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Part (1): Neutrino masses and cosmology: bird’s eye view
	 	 	     - current bounds
  	 	 	     - future sensitivities

Part (2): Mass Varying Neutrinos:
	 	 	     - the basic idea
  	 	 	     - constraints from solar neutrino physics
	 	 	     - future developments

Conclusions



Neutrinos in cosmology
are significant because:

- neutrinos are  a  lot  (as abundant as photons)

- neutrinos are  hot  
	 	 	 	 	 	    main component of the rel energy density
	 	 	 	 	 	    that sets the expansion rate of the Universe

- but not so hot, they have a mass
	 	 	 	 	 	    they cool down at an interesting time

- undergo matter effects in the primordial plasma

- determine neutron/proton in BBN, 
	 	 	 	 	 	    i.e. primordial composition of the Universe

- have energy density similar to Dark Energy

Light, Standard Model
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affects CMB and matter spectramν

Neutrinos become NR at z ∼

mνc2

3 k Tν,0

∼ 2 · 10
3

(

mν

eV

)

(CMB:                     )z ∼ 1100

Since                                                   ,
 
neutrinos became NR after CMB last scattering:

mν < 0.5 eV

(

∑

i

mνi
< 1.5 eV

)

RMequ
RD MD M   eq

u
Λ

CMB L S SBBN
NRν

- indirect effect on CMB
- (indirect and) direct effect on LSS and later stuff



E.g.           ,          ,               , rel energy    , RM equ delayed.

affects CMB and matter spectramν

On CMB power spectrum:

Contribution of neutrinos to the total energy density today

                      at the expenses of other components, e.g. Ωνh
2

=

∑
mνi

93 eV
ΩCDM

ΩCDMmν Ων
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Fig. 14. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the neutrinoless ΛCDM model of section 4.4.6, a more re-
alistic ΛCDM model with three massless neutrinos (fν ! 0), and finally a ΛMDM
model with three massive degenerate neutrinos and a total density fraction fν = 0.1.
In all models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed.
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Fig. 15. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the same ΛCDM model as in the previous figure, with three
massless neutrinos (fν ! 0); and two models with three massive degenerate neutri-
nos and a total density fraction fν = 0.1, sharing the same value of ωb and ωcdm as
the massless model, which implies a shift either in h (green dashed) or in ΩΛ (blue
dotted).

models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed, with the
increase in ων being compensated by a decrease in ωcdm. There is a clear
difference between the neutrinoless and massless neutrino cases, caused by a
large change in the time of equality and by the role of the neutrino energy-
momentum fluctuations in the perturbed Einstein equation [85]. However our
purpose is to focus on the impact of the mass, i.e. on the difference between
the solid (red) and thick dashed (green) curves in Fig. 14.

Impact on the CMB temperature spectrum. For fν ≤ 0.1, the three
neutrino species are still relativistic at the time of decoupling, and the di-
rect effect of free-streaming neutrinos on the evolution of the baryon-photon
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the universe “was larger”
at recombination because 
there was more RD
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CMB spectrum is (mildly) 
sensitive to            .
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affects CMB and matter spectramν

On matter power spectrum:
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kNR
kNR = 0.03

(

mν

1eV

)1/2

Ω1/2
m h Mpc−1

∆P (k)

P (k)
= −8

Ων

Ωm

large scales

small scales

neutrinos are not trapped (free stream), counteracting 
the clustering of galactic structures.

Ωνh
2

=

∑
mνi

93 eV

mν Ων, , suppression

Massive neutrinos become NR and travel          Hubble radius.λFS <

mν

mν determines 2 things:

time (   scale) of NR:

,

amount of suppression:

Small scales are affected.

“slowed down” earlier,
could reach smaller scales



1.CMB alone
Ichikawa et al. 2004
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WMAP 3yr, Spergel et al. 2006

∑
mνi

< 2.0 eV (95% c.l.)

Future:
e.g. Lesgourgues, Pastor 2004

(1σ)
∑

mνi
!




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0.15


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∑
mνi

! 0.07 eV

Hannestad 2002

future ground exp
Planck

CV limited( )

(WMAP 1yr + others)

(WMAP 3yr only)

∑
mνi

< 2.11 eV



2.LSS galaxy surveys

2dF: completed, 222.000 galaxies
SDSS: on going, 5th data release, 1M galaxies

2b.Lyman-alpha forest

E
.W

ri
gh

t,
 U

C
L

A
2

d
F

 G
R

S

λ

Distant quasar light, redshifted 
and absorbed at Ly-    frequency
by intervening matter, allows to 
reconstruct matter     distribution 
along the line of sight.
But: systematics and uncertainties

α

z

Bias parameter    :

Redshift survey of galaxies allows 
to reconstruct matter distribution.

how well does light of (non-lin evolved) 
galaxies trace matter distribution?

b

Simulations and direct measurements
say scale-indep and                         .b ≈ 1.0 ± 0.1

Seljak et al., SDSS, 
astro-ph/0406594



Footnote:
is LSS sensitive 
to         ?
No, too small.

∆m
2

31

timation method in its entirety, but it should be equally
valid.

7.3. Comparison to other results

Figure 35 compares our results from Table 3 (modeling
approach) with other measurements from galaxy surveys,
but must be interpreted with care. The UZC points may
contain excess large-scale power due to selection function
effects (Padmanabhan et al. 2000; THX02), and the an-
gular SDSS points measured from the early data release
sample are difficult to interpret because of their extremely
broad window functions. Only the SDSS, APM and angu-
lar SDSS points can be interpreted as measuring the large-
scale matter power spectrum with constant bias, since the
others have not been corrected for the red-tilting effect
of luminosity-dependent bias. The Percival et al. (2001)
2dFGRS analysis unfortunately cannot be directly plotted
in the figure because of its complicated window functions.

Figure 36 is the same as Figure 35, but restricted to a
comparison of decorrelated power spectra, those for SDSS,
2dFGRS and PSCz. Because the power spectra are decor-
related, it is fair to do “chi-by-eye” when examining this
Figure. The similarity in the bumps and wiggles between

Fig. 35.— Comparison with other galaxy power spectrum measure-
ments. Numerous caveats must be borne in mind when interpreting
this figure. Our SDSS power spectrum measurements are those from
Figure 22, corrected for the red-tilting effect of luminosity dependent
bias. The purely angular analyses of the APM survey (Efstathiou
& Moody 2001) and the SDSS (the points are from Tegmark et al.
2002 for galaxies in the magnitude range 21 < r∗ < 22 — see also
Dodelson et al. 2002) should also be free of this effect, but rep-
resent different mixtures of luminosities. The 2dFGRS points are
from the analysis of HTX02, and like the PSCz points (HTP00) and
the UZC points (THX02) have not been corrected for this effect,
whereas the Percival et al. 2dFGRS analysis should be unafflicted
by such red-tilting. The influential PD94 points (Table 1 from Pea-
cock & Dodds 1994), summarizing the state-of-the-art a decade ago,
are shown assuming IRAS bias of unity and the then fashionable
density parameter Ωm = 1.

Fig. 36.— Same as Figure 35, but restricted to a comparison
of decorrelated power spectra, those for SDSS, 2dFGRS and PSCz.
The similarity in the bumps and wiggles between the three power
spectra is intriguing.

Fig. 37.— Comparison of our results with other P (k) constraints.
The location of CMB, cluster, lensing and Lyα forest points in this
plane depends on the cosmic matter budget (and, for the CMB,
on the reionization optical depth τ), so requiring consistency with
SDSS constrains these cosmological parameters without assumptions
about the primordial power spectrum. This figure is for the case of a
“vanilla” flat scalar scale-invariant model with Ωm = 0.28, h = 0.72
and Ωb/Ωm = 0.16, τ = 0.17 (Spergel et al. 2003; Verde et al. 2003,
Tegmark et al. 2003b), assuming b∗ = 0.92 for the SDSS galaxies.
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FIG. 3: Evolution of the total neutrino energy density as a function of the scale factor of the Universe for models where the
same

∑

mν (0.12 eV) is distributed differently. Each line corresponds to the energy density of 4 different cases (only 1 or 2
massive states, Normal and Inverted Hierarchy) normalized to the case with 3 massive states with mass m0 =

∑

mν/3.
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FIG. 4: Comparison of the matter power spectrum obtained for various models where the same
∑

mν (0.12 eV) is distributed
differently. The four lines correspond to the cases with 1 or 2 massive states, Normal and Inverted Hierarchy, divided each time
by that with 3 massive states of equal mass m0 =

∑

mν/3. Differences in the various individual masses and free-streaming
scales affect the position and amplitude of the break in the power spectrum.

the CMB angular spectra, while neutrinos with smaller masses have almost the same effect as massless neutrinos. On
the other hand, the dominant effect is the one induced by free-streaming on the matter power spectrum. Therefore,
the usual strategy is to combine CMB and LSS measurements, where the former roughly fix most of the cosmological
parameters, while the latter is more sensitive to neutrino masses.

III. FUTURE CMB AND LSS DATA

In this section we briefly describe the experimental projects, planned or in development, that will provide data on
the CMB anisotropy spectrum or on the distribution of LSS.

∆P (k)

P (k)

O(1%)

Issue (2): Ly-     or not Ly-    ?

Issue (3): degeneracies/other data
HST, SNIa...

WMAP 3yr, Spergel et al. 2006

(WMAP 3yr + SDSS (                             ) + 2dF (b margi’ed), no Ly-a)

∑
mνi

< 0.68 eV

b = 1.03 ± 0.15

b = 1.0 ± 0.1

∑
mνi

< 1.2 eV
∑

mνi
< 0.48 eV

Boomerang coll. 2005

no prior on  b

α α

∑
mνi

< 1.4 eV
∑

mνi
< 0.47 eV

Fogli, Lisi et al. 2004

no Ly- with Ly-α α

∑
mνi

< 0.17 eV

Future:

Seljak et al. astro-ph/0604335

(WMAP 3yr + CMBall + SDSS + 2dF (free b) + SNIa + Ly-a)
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Eisenstein,Hu,Tegmark 1998, 
Lesgourgues,Pastor 2004

(Planck + SDSS)
(CVlim + SDSS)

∑
mνi

! 0.10 eV



∑
mνi

! 0.1 eV

∑
mνi

! 0.4 eV

3.galaxy weak lensing

3.CMB weak lensing

FIG. 3. Top left panel: input cluster on a 6’×6’ field. Top right panel: unlensed CMB map. We assumed that the
Ostriker-Vishniac effect could be detected with sufficient signal to noise to be used in the reconstruction of κ. Bottom left:
CMB field after being lensed by the cluster. Bottom right: the background shows the S field while the rods represent the shear
variables Q and U , both of which can be used to reconstruct the density profile.
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Future:

Future:

Weak lensing “ellipticizes” the image of  
background galaxies, allows to reconstruct 
intervening matter distribution.

Bernardeau, astro-ph/9611012, Seljak, Zaldarriaga, astro-ph/9810257
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Weak lensing “distorts” the CMB, allows to 
reconstruct intervening matter distribution.

Cooray, astro-ph/9904246

∑
mνi

! 0.15 eV

∑
mνi

! 0.044 eV

(Planck)

(CV limited)

(ground)

∑
mνi

! 0.03 eV

Kaplinghat et al. 2003, 
Lesgourgues, Pastor 2006

Song, Knox 2003

future lensing surveys:
DES, SNAP...



Summary
present bounds future sensitivities

Legenda: the bound or measurement 
will fall somewhere in the colored box; 

“where it’ll fall exactly” depends on the author, 
the experiment considered, priors, the weather...
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Mass Varying Neutrinos
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ΩΛ =
ρde

ρc

! 70% ⇒ ρde ! 3 10−11 eV
4 ⇒ 4

√
ρde ! 2 10−3 eV

mν !

√

∆m
2
atm

=

√

2 10−3 eV
2

= 5 10
−2

eV

mν !

√

∆m
2
sun

=

√

7 10−5 eV
2

= 8 10
−3

eV

ρν,0 !

∑
mνi

ncνb,i ! few 10
−14

eV
4

ncνb,i =
3

4

ζ(3)

π2
gνT 3

ν,0 = 8 10−13 eV3

! 112cm
−3

we don’t understand Dark Energy, but it’s there
we don’t understand neutrino mass, but it’s there

maybe they are related                          
maybe they “track’’ each other

they have a similar value and                      
they have a similar value today

Mass Varying Neutrinos
Inspiration: Fardon, Nelson, Weiner, JCAP 2004

(A different approach: 
  Barbieri, Hall, Oliver, Strumia, 2005)



L = mDνlNr + M(A)NrNr + Vtot(A)

mν(A) =
m2

D

M(A)
(“see-saw”)

L = mν(A) νlνl + Vtot

Vde = Vde

(

mν(A)
)

+
λM

MPl

ρMA

Ingredients νl A Nr

The framework:

Barger et al. hep-ph/0502196

Vν,medium =

∫

d3k

(2π)3
√

k2 + m2
ν

f(k)

Vcνb = mν(A) ncνb

neutrino distribution fnct
neutrino energy

Fardon, Nelson, Weiner, JCAP 2004



Vtot = Vde + Vcνb

Vcνb = mν(A) ncνb

Vde = Λ4 log

(

µ

mν

)

 

mν

Vde

Vtot

Vcνb

minimization of the total potential

dVtot(mν)

dmν

≡ 0 ⇒

Λ ∼ 10
−3

eV

mν != 0 ⇒ V
′

de(mν) < 0

ω ≈ −1 ⇒ |V ′

de(mν)| $ 1 (flat DE potential)

mass 
varying!

(ω = −0.97+0.07
−0.09)

WMAP 3yr

In the “vacuum”:
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Vν,medium =

∫

d3k

(2π)3
√

k2 + m2
ν
f(k)

V ′

de(mν) + ncνb + mν

∫

d3k

(2π)3
1

√

k2 + m2
ν

f(k) ≡ 0

minimization of the total potential
dVtot(mν)

dmν

≡ 0 ⇒

- if A → 0, back to vacuum case

- if A ∼ O(1) ...
mν = mν,0 − A m

2

ν,0 + ...

A =
1

ncνb

∫

d3k

(2π)3
1

√

k2 + m2
ν

f(k) ≈
1

ncνb

nν,medium

〈Eν〉

In a neutrino rich medium:
Cirelli, Gonzalez-Garcia, 
Pena-Garay NPB 2005

∆m
2
MaVaN(x) = m

2
2(x) − m

2
1(x)

! ∆m
2

0

[

1 − 3A2(x)m01

]

+ 2
[

A1(x) − A2(x)
]

m
3

01 + ...

In the Sun:
given solar      spectrum and prod regions, compute effective ∆m

2
νe

effective           is a function of        !m01∆m
2



-Solar only:
	 -moves to lower 
	 -but D/N asymmetry
	 -and CC/NC ratio

∆m
2

21,0

-Solar + KamLAND:
	 -KamLAND nails               high

-fit worsens with 
 (best fit for               )m01 = 0

m01

Solar + KamLAND fit: results

∆m
2

21,0

[more results]

solar only

m01 ! 0.05 eV

solar + KamLAND

m01 ! 0.01 eV

(3σ)

upper bound on        : 

Cirelli, Gonzalez-Garcia, 
Pena-Garay NPB 2005

m01



Outlook:
MaVaNs clustering:

Couple to ordinary matter, environmental mass:

Afshordi, Zaldarriaga, Kohri 2005

when     become NR, instabilities collapse, 
neutrino CDM-like nuggets form.
- connection with             lost
- DE disappears (SNIa data uproar)

alternatively: 
	 -only the lightest neutrino, 
	  still R, is coupled to DE?
	 -clustering occurred yesterday?
	  (indistinguishable from     ?)
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Figure 3: SNIa data from SST with the fitting curves, explained in Table 3.1. I use the data in
SSST04 [6] (appendix): red squares are the SNe in the gold set and HST-discovered; red empty
squares are SNe in the silver set and HST-discovered; diamonds are in the gold set and ground-
discovered. H0 is also a fit parameter: see its best value for each model in Table 3.1. The data
points are plotted using the best fit H0 for the red curve.

model and parameters χ2 best fitH0 zcl

ΩM = 0.27, ΩM = 0.73 178.2 64.8 red
ΩM = 1.0, ΩM = 0.0 324.7 57.6 dashed

MaVaNs, Log potential, with
Λ = 1.45 10−4 eV, Log10(

µ

eV) = 1.9 104 178.0 63.6 0.02 light blue

MaVaNs, Log potential, with
Λ = 1.70 10−4 eV, Log10(µ/ eV) = 2.1 104 209.9 61.0 0.19 blue

3.4 Early ISW ??

4 Other constraints?

Effect on flux of SN relic neutrinos scattering off nuggets.

5 To do

What about all the extra sterile states.
Extension to SuSy models (help relieve fine tuning?).
Clustering is really istantaneous? see [1] IV.C.
((Same issues in other models of de ↔ ν’s interplay [9]?))

6 Outlook

An experiment (SNIa, galaxy survey...) sensitive to a dependance of the effect on z (SNAP will
probe enough SNe to explore all the curve in z? future galaxy surveys will see z-dependent matter

7

ν

mν

Vde

Vtot

Vcνb

m
today
ν

Λ

Fardon, 
Nelson, 
Weiner 
2005

- does not  reconcile LSND
- effects on solar and reactor and accelerator neutrinos... 



Conclusions
- the bound from cosmology is the dominant bound
  on       :mν

∑
mνi

< 0.68 eV
∑

mνi
< 2.11 eV

∑
mνi

< 0.17 eV

CMB only (CMB +) LSS + Ly-  

(s
ta

tu
s 

on
 1

9 
ap

ri
l 2

00
6)

- future improvements likely “guarantee” positive
  detection (e.g. lensing surveys)

- Mass Varying Neutrinos models aim to link
  fruitfully neutrinos and DE: work in progress  

  solar + KamLAND physics imply

α

m01 ! 0.01 eV
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      effect can be cancelled
by              . 
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Fig. 19.— Joint two-dimensional marginalized contours (68% and 95% confidence levels)

of (σ8,mν) for WMAP only (left panel), Model M7 in Table 3, and WMAP+SDSS

(right panel). By measuring the growth rate of structure from z = 1088 to z ! 0, these

observations constrain the contribution of non-relativistic neutrinos to the energy

density of the universe.

LSS and degeneracies
– 44 –
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Fig. 18.— Constraints on a flat universe with quintessence-like dark energy and non-

relativistic neutrinos. The contours show the 2-d marginalized contours for the mass

of non-relativistic neutrinos, mν, and the dark energy equation of state, w, assumed

constant, based on the the CMB+2dFGRS+SDSS+supernova data sets. The figure

shows that with the combination of CMB+2dFGRS+SDSS+supernova data sets, there

is not a strong degeneracy between neutrino and dark energy properties. Even in this

more general model, we still have an interesting constraint on the neutrino mass and

equation of state:
∑

mν < 1.0 eV (95% CL) and w = −1.06+0.13
−0.10 (68% CL). This suggests

that the astronomical dark energy and neutrino limits are robust even when we start

to consider more baroque models.

mν

w < −1 Hannestad,
astro-ph/0505551
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(SNIa data allow less       , hence more       , 
if               ; more        brings back up the P(k))

ΩΛ Ωm

Ωmw < −1

      effect can be cancelled
by low      . 
mν

σ8

[back to LSS]

Still,                          .  
∑

mνi
! 1.0 eV



more on MaVaNs results
(in order of boldness)

solar only

m01 ! 0.05 eV

solar + KamLAND

m01 ! 0.01 eV (3σ)

upper bound on        : m01

lower bound on “degeneracy param.’’           : ∆m
2
21,0

m
2
01

(3σ)

solar only

∆m
2
21,0

m
2
01

> 2 10
−2

solar + KamLAND
∆m

2
21,0

m
2
01

> 1

i.e. inverse hierarchy not likely m01 !

√

∆m
2
ATM

! 0.06 eV

when        known,                 known      proof-test MaVaNsm01 ∆m
2
MaVaNs

if ∆m
2
eff,sol != ∆m

2
KamLAND

determined         with 
oscillation experiments!

m01



LSND sterile and the 
cosmological mass bound
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Figure 13: The LSND anomaly interpreted as oscillations of 3+1 neutrinos. Shaded
region: suggested at 99% C.L. by LSND. Black dotted line: 99% C.L. global constraint from
other neutrino experiments (mainly Karmen, Bugey, SK, CDHS). Continuos red line: Nν = 3.8
thermalized neutrinos. Dot-dashed orange line: Ωνh2 = 0.01.

θLSND νµ/νe mixing angle is predicted to be θLSND ≈ θes ·θµs. This formula is valid only for small
mixing angles, and eq. (2) gives the general expression. This prediction gives rise to 3 problems:

1) νe and νµ disappearance experiments imply that θes are θµs are somewhat smaller than
what suggested by LSND [89, 52, 6];

2) standard BBN predicts that the sterile neutrino thermalizes, so that primordial abundances
should have values corresponding to Nν = 4 [90];

3) according to standard cosmology, the sterile neutrino gives a contribution to the neutrino
density Ων somewhat larger than what suggested by global fit of CMB and LSS data (see
e.g. [91]).

Concerning points 2) and 3), there is not yet general consensus that the sterile neutrino ther-
malizes, maybe because this LSND issue has never been analyzed by authors that performed,
at the same time, a precise study of neutrino data and of cosmology with mixed neutrinos. Es-
timates indicate that the region favoured by LSND lies well inside the region where the sterile
neutrino is thermalized [90]. This is confirmed by our analysis, shown in fig. 13. In the rele-
vant region the constraint on Ων is well approximated by the horizontal line corresponding to
Ωνh2 = m4/93.5 eV, as assumed in previous analyses [91, 6]. The accurately computed constraint
starts to be weaker only at much smaller values of the effective θLSND mixing angle.

In fig. 13 the BBN constraint has been minimized (when allowed by neutrino data) setting

θes ≈ θµs ≈ θ1/2
LSND. We see that short-baseline experiments sensible to a P (νµ → νe) about 2

orders of magnitude smaller than the value suggested by LSND are needed to probe regions
compatible with standard BBN.

40

Ωνh2 =
Tr[m · ρν ]

93 eV

If a 4th (sterile) neutrino 
exists, the bound applies:
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(in the limit of fully
 thermalized extra state)

LSND neutrino almost excluded.



Neutrinos cosmology
in one sentence! Wow...
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MINOS experiment sheds light on mystery of neutrino disappearance

BATAVIA, Illinois-An international collaboration of scientists at the Department of
Energy's Fermi National Accelerator Laboratory announced today (March 30, 2006)
the first results of a new neutrino experiment. Sending a high-intensity beam of
muon neutrinos from the lab's site in Batavia, Illinois, to a particle detector in Soudan,
Minnesota, scientists observed the disappearance of a significant fraction of these
neutrinos. The observation is consistent with an effect known as neutrino oscillation,
in which neutrinos change from one kind to another. The Main Injector Neutrino

Oscillation Search (MINOS) experiment found a value of delta m2 = 0.0031 eV2, a
quantity that plays a crucial role in neutrino oscillations and hence the role of
neutrinos in the evolution of the universe.

"Only a year ago we launched the MINOS experiment," said Fermilab Director Pier
Oddone. "It is great to see that the experiment is already producing important
results, shedding new light on the mysteries of the neutrino."

Nature provides for three types of neutrinos, yet scientists know very little about
these "ghost particles," which can traverse the entire Earth without interacting with
matter. But the abundance of neutrinos in the universe, produced by stars and
nuclear processes, may explain how galaxies formed and why antimatter has
disappeared. Ultimately, these elusive particles may explain the origin of the
neutrons, protons and electrons that make up all the matter in the world around us.

CnuB Sun, SNe

Reactors LSS Leptogenesis

??

BBN

MINOS press release, march 2006


