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Neutrino Oscillations
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® In three flavours : v, = Upnep Vi Witha=eurt i=123.

@ The mixing matrix depends upon :
3 mixing angles, 1 CP Dirac phase, 2 Majorana phases

012 sin?2015 = 0.8670 53 (SNO, Kamland)
(923 3@'77,22923 ~ 0.92  (Super-Kamiokande, K2K, MINOS, ...OPERA)

.9 ( CHOOZ,..., soon Double-CHOOZ,
bz 2 sin2015 <0.19 RENO, Daya-Bay, T2K, NOvA...)

lundi 17 janvier 2011



Neutrino properties : where we stand

® In three flavours : v, = Uynsp Vi wWithazept i=123.

@ The mixing matrix depends upon :
3 mixing angles, 1 CP Dirac phase, 2 Majorana phases

012 sin?2015 = 0.8670 53 (SNO, Kamland)
(923 3in22923 ~ 0.92  (Super-Kamiokande, K2K, MINOS, ...OPERA)

. 9 ( CHOOZ,..., soon Double-CHOOZ,
bz ?  sin”2613 <0.19 RENO, Daya-Bay, T2K, NOvA...)

® The mass ordering (hierarchy) ? Am2,, T mz =T
1
Mass scale?— T e = (2 nr?ﬁ
Am3, =m3 —m3 =19 to 3.0 x 10~ 3eV? Inverted Normal

| o o (Am?,5<0)  (Am?;3>0)
Am3, =m3 —mi = 8.()f8:}§ x 10~ %eV?

lundi 17 janvier 2011



Neutrino properties : where we stand

® In three flavours : v, = Uynsp Vi wWithazept i=123.

@ The mixing matrix depends upon :
3 mixing angles, 1 CP Dirac phase, 2 Majorana phases
+0.03 (SNO, Kamland)

(Super-Kamiokande, K2K, MINOS, ...OPERA)

053 5in*2055 > 0.92
. 9 ( CHOOZ,..., soon Double-CHOOZ,
bz ?  sin”2613 <0.19 RENO, Daya-Bay, T2K, NOvA...)

® The mass ordering (hierarchy) ? Am2,T— M, —
m,
Mass scale?— 13 T= 1““?
Am3y, =m35 —m3 = 1.9 to 3.0 x 10~ 3eV? Inverted Normal
| | | o (Am25<0)  (Am?;>0)
Amél = mé — *mf = 8.()f8:§ x 107 2eV? £ 3

Important experimental results in the near future.
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THE PHYSICAL CONTEXT :

- Neutrinos are produced in a medium
- They change their flavour while travelling (flavour oscillations)

- Neutrinos interact with the background medium (e,p,n) or plasma

- Neutrinos can interact with neutrinos

-The medium can expand, can have
shock waves , undergo turbulence
(being explosive)

Neutrino
propagation
in media

- Neutrinos emitted from the Sun

Core-collapse supernovae

and accretion disk-black holes
- Neutrino evolution in the Early Universe

(Blg-Bang Nucleosynthesis)
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The Mikheev-Smirnov-Wolfenstein effect

Yot ot The Mikheev-Smirnov-Wolfenstein (MSW)
§ W effect (78, '86) : neutrino coupling with matter
C J Ve induces a resonant flavour conversion.
V(p) -~ GF pe.
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The Mikheev-Smirnov-Wolfenstein effect

teit The Mikheev-Smirnov-Wolfenstein (MSW)
§ W effect (78, '86) : neutrino coupling with matter
C J Ve induces a resonant flavour conversion.
V(p) -~ GF pe.
The flavour conversion
depends on the adiabaticity
of the propagation
' at the resonance
| _ N (density profile
% T | and mixing parameters).
=
% 0.4+ \:
E - _T::\S(\)\/iln‘:4'\ prediction _ the bea l/tti/‘fl/tt @)(‘PLQ natLon O{
' e s | the « solar neutrino defleit »
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Neutrino Energy [MeV]
Borexino Collaboration, J. Conf. Ser. 202, 012028 (2010)
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Core-collapse supernovae (SN)

99 % of the energy is emitted
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Bruenn et al, 1002.4909
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Core-collapse supernovae (SN)

(: SN simulations have reached a high degree
- m& of complexity - 2D-3D, SASI, realistic
:',\'_:f?i nuclear networks and neutrino transport.
: The supernova explosion mechanism is
being delineated for various progenitor
masses.
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Core-collapse supernovae (SN)

SN simulations have reached a high degree
of complexity - 2D-3D, SASI, realistic
nuclear networks and neutrino transport.
The supernova explosion mechanism is
being delineated for various progenitor
masses.
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Core-collapse supernovae (SN)

SN simulations have reached a high degree
of complexity - 2D-3D, SASI, realistic
nuclear networks and neutrino transport.
The supernova explosion mechanism is
being delineated for various progenitor
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Neutrino flavour conversion in SN

‘ Neutrino-neutrino interaction is important :
Collective phenomena emerge.

Temporally evolving density profiles with

shock waves imply:
Multiple resonances and phase effects appear.

‘ Turbulence effects:
New effects in the non-resonant channel.

NEW FLAVOUR CONVERSION PHENOMENA EMERGE.
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The v—v interaction

J. Pantaleone, PLB 287 (1992), Samuel,PRD 48 (1993), Sigl and Raffelt, NPB 406 (1993),

.Impor‘ran‘r progress since 2006 : Duan,Fuller,Qian PRD74 (2006
the inclusion of the neutrino-neutrino interaction modifies

signficantly the neutrino propagation in metter
H = Hvacuum + Hmatter m

K, ve q, vy
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The v-v interaction
J. Pantaleone, PLB 287 (1992), Samuel,PRD 48 (1993), Sigl and Raffelt, NPB 406 (1993),
® Important progress since 2006 : Duan,Fuller,Qian PRD74 (2006
the inclusion of the neutrino-neutrino interaction modifies

signficantly the neutrino propagation in metter
H = Hvacuum + Hmatter m

K, ve a4, vy

>V

P

Vq Qs Vu K, Ve

® Involved numerically : large number of coupled stiff non-linear equations.

® Three regimes are identified :
-The synchronization regime
-The bipolar oscillations

- The spectral split

Duan,Fuller,Qian PRD74 (2006), PRL 97 (2006),
Hannestad, Raffelt, Sigl, Wong, PRD 74 (2006),
// | Raffelt,Smirnov, PRD 76 (2007)
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J. Gava and C.Volpe. PRD 78, 083007 (2008)

Many aspects have been unravelled in few years.
Open questions remain, e.g. the spectral split phenomenon?
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Important modifications of v-fluxes
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J. Gava and C.Volpe. PRD 78, 083007 (2008)

Many aspects have been unravelled in few years.
Open questions remain, e.g. the spectral split phenomenon?

We have discovered that the spectral split is similar

toa magnetic resonance phenomenon!

S. Galais and C.Volpe. in preparation.
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The shock wave effects

Schirato and Fuller (2002), arXiv : 0205390.

Neutrino evolution for a density

profile including shoch waves
1. Before the shock (adiabatic v propagation).

0.8 1
0.6- v |
106 T T 1
| . (.48 i —
0.28 _,* .
E | | |
% > 4 6 g 10

t[s]

p [g/em’]

A simple analytical model proposed

(it follows full numerical

calculations at few % level).
S. Galais et al., PRD 81 (2010) 053002,

J. P. Kneller, G. C. McLaughlin, J. Brockman, _
PRD 77, 045023 (2008). arXiv :0906.5294.
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The shock wave effects

Schirato and Fuller (2002), arXiv : 0205390.

Neutrino evolution for a density

profile including shoch waves
1. Before the shock (adiabatic v propagation).

2. The shock arrives (non-adiabatic prop.). 0.8+ p— R
3. Phase effects appear.
0.6- .
10° , . T
1e.0.4- -
0.2F .
TR
2 P Oo—2 4 6 3 10
SN SS—— t[s]
= ]
E,=20 MeV \ A simple analytical model proposed
10l L - (it follows full numerical
L calculations at few % level).

J. P. Kneller, G. C. McLaughlin, J. Brockman, S. Qalais etal., PRD &1 (2010) 053002,
PRD 77, 045023 (2008). arXiv :0906.5294.
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The shock wave effects

Schirato and Fuller (2002), arXiv : 0205390.

Neutrino evolution for a density
profile including shoch waves
1. Before the shock (adiabatic v propagation).
2. The shock arrives (non-adiabatic prop.).
3. Phase effects appear.
4. Post-shock propagation.

107 |

10°

10*

p [g/em’]

10°

10°

1
10° 10° 10"

J. P. Kneller, G. C. McLaughlin, J. Brockman,
PRD 77, 045023 (2008).
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The shock wave effects

, i . Schirato and Fuller (2002), arXiv : 0205390.
Neutrino evolution for a density

profile including shoch waves
1. Before the shock (adiabatic v propagation).

2. The shock arrives (non-adiabatic prop.). 08—
3. Phase effects appear. »
4. Post-shock propagation. 0.6~ d |
10° [ |
1204 I 1
10°
0.2+ :
% . " J
‘(\_;3 10°E 0 L 1 | ! | | L
a 0 ) 4 6 8 10
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10°

A simple analytical model proposed
(it follows full numerical
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fas calculations at few % level).

S. Galais et al., PRD 81 (2010) 053002,

J. P. Kneller, G. C. McLaughlin, J. Brockman,
arXiv :0906.5294.

PRD 77, 045023 (2008).
MULTIPLE RESONANCES AND PHASE EFFECTS APPEAR.
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The shock wave effects

, i . Schirato and Fuller (2002), arXiv : 0205390.
Neutrino evolution for a density

profile including shoch waves
1. Before the shock (adiabatic v propagation). inverted hlerarchy, large 913

2. The shock arrives (non-adiabatic prop.). 08—
3. Phase effects appear.
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Turbulence effects

Loreti et al, PRD 52 (1995); Balantekin et al, PRD 54 (1006); Friedland and Gruzinov,
hep/0607244, Fogli et al JCAP 0606 (2006);. Kneller arXiv: 1004.1288.

Calculation of instantations of the neutrino amplitudes- not of
average probabilities - in presence of shock waves and turbulence.
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Kneller and Volpe, PRD (2010) , arXiv: 1006.0913 .
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Turbulence effects

Loreti et al, PRD 52 (1995); Balantekin et al, PRD 54 (1006); Friedland and Gruzinov,
hep/0607244, Fogli et al JCAP 0606 (2006);. Kneller arXiv: 1004.1288.

Calculation of instantations of the neutrino amplitudes- not of
average probabilities - in presence of shock waves and turbulence.
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The HALO project

80 tonnes of Pb, HALO-2: 1kt
v, +"Pb® *Bi+n+e”
v, + PPb® “Bi+2n+e
v_+Pb® *Bi+n

v_+ *Pb® **Bi+2n
Important to have different energy thresholds.
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CP violation effects in astrophysics
and cosmology (BBN epoch)

lundi 17 janvier 2011



CP violation effects in astrophysics
and cosmology (BBN epoch)

H.Minakata and S. Watanabe, Phys. Lett. B 468, 256 (1999).

lundi 17 janvier 2011



CP violation effects in astrophysics
and cosmology (BBN epoch)

H.Minakata and S. Watanabe, Phys. Lett. B 468, 256 (1999).

. Core-collapse supernova neutrinos

E. Akhmedov, C.Lunardini & A.Smirnov, Nucl.Phys.B643 (2002) 339.
A. B. Balantekin, J. Gava, C. Volpe, PLB662, 396 (2008), arXiv:0710.3112.

J. Gava, C. Volpe, Phys. Rev. D78, 083007(2008), arXiv:0807.3418.
J Kneller and G.C. McLaughlin, PRD 80,053002 (2009) arXiv:0904.3823.

lundi 17 janvier 2011



CP violation effects in astrophysics
and cosmology (BBN epoch)

H.Minakata and S. Watanabe, Phys. Lett. B 468, 256 (1999).

. Core-collapse supernova neutrinos

E. Akhmedov, C.Lunardini & A.Smirnov, Nucl.Phys.B643 (2002) 339.
A. B. Balantekin, J. Gava, C. Volpe, PLB662, 396 (2008), arXiv:0710.3112.

J. Gava, C. Volpe, Phys. Rev. D78, 083007(2008), arXiv:0807.3418.
J Kneller and G.C. McLaughlin, PRD 80,053002 (2009) arXiv:0904.3823.

. Cosmological neutrinos
J. Gava, C. Volpe, Nucl. Phys. B (2010), arXiv:1002.0981 .

lundi 17 janvier 2011



CP violation effects in astrophysics
and cosmology (BBN epoch)

H.Minakata and S. Watanabe, Phys. Lett. B 468, 256 (1999).

. Core-collapse supernova neutrinos
E. Akhmedov, C.Lunardini & A.Smirnov, Nucl.Phys.B643 (2002) 339.
A. B. Balantekin, J. Gava, C. Volpe, PLB662, 396 (2008), arXiv:0710.3112.
J. Gava, C. Volpe, Phys. Rev. D78, 083007(2008), arXiv:0807.3418.
J Kneller and G.C. McLaughlin, PRD 80,053002 (2009) arXiv:0904.3823.

. Cosmological neutrinos
J. Gava, C. Volpe, Nucl. Phys. B (2010), arXiv:1002.0981 .

lundi 17 janvier 2011



CP violation and core-collapse SN
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CP violation effect in SN
F(8) = STA(S = 0)5 | 4= | U(0) = 5T0( = 0)S

|

Evolution operator
This leads to the two following relations: in the T, basis

P(ve = e, 0 #0) = P(Ve — Ve, 0 = 0)

P(vy = e, 0 #0) + P(vr = ve,0 #0) = P(v, = 1,0 =0) + P(vy — v, 0 =0)
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CP violation effect in SN
F(6) = STH (6 = 0)5 | (u=—_p | U©) = S'UE = 0)5

|

Evolution operator
This leads to the two following relations: in the T, basis

P(ve = e, 0 #0) = P(Ve — Ve, 0 = 0)

P(v, = ve,0 #0) + P(vr = 1,0 #0) = Py, —= 1,0 =0) + P(vr — v,,0 =0)

The electron neutrino flux in the SN:
Pv,(0) = L, P(ve — ve) + L, P(vy, — ve) + L, P(vr — ve)
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CP violation effect in SN
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CP violation effect in SN
F(8) = STA(S = 0)5 | 4= | U(0) = 5T0( = 0)S
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Evolution operator
This leads to the two following relations: in the T, basis

P(ve — ve,0 #0) = P(Ve — Ve, 0 = 0)
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At tree level no CP effects, however ...
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Conditions for CP violation effects
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In the Standard Model loop
corrections for the v interaction
with matter should be included.
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Bevond the Standard Model might
In the Standard Model loop introduce differences in the v, and

corrections for the v interaction : , ,
withethattar shodld e included: v interaction wiht matter (Flavor
Changing Neutral Currents, ...).
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. . The v propagation
H(5) ZSTH(§ =0)S  Hamiltonian does not

4. factorize any more !

L]

L,,“ 75 L//,- at the neutrinosphere

ﬁ D

Bevond the Standard Model might
In the Standard Model loop introduce differences in the v, and

corrections for the v interaction : , ,
withethattar shodld e included: v interaction wiht matter (Flavor
Changing Neutral Currents, ...).

THERE CAN BE CP-VIOLATION EFFECTS IN SUPERNOVAE.

lundi 17 janvier 2011



Numerical results
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EFFECTS OF 5% ON THE
ELECTRON NEUTRINO FLUXES.
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neutrinos from early Universe
a picture of the Universe
1 second after the Big-Bang

Neutrino properties leave an
imprint on the neutron/proton
ratio that sets the abundance
of light elements.

Several properties have been
studied in the past (ex. sterile
neutrinos, non-standard
interactions, ...)

A.D. Dolgov, Phys. Rept 370, 333
(2002), hep-pth/0202122.

Today
13.7 billion years
after the Big-bang
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@ A vaste literature exist on the possibility of a non-zero
neutrino degeneracy parameter or neutrino asymmetry.
Current best limit(s) come from BBN (He-4 abundance).
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CP effects in the early Universe (BBN)

@ A vaste literature exist on the possibility of a non-zero
neutrino degeneracy parameter or neutrino asymmetry.
Current best limit(s) come from BBN (He-4 abundance).

Calculations including mixing, e.g.

Abazajian, Beacom, Bell, PRD 66 (2002) 013008,
Mangano et al, Nucl. Phys. B 729 (2005) 221,
Pastor, Pinto and Raffelt, PRL 102 (2009) 241302

Dolgov et al, Nucl. Phys. B 632 (2002) 363,
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Can there be any CP violation effects on the neutrino degeneracy
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Our calculations include for the first time a non-zero
CP violating Dirac phase in the neutrino evolution :
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Our calculations include for the first time a non-zero
CP violating Dirac phase in the neutrino evolution :
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\"\ v, 0=180° |
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> 0.3 - \-‘ ]
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% 10 5 2

Temperature (MeV)

J. Gava, C. Volpe, Nucl. Phys. B 837 (2010) 50, arXiv:1002.0981.
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Our calculations include for the first time a non-zero
CP violating Dirac phase in the neutrino evolution :
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0.5 v, 3=180°]
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\ - =.V_, 8=180°
0.4 Ve .
"\ v 0=180°
'\‘ — = v_, 30 |
> 0.3 - \-‘ ]
P e
0.2
0.1 ' -
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J. Gava, C. Volpe, Nucl. Phys. B 837 (2010) 50, arXiv:1002.0981.
WE have found CP EFFECTS UP TO 1% on &,

a few 103 on the He4 abundance.
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Impact on the v-degeneracy parameter

Our calculations include for the first time a non-zero
CP violating Dirac phase in the neutrino evolution :

.......... \ : 6:00
0.5+ v . 3=180
v . 0=0°
a5l :\.. s \‘t.5:130°_
‘.‘\ \ 45:180
'\‘ ——-V_,50
S 031 \ ]
up b e s A
0.2} w
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( | ! ! ] .-ﬂ-\-——f-“{ﬂ
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Temperature (MeV)

J. Gava, C. Volpe, Nucl. Phys. B 837 (2010) 50, arXiv:1002.0981.
WE have found CP EFFECTS UP TO 1% on &,

a few 103 on the He4 abundance.

In D. Horn’s Master Thesis we are now
implementing the full collision intergral.
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Conclusions and Perspectives

¢l

Neutrino physics is entering a crucial phase
where experiments will bring new results
to key open issues.

Our understanding of neutrino propagation
in media is undergoing major developments.
Calculations have become demanding.

Theoretical and phenomenological work
still needed to come to an established
framework.
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Conclusions and Perspectives

& We have set the basis for the exploration of CP
J violating effects in media.
In particular, radiative corrections and beyond
the Standard Model physics can engender CP
effects on the neutrino fluxes.

Further work is needed to study the possible

impact ¢.g. on the r-process and in other
Environments, such as the Early Universe.
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THE 3-flavours OSCILLATION PARAMETERS

® In the case of three families, there are three mass eigenstates
(v.,v,,v3) and three flavour eigenstates (v,,v ,V.). :
A Am21 AT32
V3 B S 1 et i et
/ v, E m; =m5 —my +my —m5 +my; —m;3
b Only two Am? are independent.

® ..
................ Vv, The two basis are related by
g a unitary matrix, called the
PV, Maki-Nakagawa-Sakata-
S Pontecorvo (MNSP) matrix.
Ciis cos@ij Sz smE)l:,-
—id
(Ve Eaelis Ol 1{ Cy i se l( ¢ s O vi)
Vie=10 ¢y SE 0,5 0 1 Ba| S, €< 04 Voo
= id r
\Vr/ \O — Sy (323}\—S13€ 0 &l N 0 0 |9 \\Vs/
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A AT21 AT32
%
3 2 2 i 2 2 2 2
/ v, ©  YAm; =m;y —mi +m3 —mj +my —m3
i=1,3

Only two Am? are independent.

The two basis are related by
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Some numerical results

1900] T T T T T ' T
ON NUCLEOSYNTHESIS : i
Ye is the electron fraction joos. . thetal3=0.5° NH |
(p/n ratio), a key parameter : -+ thetal3=0.5° TH /"

. 5 -t

for the nucleosynthesis
of heavy elements (r-process)

0.9995 1 1 '

| L L L L
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1,001 T T T T T T T
ON NUCLEOSYNTHESIS :  elaie NH
Ye is the electron fraction Looosl.  —~ thetal3=0.5°NH . 4]
= ' -— - thetal3=9° IH L
(p/n ratio), a key parameter : -+ thetal3=0.5° IH
for the nucleosynthesis | P gt
of heavy elements (r-process) T
0.9995 ,‘) : 411 : é : ;‘ : 10
distance from NSS (in units of 100 Km)
L1 T '
"""" standard MSW,
tree level | ; Gava, Volpe, Phys. Rev. D78 (2008),
£ | arXiv:0807.3418
= 1w
“ | v-vinteractionand 1-loop - | EFFECTS OF 5% ON THE
T ;f ELECTRON NEUTRINO FLUXES.

0 10 20 30 40 50 60 70
Energy (MeV)

lundi 17 janvier 2011



