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1) Neutrinos
2) Cosmology
3) Neutrino cosmology



Lecture I

Neutrino Physics

« Neutrinos in the Standard Model

« Neutrino mixing and oscillations

* Models of neutrino masses and mixing
+ Neutrino-less double beta decay

* Neutrino astronomy
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Nobel Prizes awarded in Neutrino
hy SlC sExperimen’ral discoveries

awarded with the Nobel Prize

1995

for the detection
of the neutrino

| s : .
Wolfgang  Enrico Hans Rudolf Frederick Reines (in 1956 with Clyde Cowan)
Pauli Fermi Bethe Peierls

Theoretical predictions

1988

" . (discovery
Mr. Neutrino ! of muon
2\ _ neutrino
peo Tonsinssd Leon Melvin Jack in 1962)
Bruno Pontecorveo Lederman Schwartz STeinber'ger'

40[07

For pioneering conkributions
to astroplvujsics, %Y rartkular
for the detection of

cosmic neubtrinos

Bruno P
Raymond Davis Masa oshi oshiba

@

Bruno Pontecorvo Valery Gribov Ziro Maki Masami Nakagawa Shoichi Sakata TGkCleI Kajita Arthur B. McDonald

2015

For the discovery of
neutrino oscillations,

which shows that neutrinos
have mass
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Neubrino as a “desyerake remec{j

Wolfgang Pauli, 1930

P~ decay: X(Z,N)—>Y(Z+1,N-D)+e +v, )
(simplest case:n — p+e +V.)

Observed Expected
spectrum of electron
energies energy

if there is
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Neubtrinos: elusive Em&des

"I have done a terrible thing, I pos&uto&ed a particle that cdin hever be debtected” (Pauli, 1930)

4-fermion theory of

) . Fermi constant
wealk thteractions

_ G ~10° GeV-2
(Fermi, 1934)
2 —43 2
o _~Ges~10"cm
Ve+l’l%p+€
(Bethe , Peierls 1934) (“FOT‘ ﬂOMF&T‘iSOM: O yrpryey ~ 10 em® )

A neulrino with MeV energy has a mean free path in steel of about 10 Lightyears!

But with intense fluxes in nuclear reactors Cowan and Reines (1956) managed to
detect «fi,vmuj the (eleckron) neutrino in inverse beta decay: V,+p—>n+ e’

On the other hand the reaction \_/e +n— p+e was NOT observed(Davis 1956)
—> LEPTON NUMBER IS CONSERVED:

L(v,))=L(e )=+l L(v.)=L(eH=-1



Savannah River experiment: the principle

photo-
multipliers

CdCl solved
in water

scintillator




Neubrinos have flavour!
Why do we not observe (| —e+7y ?

The idea of "lepton flavour” was introduced: muonic and electronic lepton numbers are
separately conserved

This has been extended to neutrinos carrying lepton flavour of the same kind of the
charged leptons in a way that flavour lepton number are conserved.

Example: u — e -I- Ve + V

, =1 L,=+1 = —+1

g a M Brookhaven experiment (1962):
T —>u + vu

——» p—oe"+n  NOT OBSERVED!

—— po U +n

veivui ‘_/ei‘_/‘ui



Kinematic upper bound on (electron) neutrino mass

Tritium beta decay: Kurie plot
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KATRIN (KArlsruhe TRitium Neutrino experiment)
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The weight is approximately 200 tons |



After the leak tests the tank was ready to be shipped. There is a slight problem of

transportability from Deggendorf to Karlsruhe: The tank is foo big for motorways, and
the canal between the rivers Rhine and Danube has to be ruled out, too. Thus, instead of a
journey of about 400 km, the spectrometer has to travel nearly 9000 km as indicated in

the map
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The First KATRIN
Neutrino Mass Result

HRe,
W

KATRIN Sympaosium, KIT, 16/09/2019

Thierry Lasserre (CEA & SFB1258)
On behalf the KATRIN collaboration




Neutrino Mass Inference @) - \@

. i KATRIN data with 1o errorbars | * 2 million of events
2.4 — Fit result
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Normalized entries (1/eV?)

Actual Result Compared to Expectation ==

MC-Propagation Method Covariance Matrix Method
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Best-fit m, 2 is fully consistent with our expectations
(10 statistical fluctuation)




Conservative Upper Limit on the

MC-Propagation Method

Neutrino Mass &

Covariance Matrix Method
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The Path Forward for Direct Neutrino Mass Experiments

e
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M)

* A new generation of source-in-detector, differential .. EC@
experiments, using cryogenic microcalorimetry and -
CRES, is targeting sensitivities beyond the reach of
current experiments

mg mass limit (eV)

* Project 8 is charting a path towards the inverted

orderlng Inverted Ordering

Normal Ordering

1940 1980 2000
Year

KATRIN 2406.13516 : me.< 0.45 eV (90% C.L.)




Electron neutrinos and anti-neutrinos are also produced in muon decays

pto= e+, + e,

B = e +v,+v,
and as a subdominant mode in pion decays

Tt = et +u,,

T = e +V,

and in some other processes.




Muon and tauon neutrinos

Muon neutrinos and antineutrinos are produced in muon decays and in pion decays as well
in some other processes. They have a great importance in the recent neutrino physics his-
tory, since, as we will see, neutrino oscillations have been first discovered from atmospheric
muon neutrinos disappearance in 1998 by the SuperKamiokande experiment.

Tauon neutrinos are produced in 7% decays and they have been detected for the
first time in 2000 by the DONUT experiment in the charged current processes v, (7.) +
N — 77 + X. This same reaction has been used in the OPERA detector at Gran Sasso
laboratory to prove v, — v, oscillations by 7 appearance.

Like for the electron neutrino mass, there are also much looser kinematic upper bounds
on the muon and on the tauon neutrino masses. The most stringent upper on the muon
neutrino mass has been placed by an experiment at the PSI from kinematic analysis of

the pion decay 7+ — u* + v, obtaining
m,, < 170keV (90%CL) (1.16)

From the study of 7 decays

T =21+t v, 77 =37 + 20t + v (+70), (1.17)

the ALEPH experiment has placed the most stringent upper bound on the tau neutrino

mass,
m,,. < 18.2MeV (95%CL). (1.18)




Neutrinos in the SM



Dirac fermions (e.q. electrons)

[
Left

Handed

Right
Handed



The Dirac equation can be recast in terms of the chiral components as (problem 4)

ZawR = msz, (164)
i = myp. (1.65)

In the limit of zero mass m = 0, the dynamics of the chiral components decouples and

they obey the Weyl equations,

idyYr = 0, (1.66)
idyr = 0. (1.67)

Notice that the names LH and RH originate from the fact that for relativistic particles

chirality almost coincides with the usual LH and RH helicity eigenstates and in the limit

m — 0 they exactly coincide (problem 5).




Matter contents of the SM SU(3)uC ><SU(2)UL><VU(1)Y4
Lp(1.2, ) Q(,-:.‘.:.%:- Eg(l,1.-1) ('H(,‘.I._-:;l Dg(3.1, l,

G
LR CR SR

) TR IR br

where Y is the U(1)y hypercharge, the RH neutrinos vg, carry no SU(2)r x U(1l)y

quantum numbers and this implies that:

e In the SM, by definition, there are no RH neutrino fields and (as we will show) this
implies that neutrinos are strictly massless; therefore, neutrinos are described by the
phenomenological two-component neutrino theory (Landau, Lee and Yang, Salam)
where neutrinos are described by Weyl LH fields and parity is violated. Therefore,
SM neutrinos obey just one Weyl equation (the second in Eq. (1.66)).

e Neutrinos detected experimentally, produced by weak interactions, are purely LH
(helicity) states and the anti-neutrinos are purely RH (helicity) states;

e The existence of RH neutrinos could be inferred only indirectly through the existence

of neutrino masses, though notice that neutrino masses do not necessarily imply the

existence of RH neutrinos.3°




Q Two-comFOV\enE neuktrino Ekeorj

B JLef‘r- Left-
handed ‘. handed
heutrino anti-neutrino

Right-
handed
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heutrino . .
, ahti-neutrino



Neutrino interactions
Universal coupling to Z boson

lept lept
WESSE+WEIS e ©____z¢[JN9),,
2 cos Oy sin Oy H

r €
e = \/ﬁsin QW

Charged current Neutral current

[WE 5+ WE LS,

r B e
e V2 sin Oy

(b)

'he two tree-level Feynman diagrams for the elastic scattenng prooess
charged current (a) and neutral current (b).




Number of neutrino species from the invisible Z decay width

Ftot = Fhad +3 Fch.lep. + Finv ) (1108)

where Iy, is the so-called invisible decay width that is very simply related to the number

of neutrino species
Finv = Nz/ FI/ . (1109)

LEP has measured very accurately I'hadq, ['chiep. and 't from a fit of the Z-line shape for
ete” — ptp~ and into hadrons finding (see in the slide the measurement of onaq) in a
final combined analysis [12]

_ 1_‘tot - Fhad - 3Fchlep
Ly

N, = 2.9840 + 0.0082, (1.110)

ALEPH
DELPHI
L3
OPAL

| § average measurements,
error bars increased JJ
by factor 10




Neutrino mixing



Neutrino mixing

heutrino Neutrino
weak — U (‘V ] . mass
eigenfields al eigenfields

i=1,2,3

S1ze ¢

So3ciz | - diag (e’ e’ 1)

Ca3 C13



Notice that the leptonic mixing matrix can be recast in the form U =V P, where

1 0 0 C13 0 S13 6_i5 C12 S12 0
V == 0 : 0 1 0 : —S12 C12 0 (26)
—S813 6i5 0 C13 0 0 1

and

P= diagi(er®,et*2,1) . (2.7)

In the absence of phases this would be the usual parameterisation of a rotation matrix (i.e.,
an orthogonal matrix) in terms of Euler angles. Therefore, the three mixing angles should
be regarded as Euler angles (show slide). The rotation matrices provide a representation

of SO(3), while unitary matrices in the form Eq. (2.20) provide a useful representation of

SU(3).




Neutrino oscillations in vacuum

Consider now an ultra-relativistic neutrino state produced at the time ¢ = 0 in the
flavour a described by the ket |v,(0)) = |v,). At the time ¢ (at distance £ ~ ct from the

place of production) it will have evolved as
[va(t)) = Z Ugi lvi(?)) (2.9)
and it will have an (oscillation) probability P,s(t) = |(vg|va(t))|* to be detected as a
neutrino in the CC interaction
vo(t)+ N = B+ N', (2.10)
where [ is a charged lepton.
e The probability P,z is called appearance probability (of the flavour 3) ;
e The probability P,, is called survival probability (of the flavour «);

e Finally the quantity ) ,,, Pag is called disappearance probability (of the flavour «)
and of course Z#a P,3=1—P,,.




Neutrino oscillation probability

The oscillation probability can be expressed in terms of the mass eigenstates,

2
Pogs(t) = [{vs|va(t) Uzi Us; (v5|vi(2))

If we now use the standard plane wave approximation

vi(t)) = e™ 5" [14(0))

the ultra-relativistic approximation

2
m;
E; =1/|p]? + m? ~ 2151 (2.13)

and the orthonormality condition (v;|v;) = ¢

ij, we get finally the following expression for

the transition probability in vacuum (problem 3)

1,3 1,3

14
P, = 0a5—4 Z Re[U.; UBZ U* Ug,] sin ( ) >+2 Z Im[U,; U,Bz U* Ug,| sin (

1<j 1<J

where An E E /GeV
0o _ & LoV
b Am2 ~ 2.48km Am?j/e\/z’

are the oscillation lengths and mass squared differences in vacuum and we defined £ = |p].




Factorization of the PMNS matrix

el e2 e3 S PAE S12C13 S13€ 1 0O O
- _ _ i6 _ ) ict,
U(xi ul uz2 u3 - SlZC23 C12523513e C12C23 5125235138 523C13 0 e 0
is s 0 0O 1
1 2 3 S12523 7 €1653513€ C12503 7 515623513€ C13C13
—id io
C,s 0 S,.€ C, S, 0 % 0 0
— _ ia2
= 0 1 0 S, €., 0 0 e 0
—Si3 0 Cl3 0 0 1 0 0 1
Reactors, Accel. LB Solar Reactors BBOv deca
Y

CP violating phase

Within a three-neutrino mixing framework different experimental observations get
connected and CP violation is possible. Historically first studies were done within a
two neutrino mixing description since in the approximation of vanishing 613

“solar' and " atmospheric' mixing decouple. This approximation was justified

by the CHOOZ upper bound (1999): 6:5 < 13° (30)



Some Unsight

e

P =1 —sin” 20 X sin” (m§ —_ m12 )L
g 4E

"short" "long" "very long"
distance distance distance

4m/ Am:

L/E, (arb. units) g

At least 1 neutrino has to be massive since for exactly massless particles travelling at
the speed of light, there cannot be any time scale associated to propagation because
of "time dilation" that freezes any dynamics. For exampple in the u.r. limit a decaying
particle does not decay! T is a consequence of Special Relativity



The solar skandard model

X

sohnmakcat  Neutrinos are produced inside the Sun, on average:

<E, >=0.6MeV

More precisely:

Homestake
GALLEX/GNO

Bahcall-Serenelli 2005

Neutrino Spectrum (x1g)

Neutrino Energy in MeV




ﬁavmond Davis

Homestake experiment (final results in 1998):

Ve + 37Cl % 37Ar + e— — Gj\LLEX/GNO

Homestake

Bahcall-Serenelli 2005

final solar neutrino rate : 2.56+0.16(star)+0.16(sys)SNU [ E EES
theoretical prediction: 8.5£09SNU
GALLEX/GNO experiment:

v.+"'Ga— "Ge+e

final solar neutrino rate ~ 50% predicted

"MSW"
solgkions

Events/SSMaezoco

Homestake <P=>“ ClAr + GALLEX + SAGE
+ SuperKamiokande: rates only
+ SuperKamiokande

SSM: Bahcall and Pinsonneault 1998 SSM: Bahcall and Pinsonneault 1988

Experiment

How to pin down the right solution? How to be sure the Solar Model is correct?



Two neutrine mixing and oscillations
. mass eigenstates
flavour eigenstates with masses

2 neutrino mixing
(Maki-Nakagawa-

Sakata 1962

2 neutrino oscillations

L

ergy
2 2 p) 2
appearance p —in? 26 x sin’ (my —mL | sin” 20 x sin”| 1.27 Am’LeV” L]
probability e AE E[MeV]
disappearance 1
probability P"e—We =1 PVe—W/m

(Gribov-Pontecorvo 1969)



A&maspkerw neukrinoes

Isotropic flux of ;
cosmic rays i
i 0

Data/Prediction (null osc.

10 102 103
L/E (km/GeV)

Atmospheric
neutrinos
SK results on atmospheric neutrinos SK-1+SK.II
support the conclusion that muon
trinos ted into t Best fit:
neutrinos with approximately sin226 = 1.02

maximal mixing

sin%20



Determination of 644
The CHOOZ upper bound

al

{ = Gosgen

Krasnoyarsk
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Kamiokande
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The KamLAND Experiment

1000ton LS
1879 PMT's

South Korea

4
oUIchm

LMA (0.84,1.4e-4) 1
Parameters (0.84, 7e-5)
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A first hint: Combining solar neutrino data
with Kamland (longbaseline reactor neutrinos)

Hints of #15 > 0 from global neutrino data analysis

G.L. Fogli’?, E. Lisi?. A. Marrone!?, A. Palazzo®. and A.M. Rotunno!:?

Phys.Rev.Lett. 101 (2008) 141801

Solar, KamLAND Solar & KamLAND + At & LEL
T I i
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FIG. 1: Allowed regions in the plane (sin® 82, sin® 8y3): contours at 1o (dotted) and 20 (solid). Left and middle panels: solar
(S) and KamLAND (K) data, both separately (left) and in combination (middle). In the left panel, the S contours are obtained
by marginalzzing the dm® parameter as constrained by KamLAND. Right panel: All data.




Short baseline reactor neutrino experiments: Daya Bay

L3
°

e |4
Ling Ao-1I NPP

+
° 12

Ling Ao NPP

Daya Bay NPP

FIG. 1. Layout of the Daya Bay experiment. The dots represent
reactors, labeled as D1, D2, L1, L2, L3 and L4. Six ADs, AD1-
ADSG, are installed in three EHs.
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J Leared ot &l PRD 78(2008)071302 JUNO’s main goal: Neutrino Mass Ordering

L. Zhan, Y. Wang et al., PRD 78(2008)111103
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Long baseline accelerator experiment: T2K
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Long baseline experiments: T2K measurement of &

68% C.L.
sin ‘(),i:‘),“l
~sin’0,,=0.5

sin’0,,=0.6

Runl-4 data (6.393¢20 POT)
Normal hierarchy
Am3,1=2.4x10" eV?

Ocp measurement

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary
T L2 | o, T

NuFact2021

T T

T
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Normal ordering

.,
Ny ::‘x
e o 9 X
sin’0,, = 045,0.50, 0.55
Am;, = -246x107 eV? e
dep =
8= +2
¢
dp=-12

68% syst err. at best-fit
v Best-fit
—&— Data (68% stat err.)
P Y | N P TR | | -
40 60 80 100 120

Inverted ordering
& - cL

] 90% CL
] 20 CL
] 30 CL

o by by Lo a1y

Antineutrino mode e-like candidates
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Neutrino mode e-like candidates

Large region excluded at 30
PMNS best-fit around maximal CP-violation CP-conservation (0,11) excluded at 90%

Weak preference for normal ordering Largest A2 change seen in any of our



Matter effects
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)

09.1. Fevnman diagrams of the coherent forward elastic scattering processes

i . Hrs T

that generate the CC potential Vioe through W exchange and the NC potential

Ve through Z exchange.




Matter effects
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1G. 9.2. Effective mixing angle ) (a) and the effective squared-masses m3;,,
m3g, (b) in matter as functions of the electron number density N, divided by
the Avogadro’s number Na, for mi; = 0, Am2 = 7 x 10~ %eV?, sin? 29 = 1073
and £ = 1 MeV. N} = Am? cos 209/2\/2EGYy is the electron number density at
the resonance, where 1, = 45°.

They are crucial to fully explain solar neutrinos




ﬁavmond Davis

Homestake experiment (final results in 1998):

Ve + 37Cl % 37Ar + e— — Gj\LLEX/GNO

Homestake

Bahcall-Serenelli 2005

final solar neutrino rate : 2.56+0.16(star)+0.16(sys)SNU [ E EES
theoretical prediction: 8.5£09SNU
GALLEX/GNO experiment:

v.+"'Ga— "Ge+e

final solar neutrino rate ~ 50% predicted

"MSW"
solgkions

Events/SSMaezoco

Homestake <P=>“ ClAr + GALLEX + SAGE
+ SuperKamiokande: rates only
+ SuperKamiokande

SSM: Bahcall and Pinsonneault 1998 SSM: Bahcall and Pinsonneault 1988

Experiment

How to pin down the right solution? How to be sure the Solar Model is correct?



v,.+H—e +p+p (CC)
v.+‘H—=v_+p+n (NC)

v.+e"—=v_+e-  (ES)

X

Solar‘ neutrinos
KamLAND .
Reactor Anti-

Neutrinos
(KAMLAND

Solar
Neutrinos
(SNO plus

others)

Am* =7.5907 x107°
6 =34.47]; degrees

SN Experimem&

1000ton of ultra-pure heavy water (D20)
in an acrylic 12m diameter sphere

BSOS ooy
(ogyy 68% C L.

dre 68%.95%,99% C L.

6 21
q)w(x 10" ecm™=s7)
'S

w

|||I||]|I

B o 68% CL.
B o 68% CL.
I o::° 68% CL.
- [ o 68%CL.

1 1 L1

5]

—

| L1 1
3 35

25 ;
¢, (x 10° cm? s

Solar electron neutrino do not oscillate
travelling from the Sun to the Earth but are
"converted” inside the Sunl

2
Notice that also that Am~ >0



{EP - INSPIRE-HEP
arucie | ruplished: 24 October 2018

Comprehensive measurement of pp-chain
solar neutrinos
The Borexino Collaboration

Nature 562, 505-510(2018) | Cite this article
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Fig. 3 | Electron neutrino survival probability P, as a function of
neutrino energy. The pink band is the * 10 prediction of MSW-LMA
with oscillation parameters determined from ref. **. The grey band is the
vacuum-LMA case with oscillation parameters determined from refs ***%,
Data points represent the Borexino results for pp (red), “Be (blue), pep
(cyan) and *B (green for the HER range, and grey for the separate HER-I
and HER-II sub-ranges), assuming HZ-SSM. "B and pp data points are set
at the mean energy of neutrinos that produce scattered electrons above the
detection threshold. The error bars include experimental and theoretical
uncertainties.




Matter effects in long baseline accelerator experiments

Plv,=v.)=x"f"+2xpfg(cosdcosA-sindsinA)+ y’'g’ . * Complicated Formula

Wy =y )= ‘3 g. ‘—T(, e D one i B PN . L
Plv,—=v )=x"f +2xyfg(cosocosA+smndsinA)+yg ‘ - Interference of all

P(v, —v )=x" _/': -2xy fg(cosdcosA+sindsinA)+ g . oscillation parameters,

— L L e Amfl<(,) : .
P(v,—=v )=x f"-2xyfg(cosdcosA-sindsinA)+y'g" in particular CP.

g : Resolve the CP
A =127|Am; = =255 .C.. £.F = M degeneracy by
S GF4D comparing appearance
sin( AA) probability between

a = Am;, / Am;, ' ' g= : =AA=0) :
A neutrinos and

A=|A/ L\mf.‘

| 1300 km 5372 sin’,,=0.01 | 1300 km d=-%/2 8in’,,#0.01 | antineutrinos

=
) 1 /2 S e Clear signal with the
‘”t. .i: : optimized energy and
: distance

§ — NS0 Mo

- large MH dependence
through matter effect.




Long baseline experiments
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NOvVA experiment

NOVA Preliminary NOVAFD  13.6x10% POT equiv v + 12.5x102° POT ¥
NOVA FD -—

13.60x10%° POT-equiv (v)
12.50x10%° POT (v)
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* Disfavor hierarchy-6 combinations which would produce that asymmetry

* Consistent with hierarchy-octant-6 combinations which include some “cancellation.”

— Since such options exist for both octants and hierarchies, results show no strong preferences.

Exclude IH § = t/2 at>30 Prefer...

Normal Hierarchy at 1.00
Disfavor NH 6 = 3t/2 at ~20

Upper Octant at 120




Comparison to T2K NOVA Preliminary

—r r r 1 T 1 1 1] |
O/ Normal Hierarchy

0.6
&
& 0.5
L=
w
0.4 -
- T2K, Nature 580: ® BF — <90% CL -~ <68%CL -
03F NOvA: + BF [ J<90%cL [ <68%CL -
2 — 1 ' 1 ' l 1 ' L 1L l 1 I L 1 l 1 1L ' 1 -
0 1Y T 3 21

2 2

6CP

* Clear tension with T2K’s preferred region.

* Quantifying consistency requires a joint fit of the data from
the two experiments, which is already in the works.

— Semi-annual workshops, regular joint group meetings, and a
signed joint agreement.
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Neutrino mixing parameters:
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Neutrino masses (m; < m, < ms)
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Myen = (50.0 + 0.3) meV

nger' bound on neutrino masses (NQ)

= z m; = 58meV (95%CL)

For IO it would be much more stringent:

Z m; = 98meV (95%CL)

Cosmological upper bound (Planck 2023, 2309.10034) 10
zmi < 0.11 eV (95%CL) = for NO: m, < 30 meV(95%CL)
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JUNO: MASS ORDERING DETERMINATION

= DYB Constraint —— JUNO w/ DYB constraint
JUNO Preliminary. June 2026 @ * LBL Constraint ~ —&— JUNO w/ DYBLBL constraints




Atmospheric Neutrinos

Normal mass ordering
P(v, — V)

From cosmic-ray interactions in
atmosphere

e Baseline: 10 km - 13,000 km
* Energy: MeV - TeV

Detected via charged-current
interactions

T T T T[T T [T T[T 77T

Oscillation measurements:
* v, disappearance

e Am3,

* sin?0,,

UL AR USSR T LA UL U
Inverted mass ordering
M

T T T T[T T T[T [TTT

* vV, appearance
* Mass-ordering
e CPphased

v I\I\ 7

T
|

T
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SK I-VI Oscillation Parameter Measurement

Poster by Ben Jargowsky, #225

W Norhal Ordering'
B Inverted Ordering
— Data Fit

----MC Expectation

W Normal Orderind /]
[ Inverted Ordering

— Data Fit

----MC Expectation

\ © T 7 ‘B Normal Orderingd = °
[ Inverted Ordering
— Data Fit
----MC Expectation

%) 4

‘1Axg~/.‘.x

0 " " " e " " " "
0.0015 0.002 0.0025 0.003 0.0035
sin’6),, Am,

Previous study | This study Favors lower octant at ~1o
(SK I-V) (SK 1-v1) Smaller sin?05, results in less
sin26;, 0.45 0.44 sensitivity to mass ordering N.O. p=0.699

Roughly same é.p allowed region | E0-p=0042
Favors normal ordering
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I — Data: -3.74

\:\True N.O

| ]TrueIO

o

Fraction of toy MCs

Am3, [1073 eV?] 2.40 2.40

D e 5.69 3.69
Scp —1/2 -31/4 Toy experlmen-ts show a rejection of
inverted ordering at 86% =~ 1.08c

*sin? 0,3 prior: 0.0220 + 0.0007 (CL, method)
**Results of MO and é.p exceed sensitivity
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L/E Oscillation Measurement

Update from 2024 results:

Introduced a new BDT classifier to separate partially
contained (PC) stopping/through-going events

Increased high resolution PC events by 10% in the
oscillation region ((L/E);ec > 100 km/GeV)

L/E analysis sets a stronger constraint on Am3,

high resolution sample preserves the oscillatory
pattern that would otherwise be averaged out in
zenith-angle analysis

lose power to determine 8,3 octant because v,
samples are not included

Poster by Mariusz Girgus, #230

(\’I-\ I | P e P | I | s = B | =1 1 I | o s o | l | s e | l | B I | I | B i | l_
> 3-2__ Normal ordering, 90% C.L. |
o U MINOS/MINOS+ 2020 ]
o B — - NOvVA 2025 4
- 3 e T2K 2023 —
& e e IceCube 2024 7
“‘E"’ B T e Super-K (zenith) ]
g 28 ., = Super-K (L/E) _|
2.6 .
2.4_— o
2.2 -
C X Super-K (L/E) Best Fit ]

I 111 l 111 1 I 111 1 I 111 | | I T | 11 1 1 I 111

35 04 045 05 055 06 065 0.7
sin’e,,

L/E data fit contour assuming NO, in comparison with zenith
angle data fit, and other experimental results




| NUFIT 6.1 (2025)

I1C23 without SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax? = 1.5)

bfp £1lo

30 range

bfp £1lo

30 range

0.308870 0005
33.7679-42
0.47019-917
43.27150,

0.0224915-00027
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7.53719.95¢

+2.521+9:926
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32.54 — 35.03
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0.02070 — 0.02420
8.27 — 8.95
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7.236 — 7.823

+2.454 — 42.592

0.308870 0005
33.7679-42
0.5551 0015
48.1519°75

0.0226179:0002°
8.6510:11
283733
7.53710:9%1
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32.54 — 35.03
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41.40 — 50.21

0.02091 — 0.02433
8.31 — 8.97

202 — 347

7.236 — 7.822

—2.569 — —2.430

I1C24 with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax? = 5.9)

bfp £1o

30 range

bfp £1lo

30 range

0.308810 000e
33.767042
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0.30881 0 000e
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47.9015°73
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8.657011
274122
7.53710: %

—2.48315:0%0

0.2893 — 0.3295
32.54 — 35.03

0.439 — 0.584
41.51 — 49.83

0.02093 — 0.02441
8.32 = 8.99

203 — 335

7.236 — 7.822

—2.547 = —2.421
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Leptonic mixing angles are much larger than quark mixing angles

lepton flavour space quark flavour space

«Cosmological puzzles?

*Why not a Majorana mass term as well?



Neutrinoless double beta decay
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Double beta decay

230r decay

=== Two Neutrino Spectrum

=== Zero Neutrino Spectrum
1% resolution
r2v)=100* Tr(0v)
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Neutrino Astronomy
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F1G. 15.6. Onion-like interior structure of a Population I star of 25 M, just before

the onset of collapse (see Ref. [1025]). Fe represents assorted iron-peak elements:

I8Ca, 2071, Fe, 56Fe, 58Fe. 6Ni. The Si shell contains less abundant amounts

of S, O, Ar, Ca, the O shell contains less abundant amounts of Ne, C, Mg,
Si. the He shell contains less abundant amounts of C, Ne. O, and the H shell
contains less abundant amounts of He. Ne. O, N. C.
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FiGc. 15.7. Time evolution of neutrino luminosity and average energy obtained
with the numerical SN model in Ref. [1021]. The time starts at the onset of
collapse. The left panel shows the early phase in a linear time coordinate. The
right panel shows the time evolution until about 10 s after the onset of collapse
using a logarithmic time coordinate. The dashed lines are for v,.. the solid lines
for ., and the dot-dashed lines for v, v,, v-,v;, which are collectively denoted
by v,. The neutronization burst is visible as a peak of luminosity and energv of

electron neutrinos, which happens 40-50 msec after the onset of collapse.
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Figure 29.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [91-106].
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Figure 10. Hillas diagram. Source classes are shown as function of their characteristic size, R, and
magnetic field strength, B, in the ideal, Bohm limit, where 7 = 1. Quoted values of B are in the comoving
frame of the source. The abscissa gives R, the radius from the engine, which is equal to comoving size of
the source times the Lorentz factor of the flow, I'. Solid (dashed) lines indicate the B R product beyond
which confinement of protons (red) and iron (blue) nuclei with energy 102’eV are possible for outflows
with velocity, G = 1 (B¢, = 0.01). Inferred values of B and R for low-luminosity gamma-ray bursts
(LL GRBs) and high-luminosity GRBs (HL GRBs) are from [128, 129]. For tidal disruption events they
are based on the prototypical jetted-TDE Swift J1644+57 [130-132], for starburst galaxies and normal
galaxies they were estimated in [133]. Inferred values of B and R for AGN lobes, hotspots, and knots,
were presented in [134] and summarized in [127]. For galaxy clusters, we used the inferred value range
from [127]. Inferred B and R values for supernovae were collected from [135—-137] and for Wolf-Rayet
stars from [138]. For neutron stars and magnetars the quoted values of B, and R correspond to the expected
UHECR acceleration sites in [139-141]. F. Oikonomou and K. Murase for this review.
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Fig. 2: Hillas plot. Sources above the top (red) line are able to accelerate protons up to 10%! eV, while sources

above the bottom (green) line are able to accelerate iron up to 102° eV. Figure reproduced from Ref. [12]
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Figure 6: Expected secondary photon and neutrino fluxes from UHECR sources compared to the EGRB
measured by Fermi-LAT, diffuse neutrino flux by IceCube and the all-particle and proton fluxes by KASCADE
Grande and PAO. The neutrino flux example shown as thin dotted line is from Ref. [13]; adapted from

Ref. [36].
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FIG. 16: An example of the temporal structure of a GRB as recorded by BATSE [145]. Note the

two time scales: a duration of several seconds and a fluctuation time scale of a fraction of a second.
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Figure 6. Left: Cosmogenic photon (blue) and neutrino (orange) fluxes for models that fit the Auger data
including spectrum and composition [65]. Specifically, the dark orange band corresponds to a best-fit model
with 99% CL, and the light orange band covers the AGN, star-formation rate (SFR), and gamma-ray burst
(GRB) models for fits at 90% CL [65]. In more optimistic models that assume a larger maximum energy
Rumax ~ 10209 eV, a second photon bump appears at 1-10 EeV as indicated by the grey shaded area [74]. In
comparison, we show the fluxes of the six-year high-energy starting events (HESE, orange data points) [76],
six-year muon neutrino events (orange shaded region)[77], nine-year extreme-high-energy (EHE) 90%
upper limit [71] measured by IceCube (thick red curve), and the 90% upper limit provided by Auger with
data from 1 Jan 04 - 31 Mar 17 (thin red curve, [72]), as well as the extragalactic gamma-ray background
observed by Fermi-LAT [80, 84], and the differential limit of UHE photons in the bin of 10-30 EeV by
Auger [75]. For reference, we also show the cosmic-ray spectra measured by KASCADE, Auger, and
TA [35, 78, 79]. K. Fang for this review. Right: Upper limits on the integral photon flux obtained with
the Auger surface detector (Auger SD 2015) [82], a hybrid analysis of nine years of Auger data (Auger
Hybrid 2016) [75], and the Telescope Array surface detector (TA SD 2018) [83]. The shaded regions give
the predicted cosmogenic photon flux assuming a pure proton (GZK p) and pure iron (GZK Fe) UHECR
composition of reference [81]. F. Oikonomou for this review.
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FIG. 3 (color online). Allowed flavor ratios at Earth for
different choices of source ratios, assuming standard mixing.
Projected lo, 20, and 36 exclusion curves from IceCube-Gen2
are included for comparison (gray, dotted); see main text.
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Figure 1: The IceCube Detector with its
components DeepCore and IceTop.
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FIG. 1. Surface view of the full IceCube detector layout.
Filled marks represent the positions of the IceCube strings.
Red marks are the DeepCore strings. Squares represent the
strings that did not exist in the IC79 configuration. Open cir-
cles are the positions of the closest strings to the observed two
cascade events. Stars are their reconstructed vertex positions.
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From Evidence for High-Enerqy Extraterrestrial Neutrinos at the IceCube Detector,
Science 342 (2013), 1242856 [arXiv:1311.5238 [astro-ph.HE]].
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FIG. 1. Arrival angles and deposited energies of the events.
Cosmic ray muon background would appear as low-energy
track events in the southern sky (bottom). Atmospheric neu-
trino backgrounds would appear primarily in the northern sky
(top), also at low energies and predominantly as tracks. The
attenuation of high energy neutrinos in the Earth is visible
in the top right of the figure. One event, a pair of coincident
unrelated cosmic ray muons, is excluded from this plot. A
tabular version of these data, including additional informa-
tion such as event times, can be found in the online supple-
ment [29].
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the 7/ K and charm
components of the atmospheric v, spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.
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FIG. 3. The exclusion regions for astrophysical flavor ratios
(fe : fu : fr)e at Earth. The labels for each flavor refer
to the correspondingly tilted lines of the triangle. Averaged
neutrino oscillations map the flavor ratio at sources to points
within the extremely narrow blue triangle. The ~ (1:1: 1)g
composition at Earth, resulting from a (1 : 2 : 0)s source
composition, is marked with a blue circle. The compositions
at Earth resulting from source compositions of (0 : 1:0)s and
(1:0:0)s are marked with a red triangle and green square,
respectively. Though the best-fit composition at Earth (black
cross) is (0 : 0.2 : 0.8)g, the limits are consistent with all
compositions possible under averaged oscillations.




