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* focussing here to WIMP Dark Matter 



Threefold approach to search for WIMPs   

e+, anti-proton 



2016 view: steepening gradient 

 Taken from Gaitskell, UCLA 
DM Workshop Feb 2016 

 



The moment of truth … 

Gianfranco Bertone:  „The moment of truth for WIMP dark matter“  
(Nature 468, 389-393, 2010) 

Amongst the many Dark Matter candidates proposed, WIMPs occupy a 
special place, as they arise naturally from well motivated extensions of 
the standard model of particle physics.  
 

With the advent of the Large Hadron Collider at CERN, 
and a new generation of astroparticle experiments, the 
moment of truth has come for WIMPs:  

Either we will discover them in the next five to ten 
years, or we will witness the inevitable decline of 
WIMPs. 



The moment of truth … 

Gianfranco Bertone:  „The moment of truth for WIMP dark matter“  
(Nature 468, 389-393, 2010) 

In absence of any signal we would be left with the nightmare 
Dark Matter scenario of null searches at the LHC, direct and 
indirect detection experiments, a circumstance that would  
likely mark the decline of the WIMPs, in favor of alternative 
explanations, such as axions or alternative theories of gravity, 
provided that they can be reconciled with lensing                   
observations. 

Let us stay optimistic, though. The plans to detect Dark Matter in the 
near future have been laid out carefully, and they deserve to be 
carried out with the outmost care, as a discovery would mark the    
start of a new era of physics, and it would represent the best reward 
to decades of painstaking searches. 



Change of WIMP search paradigm? 

Prove or disprove CMSSM with direct and indirect DM searches and 
SUSY searches @ LHC 
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including models with 

low-mass predictions, 

down to sub-GeV 
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Change of WIMP search paradigm? 

Prove or disprove CMSSM with direct and indirect DM searches and 
SUSY searches @ LHC 
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                                                            asymmetric DM  

                                                                         … 

 

          Cover the cross section / mass parameter space 
           down to the neutrino floor! 

 

Exploit WIMP detectors for DBD, axion search, solar physics, … 

 

 

 

 
   from talk of L.Shutt, SLAC expectation 



Noble Liquids: multi-ton projects 

 LZ   10/7t   LXe     2019  

 XENONnT  5.7t/..  LXe   2019  

 PANDA-X   20t/..   Lxe                    2019  

 DARWIN  50/40t LXe                                  2024  

 Darkside 30t LAr depl.                        ?                                                                                   
   (via DS 50kg) 

 DEAP  50t LAr depl.                               ?  
   (via Deap3600 starting 2016) 

 

Also:  CLEAN, X-MASS, ArDM, …        

 

 

join? 

100t LAr? 



Low WIMP masses: bolometric and scint. 

 bolometric:                                                                                                                     
small target masses, low threshold                    

 CRESST (< 1 kg) 

 Edelweiss III 

 SuperCDMS (50 kg)     2020 

 

 

 

 NaI: scrutinize DAMA/LIBRA        DAMA/LIBRA Phase III, 1 ton, directionality 

  ANAIS  113 kg (Canfranc)  

  DM-Ice 55 kg and KIMS 50 kg (Yangyang)  

  SABRE   (LNGS and Australia)          start contruction 2017  

  DM-Ice  (South Pole)                         start construction 2022? 



Summary WIMP Dark Matter 

 Some loss of momentum in case of no SUSY at LHC 

 Present gradient of sensitivity improvement is impressive 

 Prove/disprove annual DAMA/LIBRA annual modulation: 
seems in reach in the early-mid 2020s 

 Still a long way to cover the parameter space 
down to the neutrino floor 

 WIMP detectors are turning multi-functional 

 The tighter the WIMP constraints, the more attractive 
become alternative DM candidates: axions, dark photons, … 
 

Next decade will not be boring… 

 





Three ways: 

K. Valerius, Nu2016: 



Three ways:           1.  decay and electron capture   

 

 

KATRIN: first tritium data 2017 
 

Project-8:      prototyping 

 

 

Electron capture (ECHo, Holmes, NuMECS): 

- R&D 

- Now on the 10 eV level 

- Sub-eV sensitivity  envisaged for early 2020s  
(see talk of Loredana Gastaldo)  

 

 

 



Three ways:                                  2. 0 decay 

Only way to prove Majorana nature! 

 

The (realistic?) goal: cover IH branch 
 

Status June 2016: 

 

 

 

 

 

 



Three ways:                                  2. 0 decay 

 

Current experiments and R&D programmes 

 

 

 

 

 

 



Three ways:                                  2. 0 decay 

 

The future: example KamLAND-Zen (Junpei Shirai, Nu2016) 

 

 

 

 

 

 



Three ways:                                  2. 0 decay 

Other projects 

 CUORE: start operation end of 2016                                      
5-year sensitivity 90% C.L. 50-130 meV 

  CUORE CUPID (Cuore with particle ID, enrich‘d)                              
goal:  6-20 meV 

 Gerda (plans 200 kg) + Majorana  common project (?) 

 nEXO  60-170 meV  

  nEXO with Barium tagging 30-100 meV 

Conclusion: IH region will be entered, but it is not 
clear to which extend one can fully cover it.                                            

Demonstration of NH with oscillation experiments would 
considerable reduce the remaining parameter space (which 
would be along the nearly degenerated NH corridor). 
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Anyway, 0 decay is 

too fundamental to be 

given up too early! 
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5-year sensitivity 90% C.L. 50-130 meV 

  CUORE CUPID (Cuore with particle ID, enrich‘d)                              
goal:  6-20 meV 

 Gerda (plans 200 kg) + Majorana  common project (?) 

 nEXO  60-170 meV  

  nEXO with Barium tagging 30-100 meV 

Conclusion: IH region will be entered, but it is not 
clear to which extend one can fully cover it.                                            

Demonstration of NH with oscillation experiments would 
considerable reduce the remaining parameter space which 
would be along the nearly-degenerated NH corridor. 

 

- Nuclear Matrix elements:                                

theory, auxiliary measurements 

 

-   gA-dependence on nuclear effects 





A. Marrone, Nu2016 London 



A. Marrone, Nu2016 London 



Neutrino mass hierarchy 

Time schedules have to be taken with a grain of salt! 
NMH sensitivity of ORCA/PINGU depends on the octant of 23 (lower values for 1st  octant), that of JUNO on energy resolution  
(lower values for 3.5%, upper for 3%), that for DUNE on the CP value. 
                                                                                                 Compilation by p.Coyle, based on the original one of  Blennow et al.  
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Envisaged start operation   
of full detector, (Nu2016) 

JUNO:  2020                             
ORCA:  2020   (?)                        
PINGU:  2022   (??)                              
INO:   202?                 
Hyper-K:    2026   (?) 

 



„Dedicated NMH experiments“ 

 When JUNO, ORCA, PINGU, INO, …  come into operation, 
the question of NMH will largely be solved                                                      
(much more data from NOvA, better understanding of systematics 
and more statistics from all experiments) 

  W.r.t. NMH, all these new experiments then may have just 
a „confirmation character“ 

 New focus much broader:  

 precision measurement of oscillation parameters 

                      -  test unitarity of PSNM matrix 

                      -  hints for a fourth neutrino?  

 Non-standard interactions?  

 Supernova detection, 

 Solar- and geo-neutrinos, proton decay, … 



Example: PINGU and ORCA physics 

 Precision measurement of  23 and m32
2  (including 

octant of  23 ) over a larger energy range than accel. 
experiments 

 Determine (confirm) NMH with 3 (median) after         
3-4 years 

 Test unitarity of PNMS matrix using appearance of  

 Search for sterile neutrinos, non-standard interactions 

 Earth tomography 

 Annihilation of low-mass DM in the Sun 

 Detection of MeV neutrinos from SN bursts (PINGU) 



Summary oscillation physics 

 Need broad approach: different methods, different  
systematics, not clear how fast each of the detectors will      
meet is planned performance 

 Need auxiliary experiments (x sections, ..) and MC (atm.  flux  
& spectrum, GENIE,…)  

 ORCA, PINGU, JUNO, Hyper-K, DUNE may turn out to be a „LEP 
of neutrino physics“  -- i.e. just confirming the standard model 
with high precision … 

 … or find something beyond the standard model, like sterile 
neutrinos or non-standard interactions.  

 With or without surprises: the next 10-15 years will be techno-
logically extremely challenging and physicswise very interesting 



Sterile neutrinos 

 „No oscillation“ excluded at ~6 ??   (talk of C. Giunti) 

 Next 5 years: Expect a wealth of new data from small and 
medium-scale experiments: reactor & source expts, plus 
new atm. & LBL results, plus cosmology    (talk of A. Melchiori) 

      What will they provide?                                                    
 Many 2 results, partially contradicting?                                   
 Clear oscill. pattern in SOX?                                              
 What could SBL experiment at Fermilab give? 
 

 P. Huber (this conference): Hints to sterile neutrinos are     
still the best indication for BSM physics, „but we seem to    
be unable to mount a program to address those anomalies.“ 

 

 

What would that be if we would  

know the correct systematics? 





Solar Neutrinos 

 Will be measured with future 
detectors JUNO, Hyper-K, DUNE 

 JUNO: shallow, high background 
(no chance for  from CNO cycle) 

 Hyper-K, DUNE: only 8B, 10 times 
less statistics than LSc detector of 
50 kt (like former LENA) 
 

 Need a deep LSc detector on the 
20-50 kt scale for  

 high statistics solar neutrinos 

 CNO neutrinos (metallicity problem!) 

 geo-neutrinos (ONLY LSc) 

 best signal/BG for diffuse SN neutrinos 

 



Solar and geo-neutrinos 

 Will be measured with future 
detectors JUNO, Hyper-K, DUNE 

 JUNO: shallow, high background 
(no chance for  from CNO cycle) 

 Hyper-K, DUNE: only 8B, 10 times 
less statistics than LSc detector of 
50 kt (like former LENA) 
 

 Need a deep LSc detector on the 
20-50 kt scale for  

 high statistics solar neutrinos 

 CNO neutrinos (metallicity problem!) 

 geo-neutrinos (ONLY LSc) 

 best signal/BG for diffuse SN neutrinos 

 

ceterum 

censeo: 



Solar and geo-neutrinos 

 Will be measured with future 
detectors JUNO, Hyper-K, DUNE 

 JUNO: shallow, high background 
(no chance for  from CNO cycle) 

 Hyper-K, DUNE: only 8B, 10 times 
less statistics than LSc detector of 
50 kt (like former LENA) 
 

 Need a deep LSc detector on the 
20-50 kt scale for  

 high statistics solar neutrinos 

 CNO neutrinos (metallicity problem!) 

 geo-neutrinos (ONLY LSc) 

 best signal/BG for diffuse SN neutrinos 

 

ceterum 

censeo: 



Geo-neutrinos 

Want to understand the heat 
balance of Earth, and the 
composition of mantel & crust 

 

 

 

 

 

 

 

 



Geo-neutrinos 

Want to understand the heat 
balance of Earth, and the 
composition of mantel & crust 

 

 Sometime: revival of HANO-HANO?   
(John Learned) 

 

 

 

 Some even later time: neutrino geology  
à la A. Drukier  (see his London talk)? 

 

 

 

 

 

 

 

 





     Charged    

  Cosmic  

 Rays 

Gamma  

         Rays 

Neutrinos 

Sources of  

Cosmic Rays 



The questions: Astrophysics & Cosmology 
 

  Cosmic particle acceleration and propagation 
- How and where are cosmic particles accelerated? 
- How do they propagate – within and outside the Galaxy? 
- What is their impact on the environment                                                            

(Galaxy formation, Earth system, biology, …)? 
 

 

  Probing extreme environments 
- Processes close to black holes and neutron stars 
- How do supernovae explode, role of neutrinos? 
- Processes in relativistic jets, winds and radio lobes 
- Understanding cosmic magnetic fields 

 
 

  Cosmic Evolution   
 

  

 

 



The questions: Particle Physics & Basic Laws 

  Standard Model 
- Understanding forward physics at LHC 
- pp  and  cross sections at highest energies 
- Charm production at highest energies 
- Neutrino oscillations ,  mass hierarchy (ORCA & PINGU)  
- … 

 
 

  Beyond the Standard Model & Basic Laws 
- Dark matter: SUSY WIMPs, Q-balls, magnetic monopoles … 
- Violation of Lorentz invariance 
- New particle physics at extreme energies 
- Sterile neutrinos 
- … 

 

 

 







Cut-off at highest energies confirmed, but … 
 
 
 
 
 
 
                       
                     … is that the GZK cut-off? 
 
                     … or do the sources just  
                     run out of power? 

190 000 events 



Cut-off: how to undestand ist nature 
 
 
 
 
 
                       

 Need a better mass determination    
to check how the cut-off depends            
on particle mass 

 Need more statistics and first point 
sources to check how the cut-off 
depends on distance  

 



Can we do astronomy? 

 Need protons  - heavy nuclei are too strongly 
deflected in cosmic magnetic fields 

 Presently derived proton contribution seems 
disappointingly small (~10%) 

 Is that the final word?  (Could well be 30% !!)    

 

 

 Need better mass determination and more 
statistics above 3  1019 eV! 



Point Sources: Tantalizing hot spot at TA 



Auger and TA upgrades 

 AugerPrime 

  improve measurement of mass composition !! 

  no area extension 

  upgrading water tanks with scintillators on top  

  raising Fluorescence Detector duty cycle by 10-15%   more hybrid events 

 

 Telescope Array upgrade   

  more statistics for hot spot !! 

  increasing array from 700 km² to 2800 km²  (approved in Japan April 2015) 

 2 new Fluorescence detectors                           (proposal submitted in USA) 



Ultrahigh-energy CR physics is at a turning point ! 
 

 If proton component < 5-10%:  Next-generation detectors would fail                             
by definition to identify point sources.                                                                    
That would very likely herald the end of the race towards astronomy 
with charged cosmic rays.  

 If the proton component would be much higher than the presently 
estimated 10%, or if even point sources could be identified, the path 
towards cosmic ray astronomy would be open.  

 AugerPrime extremely important for the future of the full field:                                      
Guidance, whether CR physics at highest energies should be continued 
or whether it will have reached its natural end.  

 In the most positive case, AugerPrime  or TA would detect first point 
sources and break through a long-standing wall.  

 A larger detector could later study these sources in more detail. 

 





The main players 

At present 

 Fermi         Satellite 

 MAGIC, H.E.S.S., VERITAS    IACT 

 HAWC        wide angle 

 

Future 

 CTA (Spain, Chile)      IACT 

 HAWC South       wide angle 

 LHHASO (Tibet), TAIGA (Siberia)  hybrid 



 
 The Sky at TeV-Energies 

RX J1713.7-3946 

     H.E.S.S.-Scan of the galactic plane 

Moon 

 0.5° 

1989:      1 Source 
  1996:      3 Sources 
  2005:    80 Sources 
  2015:  150 Sources 



 
 It‘s going to be like classical astronomy ! 

RX J1713.7-3946 

Moon 

 0.5° 

1989:      1 Source 
  1996:      3 Sources 
  2005:    80 Sources 
  2015:  150 Sources 

 Periodicities/Variability:    from ms to years 

 Energy-coverage:       over several decades 

 Source position:        on the arc-second level 

 Morphology :         few arc-min level                   
(even energy-dependent!) 

 

 



 
 

 Physics beyond the Standard Model 

 Indirect Dark Matter Search 

 Test of Lorenz Invariance 

 … 

 Cosmology 

 Measurement of EBL 

 VHE Standard Candles  dark energy ? 

 

 

 

 

 

It‘s going to be like classical astronomy ! 





   CTA will open a new era in    
  gamma-ray astronomy 
 

 It will be flanked by wide-angle arrays like 
HAWC (TeV range) and LHAASO, TAIGA 
(reaching into PeV range) 
 

 Follow-up of Fermi satellite is still open, but 
good chances that mission will be extended 





The devices 

Baikal 

Antares 

AMANDA 
IceCube 



 Cosmic neutrinos discovered 
          new window opened,                                                      
         landscape still uncharted                                                         
         (no point sources yet!) 



Still Open: 

 Exact Spectrum 

 

 

 Flavor content (n-decay disfavored)   

 

 

 Extragalactic?   Galactic? 
 

   Individual sources? 
   Diffuse from CR interactions?    
   (see talk of F. Villante) 
 

See talk of J. Kiryluk 



 Chance to see steady point sources with 
IceCube becomes smaller and smaller, 
although certain sources/source classes 
seem to be in reach 

 

 

 Focus on transient sources! 
 

 Importance of multi-messenger alert 
programs! 



IceCube real-time program  (Antares similar) 



To resolve open questions, we need asap:  

 More data with IceCube,                                             
refined analysis methods 

 

 Detectors with different systematics 

 Detectors with better pointing 

 Detectors on the Northern 
hemisphere with better TeV view to 
central parts of the Galaxy 

 

under construction ! 



The future  

GVD 

IceCube Gen2 

HEA +PINGU + …. 

KM3NeT 

(ARCA + 

ORCA) 



KM3NeT Original idea: 6 blocks at 3 locations: 6 x 0.6 km³ 

France 

Greece 

Italy 

115 strings per block 
18 DOMs per string 
31 PMTs per DOM 

 

6 blocks are still part of 
„KM3NeT Phase 3“, which,  
however, cannot be  
associated yet to definite time line. 



Phase 1 (2017):  

France 

Italy 

7 strings, small spacing 
- Feasibility test for ORCA 

24 strings, 124 m spacing  
- Demonstrate principle 
- Physics on the 3-4 times Antares scale 
 



ORCA 

Phase 2.0:  ORCA and ARCA              (2020?) 

France 

Italy ARCA 

ORCA: determination of  the Neutrino Mass Hierarchy (NMH) 
 

ARCA: IceCube physics, but with better angular resolution and  
            from the Northern hemisphere 



KM3NeT 2.0: diffuse fluxes 

 Sensitivity to IceCube HESE signal 

… plus first galactic sources ? 



GVD: Phase 1 (2020) and Phase 2 (~2025) 

     GVD-1:   0.4 km³     

12 clusters with                      
8 strings each 

Cluster diameter                               
120 m 

Height 520 m 

36 OMs per string 

 

    GVD-2:     ~ 1.5 km³ 

      

 

2015 still 80 m 



GVD: Phase 1 (2020) and Phase 2 (~2025) 

     GVD-1:   0.4 km³     

12 clusters with                      
8 strings each 

Cluster diameter                               
120 m 

Height 520 m 

36 OMs per string 

 

    GVD-2:     ~ 1.5 km³ 

      

 

2015 still 80 m 

Check IceCube results 



GVD: from NT200 to GVD clusters 

 DUBNA cluster with 80 m diameter 
working since April 2015, now 120 m 

 A down-going muon                                          
in the DUBNA cluster 

 

 

 

 

 

 

NT200                 

              2015                             

                                                          since April                                              
         2016 

2015 still 80 m 



The IceCube Gen2 facility: conceptual drawing 

• PINGU : low energy,                                 
mass hierarchy 

 

• High Energy Array (HEA)            
- 100 TeV- PeV scale neutrinos    

  
• Cosmic Ray Array                     - 

veto array for HEA                         - 
+ cosmic ray physics  

 
• Radio Array (RA)                                 

 -  > 100 PeV                                        
 - BZ (GZK) neutrinos 

  



Global timeline                               (optimist‘s view!!)                        

14   15   16   17   18   19   20   21   22    23   24   25   26   27   28   29   30   31 

KM3NeT-1 constr. 
 

ARCA construction 

 

GVD 1.cluster 

        

GVD-1  construction 

Relevant physics 

Relevant physics 

ORCA constr 

IceCube: more and better data.Relevant physics all the time 

    PINGU  

Relevant physics 

     2 x 0.6 km³ 

+   1  x 0.4 km³ 

5-10 km³   Gen2: R&D  + preparatory phase 

Construction of surface and radio  
detectors could well start earlier 

 

Gen2 construction2 
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Gen2 construction2 

ARCA and GVD :    North 
ARCA and GVD:     Water 
 

GVD:     Shallow 
ARCA:  Deep 
 

GVD:   opt. to  10-30 TeV 
ARCA:                      opt. to 1-10 TeV  
 
Gen2:                       South, 
     ice, 
        deep, 
         opt to 100 TeV 
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Gen2 construction2 

 
 

   towards full  

   KM3NeT/ARCA   

      (3-4 km³) 

   towards GVD-2 

      (1.5 km³) 

5 km³ 



Summary HE neutrinos 

 Cosmic high-energy  discovered ! 

 Opened new window, but landscape not yet charted:                              
no point sources identified up to now 

 Remaining uncertainties on spectrum and flavor composition 

 Individual sources: transient sources give best chance, steady 
sources tantalizingly close ( ARCA/GVD).  

 Need larger detectors, also with different systematics and at 
the Northern hemisphere. 

 Next logical step: ARCA  +  GVDPhase1 
 

 ~2030: A Global Neutrino Observatory                           
(KM3NeT-GVD-IceCube/Gen2) full sky with > 5 km³ 
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Three attempts to sketch the future … 

      2007             2008                  2011          





Example: -less double beta decay 



Looking back to 2007 plans from 2012 



Looking back to 2007 plans from 2012 



Looking back to 2007 plans from 2012  

See C.S.:  
Seven Years of Astroparticle Roadmapping: 

Progress, Reality Check and Lessons ,  
 
 

ASPERA Final Meeting, Brussels, 2012  
 

https://www-zeuthen.desy.de/~csspier/ 
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Looking back to 2007 plans from 2016  

7 

? 



Astroparticle funding profile seen from 2008 



 In most cases expectations have been much to optimistic. 

 WIMP DM, oscillations: moved faster than expected. 

 Over the last decade, we have made a lot of 
important steps                                                                                               
(13,  pep and pp with Borexino, geo-nu, cosmic 
neutrinos, HE cut-off with Auger, huge number of 
gamma sources, gravitational waves,  cosmology 
results, …) 
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     1.9K neutrinos with     
  PTOLEMY ?                                            

                 (added after hearing the talk of Alfredo Cocco) 

  




