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The actual presentation was delivered using a 
blackboard, and the slides do not fully 

correspond to the discussion



Sterile neutrinos
The name sterile was coined by Bruno Pontecorvo} in  a 

paper [JETP, 53, 1717 (1967)], which also discussed

● lepton number violation

● neutrinoless double beta decay

● rare processes (e.g. $\mu\rightarrow e\gamma$)

● vacuum neutrino oscillations 

● detection of neutrino oscillations   

● astrophysical neutrino oscillations



Sterile neutrinos
The name sterile was coined by Bruno Pontecorvo} in  a 

paper [JETP, 53, 1717 (1967)]:

“neutrino oscillations can "convert potentially active 

particles into particles that are,  from the point of view 

of ordinary weak interactions, sterile, i.e. practically 

unobservable, since they have the "incorrect" helicity”



Wrong reasons to dismiss right-handed neutrinos 
● LEP measurements of Z width indicate 3 generations of fermions

● Sterile neutrinos are ruled out by CMB measurements of N

eff

= ...

● Sterile neutrinos with masses below ~keV make dark matter that is too warm 

● XXXX experiment, which claimed evidence of sterile neutrinos, was ruled out by 

YYYY experiment

● It is unnatural for Majorana mass to be small 



Wrong reasons to dismiss right-handed neutrinos 
● LEP measurements of Z width indicate 3 generations of fermions

● Sterile neutrinos are ruled out by CMB measurements of N

eff

= ...

● Sterile neutrinos with masses below ~keV make dark matter that is too warm 

● XXXX experiment, which claimed evidence of sterile neutrinos, was ruled out by 

YYYY experiment

● It is unnatural for Majorana mass to be small 



Neff: what it is and what it is not

Add 1 sterile neutrino.   What is the new value of N

eff

 =... ?

Depends on the mass and mixing angle...



Sterile neutrinos can decay in a variety of modes, depending on the mass.  Decays can 

cause (i) entropy production and dilution of ordinary neutrinos, and (ii) production of 

non-thermal neutrinos in the final state. 



Neff  with 1 additional sterile neutrino

N

eff 

 can increase or 

decrease! 



Neutrino masses - first BSM physics 

Takaaki Kajita arrives at U. Tokyo 
(view from my window at IPMU) 



Neutrino masses

What is the natural scale M?



Seesaw mechanism
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How natural is a small Majorana mass?
Everyday naturalness is in the eye of the beholder.  

One needs a definition.

Perturbative naturalness: 

Physical quantity = tree + 1-loop + 2-loop…

Unnatural if large cancellations are required.

A small mixing angle ⇒ small corrections, technically natural



‘t Hooft: criterion for naturalness
Small number is natural if setting it to zero increases symmetry



‘t Hooft: criterion for naturalness
Small number is natural if setting it to zero increases symmetry

Apply to sterile neutrinos: M→0 increases the symmetry (lepton number).  

If L is a “good enough” symmetry, small M is natural 



Clues from cosmology?





Allowed range of mass and mixing with ᶟe



Allowed range of mass and mixing with ᶟᶞ



Allowed range of mass and mixing with ᶟᷠ



Sterile neutrinos as dark matter
A well-motivated dark matter candidate

● neutrino masses are most easily explained if right-handed neutrinos exist.  If one of them has mass 
in the keV mass range, it can be dark matter

● models exist, in which the abundance is “natural” (a non-WIMP miracle) 
● depending on the production mechanism, can be warm or (practically) cold dark matter
● can explain the observed pulsar velocities 
● can be discovered by a radiative decay line using X-ray telescopes:￼

For review, see, e.g.,  A.K., Sterile neutrinos: the dark side of the light fermions, Phys. Rept. 481 (2009) 1 

Same signature -- from supersymmetry/strings moduli dark matter 
[Murayama et al.; Loewenstein, AK, Yanagida]



Sterile neutrinos as dark matter



Dodelson-Widrow production



Shi-Fuller production

In the presence of a lepton 

asymmetry, MSW resonance 

enhances production and selects 

lower-momentum part of the 

distribution.



ᶟMSM [Asaka, Blanchet, Shaposhnikov]

● Dark matter

● Leptogenesis via neutrino oscillations [Akhmedov, Rubakov, Smirnov]

● For some masses, the same oscillations can generate the lepton asymmetry to 

allow for Shi-Fuller production mechanism

A very economical model: Standard Model plus three right-handed neutrinos 



New scale or new physics (and a non-WIMP miracle)
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Split seesaw

Flip Tanedo
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Dark matter production in split seesaw: two scenarios



Low-reheat universe
What if the universe never 

reached a (reheat) 

temperature above what is 

necessary for BBN 

(~4 MeV)?  

[Gelmini et al. PRL 93 

(2004) 081302]



Sterile dark matter: warm vs cold

Generically, two components: colder and warmer



Free-streaming depends on the production mechanism

Dodelson-Widrow

Shi-Fuller

Decays,  T > GeV

For review, see AK, arXiv:0906.2968 



Lyman-ᶓ bounds for Dodelson-Widrow production

[Boyarsky et al.]



Astrophysical hints: supernovae and pulsar kicks
Pulsars have velocities ~500 km/s

15% have v>1000 km/s

Explanation is lacking.  

Supernova asymmetries may or 

may not be enough...



Pulsar kicks
A neutron star with v~500 km/s has momentum Mv~10

41 

g cm/s

SN neutrinos have energy 10

53

erg and carry momentum Pᷙ~10

43

 g cm/s

The rest of SN gets only 1% of the energy…

Need a sizable asymmetry in SN, or 



SN neutrinos are produced in urca processes

In the strong magnetic field of  a neutron star, the 

electrons are polarized: 

The asymmetry: 

where k

0

~0.3,the fraction in the lowest Landau level

Easily ~ 10% asymmetry! (need 1%)



Can ordinary neutrinos explain the pulsar kicks?
No.

Neutrinos are trapped at high 

density.  Asymmetry is washed out as 

they diffuse out of the neutron star.



Sterile neutrinos
produced in the same processes, with the 

rates suppressed by sin

2ᷔ

Scattering cross sections are also suppressed.  

Therefore, 

production anisotropy= emission anisotropy

10% energy escaping with 10% asymmetry

can explain the pulsar kicks 



Sterile neutrino mass and mixing



Other predictions of the sterile neutrino kick



Direct detection?



HUNTER experiment at UCLA: Cs-131 in an optical trap
(Heavy Unseen Neutrinos by Total Energy-momentum Reconstruction)

Paul Hamilton

G. Finocchiaro, 
R. Shrock, 
Phys.Rev. D46 
(1992) R888

P. Smith, 
arxiv:1607.06876



HUNTER experiment at UCLA: Cs-131 in an optical trap



Radiative decay (time scales >> age of universe)
Two-body decay into a 

photon and an active 

neutrino. 

Mass ~keV, 

an X-ray telescope pointing at a large collection of dark-matter particles can detect 

a line from dark matter decay. 



Unidentified 3.5 keV line: is it dark matter?



Interpretation as a dark-matter sterile neutrino



3.5 keV line: detected or not?

Abazajian



Summary
● Neutrino masses point to the likely existence of sterile/right-handed neutrinos at 

some mass scale

● If one of the gauge singlets has mass in the keV range, it can be dark matter

● There are corroborating hints from supernovae and the pulsar kicks

● X-ray observations offer the best chance to discover this dark matter candidate

● If discovered, dark matter X-ray line can help map out dark halos

● If discovered, redshift-distance information inferred from the X-ray line can be 

used for observational cosmology, including dark energy research 


