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Atmospheric neutrino anomaly

Solar neutrino deficit
effect

effect

Solar + KamLAND SK, MINOS and K2K

Am?, [10° eVA]

1A m2,,| = (2.07 - 2.75) 10- eV?

A m?,, = (7.05 - 8.34) 105 ev 5™ 8 < 0.056

Sinz 912 = (0.25 = 0.37)
T. Schwetz, M. Tortola and J.F.W. Valle, New J. Phys. 10:113011, 2008

sin2 8,, = (0.36-0.67)

MARCh 24, 2009

Sergio Palomares Ruiz

CFTP.



Bugey (v, — V)
L=15m,40 m, 95 m; E, ~ few MeV — Am?~0.01 -1 eV?
Y. Declais et al., Nucl. Phys. B434:503, 1995
CHOOZ and Palo Verde (v, — v,) [for 8,, small]
L ~1000 m; E, ~ few MeV — Am? ~ 103 eV?
M. Apollonio et al., Phys. Lett. B466:415, 1999
F. Boehm et al., Phys. Rev. D64:112001, 2001

CCFR84 (v, —v)
L =0.715 km and 1.116 km (2 detectors)
40 GeV <E, <230 GeV —- Am? ~ 10 — 100 eV?
I. E. Stockdale et al., Phys. Rev. Lett. 52:1384, 1984
CCFR (v, — V)
L =0.9-1.4 km; 30 GeV <E, <500 GeV — Am? ~ 10 — 1000 eV?2
K. S. McFarland et al., Phys. Rev. Lett. 75:3993, 1995
CDHS (v, — V)
L =0.130 km and 0.835 km (2 detectors)
E,~GeV —-Am?~ 1-100 eV?
F. Dydak et al., Phys. Lett. B134:281, 1984
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NOMAD (v, — v,)
L =0.635km; 1 GeV<E, <100 GeV — Am? ~ 1 —-100 eV?
P. Astier et al., Phys. Lett. B570:19, 2003
CCFR-NuTeV (v, — v,)
L =0.9-1.4 km; 30 GeV <E, <500 GeV —- Am? ~ 10 — 1000 eV?2

A. Romosan et al., Phys. Rev. Lett. 78:2912, 1997
KARMEN (v, — V,)

L=17.6m; 16 MeV <E, <50 MeV — Am? ~ 0.1 — 10 eV?

B. Armbruster et al., Phys. Rev. D65:112001, 2002
MiniBooNE (v, — v,)

L =0.541 km; 200 MeV <E, <3 GeV — Am? ~ 0.1 — 10 eV?

A. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 98:231801, 2007
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LSND (v, — V,)
L =30 m; 20 MeV < E, < 52.8 MeV — Am?2 ~ 0.1 — 10 eV?2

excess : 87.9+224+6.0

ve
P (V, -V, ) = (0.264 £ 0.067 + 0.045) % effect
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A. Aguilar et al., Phys. Rev. D64:112007, 2001 G. Drexlin, Nucl.Phys.Proc.Suppl.118:146-153,2003
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= \iniBooNE 90% C.L.
=== KARMEN2 90% C.L.
= = Bugey 90% C.L.

W m e m ==

N
L
>
L

£

[ LsND 0% C L.
[] LsND99% C.L.

102
sin’(20)

A. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 98:231801, 2007

A. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 78:012007, 2008
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J. T. Peltoniemi, D. Tommasini and J. F. W. Valle, Phys. Lett. B298:383, 1993 ;
J. T. Peltoniemi and J. F. W. Valle, Nucl. Phys. B406:409, 1993; D. O. Caldwell and R. N. Mohapatra, Phys. Rev. D48:3259, 1993

2+2 3+1
ve A mzafm
Vv A M2 o
IJ 2
Am LSND E—
A mza'l'm
] A rl'\zsol —

Disfavored by SBL and atmospheric
neutrino experiments at 4 ¢

Steriles would
participate in solar and
atmospheric neutrino

oscillations sin” 26 BUGEY — 4Ue24 (1 B Ue24)

sin® 20 .pys = 4US,(1-U; L)
sin® 26 LSND 4Ue24UﬂZ4

Ruled out at 5.1 ¢

M. Maltoni et al., New J. Phys. 6:122, 2004
M. Maltoni and T. Schwetz, Phys. Rev. D76:093005, 2007
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01 o1

Phoone

CFTP,

O. L. G. Peres and A. Yu. Smirnov, Nucl. Phys. B599:3,2001

0.2 0.3 0.4

Prswp (10 4

Compatibility between SBL

(including KARMEN) and

A rr\zmm LSND of 30%, instead of 3.6%
in the 3+1 model

2
Am sol M, Sorel, J. M. Conrad and M. H. Shaevitz, Phys. Rev. D66:033009,2002
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appearance best fit global best fit

(3+2) fit

excess events per MeV

MB475 + LSND +
KARMEN + NOMAD

0 1 A - N 1 _ —— —
10 0 0.3 23 3 . 1 0.3 0.6 09

Am:‘l V] ;- JeV Arﬂil [E\J}

0.044  0.66 0.0 6.9/(29 —5) 859 0.11 016 089 012 012 649 1.647

APP vs DIS:  ybo =172, 0% (MB475)

M. Maltoni and T. Schwetz, Phys. Rev. D76:093005, 2007
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Assuming no extra neutrino (only active ones

If m<0.6 eV, relativistic at recombination:
indirect effect

Delay of the time of matter-radiation equality

Enhancement of the amgli’rude of the first acoustic
peak due to the early ISW effect and spectral shift
to the left due to a lower total density

If m > 0.6 eV, non-relativistic at recombination:
Earlier time of matter-radiation equality

Suppression of perturbations due to the smaller
early ISW effect and spectral shift to the left

Current limits: m < 0.7 eV

. K.Ichikawa, M. Fukugita and M. Kawasaki,
Planck: m ~ 0.3 eV °
Phys. Rev. D71:043001, 2005
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Effective number of (massless) neutrinos:

Delay of the time of matter-radiation
equality: opposite effect fo the matter S
density : 1000 1500 2000

Enhancement of the amplitude of the

fif‘ST acoustic peak due to The ear'ly ISW K.Ichikawa, T. Sekiguchi and T. Takahashi,
effect Phys. Rev. D78:083526, 2008

Shift to the right due to a decrease of
the sound horizon

Current limits: 1 < N < 8
Planck: 2.4 < N < 3.8
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Suppression of the growth of fluctuations at scales smaller
than the comoving free-steaming length of neutrinos when
they become non-relativistic

J. Lesgourgues and S. Pastor, Phys. Rept. 429:307, 2006
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CMB+SN-la+HST+LSS

G. Mangano et al.,
JCAP 0703:006, 2007

+2d gal

+ bias and/or Ly-c and/or SDSS-BAO

Data set
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Inverted
Normal
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All - BAO U. Seljak, A. Slosar and P. McDonald,

'MAP3+5N+5DSS(main)

J. Lesgourgues and S. Pastor,
Phys. Rept. 429:307, 2006 L WAL Rt
] All-2dF-SDSS(main)

WMAP3+SDSS(LRG) K. Ichikawa, M. Kawasaki and
F. Takahashi, JCAP 0705:007, 2007
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3 massless neutrino + 1 massive (mostly sterile) neutrino

S. Dodelson, A. Melchiorri and A. Slosar, Phys. Rev. Lett. 97:04301, 2006

0.1

k [h/Mpc]
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N massive degenerate neutrinos

3 massive degenerate neutrinos +
relativistic degrees of freedom

3 massless neutrinos +
1 massive neutrino

0.2 0.4 0.6 0.8 S. Hannestad and G. Raffelt, JCAP 0611:016, 2006
£m, (eV)

0.0 L
m,
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Non-trivial interplay among different effects

Oscillation effects taken into account

We solve the Boltzman equation

A. Melchiorri, O. Mena, SPR, S. Pascoli, A. Slosar and M. Sorel, JCAP 0901:036, 2009
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Mixing matrix

081 055 0 £|U| £|Us|
—0.51 051 0.70 £|Uus| =£|Uus

0.28 —0.67 0.70 0 0
0 0 0 1 0
0 0 0 0 1

Effective potential
Vig o= —CL@G T E |

Half the total scattering rate
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Static (adiabatic) approximation

R. Foot and R. R. Volkas, Phys. Rev. D55:5147, 1997
N. F. Bell, R. R. Volkas and Y. Y. Y. Wong, Phys. Rev. D59:113001, 1999

Neglect the T-dependence of the dof
Monochromaticity: p=3.15T
Approximate form of the effective potential

For illustration, in the small mixing case we
can get semi-analytical approximations

9 T = Ya [TH :
el e 10T ( : Z f/(—, (1(-);[.>)

44 \-“""

A. Melchiorri, O. Mena, SPR, S. Pascoli, A. Slosar and M. Sorel, JCAP 0901:036, 2009

CFTP. Sergio Palomares Ruiz MARCH 24, 2009



SBL experiments

Experiment  Oscillation Channel L/FE (km/GeV) Data Points
KARMEN?2 V) — Ve 0.3-1.1 9
LSND 0.5-1.4 D
MimiBooNE 0.2-1.1 3
NOMAD 0.002-0.3 30

Bugey Vo — Vg 2-50

CHOOZ 100-400 14
CCFR v, 0.004-0.03 18
CDHS 0.02-1.5 15

+ atmospheric and long baseline data

WMAP-5yr + Boomerang 03 + ACBAR + VSA + SDSS-LRG +
SN + Hubble key project
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We generate via a MCMC 16000 (3+2) neutrino models characterized by a

SBL goodness-of-fit within 20 ¢ units and then determine the
cosmological abundances.

In order to combine SBL and cosmological data we run deep MCMC with ~
100000 accepted samples

Each case is sampled from the combined probability density in the N-
dimensional space

We marginalize with respect all the cosmological parameters and project
on the 4-parameter hyperspace (., .,f,7) : The density of samples
represents the probability density for those parameters

We compare the relative probability o the standard 3 neutrino case and
convert into Ay?
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Data Set my (eV) my (eV) Uy U4 U.x Uys
SBL-only 0.96 5.0 0.12 0.15 0.59 % 10t 0.16
SBL+4-cosmo 0.68 0.95 —0.37 < 10~Y  0.77 x 102 0.13 0.19
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A. Melchiorri, O. Mena, SPR, S. Pascoli, A. Slosar and M. Sorel, JCAP 0901:036, 2009
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A. Melchiorri, O. Mena, SPR, S. Pascoli, A. Slosar and M. Sorel, JCAP 0901:036, 2009
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A. Melchiorri, O. Mena, SPR, S. Pascoli, A. Slosar and M. Sorel, JCAP 0901:036, 2009
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> 2
— X PG, cosmo T X PG. SBL

XPG. cosmo no _..] all min — \ »/cosmo min
o, COSIIC 111C J

= {\:BL] all min — {\ SBL __JS'BL min

4 common parameters =
11.1% compatibility

Cosmology:

SBL: 0.0

A. Melchiorri, O. Mena, SPR, S. Pascoli, A. Slosar and M. Sorel, JCAP 0901:036, 2009
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CMB+SN-la+HST+LSS

L I I L
-3.0 -25 -2.0 -15

[Fe/H]

CMB+SN-la+HST+LSS

105(DIH)
105(3HelH)
n

CMB+SNHa+HST+LSS |

[Si/H] R (kpc)

G. Mangano et al., JCAP 0703:006, 2007 G. Steigman, Ann. Rev. Nucl. Part. Sci. 57:463, 2007
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3+1 neutrino models are disfavored by neutrino experiments

3+2 neutrino models give a reasonably good fit to neutrino data, although
there is a lot of tension among SBL experiments.

Cosmology does, in principle, allow extra neutrinos

We have performed a multi-flavor analysis of 3+2 neutrino models in the
early Universe and have checked them with cosmological data

We have shown that solving the kinetic neutrino equations is necessary
even for large mixings

Cosmology and oscillation data also give a good fit o 3+2 models, but
again, there is tension with the two data sets
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