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1. Global fits?
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Statistical fits

Some observable 
Some model

Some other observable 
Some other model



Anders Kvellestad  4

Global fits

Many observables 
One theory



Anders Kvellestad  5

The basic steps of a BSM global fit

• Choose your BSM model and parameterisation 


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


 

• Use sophisticated scanning techniques to explore the 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 . . .
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2. Recent(ish) DM global fits
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SUSY DM global fits (high scale)

CMSSM, NUHM1, NUHM2 
GAMBIT, 1705.07935

FIG. 2: The allowed parameter regions of the CMSSM. The red and blue contours correspond

to 68% and 95% CL regions obtained from L(⌘i)old (left column) and L(⌘i)new (right column).

The filled colors correspond to the main six dark matter annihilation mechanisms: StauC (green),

StopC (purple), AF (blue), FP (yellow), StauC&AF (gray) and AF&FP (pink). The 90% exclusion

limits on the spin-independent dark matter-nucleon scattering cross-section (�SI
p ) from LUX 2013

[33], LUX 2016 [32] and LZ [58] are also displayed in the bottom panels.
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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

CMSSM 
EasyScan_HEP, 1612.02296CMSSM 

Fittino, 1508.05951 SUSY SU(5) GUTs 
MasterCode, 1610.10084

mAMSB 
MasterCode, 1612.05210

sub-GUT MSSM 
MasterCode, 1711.00458
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SUSY DM global fits (weak scale)

MSSM7 
GAMBIT, 1705.07917
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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.

EW-MSSM 
GAMBIT, 1809.02097

See M. Danninger’s talk

MSSM10 
MasterCode, 1504.03260

MSSM11 
MasterCode, 1710.11091
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Non-SUSY DM global fits

Scalar Higgs portal DM (Z2 & Z3) 
GAMBIT, 1705.07931, 1806.11281

DM w/ leptophobic mediator 
MasterCode, 1905.00892

Axions and axion-like particles 
GAMBIT, 1810.07192

Vector and fermion Higgs portal DM 
GAMBIT, 1808.10465.
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3. GAMBIT
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G AM B I T

Recent collaborators:

Peter Athron, Csaba Balázs, Ankit Beniwal, Sanjay Bloor, 

Torsten Bringmann, Andy Buckley, José Eliel Camargo-

Molina, Marcin Chrząszcz, Jonathan Cornell, Matthias 

Danninger, Joakim Edsjö, Ben Farmer, Andrew Fowlie, Tomás 

E. Gonzalo, Will Handley, Sebastian Hoof, Selim Hotinli, Felix 

Kahlhoefer, Anders Kvellestad, Julia Harz, Paul Jackson, 

Farvah Mahmoudi, Greg Martinez, Are Raklev, Janina Renk, 

Chris Rogan, Roberto Ruiz de Austri, Pat Scott, Patrick 

Stöcker, Aaron Vincent, Christoph Weniger, Martin White, 

Yang Zhang

Members of:
ATLAS, Belle-II, CLiC, CMS, CTA, Fermi-LAT, DARWIN, 

IceCube, LHCb, SHiP, XENON

Authors of:
DarkSUSY, DDCalc, Diver, FlexibleSUSY, gamlike, 

GM2Calc, IsaTols, nulike, PolyChord, Rivet, SoftSUSY, 

SuperISO, SUSY-AI, WIMPSim

40+ participants in 11 experiments and 14 major theory codes
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Models Core ScannerBit

CaptnGeneral, DarkSUSY, DDCalc, 
FeynHiggs, FlexibleSUSY, gamLike, 
gm2calc, HiggsBounds, HiggsSignals, 
MicrOmegas, nulike, Pythia, SPheno, 
SUSYHD, SUSYHIT, SuperIso, Vevacious, 
…

Backends

Diver, GreAT, MultiNest, 
PolyChord, TWalk, grid, random, 
postprocessor, …

Scanners

ColliderBit DarkBit FlavBit

SpecBit DecayBit PrecisionBit

Physics modules

NeutrinoBit …
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Results: SUSY dark matter

[1705.07917]

G AM B I T
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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)

[1705.07917]

G AM B I T
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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. 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.

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

• Wino-dominated neutralino not possible due to GUT relation
(M2 ⇠ 2M1)

[1705.07917]

G AM B I T
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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. 12: Spin-independent 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: Colour-coding shows
mechanism(s) that allow models within the 95% CL region of the profile likelihood to avoid exceeding the observed relic density of
DM, corresponding to neutralino co-annihilation with charginos, stops or sbottoms, and resonant annihilation through the light or
heavy Higgs funnels. Overplotted are 90% CL constraints from LUX, [175], and projections for the reach of XENON1T after two
years of exposure, XENONnT/LZ, assuming 1–3 years of data and an exposure of 20 tonne-years [220], and DARWIN, assuming
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 ·

+
·

≠ 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 at best fit point (but ~equally good fit with 1 TeV higgsinos) 

• Entire chargino co-ann. and light Higgs funnel regions will be probed by future DD

G AM B I T
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Results: Higgs portal dark matter

[1808.10465]

G AM B I T
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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:

• XENON1T 2018

• LUX 2016

• Panda-X 2016, 2017

• CDMSlite

• CRESST-II

• PICO-60

• DarkSide-50

• Higgs invisible decay width


• Perturbative unitarity and EFT validity

[1808.10465]

G AM B I T
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Higgs portal (vector/fermion)
[1808.10465]

LHC: 

inv. H
 decays

D
irect detection Indirect detection

Dire
ct 

dete
cti

on

G AM B I T

Vector DM model 
• Higgs resonance region and high-mass region consistent with all experiments 

• Direct detection generally very constraining, but invisible H decays also important



Anders Kvellestad  20

[1808.10465]

Higgs portal (vector/fermion)

Vector DM model 
• Bayesian posterior distributions: resonance region disfavoured due to being fine-tuned

• Similar effect seen for the scalar and fermion DM models

G AM B I T
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[1808.10465]

Higgs portal (vector/fermion)

Vector DM model 
• Future experiments will probe entire high-mass region and part of resonance region

G AM B I T
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[1808.10465]

Higgs portal (vector/fermion)

Majorana fermion DM model (similar results for Dirac fermion) 
• Additional free parameter: CP phase of portal interaction  
• CP-violating interaction  
→ momentum suppression in DD cross-section  
→ larger viable parameter space

G AM B I T
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Bayesian model comparisons 
• Fermion DM: CP-conserving vs CP-violating portal coupling?  
→ «Strong evidence» against pure CP-conserving case (Jeffrey’s scale)  


• Scalar, fermion or vector DM? 
→ «Positive evidence» against vector DM model, compared to scalar model

[1808.10465]

Higgs portal (vector/fermion)

G AM B I T
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Summary

G AM B I T
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• There are many observables that may have implications for dark matter → 
need global fits to get the complete picture


• Global fits for any BSM model? GAMBIT is your friend!  
(But it’s not automatic… yet…) 


• SUSY global fits are still going strong


• Many constraints, but «vanilla» MSSM dark matter remains viable and 
well-motivated 

• If you believe in fermion singlet dark matter, you should not expect 
a CP-conserving Higgs portal interaction 


• Interesting parameter regions for MSSM and Higgs portal dark matter will 
be probed in upcoming experiments — in particular in direct detection


• GAMBIT v1.4 is out: gambit.hepforge.org 

G AM B I T

Summary

http://gambit.hepforge.org


Anders Kvellestad

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

• GAMBIT input files for all scans

• Example plotting routines

• SLHA files for benchmark points

 
 
Links at gambit.hepforge.org/pubs 

 26

All GAMBIT results are publicly available

G AM B I T

http://zenodo.cern.ch
http://gambit.hepforge.org/pubs
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Bonus tracks

G AM B I T
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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
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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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E↵ective Higgs portal models [EPJC, arXiv:1808.10465]

H
†
H – lowest dimensional, gauge-invariant operator.

Vector (Vµ) and Majorana fermion1 (�) fields with Z2 symmetry:

(Vµ,�) ! � (Vµ,�). (2)

Lagrangians after EWSB and chiral rotation: � ! e
i�5↵/2 � are

LV � 1
2
m2

V VµV
µ +

1
2
�hV VµV

µ(v0h+
1
2
h2), (3)

L� � 1
2
�(i/@ �m�)�� 1

2
�h�

⇤�
(cos ⇠ ��+ sin ⇠ �i�5�)(v0h+

1
2
h2). (4)

Note: ⇠ = 0, ⇡ (⇡/2) =) pure scalar (pseudo-scalar) interaction.

Free model parameters: mV , �hV (Vector DM); m�, �h�/⇤� and ⇠

(Majorana fermion DM).

1Similar for a Dirac fermion field  .
A. Beniwal (CP3) Global study of e↵ective Higgs portal dark matter models using GAMBIT 6/14
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Constraints

Observational constraints

Thermal relic density;

Higgs invisible decays;

Indirect detection using �

rays;

Direct detection, e.g.,
XENON1T, LUX;

Solar DM capture and
annihilation.

Theoretical constraints

Perturbative unitarity of V V ! hh

scattering amplitudes,

0  �hV  2m
2
V

v
2
0

.

EFT validity of Majorana
fermion DM model,

�h�

⇤�
<

4⇡

2m�
.

Include 7 important Standard Model (SM), nuclear and astrophysical
nuisance parameters.

A. Beniwal (CP3) Global study of e↵ective Higgs portal dark matter models using GAMBIT 7/14
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Free model and nuisance parameters

Model Parameter Minimum Maximum Prior type

�hV 10�4 10 Log

Vector DM mV (low mass) 45 GeV 70 GeV Flat

mV (high mass) 45 GeV 10 TeV Log

�h�,h /⇤�, 10�6 GeV�1 1 GeV�1 Log

Majorana/Dirac DM ⇠ 0 ⇡ Flat

m�, (low mass) 45 GeV 70 GeV Flat

m�, (high mass) 45 GeV 10 TeV Log

Table 1: Free model parameter ranges and priors.

Parameter Value (± Range)

Local DM density ⇢0 0.2–0.8 GeV cm�3

Most probable speed vpeak 240 (24) km s�1

Galactic escape speed vesc 533 (96) km s�1

Nuclear matrix element �s 43 (24) MeV

Nuclear matrix element �l 50 (45) MeV

Higgs pole mass mh 124.1–127.3 GeV

Strong coupling ↵MS
s (mZ) 0.1181 (33)

Table 2: 7 SM, nuclear and astrophysical parameters varied simultaneously in our scans.

A. Beniwal (CP3) Global study of e↵ective Higgs portal dark matter models using GAMBIT 6/7


