


Our Understanding of  the Universe 

§  Almost no anti-Matter… 
(baryo- lepto- genesis) 

§  Stars & galaxies: 
only ~0.5% 

§  ρvacuum / ρΛ ~10120 
§  ρΛ ~ mν 

Dark Matter & Dark Energy 
§  95% of  our Universe  
§  not yet understood … 

§  Need of  non baryonic Dark 
Matter (WIMP, Axion, …) 
§  Neutrinos only < few % 
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Dark Matter (23%) 

§  The dominant gravitating component of  the 
Universe cannot be the ordinary matter 

Rotation Curves  
of  Galaxies	  

Gravitational 
Lensing	  

Bullet Cluster & other 
similar clusters	  

§  Any DM candidate must be: 
§  Very weakly interacting with EM radiation (“dark”) 
§  Cosmologically long-lived or stable 
§  Produced in the early Universe with the right abundance 
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Neutrinos in the Universe 
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CνB is guaranteed but not significant 

§  Thermal relic background of  active neutrinos in  
the Universe: nν = 112 cm-3, for each specie 

 
§  Neutrinos should not overclose the Universe                             

§  ρν = ∑ mνi
 nν < ρc ΩDM  & ρc = 3 H2 mPl / 8 π ≈ 10.5 h2 KeV cm-3           

 à ∑ mνi
 < 94 ΩDM h2 eV ≈ 13 eV  → Hot Dark Matter (HDM) 

 
§  CνB : issues for Hot Dark Matter  

§  Structure form in a top-down scenario with galaxies  
& clusters forming too late via fragmentation 

§  Too many large galaxy clusters  

§  Experiments show that neutrinos have a mass  
§  Terrestrial: 0.01 < m  < 2  eV 
§  LSS & CMS: ∑ mνi

 < 0.5-1 eV (95% CL) → Ων < few % ΩDM 
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Particle DM Candidates 
 
§  DM particle must be beyond the Standard Model 

§  WIMPS (CDM) 
§  Particles with masses ∼ 10 GeV − 104 GeV  

§  Axions (CDM) 
§  Light pseudo-scalars, mass ∼ 10-5 eV 

 
… 

§  Neutrinos 
§  Sterile – eV scale (but HDM …) 
§  Sterile – keV scale (WDM) 
 

§  Ockham’s razor principle: one dominant DM particle?
Caveat: CDM and WDM may co-exist ! 
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eV-Sterile Neutrinos & Dark Matter 

§  Particle Physics:  
§  Reactor anomaly, LSND, MiniBooNE, Gallex/SAGE… 
§  Light sterile ν’s? but eV scale and sizable mixings 
§  New and better data are needed to clarify the situation 

§  CMB:  
§  extra eV-ish neutrinos not excluded 

§  BBN:  
§  extra ν’s possible 

§  Astrophysics: 
§  Effects of  keV-ish sterile ν’s on pulsar kicks? 

§  They would be non-relativistic now. Density per 
specie expected may differ to that of  active v’s 
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Modern Paradigm: ΛCDM	  

§  DM is “cold” (CDM).  
§  Structure formation is bottom-up  
§  Smaller objects formed first: stars → galaxies → clusters 
 

§  CDM simulation issues… 
 Matching small scale data? 

§  Cuspy halo profiles predicted 
Galaxies à Clusters 

 
 

§  Too many satellites predicted 
Could be an  
observational bias? 

Dwarf  Galaxy Profiles	  
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CDM: Missing	  Satellites	  Issue?	  	  
§  CDM	  N-‐Body	  Simula8ons:	  too	  many	  small	  substructures	  	  

(dwarf	  galaxies	  DM	  dominated)	  predicted	  
§  Failure	  of	  CDM	  model?	  Observa8onal	  bias?	  
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WDM: No Missing	  Satellites	  Issue?	  	  

But	  WDM	  may	  be	  in	  conflict	  with	  other	  observa8ons?	  
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Sterile neutrino hypothesis 

§  Generic extension of  SM model 
§  Add a SM singlet fermion 
§  Mixing with active ν’s 

No or tiny SM model interaction 
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	  	  Sterile	  neutrinos	  –	  viable	  WDM	  candidate	  

§  WDM	  in	  the	  form	  of	  keV	  sterile	  ν’s	  can	  suppress	  the	  forma8on	  of	  dwarf	  
galaxies	  and	  other	  small-‐scale	  structures.	  	  

§  Experiments on neutrino oscillations provides compelling 
evidence of  physics beyond the SM 

§  Adding right-handed neutrinos to the SM:  
§  The simplest and natural extension of  the SM à new eigenstates 
§  Mix (oscillate) with active neutrinos 
§  Could break CP and allow for lepto- baryo- genesis 
 

§  Sterile neutrino are suitable WDM candidates: 
§  Can be produced in the Early Universe (Warm or Cold), 

but abundance depend on production history 
§  Can have cosmological life-time 
§  Wide range of  masses…  
§  requires non-thermal production from other particles 
§  But	  not	  any	  strong	  prior	  theore8cal	  mo8va8ng	  keV	  sterile	  ν’s	   
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νs: Dodelson-Widrow (94) 

§  The theory is SM + 1 νs 

§  Cosmological production  
is due to active – sterile 
neutrino oscillations in  
the early Universe,  
including matter effects 

§  Produced at  
Tmax~130 (ms/keV)1/3 MeV     

 
§  But model is in tension 

with Lyman-α data 
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νs Production: Shi-Fuller (98) 

§  Resonant MSW-like oscillation production  
§  Smaller θ are enough for efficient production 

§  Spectra of  sterile neutrino DM is very non-
thermal and colder than Dodelson-Widrow 

§  Necessitate Lepton Asymmetry  
§  Being converted into the sterile neutrino 

§  This pushes Lyman-α bounds down and the X-
ray bounds up, opening the allowed region of  
parameters 
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νMSM: a comprehsive model 

§  SM + 3 MJ masses, 3 Dirac masses, 6 mixing angles and 6 CP-phases 

§  Role of  N1 with mass in keV region: Dark Matter 

§  Role of  N2, N3 with mass in 100 MeV – GeV region: “give” masses to ν’s 

and produce baryon asymmetry of  the Universe 

§  The Higgs and N1,2,3 and provides dynamical dark energy 

Shaposhnikov, PLB 620, 17 (2005) 
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νMSM: keV Neutrino Abundance 
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Major Constraints on ν WDM models 

§  Production of  DM density in the right range 

§  Phase-space density & structure formation  
§  m>1keV 

§  Satellite X-ray observation on decayνs à ν+γ 
§  Non-observations bring down the upper limit on  

DM sterile neutrino mass 

§  Lyman-α forest 
§  Non-observations restricts the mass of  the sterile 

neutrino DM from below 
§  Bounds are strongly model dependent  

§  m> few keV for resonant production 
§  m> 30 keV for Dodelson-Widrow model 
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keV Neutrino DM: not fully Dark… 

§  Radiative decay channel:  
§  νS → νγ 

§  Emitted Photon energy: 
§  Eγ = ms / 2 
 

§  Detection: X-ray telescope  
in Space observing galaxy 
clusters 

§  (faint) hint of  signal  
§  arxiv:1402.2301 
§  m = 7.1 keV 
§  sin2(Θ) ≈ 10-10 … 
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New Evidence for 7 keV Neutrino 
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νMSM: Observational Constraints 

Hint fom  
clusters	  
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The KATRIN experiment 

Goal: Direct neutrino mass measurement 
Sensitivity = 200 meV [90% C.L.]   
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Tritium Beta Decay 
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Imprint of  keV neutrino 
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Imprint of  keV neutrino 
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Imprint of  keV neutrino 
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Mixing/No Mixing Ratio 
with tiny mixing relevant for WDM 
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A KATRIN-like experiment for keV ν	


Source of  high 
stability  

and luminosity 

Tritium reduction 
without  

energy loss for 
electrons 

Precise energy 
analysis 

Energy loss due to 
scattering in the 

source 

High countrates require 
a new detector system 
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Tritium β decay phase space 

3H	   3He	  

dΓ
dEe

(mνi
) =C ⋅ peEe ⋅ Ee −E0( )2 −mνi

2 ⋅ Ee −E0( )
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β-decay spectrum modelization 

dΓ
dEe

(mνi
) =C ⋅ peEe ⋅ Ee −E0( )2 −mνi

2 ⋅ Ee −E0( ) ⋅F(Ee,Z )

Normalization constant 

Phase space factor 

Relativistic Fermi function 

à Extreme precision needed à must add theoretical corrections	  
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Coulomb field of  the daughter He nucleus  

E
!"
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The Spectral Fit Approach 

§  Simulation of  a KATRIN-like experiment 

§  3 years of  data – 100% efficiency – 1018 counts! 

§  Null hypothesis: no keV neutrino (no kink) 

§  Least squares estimator, non correlated uncertainties 

 

σ 2 ⇒σ 2
stat +σ sys

2
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Statistical Sensitivity 

σ 2
sys = 0
3 years of  data – 100% efficiency – 1018 counts 
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β-decay spectrum modelization 
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§  Screening Correction (S) 
§  Beta electron to orbital electron exchange (E) 
§  He recoil corrections (R):  

§  3 body decay 
§  weak magnetism 
§  V-A correction  

§  Recoiling Coulomb field (Q) 

§  Finite extension of  the nucleus 
§  Coulomb field  
§  weak interaction (L0, C) 

§  Radiative corrections (G) 
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Radiative Correction 
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Recoil of  the daugther nucleus 
(+ WM + V-A Corrections) 

R
!"
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Recoiling Coulomb field of  3He 

E
!"

R
!"
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Screening of  the orbital electron 
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β electron  - orbital electron exchange 
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Finite Extension of  the nucleus 
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Taken the unknown into account… 
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Blind	  test	  with	  an	  unknown	  small	  non-‐polynomial	  correc8on	  

Fit of  Spectrum with Corrections 
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Impact of  Theoretical Corrections 

§  Smooth corrections do not fake a kink signal sin2(θ)>10-7 
§  Accurate Parameterization is necessary in order to perform the fit 
§  (Modelization harder at high/low energy due to steeply varying corrections) 

11	  free	  parameters	  
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Systematics: Decay to Excited States 

Excitation energy (eV)
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Systematics: Decay to Excited States 

(1-Ratio) of  tritium beta-decay spectrum with 
excited states  / no excited states: a large effect 
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Systematics: Decay to Excited States 

1	  eV	  shiV	  

But	  a	  simple	  shiV	  
lead	  to	  a	  change	  of	  
Pgs	  by	  -‐1.9%	  

As a calculation of  the FSD as a function of  β-electron 
energy is not available but it is expected to be feasible Th. Lasserre – November 2014 



Systematics: Detector Efficiency 

bin-to-bin uncorrelated 
error & bin-to-bin 
correlated error 

Covariance matrix 

Weighting factors 

EΔ

Vstatii = Nii

V sysij =ωij ⋅σ i
eff ⋅σ j

eff
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Systematics: Detector Efficiency 

Correlated	  error	   Uncorrelated	  error	  

ρ=0.05%	

ρ=0.5%	


ρ=0.05%	

ρ=0.5%	


ρ=0.05%	


ρ=0.5%	


PRELIMINARY 
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Systematics: Detector Efficiency 

Correlated	  error	   Uncorrelated	  error	  
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keV neutrinos search with Tritium 
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Katrin 
Source  
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(differential) 
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By 
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Summary and Outlook 

§  A keV-ish neutrino Suitable Warm Dark Matter candidate  
§  Warm dark matter: suppress the small-scale structures.  
§  Simplest realization: νMSM (non-thermal production) 

§  Search in the lab: KATRIN-like experiment  (upgrade) 

§  KATRIN source strength + a new detector system 

§  Statistically: sin2(θ)>10-8 à into cosmological favored region  

§  Theoretical corrections: 
§  Smooth corrections can not fake a keV neutrino signature with 

sin2(θ)>10-7 but full understanding of  spectrum is needed 
§  Generic Experimental effect:  

§  Uncorrelated uncertainties reduce sensitivity.  
§  Need of  detector development 
 

§  Article:  arXiv:1409.0920  

§  Neutrino & Dark Matter White Paper in Preparation  
http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast_visu.php?id_ast=3446 
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	  	  4.3	  331-‐models	  (A.	  Gomes	  Dias,	  N.	  Anh	  Ky)	  
	  	  4.4	  Geometric	  torsions/string	  theory	  (N.	  Mavromatos,	  A.	  Pilafsis)	  
	  
VII	  -‐	  Current	  &	  Future	  keV	  Neutrino	  Search	  with	  Astrophysical	  Experiments	  
(Sec%on	  Editors:	  Steen	  Hansen	  and	  Alexei	  Boyarsky)	  	  	  	  	  	  	  
1.	  X-‐ray	  telescopes	  	  
2.	  Lyman	  alpha	  
3.	  Pulsar	  kick	  	  
4.	  Supernovae	  
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VIII	  -‐	  Current	  &	  Future	  keV	  Neutrino	  Search	  with	  Laboratory	  Experiments	  
(Sec%on	  Editors:	  Susanne	  Mertens	  and	  Loredana	  Gastaldo)	  
1.	  Effect	  of	  keV	  sterile	  neutrinos	  on	  beta	  decay	  spectra	  
	  	  1.1	  The	  case	  of	  H-‐3	  
	  	  	  	  	  -‐	  Troitsk	  
	  	  	  	  	  -‐	  KATRIN	  	  	  (S.	  Mertens,	  T.	  Lasserre)	  
	  	  	  	  	  -‐	  Project8	  (B.	  Monreal)	  
	  	  	  	  	  -‐	  Ptolemy	  (C.	  Tully)	  
	  	  	  	  	  -‐	  Full	  kinemaLc	  reconstrucLon	  
	  	  1.2	  The	  case	  of	  Re-‐187	  
	  	  	  	  	  -‐	  MANU	  (F.	  Gam,	  M.	  Galeazzi)	  
	  	  	  	  	  -‐	  MIBETA	  (A.	  Nucciom)	  
	  	  	  	  	  -‐	  MARE	  (F.	  Gam,	  A.	  Nucciom)	  
2.	  Effect	  of	  keV	  sterile	  neutrinos	  on	  electron	  capture	  spectra	  
	  	  2.1	  The	  case	  of	  Ho-‐163	  
	  	  	  	  -‐	  ECHo	  (L.	  Gastaldo,	  Amand	  Faessler,	  T.	  Lasserre)	  
	  	  	  	  -‐	  HOLMES	  (F.	  Gam,	  A.	  Nuciom)	  
	  	  	  	  -‐	  NuMECS	  (M.	  Rabin)	  
	  	  2.2	  Other	  EC	  isotopes	  (L.	  Gastaldo,	  Y.	  Novikov)	  
	  	  
IX	  -‐	  Discussion	  -‐	  Pro	  and	  Cons	  for	  keV	  Neutrino	  as	  Dark	  MaRer	  and	  Perspec8ves	  	  
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Dark Matters: Cold or Warm? 

 
§  Large scales:  

§  CMB, LSS survey’s 
§  HDM (active ν’s)  

ruled out 
§  CDM or WDM fit the 

observed structures 
equally well 

 
 
§  Small scales:  

§  Lyman-α, lensing… 

§  CDM & WDM differ 

§  WDM erases the  

‘smallest’ structures 

WDM	   CDM	  
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WDM Constraint: Lyman-α Forest  
§  Observe redshifted H 

absorption lines in quasar 
spectrum 

§  Provide constraints on  
structure-size at scales 
 of  0.3 h/Mpc < k < 3 h/Mpc  

§  Constraint depends  
on model of  νs dark matter  

§  Uncertainties 
§  analysis of  quasar spectra  
§  modelling of  hydrogen clouds  
§  simulation of  DM clustering  
§  Data & fit to astrophysical 

parameters - Systematics 
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