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What have we learnt? hat can we learn?

@ SN 1987A Future supernova

General confirmation of core-collapse ADetailed test by high-statistics signal

paradigm ADetection of unexpected features
(total energy, spectra, time scale)

No unexpected energy-loss channel: Should be generally confirmed
Restrictive limits on axions, large extra (low-statistics signal enough),
dimensions, right-handed neutrinos but uncertainty dominated by theory
(couplings, mixings, dipole moments), (processes In a dense nuclear medium)
Majorons, :lri‘ght  SUSY pa

Nothing useful about absolute my, Short time variation of signal

ANothing useful about oscillations
AHints that flavor dependence of Neutrino mass hierarchy (with luck)
spectra indeed Is not large




NEUTRINO DETECTION METHODS

® Milky-Way SN
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§ ! Excellent statistics (10 4 events for 10 kpc)
2 oo N High -sensitivity to explosion scenario
1 SN ~ 40 years
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® SNe in nearby galaxies

>0 = Few to 10 neutrinos per SN, but requires a Mton -
) class detector

ot § IR EE 5 1 SN ~ year
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® Diffuse Supernova Neutrino Background (DSNB)
Neutrinos from all past core -collapse SNe; emission
IS averaged, no timing or direction
T o (faint) signal is always there
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PROBABILITY OF MILKY -WAY SN

[Kistler, Yuksel, Ando, Beacom & Suzuki, 0810.1959]
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GALACTIC SUPERNOVA DISTANCE DISTRIBUTION

[A.M., Raffelt, Serpico, astro -ph/ 0604300]
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Average distance 10.7 kpc, rms dispersion 4.9 kpc
(11.9 kpc and 6.0 kpc for SN la distribution)




Large Detectors for Supernova Neutrinos

Super- Kamiokande

LVD (400)
Brexino (80) KamLAND (330
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Large Detectors for Supernova Neutrinos
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HALO (tens) LVD (400)
- ' Brexino (80) KamLAND (330

Super- Kamiokande
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SUPERNOVA EARLY WARNING SYSTEM (SNEWS)

[P.Antonioli et al., astro -ph/0406214 |

Neutrinos several hours before light

on
I

= = 0 n
D e o M
T T T T T T T

SBO

P
I
—

Log (luminosity [erg 3'1]]
P
A

B
=1
T

o]
[we]

9 6 3 0 2 0 2 4 6 8
Log (time relative to bounce [g])

DayaBbay

Neutrino observations can alert
astronomers several hours Iin advance
to a SN. To avoid false alarms,
require alarm from at least two
experiments
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SUPER KAMIOKANDE DETECTOR
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SK is a cylindrical tank containing 50000 ton of light water surrounded

by photomultipliers, located underground in the Kamioka mine in Japan.




Simulated Supernova Signal at Sudamiokande
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Simulation for SupeKamiokandeSN- signal at 1Kpc,
based on a numerical Livermore model
[ Totani Sato Dalhed& Wilson,ApJ496 (1998) 216]
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A REAPPRISAL OF AXION EMISSION WITH STATE OF
ART SIMULATIONS

[Fischer, Chakraborty, Giannotti A.M. , Payez & Ringwald, 1605.08780]
18 M,,,progenitor mass
(sphericallv svmmetric with Boltzmnamrtransport)
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{a) Energy and number luminosities

KSVZ hadronic axion model (g ,,=0)

(b) Average neutrino energies




IMPACT ON NEUTRINO SIGNAL

@ Super-Kamiokande
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ICECUBE NEUTRINO TELESCOPE AT SOUTH POLE

The IceCube Neutrino Telescope

South Pole o (e saten

e,

IceCube Array T
86 strings including 8 DeepCore strings  Lness j-e ;.,;_:% ~EI v
60 optical sensors on each string [{4‘ . (’{ LAY -
. o Er ¥ 3 1
2004: Project Start 1 string [

2011: Project completion 86 strings
Amundsen-Scott

5160 optical sensors South Pole station

Digital Optical Module (DOM)




SN NU SIGNAL IN ICECUBE

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv.1508.00785 [astro  -ph.HE]]
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High statistics reconstruction of the nu light curve. Possible to distinguish
the different post-bounce phases.




MILLISECOND BOUNCE TIME RECONSTRUCTION

External trigger for GW search

Log (luminosity [ergs™'])
N
T

o]
[w ]

P
=3
——

R
= M
— T T T

_\-I IIIIIII ve‘ T T T
P ?e ——
Yy
“ GW —
EM ——
pre-SNve _|[:
o SBO
,‘J plateau
progenitor 't‘ ]
9 6 3 0 2 0 2 4 6 8

Log (time relative to bounce [s])

Possible also in Super-K
[see Pagliaroli, Vissani, Coccia & Fulgione arXiv:0903.1191]
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FIG. 1: Typical Monte Carlo realization (red histogram) and
reconstructed fit (blue line) for the benchmark case discussed
in the text for a SN at 10 kpc.

[Halzen & Raffelt, arXiv:0908.2317]




SHORT TIME VARIATIONS IN SN n SIGNAL

Convective motions lead to
large -amplitude oscillations of
the stalled shock with a
period of ~10ms

300¢
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Time [ms]

Tamborra, Hanke, Muller, Janka & Raffelt, arXiv:1307.7936

Necessary high statistics and high time resolution

Icecube is ok!



NEXT-GENERATION DETECTORS

Mton scale water Cherenkov detectors
(105 events) (7

HYPER -
KAMIOKANDE

40 kton Liquid Argon TPC
(3000 events) ()

DUNE

Dark matter detectors

DARWIN

40 tons
(700 events)

(1"‘8,;13, I’_"E,$)

20 kton scintillator
(6000 events)  (7)

alll e i

JUNO




0.4 Mton WATER CHERENKOV DETECTOR

Effective detection cross sections
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JUNO: 20 kton LIQUID SCINTILLATOR
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DUNE:

40 kton LIQUID ARGON TPC
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Complementary to previous
techniques



SN NU SIGNAL IN FUTURE DETECTORS

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv.1508.00785 [astro  -ph.HE]]
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SN NU SIGNAL IN FUTURE DETECTORS

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv.1508.00785 [astro  -ph.HE]]
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SN NU SIGNAL IN DM DETECTORS

[ Lang,McCabe, Reichard, Selvi & Tamborra, arXiv.1606.09243 [astro
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DARWIN will be able to clearly reconstruct the neutrino light-curve and to differentiate among phases
of neutrino signal. Partial sensitivity with XENONRNT/LZ.




NEUTRONIZATION BURST
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[M.Kachelriess & R. Tomas, hep-ph/0412082] [I.Gil-Botella & A.Rubbia, hep-ph/0307244]

A Robust feature of SN simulations
A Possibility to probe oscillation physics during early stages of a SN

A SN distance measurement (with a precision of ~5 %): N~ 1/d 2. Useful in
case of dust oscuration .



SN Bounds on Neutrino Velocity

Events per bin

Events per bin
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Violation of Lorentz invariance

[Ellis et al, 0805.0253 & 1110.4848]
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The signal would be spread
out and shifted in time.

(v-c)/c < 1014 for linear

Lorentz violation

(v-c)/c < 10-8 for quadratic

Lorentz violation

[Chakraborty, Mirizzi &
Sigl, 1211.7069]




® Silicon burning: SN self-alert 0.4 Mton Cherenkov
[A. Odrzywolek, M. Misiaszek, and M. Kutschera, astro-ph/0311012]

During the last stage of a pre-supernova star, while the Silicon core ignites, no s
are produced copiously by e*e—nn.

+
e’ spectrum

[}

. IHP=0 —— Detection reaction: n,p —ne*
NH (IH Py=1) ——
8
7 Betelgeuse For Betelgeuse (d=0.2kpc) will be ~104
S s e*in NH (~2.53 103 in I|H, P,=0)
N5
= The detection of e* is very difficult
3 (because of the threshold E;, = 7 MeV),
2 however é .
1
00 1 2 4 6

3
Epes (MeV)

é . Adding gadolinium [J.F.Beacom, and M.R.Vagins, IGADZOOKS! Antineutrino Spectroscopy with
Large Water Cerenkov Detectorso ,hep-ph/0309300], it would be possible to detect the
associated neutron, but only for very close stars (d E 2 Kpc) because of the high
neutron background (~2500 ev/day).

Possibility to fnAforeseeo the SN col
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OBSERVED SUPERNOVAE IN THE LOCAL UNIVERSE

[Kistler, Yuksel, Ando, Beacom & Suzuki, 0810.1959]
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® Detection of Neutrinos from Supernovae in Nearby Galaxies

[S. Ando, J. Beacom, and Y. Yuksel, astro-ph/0503321]
Mton Cherenkov

Cumulative SN rate

1 T I T I T I 0.15
0.8+
3 =
— o £ 0.1
T o =
> 0.6 ] =
> 2 2
a S = >
Yy =i7|% =
z04- €=
o v g v 2 ! -% 0.0
g 8 ozd g T
= = g2 Ag
02+ = v S 29
v ’ = 8§ “
_~“Continuum z
~ Limit I
0 L === ] | | I | I 0 B -
0 2 4 6 8 10 0 10 20 30 40 50
Distance D [Mpc] Visible Energy [MeV]

Reconstruction of SN neutrino spectrum by the patient accumulation of ~1
neutrino per supernova from galaxies within 10 Mpc, in which one expects

at least 1(2) SN per year.



NEUTRINO EVENTS RATE FROM EXTRAGALACTIC SNe

[Kistler et al., 0810:1959]

TABLE I: Approximate neutrino event yields for core-collapse su-
pernovae from representative distances and galaxies. as seen in vari-
ous detectors with assumed fiducial volumes. Super-Kamiokande is
operating. and Hyper-Kamiokande and Deep-TITAND are proposed.

32kton 0.5 Mton 5 Mton
(SK) (HK) (Deep-TITAND)
10 kpe  (Milky Way) 10* 10° 10°
1 Mpe  (M31.M33) 1 10 102
3Mpe  (MS81.MS82) 1071 1 10

TABLE II: Core-collapse supernova candidates from 1999-2008
within 6 Mpc. with their expected neutrino event yields (E.+ >
18 MeV) in a 5 Mton detector.

SN Type Host D [Mpc] v events
2002hh II-p NGC 6946 5.6 24
2002kg In/ILBV NGC 2403 33 6.8
2004am 11-pP NGC 3034 (M82) 3.53 5.9
20044d; II-p NGC 2403 33 6.8
2004et II-p NGC 6946 5.6 24
2005af 11-pP NGC 4945 36 5.7
20088 IIn NGC 6946 5.6 24
2008bk II-p NGC 7793 391 4.8
20081z m? NGC 3034 (M82) 3.53 5.9

NGC 300-T 2 NGC 300 2.15 16.0




Supernova Explosion in M82: Exciting, but No Neutrinos

The M82 galaxy before (top) and after (bottom) its new

supernova on Jan. 22 (Photo: UCL/University of London
Observatory/Steve Fossey/Ben Cooke/Guy
Pollack/Matthew Wilde/Thomas Wright)

22 Jan. 2014

By Erin Weeks

In the early morning hours of January 22, the Earth
turned spectator to a celestial event the likes of
which hadn’t been seen in nearly three decades. The
explosive death of a white dwarf star in Messier 82
(M82), a nearby galaxy, quickly ignited the
astronomy world.

The supernova is exciting for a number of reasons
that other outlets have well outlined — but
unfortunately for Kate Scholberg, neutrinos are not
one of them. Scholberg, a Duke University physics
professor, studies the mysterious, nearly-massless
particles at Super-K, a detector located deep in the
mountains of Japan. Super-K was designed to spot
neutrinos as they speed through Earth, revealing
information about their sources, which can include
the sun, cosmic rays, and supernovae.

“M82 is too far away for us to see any neutrinos from
it,” Scholberg wrote in an email. “It's about 11.4
million light years from us, meaning that the chance
of seeing even a single neutrino from a core-collapse
supernova in current detectors is probably a few
percent or less (of course, we'll look).”



A galactic SN explosion is a spectacular event which will produce
enormous number of detectable n, but it is a rare event (~ 3/century) é

an



Conversly, there is a guaranteed n background produced by all the
past Supernovae in the Universe, but leading to much less detectable
events.

THE DIFFUSE SUPERNOVA NEUTRINO BACKGROUND (DSNB)

%
% ¥
-
*
WHAT CAN WE LEARN FROM DSNB?
In principle, we can extract information on:
€ not all at
A Star formation rate time, however!

A Neutrino masses and mixing parameters

A SN neutrino energies (degeneracy of

effects)



BACKGROUND IN SK FOR DSNB SIGNAL

[ ==, ' [Bea'com and Va{gins, IPhys.'Rev. |_ett.,2
. % 93:171101, 2004]

L

ol T [Gapzooks!] §  Below ~15i20 MeV, bkgd dominated
i ; by spallation products (made by
g \ & Reactor v, 4  atmospheric m) and by reactor n,.

-

For E,l [20-30] MeV, the bkg of low-
energy atmospheric n, is relatively
small.

-]

But, in this window, there is a large
background due to i1 nvi ®iib.l
below Cherenkov emission threshold)
decay products, induced by low energy
atmospheric n,and n,

dNAE_ [(22.5 kton) yr MeV]

W% ™5 10 15 20 25 30 35 40
Me.asuredEe [MeV]

DSNB signal should manifest as distortion of the bkg spectra.

No distortion —FHepx limit
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FIG. 11. Spectra of the four remaining backgrounds in the
signal Cherenkov angle region with all reduction cuts applied.
The v, CC channel is from decay electron data; the other
three are from MC. All are scaled to the SK-I LMA best fit

result.

Super- Kamiokande collaboration

DSNB signal:

recently

DSNB signal should manifest as
distortion of the bkg spectra.

No distortion ——flux limit

iInvestigated the DSNB flux using
2853 days of data [Bays et al., arXiv:11115031]. It

J_¢3cm® §

fixed an upper bound on



SN NEUTRINO EMISSION LIMIT FROM DSNB

[Bays et al., arXiV:1111.5031, see also Vissani & Pagliaroli, 1102.0447]
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The SK limit is close to the most recent theoretical predictions

€ but
Super- K is background limited.



DSNB SIGNAL

The DSNB event rate spectrum, in unitss ' IMeV' lis

e s
E=F
e




Information Flow

[Totani et al. (1998), Fukugita&Kawasaki (2003), Ando (2004), Hopkins&Beacom (2006)]

-

8 N\
Stellar birth Stellar death | |
Star formation SN rate :DSNBE

Stellar life $ CHOSS-CHECK r__l___l

Extragalactic background light ‘  Neutrino |
emission |

Stellar mass density
. / \

O QUESTIONS:
1. When can we detect the DSNB?

2. Can the DSNB be used to study stellar/neutrino physics?



Star Formation Rate

[Horiuchi et al. (2008)]
L e e

Star formation rate

=

=

o
—

[0 Determination

1. Observe luminosity

2. Calibration: stellar pop. code
[0 Sources of uncertainty

» Dust correction

» Stellar pop. code inputs

» Star formation duration,

metallicity, ...

~ Initial mass function

[0 Different indicators are consistent
to ~20% (at z < 1, which yields

PR T T | [ TR T I TR TR T
0 1 2 3 90% of DSNB events)

redshift z

[Hopkins (2004), Hopkins&Beacom (2006), Yuksel et al. (2008)]



Extragalactic Background Light: Prediction

O Non-nucleosynthesis sources (e.g., AGNs) are negligible [Hopkins et
al. (2006)], i.e., the background light acts as a calorimetric test of

the star formation history.
0 Predictions from the star formation rate:

c [
I(v)|= — (v, 2
[ & [ ew.s

Star formation rate Initial mass function
Numerical values:
» Salpeter IMF (-2.35, 1995) ) by ~95 NW m™2 srt
» Kroupa IMF (-2.3, 2001) J 1 ~88 NnWm?2sr?
» Baldry-Glazebrook (-2.1, 2003) IMF :|1I._, ~ 78 nW m™ sr!




Extragalactic Background Light: Obs

0 Background light observations:
» Upper: goes through data
error bars
[Bernstein 2002, 2005, 2007, etc]
» Nominal: respects
gamma-ray constraints
[by HESS (2006), MAGIC (2008)]
» Lower: galaxy counts
[Madau&Pozzetti (2000), etc]

[0 Total background light:

-l
sr |

-

[nWm

\_f

VI

737 nWm st

100 Central (73 nW m” 51"1] -

G—u

[Horiuchi et al. (2008)]
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Choice of IMF

O Baldry-Glazebrook IMF (2003) is a modern IMF, suggested to be the
average |IVIF by stellar mass density studies [e.g., Wilkins et al. (2008)]

Salpeter (1955) Kroupa (2001) BG (2003)

band: prediction N N
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Core-Collapse Supernova Rate

O Prediction: follows from the star
formation rate

(=) — u(2) 129 9(M)dM
PANTI2) = pel2)—5
) L My (M)dM

: 8.5 M_,_for Type II-P

,r‘ IIVln'lin' sun
[Smartt et al. (2008)]

» Almost independent of the
initial mass function

O Observed: most likely low limits
» Incompleteness
» Host galaxy dust
» Type la / CCSN ratio

[Horiuchi et al. (2008)]

L » Kustler et al. (2008)
Smartt et al. (2008)
E-m Dahlen et al. (2008) F

Core-collapse rate, R <

: 4 Cappellaro et al. (1999) 3
1 O Dahlenctal (2004) 7
¢ Cappellaro et al. (2005) |
: I A Botticella et al. (2008)
10 100 0.5 I
distance D [Mpc] redshift z




DSNB FLUX

[Lunardini & Tamborra., arXiV:1205.6292]
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DSNB event spectrum @SK

[Horiuchi et al. (2008)]

- — 8 MeV
— 6 MeV
-— 4 MeV

<
Ln

=
I

—
)

dN/dE_[ (225 ktonyr)" MeV'' ]
= =

0 10 20 30

.- SN1987A -

IIIFIIIIIIIIIIIIIIIII

O Thermal spectra (T ) +
uncertainty bands for R,

O SK limit: [Malek et al. (2003)]
7 Int. flux<1.2cm?2s?

» Int. event < 2 event yr!

[0 Results:

» SK partially constraints

T.;=8 MeV

» Uncertainty band due to
R sy is not large (smaller

than T . uncertainty).



BACKGROUND IN SK FOR DSNB SIGNAL

10

-]

dNAE_ [(22.5 kton) yr MeV]
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' [Bea'com and Va{gins, IPhys.'Rev. |_ett.,2
% 93:171101, 2004] B
B |GADZOOKS!| 7
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\€— Reactor v,
1

I.II|.|.II. L L

-

5 10 15 20 25 30 35 40
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Below ~151 20 MeV, bkgd dominated
by spallation products (made by
atmospheric m) and by reactor n..

For E,l [20-30] MeV, the bkg of low-
energy atmospheric n, is relatively
small.

But, in this window, there is a large
background due to i1 nvi ®iib.l
below Cherenkov emission threshold)
decay products, induced by low energy
atmospheric n,and n,



SK flux limit vs. DSNB flux predictions
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Getting very close to someé
Super-K is background limited.



How can we identify neutrons produced by the
Inverse beta process (from supernovae, reactors,
etc.) in really big water Cherenkov detectors?

V. + p — e"+n

e



Slide from Mark Vagins

iSX002059

L
&~ V%__,

With this in mind, John Beacom and | wrote the original
GADZOOKS!

(Gadolinium Antineutrino Detector Zealously
Outperforming Old Kamiokande, Super!)
paper in late 2003. It was published the following year:
[Beacom and Vagins, Phys. Rev. Lett., 93:171101, 2004]



Neutron tagging in Gd-enriched WC Detector

/Possibilitv 1: 10% or Iess\
n+py d g
2.2 MeV gray
\ /
fPossibiIitv 2: 90% or mor@
n+Gd Y ~8MeV ¢
DT = ~30 nsec
\ J

Positron and gamma ray
vertices are within ~50cm.
"n, can be identified by delayed coincidence.

[reaction schematic by M. Nakahata]



dN/dE_ [(22.5 kton) yr MeV]”

Here's what the coincident signals in Super-K
with GdCl; or Gd,(SO,); will look like
(energy resolution is applied):

LA
f b
Y

4
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=
|rrﬂu4h| T

[Beacom and Vagins, Phys. Rev. Lett.,

A

\ DSNB range
 <—— Reactors
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"-.|I Atmospheric 1
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‘1‘ 93:171101, 2004]
Most modern
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] Vo+p > et+n
: spatial and
temporal separation
between prompt e*
Cherenkov light and
delayed Gd neutron
capture gamma
cascade:
A=~4cm, t=~30us
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200 m3 tnk W|th 240 PMTs

EGADS

Evaluating Gadolinium’s Action on Detector Systems
+ To study the Gd water quality with actual detector materials.

+ The detector fully mimic Super-K detector;
SUS frame, PMT and PMT case, black sheets, ett
» Tests for Hyper K 13 HPDs

£oc s EGADS
Vet 2014
g

v . 00990000090000000 0009
056 20 { ox:

Gd water circulation system
(purify water W|th keeplng Gd)

15m3 tank to dissolve Gd

u"

Hiroyuki Sekiya NEUTRINO2016 London July 9 2016 20



SK & T2K Joint Statement on "SK-Gd"
Jan.30, 2016

On June 27, 2015, the Super-Kamiokande collaboration approved
the SK-Gd project which will enhance neutrino detectability by
dissolving gadolinium in the Super-K water.

T2K and SK will jointly develop a protocol to make the decision
about when to trigger the SK-Gd project, taking into account the
needs of both experiments, including preparation for the
refurbishment of the SK tank and readiness of the SK-Gd project,
and the T2K schedule including the J-PARC MR power upgrade.
Given the currently anticipated schedules, the expected time of the
refurbishment is 2018.

Hiroyuki Sekiya NEUTRINO2016 London July 9 2016




A concluding
thought:

This Gd business
would work great
with a closer SN, too.
If Eta Carinae -
which has shown
recent variability -
happens to explode

sometime in the
next few years,
we would expect
to see ~400 tagged
supernova neutrino
events...

...in the Gd-loaded
EGADS tank!




[G.L.Fogli, E.Lisi, A.M., and D.Montanino, hep-ph/0412046] Mton Cherenkov

=

SRN signal and background

ie; without Gd with Gd
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A 2-3s signal could emerge after
an exposure of 4 years in a 0.4
Mton detector

MeV)

0 45 50
Epos (MeV

Below ~151 20 MeV, bkgd dominated
by spallation products (made by
atmospheric m) and by reactor n..

For E,l [20-30] MeV, the bkg of low-
energy atmospheric n, is relatively
small.

But, in this window, there is a large
background due to ni nvi mi(.b.l
below Cherenkov emission threshold)
decay products, induced by low energy
atmospheric n,and n,

Adding Gd [JFBeacom, and M.R.Vagins, hep-ph/0309300],

spallation ~eliminated, invisible m reduced by ~5.
The analysis threshold lowered. In the window
Epos | [10,20] MeV, after 1 year, the DSNB signal

detectable at 6s level



DSNB IN LARGE FUTURE DETECTORS

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv.1508.00785 [astro  -ph.HE]]
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CONSTRAINT OF NU INVISIBLE DECAY FROM DSNB

[Fogli, Lisi, A.M., Montanino, hep -ph/0401227]

Normalized e* rate from SREN
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DSNB spectrum larger, comparable or
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TYPICAL PROBLEMS IN SUPERNOVA NEUTRINOS

)
0
o
<
o
@)
o
@)
@)
Production (flavor) Propagation (mass,mixing) Detection (flavor)
~ .
2 FexpC iHt ) | v |
: : . - Matter effects:  shock - CC & NC interactions
- Simulations of SN explosion
- Initial energy spectra crossing, é
- Initial time spectra - Dense neutrino bkg - Energy spectra
- New interactions - Angular spectra
- Decays T - Time spectra

Theory /

Phenomenology


http://www.solarviews.com/cap/earth/earthx.htm
http://www.solarviews.com/cap/earth/earthx.htm

SN n FLAVOR TRANSITIONS

The flavor evolution in matter

equations:

IS described by the non-linear MSW

d

dx” "

(Hvac He H-n)y

In the standard 3n framework

2 ?
o H — UuM-U Kinematical mass - mixing term
vac E
® He — \EG = diagd\le ,O, O: Dynamical MSW term (in matter)

o HI7 = \EGF ﬁ]_ -C0S7, 1 [ Tq) dq Neutrino - neutrino interactions term

(non- linear)




VACUUM OSCILLATIONS

® Two flavor mixing Ale ggeco-sq SIn g @,
?7,,7 ~¢-sing cos q@z

Each mass eigenstates propagates as eP? with P =VE" -nf E m

2E
n(2)= sin gg®*| y eos &7| )
2 . . ,aDm’L
® 2 noscillation probability P(/, - /,;)ZK 02 e(O)>‘ SiI’ 2 si TR
¢
pmb(;ﬂ,}‘] —Bruno Pontecorvo (1967)
e
i
4] z

4w

{ = tTe
% mg-m}

Dubna 1988. Neutrino oscillations.




3n FRAMEWORK

® Mixing parameters: U =U (Qy,, Uy3, O3, d ) as for CKM matrix

. 0 14 2 8 €75y §G 8% A
T g 2% Sl@o b 0 SN2 gGel
& 2 sy 6 2€3 0 ¢ 2 T 1 o1

Asol ar o nat mospherico

N3 e— 4 Dm?2 inverted hierarchy
Ny — +dm?2/2 N — +dm?2/2
N e— -dm2/2 N, e -dm2/2

T

normal hierarchy

N; e -Dm?




STATUS OF NEUTRINO OSCILLATIONS
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GLOBAL OSCILLATION ANALYSIS (2017)

[Capozzi et al., arXiv:1703.0447]

Oscillation parameters
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MATTER POTENTIAL

[Wolfenstein, PRD 17, 2369 (1978)]

When neutrinos propagate in a medium they will experience a shift of their energy,
similar to photon refraction, due to their coherent interaction with the medium
constituents

Charged current Neutral current

The difference of the interaction energy of different flavors gives an effective
potential for electron (anti)neutrinos

V(X =v2G N~

net electron density



MIKHEYEV-SMIRNOV-WOLFENSTEIN (MSW) EFFECT

Ne
(oo o n, =cosq./1, +sing,/,
. ' _z"ﬂf?ﬂim
,*”f . Mixing angle in matter
N.os5L— L ‘ M m .
" - o S nm Sin2qm = S|n2q
— T~ 51'1132&.; a2Ev 62 . 5
_ - LT & 5" c0s2go +sin® 2g
N 0l . C =
low density high density

N masseingenstatesremainsthe samefor all

ADIABATIC EVOLUTION I the oromacation

2

eg< 4 V> >[;r|r_:] > g ° %,ne °n,, Matter dominance
Dm’
o V° E > g.,° = Resonance

oVO°(Q —— a., ° q,n, 0 /1., Resonant flavor conversions

Resonances in matter occur either for n or for anti-n






