to
the dependency queue (with the resolving function
as new target function).

9. Resolve backend requirements, as described below.
10. Resolve module function options, as described below.
11. Repeat from step 3 until the dependency queue is

empty.

7.2 Evaluation order

After building up the dependency tree of module func-
tions, the dependency resolver determines the initial
runtime ordering of its chosen module functions. An
obvious minimal requirement is that if the output of

module function A is required by module function B, A
is evaluated before B. We do this by topologically sort-
ing the directed dependency tree, using graph-theoretic
methods from the Boost Graph Library18.

In most cases, the evaluation order of the observables
and likelihoods listed in the ObsLikes section (Sec. 6.4)
remains unconstrained by the topological sorting. The
dependency resolver first orders the likelihoods by es-
timating the expected evaluation time for each one,
including all dependent module functions, along with
the probability that each likelihood will invalidate a
point. (A point may be invalidated if the likelihood is
extremely close to zero, the point is unphysical, etc.)
These estimates are based on the runtime and invalida-
tion frequency of the previously calculated points, and
updated on the fly during the scan. The dependency
resolver then sorts the evaluation order of likelihoods
such that the expected average time until a point is in-
validated is minimised. In practice this means that, for
instance, the relatively fast checks for consistency of a
model with physicality constraints, such as perturbativ-
ity and the absence of tachyons, would be automatically
performed before the often time-consuming evaluation
of collider constraints. This gives a significant e�ciency
gain in a large scan, because expensive likelihoods are
not even evaluated for points found to be invalid or
su�ciently unlikely on the basis of faster likelihoods.

Observables not associated with likelihoods used to
drive a scan (cf. 6.4) are always calculated after the
likelihood components, as they do not have the power to
completely invalidate a model point. Invalid observable
calculations can still be flagged, but they will not trigger
the termination of all remaining calculations for that
point in the way that an invalid likelihood component
will.

7.3 Resolution of backend requirements

Resolving backend requirements is in some sense a lot
easier than resolving module function dependencies, in
that backend requirements cannot themselves have ex-
plicit backend requirements or dependencies, so there is
no equivalent of the dependency tree to build. However,
the ability to specify groups of backend functions from
which only one requirement must be resolved, along
with rules that apply to them (Sec. 3.1.3), especially
the declaration that backend requirements that share a
certain tag must be resolved from the same backend —
without necessarily specifying which backend — makes
backend resolution a uniquely challenging problem.

18http://www.boost.org/doc/libs/1_63_0/libs/graph/doc/
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GAMBIT 
Dependency resolution

 25
Status of the WIMP

Felix Kahlhoefer    |    10 April 2018
9

How does GAMBIT work?

● User speci<es the model, parameter space, observables and scanning technique

● GAMBIT then performs the dependency resolution

– Identi<cation of all functions necessary to calculate requested observables

– Dynamic adaptation to the user’s system

– Determination of the required inputs for each function

– Construction of the optimum order of function evaluation

● A scan then consists of calling all necessary modules 
and external libraries in the required order for each 
parameter point

from Felix Kahlhoefer
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GAMBIT 
Hierarchical model database

• A model is a collection of named parameters


• Models can be related (e.g. MSSM9 is a parent of MSSM7)


• Points in child model automatically translated to ancestor models


• Ensures maximum reuse of calculations and minimizes risk of mistakes

 26

SUSY models in GAMBIT

Models live in a hierarchy in GAMBIT:

MSSM63atQ_mA

MSSM30atQ

MSSM63atMGUT

MSSM63atMSUSY

MSSM30atQ_mA

MSSM25atQ

MSSM30atMGUT

MSSM30atMSUSY

MSSM25atQ_mA MSSM24atQ_mA

MSSM20atQ_mA

MSSM19atQ_mA

MSSM20atQ

MSSM24atQ

MSSM19atQ

MSSM20atMSUSY

MSSM20atMGUT

MSSM16atQ_mA

MSSM15atQ_mA

MSSM11atQ_mA

MSSM9batQ_mA

MSSM10catQ_mA

MSSM16atQ

MSSM11atQ

MSSM15atQ

MSSM10atQ

MSSM10batQ
MSSM9atQ

MSSM10batQ_mA

MSSM10atQ_mA

NUHM2

MSSM63atMGUT_mA

MSSM25atMGUT

MSSM30atMGUT_mA

NUHM1 CMSSM mSUGRAMSSM63atMSUSY_mA

MSSM30atMSUSY_mA

MSSM25atMSUSY

MSSM25atMSUSY_mA
MSSM20atMSUSY_mA

MSSM25atMGUT_mA
MSSM20atMGUT_mA

MSSM10catQ

MSSM9batQ

This provides many neat computational
advantages – quiz me at co�ee/dinner.

Pat Scott – Mar 20 2018 – Moriond QCD Global analyses of supersymmetry with GAMBIT
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YAML files
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Backends
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• A backend is an external code (C, C++, Fortran, Python, Mathematica)


• Connected to GAMBIT as a runtime plugin — not linked at compile time, 
and not called via command line interface with file input/output


• GAMBIT module functions can request results from backends


• Backend functions are tagged according to what they calculate  
(e.g. "Omegah2") 
• Switching between different backends by changing one line in the YAML file

• Ideal for comparing different theory codes  


• Many codes already supported, and more to come

• But you can always add a new interface yourself
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Backends
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Scanners

 30

Scanner performance comparison (arXiv:1705.07959)

Extensive scanner tests on scalar singlet model with di�erent
numbers of nuisance paramters
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Diver scales far better with dimensionality than MultiNest or other
scanners

Pat Scott – Oct 12 2017 – APS Woerden Status of scalar singlet and supersymmetric dark matter

[arXiv:1705.07959]

• Trivial to switch between scanner algorithms


• Choose the best scanner for your analysis

• Profile likelihoods (frequentist)

• Posterior distributions (Bayesian)

• Evidence estimation (Bayesian)

• Grid scans, post-processing, …


• Ideal for comparing the performance of different scanners (see arXiv:1705.07959)
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GAMBIT 
Scan illustration 5

G A M B I T

Fig. 1: A schematic representation of the basic elements of a GAMBIT scan. The user provides a YAML input file (see www.yaml.org),
which chooses a model to scan and some observables or likelihoods to calculate. The requested model ” and its ancestor models (see
text for definition) — and – are activated. All model-dependent module and backend functions/variables are tested for compatibility
with the activated models; incompatible functions are disabled (C2 in the example). Module functions are identified that can provide
the requested quantities (A2 and B1 in the example), and other module functions are identified to fulfil their dependencies. More are
identified to fulfil those functions’ dependencies until all dependencies are filled. Backend functions and variables are found that can
fulfil the backend requirements of all chosen module functions. The Core determines the correct module function evaluation order. It
passes the information on to ScannerBit, which chooses parameter combinations to sample, running the module functions in order
for each parameter combination. The requested quantities are output by the printer system for each parameter combination tested.

2.1 Modularity

2.1.1 Physics modules, observables and likelihoods

The first version of GAMBIT ships with seven modules:
six physics modules and the scanning module ScannerBit.
The physics modules are:

ColliderBit calculates particle collider observables and
likelihoods. It includes detailed implementations of
LEP, ATLAS and CMS searches for new particle
production, including extensive parallel Monte Carlo
simulation and detector simulation. For a detailed
description see [67].

FlavBit calculates observables and likelihoods from
flavour physics, in particular B, D and K meson
decays as observed by LHCb, including angular ob-
servables and correlations. See [68].

DarkBit calculates DM observables and likelihoods,
from the relic abundance to direct and indirect
searches. It includes an on-the-fly cascade decay
spectral yield calculator, and a flexible, model-
independent relic density calculator capable of mix-
ing and matching aspects from existing backends.
See [69].

SpecBit interfaces to one of a number of possible exter-
nal spectrum generators in order to determine pole
masses and running parameters, and provides them
to the rest of GAMBIT in a standardised spectrum
container format. It also carries out vacuum stability
calculations and perturbativity checks. See [70].

DecayBit calculates decay rates of all relevant particles
in the BSM theory under investigation, and contains
decay data for all SM particles. See [70].

PrecisionBit calculates model-dependent precision cor-
rections to masses, couplings and other observables,

 31
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«All right, but apart from the physics likelihoods, two-level parallelization, 
dependency resolution, model hierarchy, dynamic backend system and 
efficient sampling algorithms, what has GAMBIT ever done for us?»
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4. GAMBIT physics results
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GAMBIT 
First physics results

• Scalar singlet dark matter  
arXiv:1705.07931  

• GUT-scale MSSM  
CMSSM, NUHM1, NUHM2 
arXiv:1705.07935  
 

• Weak-scale MSSM7 
arXiv:1705.07917
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 146, 308] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very

small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see
a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and
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Fig. 3: Left: Joint profile likelihoods in the µ–M1 (top) and M2–m
f̃

planes (bottom). Stars indicate the point of highest likelihood
in each plain, and white contours correspond to the 1‡ and 2‡ CL regions with respect to the best-fit point. Right: Coloured regions
indicating in which parts of the 2‡ best-fit region di�erent co-annihilation and funnel mechanisms contribute to keeping the relic
density low. The best-fit point in each region is indicated by a star with the corresponding colour.

of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m

2
f̃

at the input scale
(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = MSUSY, which splits
m

2
f̃

into individual soft masses, is generally subdomi-
nant.

In the tree-level stop mass matrix the o�-
diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃1 is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —

(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

f̃
parameter explains why the sbottom co-annihilation

region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.

10

★

★

GAMBIT 1.0.0

G AM B I T

MSSM7
Best fit

�2000

0

2000

4000

M
1
(G

eV
)

P
rofi

le
likelih

ood
ratio

⇤
=

L
/L

m
a
x

0 2000 4000 6000 8000
µ (GeV)

0.2

0.4

0.6

0.8

1.0

★

★

GAMBIT 1.0.0

G AM B I T

MSSM7
Best fit

2000

4000

6000

8000

10000

m
f̃
(G

eV
)

P
rofi

le
likelih

ood
ratio

⇤
=

L
/L

m
a
x

�5000 0 5000
M2 (GeV)

0.2

0.4

0.6

0.8

1.0

Fig. 3: Left: Joint profile likelihoods in the µ–M1 (top) and M2–m
f̃

planes (bottom). Stars indicate the point of highest likelihood
in each plain, and white contours correspond to the 1‡ and 2‡ CL regions with respect to the best-fit point. Right: Coloured regions
indicating in which parts of the 2‡ best-fit region di�erent co-annihilation and funnel mechanisms contribute to keeping the relic
density low. The best-fit point in each region is indicated by a star with the corresponding colour.

of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m

2
f̃

at the input scale
(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = MSUSY, which splits
m

2
f̃

into individual soft masses, is generally subdomi-
nant.

In the tree-level stop mass matrix the o�-
diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃1 is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —

(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

f̃
parameter explains why the sbottom co-annihilation

region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.
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Fig. 5: Marginalised posterior distributions of the scalar singlet parameters, in low-mass (left) and full-range (right) scans. White
contours mark out 1‡ and 2‡ credible regions in the posterior. The posterior mean of each scan is shown as a white circle. Grey
contours show the profile likelihood 1‡ and 2‡ confidence regions, for comparison. The best-fit (maximum likelihood) point is
indicated with a grey star.

Mode Statistic Relic density condition ⁄hS mS (GeV) œSh2 log(L) ∆ ln L
Low mass Best fit œSh2 . œDM h2 6.5 ◊ 10≠4 62.51 0.0179 4.566 0.107

Best fit œSh2 ≥ œDM h2 2.9 ◊ 10≠4 62.27 0.1129 4.431 0.242
Posterior mean œSh2 . œDM h2 4.3 ◊ 10≠3 60.28

High mass Best fit œSh2 . œDM h2 9.9 132.5 1.2 ◊ 10≠8 4.540 0.133
Best fit œSh2 ≥ œDM h2 3.1 9.790 ◊ 103 0.1131 4.311 0.362
Posterior mean œSh2 . œDM h2 3.0 1867

Table 5: Details of the best-fit points and posterior means, di�erentiated into the two main likelihood modes. Best fits are given
for the case where the singlet relic density is within 1‡ of its observed value, and for the case where singlet particles may be a
sub-dominant component of dark matter. We omit the values of the 13 nuisance parameters, as they do not deviate significantly
from the central values of their associated likelihood functions.

parameters to which points in this region are rather
sensitive, such as the mass of the Higgs. The penalty is
su�ciently severe that this region drops outside the 2‡

credible region in the mS-⁄hS plane. We therefore focus
only on the high mass modes in the righthand panel of
Fig. 5, where we show the posterior from the full-range
scan.

Because it is restricted to the resonance region, the
low-range scan (left panel of Fig. 5) shows the expected
relative posterior across this region. The fact that the
resonance is so strongly disfavoured in the full-range
posterior scan is an indication of its heavy fine-tuning,
a property that is naturally penalised in a Bayesian
analysis. This mode of the posterior accounts for less
than 0.4% of the total posterior mass, indicating that it
is disfavoured at almost 3‡ confidence.

For the sake of understanding the prior dependence
of our posteriors, we also carried out a single scan of the
full parameter range with flat instead of log priors on

mS and ⁄hS, using MultiNest with the same full-range
settings as in Table 3. Unsurprisingly, the resulting
posterior is strongly driven by this (inappropriate) choice
of prior, concentrating all posterior mass into the corner
of the parameter space at large ⁄hS and mS. The 1‡

region lies above ⁄hS ≥ 3, mS ≥ 3 TeV, and the 2‡

region above ⁄hS ≥ 1, mS ≥ 1 TeV.

4.4 Vacuum stability

Finally, we check vacuum stability for some interesting
benchmark points.

So far, our calculations have not required any renor-
malisation group evolution or explicit computation of
pole masses. We have simply taken the tree-level expres-
sion for mS (Eq. 2) to indicate the pole mass, and varied
it and ⁄hS as free parameters. To test vacuum stability
using MS renormalisation group equations (RGEs), we
need to instead use these parameters along with the
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Fig. 1: Profile likelihoods for the scalar singlet model, in the plane of the singlet parameters ⁄hS and mS. Contour lines mark out
the 1‡ and 2‡ confidence regions. The left panel shows the resonance region at low singlet mass, whereas the right panel shows the
full parameter range scanned. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed
regions corresponding to solutions where S constitutes 100% of dark matter are indicated in orange.

Fig. 2: Profile likelihoods for the scalar singlet model, in various planes of observable quantities against the singlet mass. Contour
lines mark out the 1‡ and 2‡ confidence regions. Greyed regions indicate values of observables that are inaccessible to our scans, as
they correspond to non-perturbative couplings ⁄hS > 10, which lie outside the region of our scan. Note that the exact boundary
of this region moves with the values of the nuisance parameters, but we have simply plotted this for fixed central values of the
nuisances, as a guide. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed regions
corresponding to solutions where S constitutes 100% of dark matter are indicated in orange. Left: late-time thermal average of the
cross-section times relative velocity; Centre: spin-independent WIMP-nucleon cross-section; Right: relic density.

the allowed regions we have found. These edges are indi-
cated with orange annotations in Figs. 1 and 2. At high
singlet masses, the value of the late-time thermal cross-
section (Eq. 4 for T = 0) corresponding to this strip is
equal to the canonical ‘thermal’ scale of 10≠26 cm3 s≠1.
At low masses, this strip runs along the lower edge of
the resonance ‘triangle’ only, as indirect detection rules
out models with œSh

2 = 0.119 near the vertical edge
(at mS = 62 GeV).

In Fig. 2, we also show in grey the regions corre-
sponding to Higgs-portal couplings above our maximum

considered value, ⁄hS = 10, in order to give some rough
idea of the area of these plots that we have not scanned
(and the area that should almost certainly be excluded
on perturbativity grounds were we to do so). We note
that at large mS, the highest-likelihood regions are all
at quite large coupling values, where the annihilation
cross-section is so high, and the resulting relic density is
so low, that all direct and indirect signals are essentially
absent – but where perturbativity of the model begins
to become an issue.
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Parameters and scanning

• Profile likelihood analysis


• Combine samples from scans with 
different priors and scanners 
(Diver & MultiNest)


• Additional scans to improve sampling 
of co-annihilation regions 


• In total for all three models:  
36 scans, ~280 million viable samples


• Vary 5 nuisance parameters 
(constrained by gaussian likelihoods

4

Parameter Minimum Maximum Priors
CMSSM

m0 50 GeV 10 TeV flat, log
m1/2 50 GeV 10 TeV flat, log
A0 ≠10 TeV 10 TeV flat, hybrid
tan — 3 70 flat
sgn(µ) ≠ + binary
NUHM1 – as per CMSSM plus
mH 50 GeV 10 TeV flat, log
NUHM2 – as per CMSSM plus
mHu 50 GeV 10 TeV flat, log
mHd 50 GeV 10 TeV flat, log

Table 1: CMSSM, NUHM1 and NUHM2 parameters, ranges
and priors adopted in the di�erent scans contributing to the
final results of this paper. The “hybrid” prior for A0 is flat where
|A0| < 100 GeV, and logarithmic elsewhere. The “binary” prior
for sgn(µ) indicates that we repeated every scan for each sign. In
addition to the listed priors, we also performed supplementary
scans restricted to models with either m

l̃1
< 1.5 m‰̃

0
1

or mũ1 <

1.5 m‰̃
0
1
. Details can be found in Sec. 2.2.

of the NUHM1 are m0, m1/2, A0, tan —(mZ), sgn(µ)
and mH .

NUHM2 The constraint on the soft Higgs masses is
further relaxed so that mHu and mHd become inde-
pendent, real, dimension-one parameters at the GUT
scale. As in the NUHM1, m

2
Hu

and m
2
Hd

are always
positive at the GUT scale, and the correct shape of
the Higgs potential at the electroweak scale must be
radiatively generated. The parameters are thus m0,
m1/2, A0, tan —(mZ), sgn(µ), mHu and mHd .

We assume throughout that R-parity is conserved,
making the lightest supersymmetric particle (LSP) sta-
ble. In this paper we consider only the possibility of
neutralino LSPs, assigning zero likelihood to all param-
eter combinations where this is not the case. Sneutrino
DM in the MSSM [164] is now essentially ruled out
by direct detection, though it remains viable in MSSM
extensions (see Ref. [165] for a review). Gravitino LSP
scenarios (e.g. [166, 167]) are still viable even in the
CMSSM, so adding such models to the results that we
present here would be an interesting future extension.

The parameter ranges that we scan over for the
CMSSM, NUHM1 and NUHM2 can be found in Table 1.
We allow the magnitudes of all dimensionful parameters
to vary between 50 GeV and 10 TeV. The lower cut-
o� is motivated by the constraints on sparticle masses
from existing searches. The upper cuto� is somewhat
arbitrary, but designed to encompass the mass range
interesting for solving the hierarchy problem, and for
leading to potentially-observable phenomenology. We
consider both positive and negative µ, and the full range

of tan — over which particle spectra can be consistently
calculated and EWSB achieved in such models.

2.1.2 Standard Model

Here we define the SM as per SLHA2 [168], sampling
from the GAMBIT model StandardModel_SLHA2 [156].
We identify the strength of the strong coupling at the
scale of the Z mass, –s(mZ), and the top quark pole
mass, mt, as the most relevant nuisance parameters
within this model. Both a�ect the running of soft-
breaking masses from the GUT scale. The mass of the
SM-like Higgs boson is also very sensitive to the top
quark mass, and has a strong influence on the scan
through the Higgs likelihood (see Sec. 3.11).

In all our fits, we allow both these parameters to vary
within ±3‡ of their observed central values [169, 170].
The resulting parameter ranges are shown in Table 2.
We adopt flat priors on both –s and mt; their values are
su�ciently well-determined that the prior has no impact
on results. The values of other SM parameters that we
keep fixed in our scans are also shown in Table 2.

2.1.3 Dark matter halo model

The density and velocity distributions that characterise
the DM halo of the Milky Way constitute an impor-
tant source of uncertainty for astrophysical observa-
tions, particularly direct and indirect searches for DM.
In this paper, we employ the GAMBIT model Halo_
gNFW_rho0 [156] to describe the halo. This consists of
a generalised NFW [171] spatial profile, tied to a locally
Maxwell-Boltzmann velocity distribution by a specific
input local density fl0.

Because we do not employ any observables in our fits
that depend on the Milky Way density profile, the spatial
part of this model plays no role. The local distribution
of DM velocities v is given by

f̃(v) = 1
Nesc

(fiv
2
0)≠3/2

e
≠v2

/v
2
0 , (1)

where vesc is the local Galactic escape velocity, v0 is the
most probable particle speed and

Nesc © erf
3

vesc
v0

4
≠

2vesc
Ô

fiv0
exp

3
≠

v
2
esc
v

2
0

4
, (2)

is the normalisation factor induced by truncating the
distribution at vesc.

In the Earth’s rest frame, DM particles have a ve-
locity distribution given by:

f(u, t) = f̃(vobs(t) + u) , (3)

5

Parameter Value(±Range)
Varied

Strong coupling –
MS

s (mZ) 0.1185(18)
Top quark pole mass mt 173.34(2.28) GeV
Local DM density fl0 0.2–0.8 GeV cm≠3

Nuclear matrix el. (strange) ‡s 43(24) MeV
Nuclear matrix el. (up + down) ‡l 58(27) MeV
Fixed

Electromagnetic coupling 1/–
MS(mZ) 127.940

Fermi coupling ◊ 105
GF,5 1.1663787

Z pole mass mZ 91.1876 GeV
Bottom quark mass m

MS

b
(mb) 4.18 GeV

Charm quark mass m
MS

c (mc) 1.275 GeV
Strange quark mass m

MS

s (2 GeV) 95 MeV
Down quark mass m

MS

d
(2 GeV) 4.80 MeV

Up quark mass m
MS

u (2 GeV) 2.30 MeV
· pole mass m· 1.77682 GeV
CKM Wolfenstein parameters: ⁄ 0.22537

A 0.814
fl̄ 0.117
÷̄ 0.353

Most probable halo speed v0 235 km s≠1

Local disk circular velocity vrot 235 km s≠1

Local escape velocity vesc 550 km s≠1

Up contribution to proton spin ∆
(p)
u 0.842

Down contrib. to proton spin ∆
(p)
d

≠0.427
Strange contrib. to proton spin ∆

(p)
s ≠0.085

Table 2: Standard Model, dark matter halo and nuclear nui-
sance parameters and ranges. We vary each of the parameters
in the first section of the table simultaneously with CMSSM,
NUHM1 or NUHM2 parameters in all of our fits, employing flat
priors on each. The parameters listed in the second section of
the table are constant in all scans.

where vobs is the velocity of the Earth relative to the
Milky Way DM halo. This is given by:

vobs = vLSR + v§,pec + Vü(t) , (4)

where v§,pec = (11, 12, 7) km s≠1 is the peculiar velocity
of the Sun, which is known with very high precision [172].
The Local Standard of Rest (LSR) in Galactic coordi-
nates moves with a velocity vLSR = (0, vrot, 0), while
Vü(t) = 29.78 km s≠1 [173] denotes the speed of the
Earth in the solar rest frame.

For an NFW profile v0 is within 10% of vrot. As
shown in Table 2, we set both these parameters to
235 km s≠1 [157, 174, 175] in all our scans. Similarly, we
adopt a fixed value of 550 km s≠1 for the local escape
speed [176].

Because it has a substantial impact on direct detec-
tion and high-energy solar neutrino signals from DM, we

vary the local density of DM as a nuisance parameter in
all scans (Table 2). Here we adopt an asymmetric range
of +0.4 ≠0.2 GeV cm≠3 around the canonical value of
fl0 = 0.4 GeV cm≠3, reflecting the log-normal form of
the likelihood that we apply to this parameter (see Sec.
3.1.2). The prior on fl0 has no impact because it is
su�ciently well-constrained by the associated nuisance
likelihood; we choose to make it flat.

See Refs. [157, 177] for further discussion and details
of the DM halo model, parameters and uncertainties.

2.1.4 Nuclear model

A final class of uncertainty relevant for direct detection
and neutralino capture by the Sun is due to the e�ec-
tive nuclear couplings in WIMP-nucleon cross-sections.
For spin-independent interactions, these depend on the
light-quark composition of the proton and the neutron.
We scan the GAMBIT model nuclear_params_sigmas_
sigmal, parameterising the 6 individual hadronic matrix
elements in terms of just two nuclear matrix elements

‡l ©
1
2 (mu + md)ÈN |ūu + d̄d|NÍ, (5)

‡s © msÈN |s̄s|NÍ , (6)

which we take to be identical for N = p and N = n [178].
These two parameters respectively describe the light-
quark and strange-quark contents of the nucleus. We
vary ‡l and ‡0 over their ±3‡ ranges in all fits. Discus-
sion of the values and uncertainties of these parameters
can be found in Sec. 3.1.3 and the DarkBit paper [157].
Like all other nuisance parameters listed in Table 2, the
nuclear matrix elements are su�ciently well constrained
that the prior is irrelevant, so we choose it to be flat.

The spin-dependent couplings are described by the
spin content of the proton and neutron ∆

(N)
q for each

light quark q œ {u, d, s}. As the values for the proton
and neutron are related, only three of these parameters
are independent. As listed in Table 2, we specify the
values for the proton, and set them to the central values
discussed in Ref. [157].

2.2 Scanning methodology

In this paper we carry out a number of di�erent scans
of each of the three GUT-scale models, employing mul-
tiple priors, sampling algorithms and settings. We then
merge the results of all scans for each model, in order
to obtain the most complete sampling of the profile like-
lihood possible. We leave discussion and presentation of
Bayesian posteriors for a future paper, as they remain
strongly dominated by the choice of prior even in such
low-dimensional versions of the MSSM, and a detailed
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Likelihoods

• Nuisance parameter likelihoods 
(SM, local halo model, nuclear matrix elements)


• DM relic density as upper bound


• DM Indirect detection

• Gamma rays: Fermi-LAT  

(dwarf spheriodal galaxies)

• Neutrinos from DM annihilation in the Sun: 

IceCube79


• DM Direct detection:

• XENON100 (2012)

• LUX (2016)

• Panda-X (2016)

• PICO (2015)

• SuperCDMS (2014)

• SIMPLE (2014)

• Electroweak precision observables

• W mass

• muon g-2


• 59 flavour observables


• Higgs mass and signal strengths


• SUSY cross section limits from LEP


• SUSY searches at LHC (simulated)

• 0 lepton searches (Run I & II, ATLAS & CMS)

• Stop searches (Run I, ATLAS & CMS)

• 2 & 3 lepton searches (Run I, ATLAS & CMS)

• Monojet search (Run I, CMS)
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 146, 308] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very

small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see
a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 146, 308] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very

small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see
a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and

• Three mechanisms to avoid DM overabundance:  
stop co-ann., chargino co-ann., heavy Higgs funnel


• Stau co-ann. is ruled out at 95% CL (present at higher CL)

• Overall best fit point in stop co-ann. region (stop/neutralino mass ~600 GeV)
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 146, 308] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very

small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see
a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and
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Fig. 1: Profile likelihoods and confidence regions for the CMSSM, in terms of the mass and thermal relic abundance (œ‰h
2) of the

lightest neutralino. Left: The profile likelihood ratio, plotted with 1‡ and 2‡ contour lines drawn in white, and the best fit point
indicated by a star. Right: Mechanisms for ensuring that the relic density of DM does not exceed the measured value, through
either chargino co-annihilation, resonant annihilation via the A/H-funnel, or stop co-annihilation. Other potential mechanisms (e.g.
stau co-annihilation) are not shown, as they do not lie within 2‡ of the best-fit point of the entire sample. 2‡ contours for each
mechanism are plotted using darker lines, and best-fit points are indicated by a correspondingly coloured star.

co-annihilation” will typically exhibit significant co-
annihilation of the lightest neutralino with both the
lightest chargino and the next-to-lightest neutralino, as
small ‰̃

0
1–‰̃

0
2 and ‰̃

0
1–‰̃

±
1 mass splittings are an auto-

matic consequence of a predominantly Higgsino LSP.
Likewise, A/H-funnel points will have resonant anni-
hilation through both the CP-odd Higgs, A

0, and the
heavy CP-even Higgs, H

0, which are close to degener-
ate in mass in the CMSSM (and NUHM models). The
CP-odd Higgs resonance dominates at the present day
however, as s-channel annihilation via the CP-even state
is velocity suppressed.

We emphasise that this classification is not exclusive.
The colour-coding in Fig. 1 (right) is done on the basis of
the subset of the points in the 2‡ region of the full scan
that exhibit the mechanism in question, and the regions
are overlaid. In addition to overlapping regions, hybrid
sub-regions exist where the relic density is controlled
by two or more mechanisms. For clarity, we make no
attempt to show these as separate regions.

In contrast to previous studies of the CMSSM, we
apply the relic density measurement as an upper limit
only, allowing for the possibility that thermal neutrali-
nos do not constitute all of DM. This has important
consequences for the resulting phenomenology.

Higgsino LSPs are automatically nearly degener-
ate with the lightest chargino and next-to-lightest neu-
tralino, leading to e�cient co-annihilation and an under-
abundant relic density for m‰ . 1 TeV. In isolation,

this e�ect naturally gives the observed relic density
at neutralino masses of about a TeV, and lower and
higher values at smaller and larger neutralino masses,
respectively.8 This e�ect can be seen in the low-mass
yellow strip in Fig. 1. If the LSP is instead a “well-
tempered” [297] admixture of Higgsino and bino9, then
the e�ciency of the co-annihilation e�ect can be tuned
to give the exact observed relic density, even at very low
neutralino masses. Such scenarios are however heavily
constrained by recent LUX [226, 227] and Panda-X [228]
limits on the spin-independent scattering cross-section
[305–307]. As we see in the low-mass section of Fig. 1
however, relaxing the demand that the neutralino must
explain all of DM allows models to be more Higgsino-
dominated, leading to subdominant neutralino DM. The
reduced relic density also helps Higgsino models avoid
limits from spin-dependent nuclear scattering, which
would otherwise prove rather constraining.

Similarly, at masses above 1 TeV, the not-quite-
e�cient-enough Higgsino co-annihilation can be sup-
plemented by additional resonant annihilation through
the heavy Higgs funnel, bringing the relic density down
to the observed value, or lower. These models can be seen
as overlapping yellow and orange regions at m‰ & 1 TeV
in the right panel of Fig. 1.

8Note that the Sommerfeld e�ect can be important in the context
of pure Higgsino DM; see Sec. 4.4.3 for details.
9In the CMSSM, this well-tempered mixture is realised within
the “focus point” region [298–304].

• We impose relic density likelihood as an upper limit

• Higgsino-dominated neutralino saturates relic density for masses ~1 TeV

• Can have combined higgsino co-annihilation and heavy Higgs funnel above 1 TeV 
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 146, 308] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very

small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see
a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and
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Fig. 19: The spin-independent neutralino-proton cross-section. Upper Left: Profile likelihood in the CMSSM. Lower Left: Colour-
coding shows the active mechanism(s) by which CMSSM models avoid exceeding the observed relic density of DM, through either
chargino co-annihilation, the A/H funnel, or stop co-annihilation. Top Right: Colour-coded regions in the NUHM1, now also
featuring stau co-annihilation (blue). Bottom Right: Colour-coded regions of the NUHM2. 90% CL exclusion limits are overlaid
from the complete LUX exposure [227], the projected reach of XENON1T with two years of exposure, the projected reach of
XENONnT/LZ with 20 tonne-years of exposure [332] (around 1–3 years of data), and the projected reach of DARWIN with 200
tonne-years of exposure [333] (around 3–4 years of data).

they can tell us little about prospects for discovery of
the CMSSM, NUHM1 or NUHM2.

Fig. 19 shows the 2‡ allowed region for the SI cross-
section extending to substantially lower values in the
CMSSM than the NUHM1 or NUHM2. This seems sur-
prising, as the CMSSM is a subspace of the NUHM1 and
NUHM2, so all viable CMSSM models are indeed also
viable NUHM1 and NUHM2 models. The improvement
in the best-fit likelihood in the NUHM1 compared to
the CMSSM is not su�cient to explain this e�ect. The
smallest scattering cross-sections are caused by cancel-
lations in the tree-level matrix elements, which can be

tuned to essentially arbitrary accuracy. A consequence
of this is that models become steadily more fine-tuned
as the cross-section asymptotically approaches zero, and
therefore steadily more di�cult to find for sampling
algorithms. What we see here is evidence of the addi-
tional numerical di�culty of finding such points in the
NUHM1 and NUHM2, due to the additional challenge
of dealing with more dimensions, and a more diverse set
of viable regions of parameter space. However, in models
where the mass parameters unify at a high scale, loop
corrections [338, 339] are expected to spoil such carefully-
tuned cancellations anyway, holding cross-sections well
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Fig. 19: The spin-independent neutralino-proton cross-section. Upper Left: Profile likelihood in the CMSSM. Lower Left: Colour-
coding shows the active mechanism(s) by which CMSSM models avoid exceeding the observed relic density of DM, through either
chargino co-annihilation, the A/H funnel, or stop co-annihilation. Top Right: Colour-coded regions in the NUHM1, now also
featuring stau co-annihilation (blue). Bottom Right: Colour-coded regions of the NUHM2. 90% CL exclusion limits are overlaid
from the complete LUX exposure [227], the projected reach of XENON1T with two years of exposure, the projected reach of
XENONnT/LZ with 20 tonne-years of exposure [332] (around 1–3 years of data), and the projected reach of DARWIN with 200
tonne-years of exposure [333] (around 3–4 years of data).

they can tell us little about prospects for discovery of
the CMSSM, NUHM1 or NUHM2.

Fig. 19 shows the 2‡ allowed region for the SI cross-
section extending to substantially lower values in the
CMSSM than the NUHM1 or NUHM2. This seems sur-
prising, as the CMSSM is a subspace of the NUHM1 and
NUHM2, so all viable CMSSM models are indeed also
viable NUHM1 and NUHM2 models. The improvement
in the best-fit likelihood in the NUHM1 compared to
the CMSSM is not su�cient to explain this e�ect. The
smallest scattering cross-sections are caused by cancel-
lations in the tree-level matrix elements, which can be

tuned to essentially arbitrary accuracy. A consequence
of this is that models become steadily more fine-tuned
as the cross-section asymptotically approaches zero, and
therefore steadily more di�cult to find for sampling
algorithms. What we see here is evidence of the addi-
tional numerical di�culty of finding such points in the
NUHM1 and NUHM2, due to the additional challenge
of dealing with more dimensions, and a more diverse set
of viable regions of parameter space. However, in models
where the mass parameters unify at a high scale, loop
corrections [338, 339] are expected to spoil such carefully-
tuned cancellations anyway, holding cross-sections well

• Cross-section scaled according to predicted relic density

• Chargino co-ann. and Higgs funnel regions can be fully probed by future DD

• Preferred stop co-ann region difficult to probe for DD, ID and LHC 

(Hope to probe low-mass end of the stop-coann region at the LHC) 

• Smallest cross-sections due to fine-tuned cancellations in tree-level matrix elements 

(Expect such cancellation to be spoiled by loop corrections)   
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Fig. 5: Left: Profile likelihood ratio in the planes of the NUHM1 parameters m0 and m1/2 (top), and tan — and A0 (bottom).
Explicit contour lines for 68% and 95% CL are drawn in white and the best fit point is indicated with a star. Right: Colour-coding
shows the mechanisms to avoid exceeding the observed relic density of DM.

extra freedom present in the Higgs sector in the NUHM1
avoids the penalty from the LHC Higgs likelihood seen
in stau co-annihilation models in the CMSSM. Further-
more, we now see chargino co-annihilation solutions
within the 2‡ contours that extend to arbitrarily low
m0. These are both a consequence of the fact that once
m0 is decoupled from mH , the former can be pushed
low without impacting EWSB. This allows light staus
to exist, making stau co-annihilation viable, and also
means that |mu| can be low at arbitrarily small m0,
leading to Higgsino LSPs.

Such low values of m0 in chargino-coannihilation
scenarios suggests that the first- and second-generation
squarks may be light enough to be constrained directly
by collider searches. However, a detailed examination
reveals that their masses remain above 2 TeV, and out

of reach of LHC limits, for all models within our 2‡

contours.
A similar expansion of the chargino co-annihilation

region 14 has been seen in the previous literature com-
paring the CMSSM and NUHM1 models (see e.g. Fig. 6
of Ref. [129] and Fig. 1 of Ref. [146], although the con-
tours do not reach arbitrarily low m0 for all m1/2 in
those studies. This di�erence can be explained by the ad-
ditional freedom associated with only applying the relic
density measurement as a one-sided limit. We checked
that demanding neutralinos make up all of DM removes
some low-m0 scenarios from the 2‡ contours, such that
14The stau co-annihilation region also extends to arbitrarily low
m0, but this is because our definition of stau co-annihilation
admits the possibility of an under-abundant Higgsino DM can-
didate with hybrid stau and chargino co-annihilation.
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Fig. 5: Left: Profile likelihood ratio in the planes of the NUHM1 parameters m0 and m1/2 (top), and tan — and A0 (bottom).
Explicit contour lines for 68% and 95% CL are drawn in white and the best fit point is indicated with a star. Right: Colour-coding
shows the mechanisms to avoid exceeding the observed relic density of DM.

extra freedom present in the Higgs sector in the NUHM1
avoids the penalty from the LHC Higgs likelihood seen
in stau co-annihilation models in the CMSSM. Further-
more, we now see chargino co-annihilation solutions
within the 2‡ contours that extend to arbitrarily low
m0. These are both a consequence of the fact that once
m0 is decoupled from mH , the former can be pushed
low without impacting EWSB. This allows light staus
to exist, making stau co-annihilation viable, and also
means that |mu| can be low at arbitrarily small m0,
leading to Higgsino LSPs.

Such low values of m0 in chargino-coannihilation
scenarios suggests that the first- and second-generation
squarks may be light enough to be constrained directly
by collider searches. However, a detailed examination
reveals that their masses remain above 2 TeV, and out

of reach of LHC limits, for all models within our 2‡

contours.
A similar expansion of the chargino co-annihilation

region 14 has been seen in the previous literature com-
paring the CMSSM and NUHM1 models (see e.g. Fig. 6
of Ref. [129] and Fig. 1 of Ref. [146], although the con-
tours do not reach arbitrarily low m0 for all m1/2 in
those studies. This di�erence can be explained by the ad-
ditional freedom associated with only applying the relic
density measurement as a one-sided limit. We checked
that demanding neutralinos make up all of DM removes
some low-m0 scenarios from the 2‡ contours, such that
14The stau co-annihilation region also extends to arbitrarily low
m0, but this is because our definition of stau co-annihilation
admits the possibility of an under-abundant Higgsino DM can-
didate with hybrid stau and chargino co-annihilation.

1

• Substantially larger allowed regions compared to the CMSSM

• Additional parameter — more freedom to fit Higgs mass

• Stau co-annihilation is back in the 95% CL region

• Overall best fit point in stop co-ann. region (stop & neutralino mass ~1 TeV)
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Parameters and likelihoods

• 7 MSSM parameters + 5 nuisance parameters


• Assume GUT-inspired relation on gaugino mass parameters:   
 

• Same likelihoods as for the GUT-scale models 

3

Parameter Minimum Maximum Priors
Au3 (Q) ≠10 TeV 10 TeV flat, hybrid
Ad3 (Q) ≠10 TeV 10 TeV flat, hybrid
M

2
Hu

(Q) ≠(10 TeV)2 (10 TeV)2 flat, hybrid
M

2
Hd

(Q) ≠(10 TeV)2 (10 TeV)2 flat, hybrid
m

2
f̃
(Q) 0 (10 TeV)2 flat, hybrid

M2(Q) ≠10 TeV 10 TeV split; flat, hybrid
tan —(mZ) 3 70 flat
sgn(µ) + fixed
Q 1 TeV fixed

Table 1: MSSM7 parameters, ranges and priors adopted in the
scans of this paper. For a parameter x of mass dimension n, the
“hybrid” prior is flat where |x| < (100 GeV)n, and logarithmic
elsewhere. The “split hybrid” prior for M2 refers to the fact
that we carried out every scan twice: once with a hybrid prior
over 0 Æ M2 Æ 10 TeV, and again with a hybrid prior over
≠10 TeV Æ M2 Æ 0. In addition to the priors listed here, we also
carry out additional scans of fine-tuned regions associated with
specific relic density mechanisms, where we restrict models to
mass spectra that satisfy various conditions. See text for details.

we then give a brief summary of the observables and
likelihoods that we employ. We present our main results
in Sec. 4 and their implications for future searches for
the MSSM in Sec. 5, and conclude in Sec. 6.

2 Models and scanning framework

2.1 Model definitions and parameters

GAMBIT makes no fundamental distinction between
parameters of BSM theories and nuisance parameters,
scanning over each on an equal footing. Here we sample
simultaneously from four di�erent models: a 7-parameter
phenomenological MSSM, and three models describing
constraints on di�erent areas of known physics relevant
for calculating observables in the MSSM. These nuisance
models respectively describe the SM, the Galactic DM
halo, and nuclear matrix elements for di�erent light
quark flavours (relevant for direct detection of DM).

2.1.1 MSSM7

The most general formulation of the CP -conserving
MSSM is given by the GAMBIT model MSSM63atQ.
Full details of the Lagrangian can be found in Sec. 5.4.3
of Ref. [158]. This model has 63 free, continuous MSSM
parameters: 3 gaugino masses M1, M2 and M3, 9 param-
eters each from the trilinear coupling matrices Au, Ad

and Ae, 6 real numbers associated with each of the ma-
trices of squared soft masses m2

Q
, m2

u
, m2

d
, m2

L
and m2

e
,

and three additional parameters describing the Higgs

sector. We choose to work with the explicit mass terms
m

2
Hu

and m
2
Hd

for the two Higgs doublets. By swapping
the Higgs bilinear couplings b and µ for the ratio of vac-
uum expectation values for the up-type and down-type
Higgs fields tan — © vu/vd, and demanding that the
model successfully e�ect Electroweak Symmetry Break-
ing, we can reduce the remaining continuous freedom to
a single parameter (tan —). This leaves only a free sign
for µ, which constitutes an additional (64th) discrete
parameter. In this definition, tan — is specified at the
scale mZ , and all other parameters are defined at some
other generic scale Q, usually taken to be near to the
weak scale.

This parameter set is currently too large to explore in
a global fit, and in any case much of the phenomenology
can be captured in smaller models that incorporate sim-
plifying assumptions. In this first paper, we explore the
MSSM7atQ, a 7-parameter subspace of the MSSM63atQ.
Inspired by GUT theories, we set

3
5 cos2

◊WM1 = sin2
◊WM2 = –

–s
M3, (1)

at the scale Q. We assume that all entries in Au, Ad

and Ae are zero except for (Au)33 = Au3 and (Ad)33 =
Ad3 . We take all of the o�-diagonal entries in m2

Q
, m2

u
,

m2
d
, m2

L
and m2

e
to be zero, so as to suppress flavour-

changing neutral currents. By setting all remaining mass
matrix entries to a universal squared sfermion mass m

2
f̃
,

we reduce the final list of free parameters to M2, Au3 ,
Ad3 , m

2
f̃
, m

2
Hu

, m
2
Hd

and tan — (plus the input scale Q

and the sign of µ). The MSSM7 has been studied in
significant work in the previous literature, e.g. [160–165].

We assume that R-parity is conserved, making the
lightest supersymmetric particle (LSP) absolutely stable,
and discard all parameter combinations where the LSP
is not a neutralino. This choice is discussed in more
detail in the companion paper [156].

In Table 1, we give the parameter ranges over which
we scan the MSSM7 in this paper. We choose to define
all parameters other than tan — at Q = 1 TeV, and
investigate positive µ (for a definition of µ please see
the superpotential given in Sec. 5.4.3 of Ref. [158].). We
intend to return to the µ < 0 branch of this model in
future work, where we compare with less constrained
subspaces of the MSSM63atQ.

2.1.2 Nuisance parameters

We make use of three di�erent nuisance models in our
scans: the SM as defined in SLHA2 [158, 166], a model of
the Galactic DM halo that follows a truncated Maxwell-
Boltzmann velocity distribution [158, 167], and a model

3

Parameter Minimum Maximum Priors
Au3 (Q) ≠10 TeV 10 TeV flat, hybrid
Ad3 (Q) ≠10 TeV 10 TeV flat, hybrid
M

2
Hu

(Q) ≠(10 TeV)2 (10 TeV)2 flat, hybrid
M

2
Hd

(Q) ≠(10 TeV)2 (10 TeV)2 flat, hybrid
m

2
f̃
(Q) 0 (10 TeV)2 flat, hybrid

M2(Q) ≠10 TeV 10 TeV split; flat, hybrid
tan —(mZ) 3 70 flat
sgn(µ) + fixed
Q 1 TeV fixed

Table 1: MSSM7 parameters, ranges and priors adopted in the
scans of this paper. For a parameter x of mass dimension n, the
“hybrid” prior is flat where |x| < (100 GeV)n, and logarithmic
elsewhere. The “split hybrid” prior for M2 refers to the fact
that we carried out every scan twice: once with a hybrid prior
over 0 Æ M2 Æ 10 TeV, and again with a hybrid prior over
≠10 TeV Æ M2 Æ 0. In addition to the priors listed here, we also
carry out additional scans of fine-tuned regions associated with
specific relic density mechanisms, where we restrict models to
mass spectra that satisfy various conditions. See text for details.

we then give a brief summary of the observables and
likelihoods that we employ. We present our main results
in Sec. 4 and their implications for future searches for
the MSSM in Sec. 5, and conclude in Sec. 6.

2 Models and scanning framework

2.1 Model definitions and parameters

GAMBIT makes no fundamental distinction between
parameters of BSM theories and nuisance parameters,
scanning over each on an equal footing. Here we sample
simultaneously from four di�erent models: a 7-parameter
phenomenological MSSM, and three models describing
constraints on di�erent areas of known physics relevant
for calculating observables in the MSSM. These nuisance
models respectively describe the SM, the Galactic DM
halo, and nuclear matrix elements for di�erent light
quark flavours (relevant for direct detection of DM).

2.1.1 MSSM7

The most general formulation of the CP -conserving
MSSM is given by the GAMBIT model MSSM63atQ.
Full details of the Lagrangian can be found in Sec. 5.4.3
of Ref. [158]. This model has 63 free, continuous MSSM
parameters: 3 gaugino masses M1, M2 and M3, 9 param-
eters each from the trilinear coupling matrices Au, Ad

and Ae, 6 real numbers associated with each of the ma-
trices of squared soft masses m2

Q
, m2

u
, m2

d
, m2

L
and m2

e
,

and three additional parameters describing the Higgs

sector. We choose to work with the explicit mass terms
m

2
Hu

and m
2
Hd

for the two Higgs doublets. By swapping
the Higgs bilinear couplings b and µ for the ratio of vac-
uum expectation values for the up-type and down-type
Higgs fields tan — © vu/vd, and demanding that the
model successfully e�ect Electroweak Symmetry Break-
ing, we can reduce the remaining continuous freedom to
a single parameter (tan —). This leaves only a free sign
for µ, which constitutes an additional (64th) discrete
parameter. In this definition, tan — is specified at the
scale mZ , and all other parameters are defined at some
other generic scale Q, usually taken to be near to the
weak scale.

This parameter set is currently too large to explore in
a global fit, and in any case much of the phenomenology
can be captured in smaller models that incorporate sim-
plifying assumptions. In this first paper, we explore the
MSSM7atQ, a 7-parameter subspace of the MSSM63atQ.
Inspired by GUT theories, we set

3
5 cos2

◊WM1 = sin2
◊WM2 = –

–s
M3, (1)

at the scale Q. We assume that all entries in Au, Ad

and Ae are zero except for (Au)33 = Au3 and (Ad)33 =
Ad3 . We take all of the o�-diagonal entries in m2

Q
, m2

u
,

m2
d
, m2

L
and m2

e
to be zero, so as to suppress flavour-

changing neutral currents. By setting all remaining mass
matrix entries to a universal squared sfermion mass m

2
f̃
,

we reduce the final list of free parameters to M2, Au3 ,
Ad3 , m

2
f̃
, m

2
Hu

, m
2
Hd

and tan — (plus the input scale Q

and the sign of µ). The MSSM7 has been studied in
significant work in the previous literature, e.g. [160–165].

We assume that R-parity is conserved, making the
lightest supersymmetric particle (LSP) absolutely stable,
and discard all parameter combinations where the LSP
is not a neutralino. This choice is discussed in more
detail in the companion paper [156].

In Table 1, we give the parameter ranges over which
we scan the MSSM7 in this paper. We choose to define
all parameters other than tan — at Q = 1 TeV, and
investigate positive µ (for a definition of µ please see
the superpotential given in Sec. 5.4.3 of Ref. [158].). We
intend to return to the µ < 0 branch of this model in
future work, where we compare with less constrained
subspaces of the MSSM63atQ.

2.1.2 Nuisance parameters

We make use of three di�erent nuisance models in our
scans: the SM as defined in SLHA2 [158, 166], a model of
the Galactic DM halo that follows a truncated Maxwell-
Boltzmann velocity distribution [158, 167], and a model
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Fig. 3: Left: Joint profile likelihoods in the µ–M1 (top) and M2–m
f̃

planes (bottom). Stars indicate the point of highest likelihood
in each plain, and white contours correspond to the 1‡ and 2‡ CL regions with respect to the best-fit point. Right: Coloured regions
indicating in which parts of the 2‡ best-fit region di�erent co-annihilation and funnel mechanisms contribute to keeping the relic
density low. The best-fit point in each region is indicated by a star with the corresponding colour.

of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m

2
f̃

at the input scale
(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = MSUSY, which splits
m

2
f̃

into individual soft masses, is generally subdomi-
nant.

In the tree-level stop mass matrix the o�-
diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃1 is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —

(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

f̃
parameter explains why the sbottom co-annihilation

region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.
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planes (bottom). Stars indicate the point of highest likelihood
in each plain, and white contours correspond to the 1‡ and 2‡ CL regions with respect to the best-fit point. Right: Coloured regions
indicating in which parts of the 2‡ best-fit region di�erent co-annihilation and funnel mechanisms contribute to keeping the relic
density low. The best-fit point in each region is indicated by a star with the corresponding colour.

of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m

2
f̃

at the input scale
(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = MSUSY, which splits
m

2
f̃

into individual soft masses, is generally subdomi-
nant.

In the tree-level stop mass matrix the o�-
diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃1 is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —

(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

f̃
parameter explains why the sbottom co-annihilation

region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.

• Three neutralino scenarios: higgsino-dominated, higgsino/bino mix, bino-dominated

• Wino-dominated neutralino not possible due to GUT relation
(M2 ⇠ 2M1)
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Fig. 3: Left: Joint profile likelihoods in the µ–M1 (top) and M2–m
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planes (bottom). Stars indicate the point of highest likelihood
in each plain, and white contours correspond to the 1‡ and 2‡ CL regions with respect to the best-fit point. Right: Coloured regions
indicating in which parts of the 2‡ best-fit region di�erent co-annihilation and funnel mechanisms contribute to keeping the relic
density low. The best-fit point in each region is indicated by a star with the corresponding colour.

of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m

2
f̃

at the input scale
(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = MSUSY, which splits
m

2
f̃

into individual soft masses, is generally subdomi-
nant.

In the tree-level stop mass matrix the o�-
diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃1 is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —

(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

f̃
parameter explains why the sbottom co-annihilation

region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.
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3–4 years of data and 200 tonne-years of exposure [221].
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Fig. 13: Spin-dependent neutralino-proton scattering cross-sections in the MSSM7, rescaled by the fraction f of the observed
relic density predicted by each model. Left: Profile likelihood, showing 68% and 95% CL contours. Right: Mechanism(s) that allow
models within the 95% CL region of the profile likelihood to avoid exceeding the observed relic density of DM. Overplotted are 90%
CL constraints from IceCube [39, 172], assuming that dark matter annihilates exclusively via the b̄b or ·

+
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≠ channel, PICO-60
[225], and projections for the reach of PICO-250 [226].

required to produce such cross-sections may be spoilt by
loop corrections [234, 235]. This raises hope that future
direct detection experiments will discover neutralino
DM in the MSSM7 or a similar model. However, specific
investigations in the MSSM7 suggest that this is not
necessarily expected for all parameter combinations,

so some parts of the parameter space should still be
expected to lie well below any future sensitivity, even
after applying higher-order corrections [161].

• Best fit point in chargino co-annihilation region (chargino/neutralino mass ~260 GeV)

• Mass difference < 10 GeV (challenging for LHC) 

• Under-abundant relic density 

• Entire chargino co-ann. and light Higgs funnel regions will be probed by future DD
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Other models 
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Other models (a taste) (EPJC, arXiv:1705.07931 & in prep)

Scalar singlet DM (Z2 & Z3)
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5. Summary and outlook
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Summary and outlook
• GAMBIT is public — try it out! 

• GAMBIT Community: a network of users & collaborators

• If you find a bug, please tell us (preferably via github) 

• Help us extend GAMBIT 
• Is your code useful for global fits? Why not create a GAMBIT interface?

• Detailed instructions and examples in the manual and source code  

• First physics results 

• Singlet DM

• GUT-scale SUSY

• Weak-scale MSSM7 

• More results coming soon 
• Axions, Higgs portal dark matter, light EW-gauginos, right-handed neutrinos…


• Future plans 
• More models! More likelihoods!

• CosmoBit: cosmological models and observables

• GAMBIT 2.0: Interface with Lagrangian-level tools for automatic code generation  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All results publicly available 

Results available on zenodo.cern.ch 
• Parameter point samples (hdf5 files)

• GAMBIT input files for all scans

• Example plotting routines

 
 
Links at gambit.hepforge.org/pubs 

http://zenodo.cern.ch
http://gambit.hepforge.org/pubs
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Clone git repository from GitHub 
• github.com/patscott/gambit_1.1  

Download tarballs  
• hepforge.org/downloads/gambit  

Pre-compilied version with Docker 
• docker run -it jmcornell/gambit 
 
 

See quick start guide in arXiv:1705.07908

Getting started with GAMBIT

http://github.com/patscott/gambit_1.1
http://hepforge.org/downloads/gambit
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Bonus material
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GAMBIT 

Extension to model building 
• GAMBIT Universal Model (GUM) files

• Interface to Lagrangian-level tools

• Code generation for spectra, cross sections, …

2



GAMBIT 

G A M B I T

Expansion: adding new models

1. Add the model to the model hierarchy:
Choose a model name, and declare any parent model
Declare the model’s parameters
Declare any translation function to the parent model

#define MODEL NUHM1
#define PARENT NUHM2

START_MODEL
DEFINEPARS(M0,M12,mH,A0,TanBeta,SignMu)
INTERPRET_AS_PARENT_FUNCTION(NUHM1_to_NUHM2)

#undef PARENT
#undef MODEL

2. Write the translation function as a standard C++ function:
void MODEL_NAMESPACE::NUHM1_to_NUHM2 (const ModelParameters &myP, ModelParameters &targetP)
{

// Set M0, M12, A0, TanBeta and SignMu in the NUHM2 to the same values as in the NUHM1
targetP.setValues(myP,false);
// Set the values of mHu and mHd in the NUHM2 to the value of mH in the NUHM1
targetP.setValue("mHu", myP["mH"]);
targetP.setValue("mHd", myP["mH"]);

}

3. If needed, declare that existing module functions work with
the new model, or add new functions that do.

Pat Scott – Sep 13 2017 – TOOLS::Corfu GAMBIT: The Global and Modular BSM Inference Tool

Adding a new model to GAMBIT

 54

(From Pat Scott)



(From Pat Scott)Adding a new observable/likelihood to GAMBIT

 55

G A M B I T

Expansion: adding new observables and likelihoods
Adding a new module function is easy:

1. Declare the function to GAMBIT in a module’s rollcall header
Choose a capability
Declare any backend requirements
Declare any dependencies
Declare any specific allowed models
other more advanced declarations also available

#define MODULE FlavBit // A tasty GAMBIT module.
START_MODULE

#define CAPABILITY Rmu // Observable: BR(K->mu nu)/BR(pi->mu nu)
START_CAPABILITY

#define FUNCTION SI_Rmu // Name of a function that can compute Rmu
START_FUNCTION(double) // Function computes a double precision result
BACKEND_REQ(Kmunu_pimunu, (my_tag), double, (const parameters*)) // Needs function from a backend
BACKEND_OPTION( (SuperIso, 3.6), (my_tag) ) // Backend must be SuperIso 3.6
DEPENDENCY(SuperIso_modelinfo, parameters) // Needs another function to calculate SuperIso info
ALLOW_MODELS(MSSM63atQ, MSSM63atMGUT) // Works with weak/GUT-scale MSSM and descendents
#undef FUNCTION

#undef CAPABILITY

2. Write the function as a standard C++ function
(one argument: the result)

Pat Scott – Sep 13 2017 – TOOLS::Corfu GAMBIT: The Global and Modular BSM Inference Tool
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G A M B I T

Scalar singlet DM (mS , ⁄hS + 13 nuisances) (arXiv:1705.07931)
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Simplest BSM example: LS = ≠µ2

S

2
S

2 ≠ ⁄hs

2
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2
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H + . . .

All dark matter signals consistently scaled for predicted abundance

Pat Scott – Mar 20 2018 – Moriond QCD Global analyses of supersymmetry with GAMBIT
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Scalar singlet DM (2+13 parameters)
(From Pat Scott)
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Scalar singlet DM (2+13 parameters)
(from Felix Kahlhoefer)

Status of the WIMP
Felix Kahlhoefer    |    10 April 2018

19

Assessing *ne-tuning with Bayesian scans

● In case of a non-observation, experimental data will push WIMP models into more 
and more <nely tuned regions of parameter space

● How do we assess whether WIMPs remain viable in spite of such tuning?

● Possible answer: Penalise <ne-tuning with Bayesian statistics
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SUSY results

Definition of coloured regions

12

signal plus background and background-only likelihoods,
in the hypothetical scenario where the observed number
of events is exactly equal to the background expectation,

∆ ln Lpred = ln L(n = b|s, b)≠ ln L(n = b|s = 0, b). (17)

Taking the di�erence with respect to the background log-
likelihood prevents erroneous model-to-model jumps in
the likelihood function (see Ref. [158] for more details).

Given the absence of published correlations between
the yields (and uncertainties) in the various signal re-
gions, this is arguably the best possible treatment, and
it has the added merit of giving conservative results.
Because no significant excess has been observed in any
of the LHC searches that we include, we restrict the com-
bined LHC Run I and combined Run II log-likelihood
each to a maximum of 0, i.e. forbidding mildy better
fits than the SM (which are achievable via statistical
fluctuations in the data or Monte Carlo simulation, at
a little less than the 1‡ level).

We included all Run I searches listed above directly
in our main scans of the CMSSM, NUHM1 and NUHM2.
We then applied the likelihoods associated with the
13 TeV, 13 fb≠1 Run II ATLAS and CMS 0-lepton
searches in a postprocessing step, using the ScannerBit
postprocessor scanner (see Sec. 6 of Ref. [161]). These
searches uncovered no excesses, and therefore do not
change the regions preferred by our scans except to dis-
favour a strip of additional models (compared to the
Run I searches) at sparticle masses of a few hundred
GeV. The accuracy of our sampling is therefore unaf-
fected by their inclusion via postprocessing rather than
in the original scans.7

3.11 Higgs physics

We use likelihoods from HiggsBounds 4.3.1 [291, 292]
and HiggsSignals 1.4.0 [293], as interfaced via ColliderBit
[158]. These provide two likelihood terms: one based
on limits from LEP, and the other on measurements
of Higgs masses and signal strengths at the LHC (plus
some subdominant contributions from the Tevatron).

The combined LEP Higgs likelihood is an approxi-
mate Gaussian likelihood, valid in the asymptotic limit.
HiggsBounds constructs this from the full CLs+b distri-
bution, accounting for the e�ect of varying production
cross-sections and Higgs masses by interpolating in a
grid of pre-calculated values.
7We applied the Run II searches this way not for reasons of com-
putational speed, but just as a matter of practicality, given when
supercomputing time, Run II results and di�erent components
of GAMBIT respectively became available.

The LHC Higgs likelihood is based on mass and
signal-strength measurements reported by ATLAS and
CMS. The mass and signal-strength data contribute sep-
arate ‰

2 terms to the overall LHC Higgs log-likelihood.
For each channel where a mass measurement is avail-
able, a ‰

2 contribution is calculated for the hypothesis
that each neutral Higgs particle is responsible for the
observed 125 GeV boson [294, 295]. Only the minimum
value enters the final likelihood. This minimisation al-
lows for the possibility that multiple resonances exist
at 125 GeV with near-degenerate masses. The signal-
strength contribution to the ‰

2 uses a covariance matrix
that contains all published experimental uncertainties
on all measurements of signal strengths, including their
correlations.

As discussed in Section 3.2, we obtain theoretical
predictions of Higgs masses from FlexibleSUSY, adopt-
ing an uncertainty of 2 GeV on the mass of the lightest
neutral Higgs, and 3% on all other Higgses [160]. We
compute Higgs decay rates and branching fractions us-
ing SUSY-HIT 1.5 [270] via DecayBit [160]. To obtain the
neutral Higgs boson production cross sections, we em-
ploy an e�ective coupling approximation, assuming that
the BSM-to-SM ratios of Higgs production cross sections
are equal to the ratios of the relevant squared couplings.
We determine the coupling ratios using the partial width
approximation, in which the ratios of squared BSM-to-
SM couplings are taken to be equal to the ratios of the
equivalent partial decay widths. To obtain branching
fractions for SM-like Higgs bosons of equivalent mass
to those in our MSSM models, we use lookup tables
computed with HDECAY 6.51 [296]. More details can
be found in the DecayBit paper [160].

4 Results

4.1 CMSSM

In the left panel of Fig. 1, we show the joint profile-
likelihood ratio for the mass of lightest neutralino and
the relic density in the CMSSM. In the right panel, we
show the same 95% CL regions colour-coded according
to the various mechanisms by which di�erent models
avoid exceeding the observed relic density of DM. We
classify the di�erent mechanisms as follows:

– stau co-annihilation: m·̃1 Æ 1.2 m‰̃
0
1
,

– stop co-annihilation: mt̃1 Æ 1.2 m‰̃
0
1
,

– chargino co-annihilation: ‰̃
0
1 Ø 50% Higgsino,

– A/H-funnel: 1.6 m‰̃
0
1

Æ mheavy Æ 2.4 m‰̃
0
1
,

where ‘heavy’ may be A
0 or H

0, i.e. a model qualifies
if either Higgs is in range. Points labeled “chargino
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Fig. 11: 1D profile likelihood ratio for ∆aµ in the CMSSM,
NUHM1 and NUHM2. For comparison we show a Gaussian likeli-
hood for the observed discrepancy aµ,obs≠aµ,SM = (28.7±8.0)◊
10≠10, adding the experimental and theoretical uncertanties in
quadrature.

generally low for coloured sparticles light enough to be
in reach of LHC Run II, but there is an interesting peak
of high likelihood at low stop masses for all three models,
centred on the best-fit masses of 592, 1030 and 950 GeV
for the CMSSM, NUHM1 and NUHM2 respectively. At
least naively, this appears worthy of further investigation
for each model, in terms of the potential for discovery
at the LHC.

Concentrating first on the profile likelihood for mt̃1
in the CMSSM, the first consideration is the mass dif-
ference mt̃1 ≠ m‰̃

0
1

for models with a low stop mass,
as experimental prospects generally deteriorate rapidly
for more compressed spectra. The CMSSM 1D profile
likelihood ratio for the mass di�erence mt̃1 ≠ m‰̃

0
1

is
shown in the top panels of Figure 13 in red, while Fig-
ure 14 shows the 2D profile likelihood in the t̃1 ≠‰̃

0
1 mass

plane. The low-mass stop solutions all satisfy the relic
density constraint through stop co-annihilation, giving
stop–neutralino mass di�erences below ≥ 50 GeV. For
very small mass di�erences, below the mass of the b

quark, these points could be probed by long-lived parti-
cle searches at the LHC. We defer a detailed study of
this to future work.

If the stop decays promptly, however, this region
can in principle be probed by LHC compressed spec-
tra searches, particularly in the recent Run II updates
that were not included in our initial scan. Although
we plan a detailed analysis of the full range of recent
LHC results in a forthcoming paper, some insight can be

gained by examining the recent 36 fb≠1 simplified model
limits presented by the CMS experiment [318–322] at
13 TeV. They carried out stop searches in a variety of
final states, and interpreted them in terms a model in
which stop pair production is immediately followed by
decay to a (possibly o�-shell) top quark and the lightest
neutralino. Although this is not necessarily the case for
our models, the simplified model limit acts as a guide to
the strongest possible exclusion potential of these Run
II searches. We show this limit in Fig. 14 as a red line.
The low-mass part of our 2‡ best-fit region remains out
of reach of the latest CMS search. We have also checked
that the models in this region emerge almost unscathed
when compared to recent ATLAS limits on compressed
stop scenarios [323–325],16 but there is some hope that
at least the lower parts of this region will be probed
in the near future. Completely excluding the stop co-
annihilation region in the CMSSM would require probing
compressed spectra in lightest stop decays up to a stop
mass of approximately 900 GeV. Although finding such
models is challenging at the LHC, stop pair-production
is within the kinematic reach of a multi-TeV linear col-
lider for the whole region, and dedicated analysis, similar
to searches for Higgsino-dominated neutralinos, should
be e�ective in constraining such models.

This picture changes in the NUHM1, which is most
easily seen by examining which mechanism for obeying
the relic density constraint is active in each region of
the t̃1 ≠ ‰̃

0
1 mass plane. Figure 15 shows that, whereas

the entire CMSSM 95% CL region at low stop masses
arises from stop co-annihilation, the extra freedom in
the NUHM1 model allows the existence of points with
low stop mass that generate the required relic density
through either the stau co-annihilation or chargino co-
annihilation mechanisms (or indeed some combination
thereof). There is hence a region with stop masses below
1 TeV that would exhibit larger t̃1 ≠ ‰̃

0
1 mass di�erences,

making future discovery at the LHC an easier prospect.
Indeed, comparison with the most recent CMS simplified
model limits demonstrates that part of this chargino co-
annihilation region may already have been probed [316].
Still, the region of highest likelihood is the stop co-
annihilation region, with mt̃1 ≠ m‰̃

0
1
. 50 GeV. This

can be seen in the top panels of Figure 13 in blue.
Excluding the stop co-annihilation mechanism entirely
in the NUHM1 is more di�cult than in the CMSSM,
requiring the ability to probe compressed spectra for
t̃1 masses up to approximately 1700 GeV, as seen in

16We note that the ATLAS limit assumes a 100% branching
fraction for the process t̃1 æ c‰̃

0
1. We have checked that this

agrees closely with the branching fractions returned by DecayBit

and SUSY-HIT for our best-fit stop co-annihilation point.

Muon g-2
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 146, 308] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very

small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see
a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and
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Fig. 2: Left: The profile likelihood ratio in the CMSSM, for m0 and m1/2 (top) and tan — and A0 (bottom), with explicit 68%
and 95% CL contour lines drawn in white, and the best fit point indicated by a star. Right: Colour-coding shows the mechanisms
active in models within the 95% CL contour for avoiding thermal overproduction of neutralino dark matter, through either
chargino co-annihilation, resonant annihilation via the A/H funnel, or stop co-annihilation. Other potential mechanisms (e.g. stau
co-annihilation) are not present, as they do not lie within the 95% CL contour.

We now see that relaxing the relic density con-
straint to an upper limit opens up a much richer set of
phenomenologically-viable scenarios, with lighter Hig-
gsino or mixed Higgino-bino LSPs. From the perspective
of global fits, treating the relic density as an upper bound
is a conservative approach, and allows us to test whether
the preference for heavy spectra found in recent studies
[115, 146, 308] persists even when a greater variety of
light LSPs is permitted.

The right panel of Fig. 1 shows that at 95% CL,
all of the identified annihilation mechanisms (stop co-
annihilation, A/H-funnel and chargino co-annihilation)
permit solutions where the measured relic density is fully
accounted for, as well as scenarios where only a very

small fraction of the DM relic abundance is explained
in the CMSSM. The fit does not demonstrate any clear
preference for the relic density to be under-abundant or
very close to the measured value. Looking at the top
of this plot, we indeed see the established picture for
chargino co-annihilation discussed above, where a pure
Higgsino DM candidate should have a mass of around
1 TeV to fit the observed relic density.

In Fig. 2, we show 2D CMSSM joint profile likeli-
hoods for m0 and m1/2, as well as for tan — and A0.
Here the plots include both positive and negative µ, and
are again coloured by relic density mechanism. We see
a large region of high likelihood at large m0 and m1/2,
consisting of overlapping chargino co-annihilation and

• Stop co-ann. region at large, negative trilinear coupling

• Small impact of (simple) check for charge- and colour-breaking minima
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Fig. 3: Left: Joint profile likelihoods in the µ–M1 (top) and M2–m
f̃

planes (bottom). Stars indicate the point of highest likelihood
in each plain, and white contours correspond to the 1‡ and 2‡ CL regions with respect to the best-fit point. Right: Coloured regions
indicating in which parts of the 2‡ best-fit region di�erent co-annihilation and funnel mechanisms contribute to keeping the relic
density low. The best-fit point in each region is indicated by a star with the corresponding colour.

of Fig. 3). Because the MSSM7 employs a common
sfermion soft-mass parameter m

2
f̃

at the input scale
(Q = 1 TeV in our case), mass splittings among di�er-
ent sfermions are mostly generated by varying amounts
of mixing. In comparison, the contribution from RGE
running from Q = 1 TeV to Q = MSUSY, which splits
m

2
f̃

into individual soft masses, is generally subdomi-
nant.

In the tree-level stop mass matrix the o�-
diagonal element is vyt(Au3 sin — ≠ µ cos —), while it
is vyb,· (Ad3 cos — ≠ µ sin —) in the sbottom and stau
mass matrices, where yt,b,· are the fermion Yukawa cou-
plings and v ¥ 246 GeV. Because increased left-right
mixing reduces the mass of the lighter of the two mass
eigenstates, the large top Yukawa ensures that t̃1 is the

lightest sfermion across most of the allowed parameter
space (including for models that exhibit sbottom co-
annihilation). With 3 Æ tan — Æ 70 the terms Au3 sin —

(stop) and µ sin — (sbottom and stau) dominate the
sfermion mixing in large regions of parameter space.
The dependence on large µ to obtain a sbottom mass
significantly lower than the mass set by the common
m

f̃
parameter explains why the sbottom co-annihilation

region does not extend as far to small µ as the stop co-
annihilation region in Fig. 3. Also, since yb ¥ 2.5y· , the
lightest stau remains heavier than the lightest sbottom
in the regions of parameter space with large mixing for
the down-type sfermions, which explains the absence
of any region dominated by stau co-annihilation in our
results.
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Fig. 4: Left: Joint profile likelihoods in the mass of the lightest neutralino and its relic density œh
2 (top), and in the masses of the

lightest neutralino and the CP-odd Higgs A
0 (bottom). Right: Coloured regions indicating in which parts of the 2‡ best-fit region

di�erent co-annihilation and funnel mechanisms contribute to the relic density. The best-fit point in each region is indicated by a
star with the corresponding colour.

doublet models such as the MSSM [207]. For large tan —,
the likelihoods for tree-level leptonic and semi-leptonic B

and D decays also penalise low A
0 masses. The tension

with these likelihoods at low masses is to some extent
compensated for by an improvement in the fit to the
electroweak penguin decay B

0 æ K
ú0

µ
+

µ
≠, but for

m
0
A
. 400 GeV, the combined restrictions imposed by

flavour physics and measurements of the 125 GeV Higgs
push the likelihood below the 95% CL, as evident in
Fig. 4.

In this paper we have allowed neutralinos to be a
sub-dominant component of DM. Were we to instead
require that they constitute all of DM, our fits would be
concentrated in the area around the horizontal line in the
upper panels of Fig. 4. This would restrict the Higgsino-

dominated DM models of the chargino co-annihilation
region to m‰̃

0
1
& 1 TeV, moving the best-fit point to

the A/H funnel and a mass of m‰̃
0
1

= 416 GeV. In
terms of the neutralino mass itself, this would rule out
m‰̃

0
1

< 250 GeV at 95% CL (1D). As we discuss later in
this section, the absence of light charginos would also
degrade the (already poor) fit to aµ.

In Fig. 5, we show the preferred regions and relic
density mechanisms active in the µ–tan — and Ad3–Au3

planes. The shape of the allowed region in the µ–tan —

plane can be understood as follows. For the scenario in
Region 1 of the upper panels of Fig. 3, µ π M1 and the
lightest neutralino is dominantly Higgsino. This leads to
the relic density bound µ . 1.2 TeV. In Region 2, where
the lightest neutralino is a mixture of bino and Higgsino,

• Best fit point in chargino co-annihilation region (chargino/neutralino mass ~260 GeV)

• Mass difference < 10 GeV (challenging for LHC) 

• Under-abundant relic density 
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Fig. 8: Left: Profile likelihood in the ‰̃
±
1 ≠ ‰̃

0
1 mass plane. Centre: Sub-regions within the 95% CL profile likelihood region, coloured

according to mechanisms by which the relic density constraint is satisfied. The regions shown correspond to neutralino co-annihilation
with charginos, stops or sbottoms, and resonant annihilation through the light or heavy Higgs funnels. Superimposed in red is
the latest CMS Run II simplified model limit for ‰̃

±
1 ‰̃

0
1 production and decay with decoupled sleptons [210]. This limit should be

interpreted with caution (see main text for details). Right: The same information as the central plot, but zoomed into the low-mass
region. Note that, although the CMS limit appears to have excluded part of the chargino co-annihilation region, this is a binning
e�ect. One should instead refer to the plot of the ‰̃

±
1 ≠ ‰̃

0
1 mass di�erence in Fig. 7, which provides finer resolution on the mass

di�erence in this region.

the near future. Note that if the GUT-inspired constraint
on M2 is relaxed, more solutions would fall within the
CMS exclusion limit, so these searches will be important
for global fits with more parameters. For compressed
spectra, the details are less clear, as the ability of the
CMS soft dilepton search to exclude the lightest models
depends crucially on the precise ‰̃

±
1 –‰̃

0
1 mass splitting.

This is shown in the top of Fig. 9, where it is apparent
that the chargino co-anihilation points appear as a peak
in the likelihood at ‰̃

±
1 –‰̃

0
1 mass di�erences of less than

10 GeV. This is too small to be probed by the recent CMS
results. The chargino co-annihilation region remains
free from LHC exclusion, assuming prompt decays of
the chargino. We note, however, that for very small
mass di�erences (approaching the pion mass), long-lived
particle searches might provide additional constraints.
We defer a detailed analysis of these to future work.

We now look at whether it is possible to probe the
squark sector of the MSSM7 at the LHC in the near
future. The lightest squarks are the t̃1 and b̃1. Fig. 7
shows that the peak of the sbottom profile likelihood
lies out of reach of the LHC in the near future, and
that masses below ≥800 GeV are disfavoured at the 2‡

level. Fig. 10 shows the b̃1 ≠ ‰̃
0
1 mass plane, revealing

that the lower sbottom masses are associated with a
small b̃1 ≠ ‰̃

0
1 mass di�erence. This arises from the fact

that stop and/or sbottom co-annihilation often account
for the generation of an acceptable relic density in this
low-mass region. However, there are also low-mass re-
gions in which resonant A/H annihilation or chargino
co-annihilation contribute to DM annihilation, giving

a wider range of mass di�erences. As above, compari-
son with recent CMS simplified model limits provides
some insights into the ability of the LHC to probe these
models in the near future. A variety of CMS searches
for sbottom production have been interpreted in the
context of a simplified model of sbottom pair production
and decay to a bottom quark and the lightest neutralino
[216–218]. We again treat these limits as a rough guide
to the most favourable possible LHC exclusion potential,
and compare our results to the CMS summary plot given
in Reference [219]. The current analyses have potentially
probed a small region of Fig. 10 (with ‰̃

0
1 masses be-

low 600 GeV and b̃1 masses below ¥ 1 TeV). However,
almost our entire 2‡ preferred region remains uncon-
strained. Directly ruling out sbottom co-annihilation
as a viable contributor to an acceptable relic density
would require probing compressed spectra in sbottom
decays up to a mass of ≥4 TeV, an impossible task at
the LHC. Nonetheless, the fact that current limits are
nearing the tip of the stop co-annihilation strip means
that discovery prospects even in the next run of the
LHC are quite promising (although more so for models
that exhibit only stop co-annihilation than those that
display both stop and sbottom co-annihilation).

The stop mass has a marginally higher likelihood at
lower masses (Fig. 7). Fig. 11 shows the profile likelihood
ratio in the t̃1–‰̃

0
1 mass plane, along with colour-coded

regions illustrating the relevant relic density mechanisms.
As for the sbottom mass, points with a t̃1 mass below
1 TeV show a strong mass correlation with the lightest
neutralino, as they lie in the stop co-annihilation region.

Chargino—netrualino mass plane
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Fig. 10: Left: The profile likelihood ratio in the b̃1 ≠ ‰̃
0
1 mass plane. Centre: Colour-coding shows mechanism(s) that allow models

within the 95% CL region to avoid exceeding the observed relic density of DM. The regions shown correspond to neutralino
co-annihilation with charginos, stops or sbottoms, and resonant annihilation through the light or heavy Higgs funnels. Right: The
same information as the central plot, zoomed into the low-mass region.
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Fig. 11: Left: The profile likelihood ratio in the t̃1 ≠ ‰̃
0
1 mass plane. Centre: Colour-coding shows mechanism(s) that allow models

within the 95% CL region to avoid exceeding the observed relic density of DM. The regions shown correspond to neutralino
co-annihilation with charginos, stops or sbottoms, and resonant annihilation through the light or heavy Higgs funnels. Superimposed
in red is the latest CMS Run II simplified model limit for stop pair production [211]. Right: The same information as the central
plot, zoomed into the low-mass region.

by the ratio f of the predicted to the observed relic den-
sity, so as to ease comparison with various experimental
limits and projections. Fig. 12 shows that SI limits from
direct detection are already highly constraining, with
many models with high likelihoods lying just below the
current sensitivity of LUX [175], and very soon to be
probed by XENON1T [220] and its successors. Eventu-
ally, DARWIN [221] looks set to probe the entirety of
the light Higgs funnel and the chargino co-annihilation
region, as well as large parts of the heavy funnel and
squark co-annihilation regions.

In the SD sector, IceCube already constrains mixed
gaugino-Higgsino models in the MSSM, as noted in Refs.
[39, 164, 227]. PICO [225] is not yet competitive for
MSSM models, but its future upgrades appear set to
make significant inroads into both Higgs funnels and the

chargino co-annihilation region. However, it remains to
be seen if XENON1T will probe such models on a shorter
timescale. Future neutrino telescopes such as KM3NeT
[228] and proposed upgrades to IceCube [229, 230] may
also o�er significantly improved sensitivity to models
in the MSSM7, but to date the expected sensitivity
to DM masses above 100 GeV is not known. Whilst
not particularly constraining in terms of SD proton
scattering, LUX [231] already provides constraints on
the SD neutralino-neutron cross-section, which are just
beginning to touch on the allowed parameter space of
the MSSM7 (not shown, but included in our scans via
DDCalc [167]).

Although models exist down to SI and SD cross-
sections of 10≠55 cm2 in the squark co-annihilation and
A/H funnel regions of our fits, the large cancellations
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At large µ and large tan —, models in Region 3 are
also impacted significantly by the Higgs likelihood. As
discussed in Refs. [208, 209], the bottom Yukawa cou-
pling receives important SUSY corrections proportional
to µ tan —, coming from gluino–sbottom and charged
Higgsino–stop loops. For large µ and tan —, this in-
creases the decay rate ≈ (h0 æ b̄b), which reduces the
signal strengths for all other Higgs channels. The gluino–
sbottom contribution is generally dominant, and for
µ > 0 it is always positive. On the other hand, the
Higgsino–stop contribution is proportional to Au3 , so
that for large and negative Au3 it can compensate the
gluino–sbottom correction. Thus, the good-fit region
extending out towards large µ is dominantly associated
with large, negative Au3 .

Large |Au3 | may cause the scalar potential of the
MSSM to develop a minimum that breaks gauge invari-
ance. We checked this in the same way as described in
Sec 4.1 of the companion paper [156], finding even less
impact in the MSSM7 than in the CMSSM or NUHM:
whilst a small number of individual points are poten-
tially a�ected by colour- or charge-breaking vacua, the
overall preferred regions of the model remain una�ected.
We naively carried out the same tests for |Ad3 | as well,
swapping all up-type parameters for their down-type
equivalents. We found that a few more models were
a�ected than in the up-type tests, in particular those
at large µ and small tan — discussed in the context of
Fig. 5 above, where Ad3 helps to prevent the sbottoms
becoming tachyonic. However, the impact was still quite
isolated and had no impact on the overall inference.

In Fig. 6, we show the profile likelihood for the
SUSY contribution ∆aµ to the magnetic moment of
the muon, compared with the experimental likelihood
function for the observed discrepancy aµ,obs ≠ aµ,SM =
(28.7 ± 8.0) ◊ 10≠10. Chargino co-annihilation models
give the largest SUSY contributions, as they exhibit
lighter charginos than other models. However, due to the
relatively large values preferred for m

f̃
, which governs

the masses of µ̃ and ‹̃µ, it is essentially impossible to
fit aµ simultaneously with all other observables even in
the chargino co-annihilation region.

Compared to the MSSM10 results discussed in Ref.
[203], we see broadly similar and consistent phenomenol-
ogy, up to di�erences expected from the slightly di�er-
ent models being scanned. Both studies find the light
Higgs funnel, chargino co-annihilation and squark co-
annihilation in essentially the same areas. As already
discussed, we find that the MSSM7 does not permit
stau co-annihilation, and we see a preference for larger
neutralino and sfermion masses than Ref. [203], a conse-
quence of the unified gaugino and sfermion mass parame-
ters in the MSSM7 and our inclusion of constraints from
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Fig. 6: 1D profile likelihood ratio for the SUSY contribution
∆aµ to the anomalous magnetic moment of the muon. In green
we show a Gaussian likelihood for the observed value aµ,obs ≠
aµ,SM = (28.7 ± 8.0) ◊ 10≠10, where we have combined the
experimental and Standard Model (SM) theoretical uncertainties
in quadrature.

Run II of the LHC. We also see squark co-annihilation
extend to higher masses than in Ref. [203], reflecting
either a lower likelihood for such models relative to the
best fit in the MSSM10 than in the MSSM7, or improved
sampling in the current paper. Unlike in the MSSM10,
we find that it is not possible to consistently explain aµ

in the MSSM7.

5 Future prospects

5.1 LHC

In Fig. 7 we show the 1D profile likelihoods for the
masses of ‰̃

0
1, ‰̃

±
1 , g̃, t̃1, b̃1 and ·̃1. The 2‡ preferred

region for the gluino mass extends upwards from ≥ 2
TeV, which is on the border of exclusion by current
LHC searches for 0-lepton final states, to ≥ 20 TeV,
well beyond the reach of the LHC. Similarly for m·̃1 ,
where the small, weak production cross-section ensures
that the predicted mass range is currently unobservable
at the LHC.

More interesting are the ‰̃
0
1 and ‰̃

±
1 profile likeli-

hoods, which are both peaked at low values. Given that
these are naively within range of both LEP and the
LHC Run I analyses, it is worth examining the prop-
erties of these low mass points in detail. Fig. 8 shows
our profile likelihood function in the ‰̃

±
1 –‰̃

0
1 mass plane,

zoomed into the low-mass region, along with colour-


