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lessons from Higgstory
lessons about fundamental discoveries from the Higgs discovery 

plausibility of WIMPs
and

CTA reach for WIMPs
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lessons about fundamental discoveries from the Higgstory



1964 Higgs particle proposed
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1978 Higgs discovery mode proposed
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1983 LEP construction begins

photo: https://timeline.web.cern.ch/timeline-header/88
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1994 LHC construction approved

photo: http://cds.cern.ch/record/841506



C Balázs | 2019 Mar 24 Sydney | page 10 of 41

2008 LHC operation begins

photo: http://cds.cern.ch/record/1703489
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2012 Higgs boson discovered

photo: https://www.gettyimages.com.au/detail/news-photo/s-scientists-
celebrates-with-champagne-after-the-news-photo/183634730
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fundamental discoveries require good ideas, 

hard work and take decades

during those decades we got confused and we got cold feet

lessons learned
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cold feet
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confusion

plot: 
http://cms.web.cern.ch/sites/cms.web.cern.ch/files/styles/large/

public/field/image/ltc_cls_comb_logx.png?itok=LcPZF-aH
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cold feet and confusion

plot: http://www.fnal.gov/pub/today/archive/archive_2012/today12-03-08_ROWReadMore.html
https://cerncourier.com/the-tevatrons-data-continue-to-excite



2012: Higgs exclusion plot
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WIMP discovery will be a different story

but let’s see how timelines compare so far…
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Higgs discovery

particle proposed

discovery mode

LEP construction

LHC approval

Higgsless models

LHC operation

Higgs exclusion

Higgs discovery

year

1964

1978

1983

1994

2003

2008

2010

2012

WIMP discovery

particle proposed

discovery mode(s)

DAMA construction

Fermi-LAT launched

WIMPless models

CTA construction

CTA operation

WIMP discovery

year

19711

19851

1994

2008

now

now

2020s

2030s

discovery timelines

1 Bertone, Hooper A History of Dark Matter
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we’re (being) confused

https://physics.ap
s.org/articles/v11
/48
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we’re (being) confused

https://physics.ap
s.org/articles/v11
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we’re (being) confused

https://physics.ap
s.org/articles/v11
/48

WIMPs
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anti-WIMP sentiment
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plausibility of WIMPs
and

CTA reach for WIMPs
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So, are WIMPs dead?

only multiple experiments can tell

this is why we need CTA and other observations

the Higgs discovery was a single parameter, one experiment venture

dark matter will be more complicated;  this is why we need GAMBIT

based on the latest data GAMBIT can can calculate plausibility 
measures for various WIMPs
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● open-source universal 
phenomenology tool for generic 
Beyond the Standard Model(s) 
theories

● designed to allow easy definition 
of new models, observables, 
likelihoods, scanners and backend 
physics codes

https://gambit.hepforge.org

EPJC 77 (2017) 784 arXiv:1705.07908

11 experiments
ATLAS, Belle-II, CLiC, CMS, CTA, Fermi-LAT, 
DARWIN, IceCube, LHCb, SHiP, XENON

40+ participants
P Athron, C Balázs, A Beniwal, S Bloor, T 
Bringmann, A Buckley, J Camargo-Molina, M 
Chrząszcz, J Cornell, M Danninger, J Edsjö, B 
Farmer, A Fowlie, T Gonzalo, W Handley, S 
Hoof, S Hotinli, F Kahlhoefer, A Kvellestad, J 
Harz, P Jackson, F Mahmoudi, G Martinez, A 
Raklev, J Renk, C Rogan, R de Austri, P Scott, 
P Stöcker, A Vincent, C Weniger, M White, Y 
Zhang

14 major theory codes
DarkSUSY, DDCalc, Diver, FlexibleSUSY, 
gamlike, GM2Calc, IsaJet, nulike, PolyChord, 
Rivet, SOFTSUSY, Superlso, SUSY-AI, 
WIMPSim

Global And Modular BSM Inference Tool
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thermal production implies

𝐷𝑀 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 ~ pre−factor ∗ 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔𝑆𝑀∙𝐷𝑀
2 /𝑚𝑎𝑠𝑠𝐷𝑀

2

the WIMP miracle: weak scale SM-DM coupling and weak scale DM 
mass yields the observed dark matter abundance

note: wide range of coupling/mass works

the WIMP miracle: defining property of WIMPs

diagram: https://arxiv.org/pdf/1904.07915.pdf
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caveats: above diagram is one dimensional, approximate, variable scale

WIMP masses range from (keV) GeV to TeV

diagram: https://arxiv.org/pdf/1904.07915.pdf
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the simplest WIMP: a new spin 0 particle

diagram: MissMJ & ProfCB PBS NOVA FNAL US DoE PDG

singlet

S
heavy
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the simplest WIMP: a new spin 0 particle

diagram: MissMJ & ProfCB PBS NOVA FNAL US DoE PDG

singlet

S
heavy
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Constraints

• DM abundance upper bound

• DM direct det. 

LUX, PandaX, SuperCDMS, XENON100

• DM indirect det. 
Fermi-LAT (dSphs), IceCube79

• LHC Higgs data

Uncertainties, nuisances

• local DM density

• nuclear physics parameters

• Higgs and quark masses

• gauge couplings

scalar singlet WIMP – GAMBIT analysis

ℒ𝑆𝐻 ~
1

2
𝜇𝑆
2𝑆2 +

1

2
𝜆𝐻𝑆𝑆

2|𝐻|2 +
1

4
𝜆𝑆𝑆

4 𝑚𝑆
2 = 𝜇𝑆

2 +
1

2
𝜆𝐻𝑆𝑣𝐻

2
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scalar singlet WIMP

• left frame: constraints are closing in, but plenty of parameter space is still open
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scalar singlet WIMP

• right frame: CTA will probe the region with high 𝑚𝑆 and annihilation cross section



C Balázs | 2018 Dec 5 Adelaide | page 34 of 24

Majorana fermion singlet WIMP

• situation is similar for a Majorana singlet WIMP
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vector singlet WIMP

• situation is similar for a vector singlet WIMP
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Constraints

• DM abundance upper bound

• DM direct det. 8 experiments

• DM indirect det. 
Fermi-LAT (dSphs), IceCube79

• EW precision W mass, 𝑔𝜇 − 2, …

• 59 flavor observables 

• LHC Higgs data, SUSY searches, …

Uncertainties, nuisances

• local DM density

• nuclear physics parameters

• Higgs and quark masses

• gauge couplings

about 280 million full likelihood 
calculations  for the three models

simplest SUSY WIMP (CMSSM, NUHM1&2 GUT BCs) GAMBIT analysis

ℒ𝑠𝑜𝑓𝑡 ~𝑀𝐻𝑢,𝑑

2 |𝐻𝑢,𝑑|
2 +𝑚0

2 ෨𝐹𝑖
† ෨𝐹𝑖 +

1

2
𝑚1/2

෨𝐺𝑗 ෨𝐺𝑗 + 𝐴0 ෨𝐹𝑖
𝑐𝐻𝑢,𝑑

෨𝐹𝑖 +⋯
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• left frame: dark matter particle mass is most likely under 2 TeV in perfect reach of CTA

•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel     ( ǁ𝜏 co-ann. ruled out @95%CL)

neutralino WIMP in CMSSM 
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• right frame: CTA will cover a substantial part of chargino co-ann. And Higgs funnel regions 

•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel     ( ǁ𝜏 co-ann. ruled out @95%CL

neutralino WIMP in CMSSM



C Balázs | 2019 Mar 24 Sydney | page 39 of 41

• substantial part of the promising parameter space is probed by CTA

•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel             ǁ𝜏 co-ann.

neutralino WIMP in NUHM1&2 (𝑀𝐻𝑢
, 𝑀𝐻𝑑

, 𝑚0, 𝑚1/2, 𝐴0, tan𝛽, sign𝜇 + 5 nuisances)
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• CTA will start probing regions not far from the ones with the highest likelihood

•

MSSM-7 (𝑀𝐻𝑢
,𝑀𝐻𝑑

, 𝑚 ሚ𝑓 , 𝑀2, 𝐴𝑢3 , 𝐴𝑑3 , tan𝛽 + 5 nuisances)



summary
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WIMPs are still experimentally plausible

multiple experiments will be needed to exclude them                     
or confirm that they form dark matter

CTA may play a pivotal role in the WIMP exclusion/discovery

the road to discovery is via exclusion (elimination of hypotheses), 
so GAMBIT keeps assessing the status of the most popular DM 

models…
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backup slides



public results
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results available on 
zenodo.cern.ch

• parameter point samples

• GAMBIT input files for all scans

• example plotting routines

links at gambit.hepforge.org/pubs
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GAMBIT

a universal phenomenology tool

● pseudo-observable calculations auto-generation of masses and couplings (soon from ℒ)

● observable calculations cosmology, astrophysics (dark matter), collider, precision, flavor…

● many different models effective, simplified, Higgs extensions, neutrinos, SUSY, axions…

● parameter scans grid, random, (ensemble) MCMC, nested sampling, differential evolution…

● statistical inference parameter estimation, Frequentists goodness of fit calculation, Bayesian 

model comparison
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GAMBIT modules
provide GAMBIT with a range of capabilities                                                

to calculate a certain quantity

● ColliderBit: fast LHC sim., Z, H obs.s, NP limits… arXiv:1705.07919

● DarkBit: abundance, direct, indirect detection… arXiv:1705.07920

● DecayBit: SM & NP (SUSY…) decay widths, BRs… arXiv:1705.07936

● FlavBit: NP (SUSY…) flavor obs.s, rare decays… arXiv:1705.07933

● PrecisionBit: EW precision observables, g − 2… arXiv:1705.07936

● SpecBit: NP masses, mixings, couplings, RGEs... arXiv:1705.07936

● ScannerBit: sampling, para est., model comp.… arXiv:1705.07959

● Coming soon: CosmoBit, NeutrinoBit, …
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GAMBIT features
global and modular

● diverse BSM model database (SM+SS, EFTs, 2HDMs, MSSM63, axions, RHNs…)

● changeable model assumptions for astrophysics, nuclear, …

● built-in experimental likelihoods (LEP, ATLAS, CMS, LHCb, DM searches, …)

● composite likelihood (consistent treatment of uncertainties, nuisances, …)

● several scanning algorithms (ensemble MCMC, differential evolution, nested…)

● auto dependency resolution (ID functions, optimize execution order!)

● dual-level parallel execution: MPI and OpenMP

● …
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GAMBIT features
flexible and extendable

● fast definition of new models, data sets, sampling methods

● plug&play theory tools auto-download, compile, dynamically link

● easily switch between backends calculating the same quantities

● C/C++, Fortran, Python, Mathematica interfaces for backends

● input: model, para.s, observables, sampler, stat. inference

● customizable output streams: ASCII, HDF5… 

● GAMBIT 2: input Lagrangian, auto-generate code for observables…

● …



GAMBIT 2
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Extension to model building

• GAMBIT Universal Model (GUM), interface to Lagrangian-level

• Auto code generation for spectra, cross sections, observables …



the future
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statistically reliable determination of model plausibility: p values, 
Bayesian odds (for nested models), …

fast and systematic model comparison and selection based on 
robust statistical tools

papers focusing on various models and future facilities:         
future dark matter detection, future colliders, …

more models, more data, more projections, more automation, …



getting started
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• clone git repo github.com/patscott/gambit_1.1   or

• download tarballs hepforge.org/downloads/gambit    or

• get pre-compilied version docker run -it jmcornell/gambit    and

• see quick start guide in arXiv:1705.07908



adding a new model to GAMBIT

C Balázs | 2019 Mar 24 Sydney | page 51 of 41 from Pat Scott



adding a new observable/likelihood to GAMBIT
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Wrapper?
GAMBIT dependency resolution for CMSSM

Model parameter translations                    Precision calculations

LEP rates+likelihoods Decays
LHC observables and likelihoods

DM abundance, direct, indirect searches
Flavour physics observables
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dependencies constructed 
dynamically at run-time using 
graph-theoretic methods to 

solve for required observables, 
backends, evaluation order, etc.
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Mechanisms to avoid DM overabundance

•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel             ǁ𝜏 co-ann.

Definition of colored regions

CMSSM, NUHM1, NUHM2 arXiv:1705.07935
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•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel     ( ǁ𝜏 co-ann. ruled out @95%CL)

• best fit point in stop co-ann. region (stop/neutralino mass about 600 GeV)

CMSSM (𝑚0, 𝑚1/2, 𝐴0, tan𝛽, sign𝜇 + 5 nuisances)



C Balázs | 2019 Mar 24 Sydney | page 57 of 41

CMSSM (𝑚0, 𝑚1/2, 𝐴0, tan𝛽, sign𝜇 + 5 nuisances)

•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel     ( ǁ𝜏 co-ann. ruled out @95%CL)

• best fit point in stop co-ann. region (stop/neutralino mass about 600 GeV)
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•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel             ǁ𝜏 co-ann.

• more freedom allows for much wider plausible regions

NUHM1 (𝑀𝐻 , 𝑚0, 𝑚1/2, 𝐴0, tan𝛽, sign𝜇 + 5 nuisances)
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•        ǁ𝑡 co-ann.                chargino co-ann.             heavy Higgs funnel             ǁ𝜏 co-ann.

• similar to NUHM1; LHC Run2 stop and EW gaugino searches may impact low mass regions 

NUHM2 (𝑀𝐻𝑢
, 𝑀𝐻𝑑

, 𝑚0, 𝑚1/2, 𝐴0, tan𝛽, sign𝜇 + 5 nuisances)
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• pull: deviation from ideal likelihood

2∆lnℒ𝐵𝐹 = 2(lnℒ𝐵𝐹 − lnℒ𝑖𝑑𝑒𝑎𝑙)
(for 𝜒2 distributed test statistic this is the sqrt of deviation 

from the optimal: ∆𝜒2)

• NUHM1 is in excellent shape except 
it can’t fit flavor anomalies
For more details:                                                           
Eur.Phys.J. C77 (2017) no.12, 824 arXiv:1705.07935

NUHM1 (𝑀𝐻 , 𝑚0, 𝑚1/2, 𝐴0, tan𝛽, sign𝜇 + 5 nuisances)
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Constraints

• DM abundance upper bound

• DM direct det. 8 experiments

• DM indirect det. 
Fermi-LAT (dSphs), IceCube79

• EW precision W mass, 𝑔𝜇 − 2, …

• 59 flavor observables 

• LHC Higgs data, SUSY searches, …

Uncertainties, nuisances

• local DM density

• nuclear physics parameters

• Higgs and quark masses

• gauge couplings

MSSM-7 (weak scale BCs)

ℒ𝑠𝑜𝑓𝑡 ~𝑀𝐻𝑢,𝑑

2 |𝐻𝑢,𝑑|
2 +𝑚 ሚ𝑓𝑖

2 ෨𝐹𝑖
† ෨𝐹𝑖 +

1

2
𝑀𝑗

෨𝐺𝑗 ෨𝐺𝑗 + 𝐴𝑓𝑖
෨𝐹𝑖
𝑐𝐻𝑢,𝑑

෨𝐹𝑖 +⋯
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MSSM-7 (𝑀𝐻𝑢
, 𝑀𝐻𝑑

, 𝑚 ሚ𝑓 , 𝑀2, 𝐴𝑢3 , 𝐴𝑑3 , tan𝛽 + 5 nuisances)

•

• neutralino can be dominated by higgsino or bino (wino domination prevented by 𝑀2
𝐺𝑈𝑇~2𝑀1

𝐺𝑈𝑇 )
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•

• 𝜒± co-ann. and light Higgs will be probed by dark matter direct detection experiments

MSSM-7 (𝑀𝐻𝑢
, 𝑀𝐻𝑑

, 𝑚 ሚ𝑓 , 𝑀2, 𝐴𝑢3 , 𝐴𝑑3 , tan𝛽 + 5 nuisances)
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we’re (being) confused

https://www.sciencealert.c
om/physicists-just-
debunked-one-of-the-most-
promising-dark-matter-
candidates


