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OVERALL PLAN OF THE 5 LECTURES

Neutrinos in the Standard Model.
Neutrino interactions, detectors. Solar and atmospheric neutrino problems.
Neutrino oscillations in 2 tlavors. SNO and SK.
Neutrino oscillations 1n 3 flavors. Future experiments.
Theory and search for neutrino masses. Neutrinoless double-beta decay. Neutrinos in
Cosmology and Astrophysics.

Theory and experiment will be strongly mingled.
Every lecture will have some of both.
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PLAN FOR LECTURE 5

Theory ot neutrino masses
Lagrangians in Quantum Field Theory
FElectroweak symmetry breaking - the Higgs mechanism
Yukawa interactions and fermion masses
Charge conjugation of Dirac and Weyl fields
Types of possible neutrino mass terms
See-saw mechanism
Experimental searches for Dirac and Majorana neutrino masses
From cosmology
Single beta decay: Katrin
Neutrinoless double-beta decay
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THEORY OF NEUTRINO
MASSES



LAGRANGIANS IN CLASSICAL MECHANICS S

Conservative forces are the gradient ot a scalar potential F=_VU

I &
So Newton’s law F' = ma 1s also mE = -V
Detine the Lagrangian

T is the kinetic (e.g. T=1/2mv?2) and U the potential energy
L is a function of coordinates g;and their time derivatives ¢;

Laws of motion given by the FEuler - LLagrange equation Example
oL  dT
. — T = my,
aq ; an
oL oU
- — Fx
0g; 0X
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LAGRANGIANS IN QUANTUM FIELD THEORY N

In order to respect Lorentz-invariance, need spatial and time coordinates to be 1n
equal footing

0D,

l

Replace g; and g;by fields (7, x,y, 7)and field derivatives 8 D, = FY

Replace L by lagrangian density & such that L = Jg d>x

Replace the Euler-Lagrange equation by
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EXAMPLES

Field lLagrangian Fquation of motion

1 1
Scalar o — E(aﬂgb)(a/%) — Engbz 0,0" P + m*p = 0 Klein-Gordon

Spinor £ = wyy"o, y — myy iy (0, w) —my =0 Dirac
1 Maxwell
— MW M U _— U
Vector &£ 4F F,, —J'A, 0,F" =] w/ source)
1 1
Vector P = ——F"F +—m2AHA 0 F™ + m2AY = Proca
4 Sg) s plt e m (massive boson)

charge density and current A* = (¢, A )

, - ) F*" =0'A" -0 A
Jh=(p,J) = epy’y EM potential and vector potential o
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FULL QED LAGRANGIAN

Fermions: dynamic term mass term .
l l Interaction

/
Z = wyro,p — ZF f 'F,,, — mapy — epQytyA,” T

Photons: dynamic term ,
my, Oy : mass and charge of fermion

Interaction term comes from requiring lagrangian to be invariant to U(1)q symmetry
Example ot mass term:

mpy = m, (ége, + éep)

But this violates the weak interaction gauge invariancel!
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WEAK INTERACTION GAUGE GROUP =

‘ '-“

Mixing between Weak Isospin SU(2)1. and Hypercharge U(1)y.
Isospin follows a typical spin algebra. Total isopin Iy, projection I".

1
Why “L.”? L tields are doublets (I = 5), while R fields are singlets (Iy, = 0)
Hypercharge a function of charge and weak isospin ¥ = 2Q — 2I;"

o
O
-

Q Fermion ( f) I

Fermion (f) I

(o) Ge) ()

o

+

-
b | = DD =

_+_

_+_

b | =t
DO | = DO =

Wi Wik Wi Wl

|
—_

O
ol == ol by Wl = I

_+_

-
|

S0, m, (e'ReL + e'LeR) 1s clearly not an 1sospin singlet

I J. Maneira (LLIP) Neutrino Science 5 - Susi 2024 - Sudbury



Example: lepton interaction with W+

L. fermions are doublets, but whole current is
singlet -> gauge invariant in SU(2) |
FEquivalent to the familiar formulation:

Jﬁ = %ZLYH O XL = %(VLEL)

Higgs 1s introduced as an 1sospin doublet too.
Conjugate ¢ tor the up-quarks

Yukawa terms (Higgs-termion interaction) then

become gauge invariant as welll

Le = —ge (Ve E)L(:b{);

(=™

Ly =gy ( ud )L( qﬁ‘ )uR + Hermitian conjugate,
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DIRAC MASS TERMS

fields around the vaccum expectation value
v=246 GeV

| f%/z(@LeR+€ReL')' INTERACTION WITH HIGGS

_ 1
0110y = L

Can we do something similar for neutrinos? I _450*
Introduce new v, fields Zp=8p (WL €L) ( b ) vpt+h.c.
L'(v;) = + 1/2, so mass terms involve Higgs conjugate field ¢ (like up-quarks)
Mass terms and Higgs coupling just like for any other fermion L

Physical neutrino s v; = v; + vp, then B
L= —mpUl;

= —mp (VRVL + VLVR)

Problems: v, appears nowhere else; does not explain small neutrino masses
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MAJORANA MASS TERMS

Can we build mass terms without vgx? Yes, for Majorana particles.
Charge conjugation 1s the discrete operation that turns particles into antiparticles

for fermion fields l//C _ Cl// _ i}/z}/ol// _ i}/z}/ol/_/T

A Majorana field is ¢p = w + y©, so that ¢ = ¢© , i.e. particle = antiparticle!
As neutral particles, neutrinos can be Majorana
Mass terms can be built only with y; and -, not involving any R fields

1 _
174 C
‘SZL - LI/LI/L

2

Problem... and solution

Since I (I/LC ) = I, (UL) = 1/2, the term with Higgs doublet not gauge-invariant (need I3 = -1)

So, let’s try having both y and new Nk fields
Two Majorana fields v, + v and N§ + Np N B
C

- N Cn/C N NC
Four possible mass terms mpNgy;  mpy; Ny miv;v; MmpNRpNy
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SEE-SAW MECHANISM

The general mass term, involving Dirac and pmass _ 75 +=] [me mp
Majorana fields, is: ' 1 [mp mpg
We can diagonalise the matrix

mi92 = ;

Interesting special case:
m; = 0 (eliminates gauge-breaking term) and my > my,

strong -1 01 SGeV

2
~ 10 GeV

force strength

clectromagnetic

If my, ~ 10°GeV (electroweak scale) and my ~ 10°GeV
(GUT scale), then m; = 10 meV (scale ot v masses)
Mass eigenstates (both Majorana, i.e. ¢ = ¢

Light: v, ® v; + 1}, is the weak interaction active one  EMALINESS OF NEUTRING MASSES

Heavy: v, & N§ + Np, is the weakly inactive one EXPLAINED BY EXISTENCE OF
VERY HEAVY NEUTRINOS
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p-decay (kinematic) cosmology

model independent model dependent
mass eigenstate . ACDM

mixing "
| My = Z m;
mg = e ’

\ . & i

double beta decay ),
model dependent m/}/j — I 2 ,’niUgi

* |lepton number violation :
- light Majorana neutrino exchange l
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SEARCH FOR NEUTRINO
MASS IN BETA DECAY
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TRITIUM BETA DECAY

ol /] ([

With massive neutrinos, the endpoint of
beta decay should be slightly distorted
with respect to the decay’s Q value
Most sensitive search for those
distortions are with trittum decay

E =18.6 ke\f, T1/2 =V VI

Ettective “electron’ neutrino mass
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Segmented

N Transport and
Tritium source detector

Rear wall and pumping
electron gun

Main spectrometer
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KATRIN RESULTS

T —— Data 1s collected at various retarding energies to
——  Fit result . .
a) describe the endpoint

{ Data KNM1 . { Data KNM2 ¢t Data KNM3-SAP ¢ Data KNM3-NAP - Data KNM4-NOM Data KNM4-OPT ¢ Data KNM5
Fit result KNM1 | 7 & Fit result KNM2 Fit result KNM3-SAP | 7, Fit result KNM3-NAP Fit result KNM4-NOM Fit result KNM4-OPT Fit result KNM5

\ [T - [ TR ‘\ [ TR \\ [ T

\ \

\ 0 2 4 6 81012 \ 0 2 46 81012 0 2 4 6 81012 0 2 4 6 81012
Patch \ Patch \ Patch

Rate per pixel (cps)

(N

—Z

Residuals (0)
o

Residuals (o)

time (h)
(3
()

18540 18580 18620 18710 18540 18580 18620 18710 18540 18580 18620 18710 18540 18580 18620 18710 18540 18580 18620 18710 18540 18580 18620 18710 18540 18580 18620 18710

Measuring

Retarding energy (eV) Retarding energy (eV) Retarding energy (eV) Retarding energy (eV) Retarding energy (eV) Retarding energy (eV) Retarding energy (eV)

18580 18600
Retarding energy (eV)

m, < 0.45eV (90 % CL
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NEUTRINOS IN
COSMOLOGY




HISTORY OF THE UNIVERSE \ i«

Cosm

icrowave CfU.l'e
d radiation formation

RHIC & _ Backgr

Accelerators |LHC is visible '
heavy

T'le ions -

protons

High-energy
| cosmic rays

t = Time (seconds, years) Y ;(\ ) .:2‘
E = Energy of photons (units GeV = 1.6 x 10710 joules) by Al ,,f S &
Vi
Y ~
Key b & g o
k , & [ | _
ek neutrino ‘ ion * star Oy '9 ¢
gluon Vi o‘)( \
M bosons N -~ [ \ .
electron . atom a galaxy -y _
meson ' 4 V :
@ muon black & ¥ o
o o baryon ) photon hole ..

The concept for the above figure originated in a 1986 paper by Michael Turner. PO rﬁCIQ DQfO GI’OU p, LBN L © 20 ] 5 '-' SU ppO rted by DO E



COSMIC BACKGROUND RADIATION

Primordial Unitverse: temperature so high that there were no neutral atoms, but a
soup of particles that light could not cross or escape
Only after 300,000 years it cools enough for light to

escape: the cosmic background radiation (CMB)
Very uniform, local differences about 10->. A lot
ot information in those fluctuations!

Something similar with neutrinos
Example of reactions cycle
But their interaction 1s much
weaker, they decouple much earlier: only one second after the Big Bang
Very high number density of neutrinos, similar to photons
Numerous enough influence the large scale structure of the Universe
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CONSTRAINTS ON NEUTRINO MASS

CMB fluctuations
sensitive to U mass

S
S

(S ]
-
-
o

£(0+1)Cr 27 [uK?]

2000

[arge scale structure

simulations for different

neutrinomasses

134 4 W
9 S vt

#
&
¢
-t ‘1.

Current best Iimit from

cosmology

Zmyi <72 meV'|

Planck
(T'T, TE,EE+lensing)

CMB-SO
CMB-~4

Planck+BAO

CMB(Planck+ACT)
+DESI BAO

Euclid (WL+GC+XC)
+Planck

Euclid (WL+GC+XC)
+CMB-54+LiteBIRD

o0

Bl Current data, 95% CL
Future CMB, 1o
Bl Fuclid+CMB, 1o

100 150 200 250 300
> my, (meV)

Future missions may give
actual measurement

J. Maneira (LIP)
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NEUTRINOLESS
DOUBLE BETA DECAY
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DOUBLE BETA DECAY

-

ol /] ([

L AX =AY 426 +2V, 700 Double beta decay (DBD) may occur in some even-even

nuclet with when beta decay not energetically possible
35 natural 1sotopes (observed in 11)

Very rare process: Typical T1/2 ~ 1018 - 1021 yr
Neutrinoless double decay involves “internal” neutrino
annthilation and lepton number violation, possible only if
there 1s a Majorana mass term

2v3 3 mode :
Ov BB mode :
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NLDBD RATE AND NUCLEAR PHYSICS

/ SM vertex | Phase Nuclear matrix
| Spacce element

] . «———— Mixing matrix

Particle Physics term

a3y Phase space depends on Q-value, the higher the better
Nuclear matrix element calculations are very hard because of

the high number ot nucleons
discrepancies ot factors of 3 between models are common
more recent ab-1nitio models are considered more reliable

Measurement of NLDBD with various i1sotopes 1s essentiall

96100 116124130136 150
A
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NLDBD - PARTICLE PHYSICS TERM

Phase Nuclear matrix Particle Physics term
Spacc element FEffective Majorana mass

Depends on masses m1, m2, m3
also on neutrino mixing parameters

2 9 z(ao—al)+772381362(01—26(;)|

nLU 2| = ‘7721C12C13 + Mo 879 Ci4€

Many non-SM physics processes can cause NLLDBD, we tocus here on the simplest
possibility, the exchange of light Majorana neutrinos

Requires a tlip ot the neutrino’s chirality. Possible because tor massive neutrinos,
chirality 1s not a good quantum number

Recall from lecture 1: | |
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MAJORANA MASS GOALS

3
mgp = E mpUs | = |'m.1c%gcf3 + Mo st Clae @2 ) 4 myg ngez(al—%m’”
k=1

Existing neutrino oscillation measurements put constraints on m

But in addition, depends on Majorana phases
Inverted ordering mg; > 20 meV, normal ordering mg; >~ 1 meV

(a) NO, QRPA (b) 10, QRPA

A

—A
<

probability density [eV?]

10_4 5 5 3
10° 107 110 1074 10° 1072
m, [eV]
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EXPERIMENTAL SEARCH

Choose a suitable 1sotope
High energy, high isotopic abundance (or enrich)

Observe large quantities for a long time A

36Zr 100Mo

Detect electron energy sum, reject backgrounds e

116Cde

Look for a peak, in addition tothe continuum for DBD F ratsne

76Ge

® 136Xe

110Pd
e

0 10 20 30
natural abundance (%)

0.90 1.00 1.10
K./Q

Often an optimization of a given parameter leads to a
compromise in others
Example: large mass, low backgrounds typically means
low energy resolution (needed to reject backgrounds)
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MAIN TYPES OF EXPERIMENTS

1. Calorimeters with high energy resolution and low mass: Germanium
semiconductor experiments, like GERDA, or tellurium cryogenic bolometers,

like CUORE:;

2. Calorimeters with high mass and low energy resolution: Large isotope-

loaded liquid scintillator detectors, like KamLAND-Zen or SNO-;

3. Detectors with tracking or topology capabilities: Gas or liquid-phase
time projection chambers (TPCs) with some degree of tracking or topology
measurement to complement the calorimetry.

Leading sensitivity: type 1 and 2

Experiment | Isotope | Resolution | Exposure
keV kg.yr

(.8

CUORE "Te .
GERDA 2.6-4.9
KLZ
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NLDBD CURRENT
EXPERIMENTS




Heat sink ~10mK
(Cu frames)

Ge NTD
thermistor

‘\ TeOQ

m Si heater

CUORE Preliminary
Single Ch-Dataset

AT ~ —¢ =

Half-life limit: 7% > 3.8 X 10% yr (90% C.1.)

Cryogenic bolometers, TeO>
Temperature: 10 mIK

~206 kg ot 130Te

— Best fit 90% C.I. limit

N
o
o

—A
o)
o

>
O
-
L0
QA
~
n
—
-
-
@)
O

2480 2500 2520 2540 2560
Energy [keV]

External backgrounds prevent
reaching a better sensitivity
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R M / ) O F

1 04 https://github.com/gipert/@vbb-ge76-history

I L-1000
p-type bulk S 10 ; o |10
S , -200
& 10 0. | ® 10?7
> 10 g Heidelberg GERDA : LEGEND -
g 10 Moscow // | 1026 >
-~ 0 N . : e
£ 10 | 102 5
¢ 1 p o IB N : _
o 10 UCSB/LBL o ! 2w 2
e . 10% 2
.'5 10_2 O : _,N
2 c S ! 1023 3=
o n — > Q |
'''''''''' © 1073 Milano Oy ~
b!) | 22
% -4 O Q) 10
s 10 —— T?}’z lower limit | 107
1075 - /¢ ~-o-- background index | S TR
| 20
1965 1970 1975 1981 1986 1992 1997 2003 2008 2014 2019 2025 2030 2036 2041 10
4 year
p" electrode
Poiu+- Ll' kb -chCPJr uu“‘i - Jg'tto{-ﬂ' muH:i - Ci'!'& / guyfgw coiuci qu't'
J‘P.ci*f‘“ Y b:ckaroﬂhc‘ 'u*e',ac+;o“ y L‘J(‘+
FAYE A" S

long history ot developments 1 ' &v—n..- _
capable ot reducing multuple types ‘ = \ —

ot backgrounds 4 o
B vuv LiJH

leading energy resolution 0.1%

COINCIDENCE

A
it

l/
s S

-/>. _
B -

PULSE-SHAPE

<FWHM> L : P E RT O L D I . N E U T R I N O 2 O ) / SIGNAL-LIKE MULTIPLICITY CUT DISCRIMINATION
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LEGEND

All detectors [48.3 kg yr]

After muon veto and multiplicity cut

¢
Su;t.ﬁm"ﬂtr After Pulse Shape Discrimination (PSD)
B After PSD and argon anti-coincidence

Qgg

¥20Z-90 - 002*UN393Y

Counts / 10 keV
=)

~pure 2B}

-
o

-
o
=]

3000
Energy [keV]

LEGEND-200 uses 142 kg of enriched Ge crystals
Preliminary data combined with other Ge experiments
(GERDA, MAJORANA) yields limit of 1.9 x 10%°yr
LEGEND-1000 aims for 10°%yr (next decade)

vel rviving. Background index
Bl=53+22-10"%cts / (keV kg yr)
PRELIMINARY !
GERDA, MAJORANA and LEGEND combined fit

4 Coax >30 yn of HPGe : LEGEND. IC
‘4}0‘t07 am L200. R

B Ty, >1.9 10% yr(90%C.L)

o - — = Y
p-value of background-only = 26% === Background =5.3 2.2 10~ cts / (keV-kg-yr)

& rrC

£ BEGe - T3, lower limits (90% frequentist C.L.)

Observed Sensitivity

Counts / keV-kg-yr

>1.9-10%°yr  2.8-10%° yr

L. PERTOLDI, NEUTRINO 2024 w00 0% 200
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KAMLAND-ZEN

KamLAND-Zen

Kamioka underground

KamLAND detector Zero Neutrino Double Beta

2 -type of liquid scintillator . o,
T o n Xenon 1s a gas, 1t’s
oo L 18 Coluble in iid
U, Th < 16-7 gig reactor, geo, solar neutrino observation : H |
, Th < 10-17 scintiliator!
fauicnintor | 2011 KamLAND-Zen (G KamLAND-ZEN has
T nenemen | double beta decay measurement (OvBf search) RIS kg of enriched Xe
inner balloon (1I8)| 2019= Xe Increase, cleaner balloon dissglved in the LS

Highest mass of 1sotope
ot any experiment!

Zen 400 (R 1.54 mh) f )
238U : 5x10-1 g/g 238U 1 ~4x10-12 g/g
232Th : 3x10-10 g/g 232Th : ~2x10-1" g/g . SHIMIZU, NEUTRINO 2024
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KAMLAND-ZEN RESULTS

\\

i
=

-

ol /] ([

c
g
>
<
~
>
Q
3
=
(]
>
Q

—h
o
w

—h
(=]

N

Muon secondary

w/o 10C, 137Xe  { :

5 3 35
visible energy [MeV]

Kamioka not so deep, very large backgrounds
from cosmic muon activation of Xenon nuclei
Cosmigenic tageing not perfect: tit both tagged

and untagged spectra

0Ovfpf candidate
(sensitive to 0vpp signal)

long-lived candidate
(Long-lived BG constraint)

1131 days livetime 111 days livetime

13Xe OVBB (90%CL.UL) —— Total BXe OVBR (90%CL.UL)
----- Total (Ovpp UL.) —— Xenon spallation products ----- Total (Ovgp UL.) —— Xenon spallation products
— °Xe 2vpp — Carbon spallation + “"Xe — "Xe 2vpp — Carbon spallation + “"Xe
—— IB/External RI - : —— IB/External RI
Intemal RI v Intemal RI

Solar Neuftrino ES + CC - = Solar Neufrino ES + CC
—+— Data -
*

Events / 0.05 MeV

2 3 : 2 3
Visible Energy (MeV) Visible Energy (MeV)

Ovpp bestfit: 0 event
upper Iimit : < 10.0 event at 90% C.L.

INnR <1.57/ m

J. Maneira (LIP)
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KAMLAND-ZEN RESULTS

(a) NO
---- Shell Model

Combined T%12 > 3.8 x 10%° yr
KamLAND-Zen (135Xe)

(mgg) < 28-122 meV
Miightest < 84—-3953 meV

Leading result from KamILAND-Zen due
to high mass

Probing well into the IO region,
depending on nuclear matrix elements

-
>
O
=
S
g Ny,
Q
@
~
"y
"
=
&
=
=
=
o
s
O
>
23
O
O
3=
(1

Mo htest (meV)
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NLDBD FUTURE EXPERIMENTS



nEXO vessel

o/ ([

XENON TPCS ><

—
X,
\\

Electric field

: Photodetectors
/
| | |

. g
N r
N /
.‘_.‘- --’/

Cathode

7
-
\“

<= Cryogenic
vaCuum space

Avalanche
Photodiodes

NEXT-White data y
B 2B candidate I Background Future p I‘O]@CtS

o 9 I | Nexo: 5 tons liquid Xenon, enriched
. _ based on EXO-200 design (200 kg, 80% enriched).
. T1/2> 3.5x1025 y (90% C.L.)
Next: High Pressure gas TPC

-120 -100 -80 -60 -40

X topological separation
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THE SNO+ EXPERIMENT |

F Wl!l

Repurposing the Sudbury Neutrino Observatory (SNO) detector

1

2 km underground
~70 muons/day

Rope system
Hold-up and -down
Low Radioactivity

~9300 PMTs

Acrylic Vessel (AV)

12 m diameter Purification plant

Target Material

1. Water: 905 tonnes
2. LAB Scintillator: 780 tonnes

3. Tellurtum loading: +3.9 tonnes

Ultra-Pure
Water
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THE SNO+ EXPERIMENT

cutrinos

+ exXOtiICS

Solar Neutrinos

-Neutrinos

Geo

Reactor Neutrinos

41
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SNO+ TIMELINE

2017 2018 2019 2020 2021 2022 2023 2024 2025

Tellurium

Water phase Partial fill phase Scintillator phase Next:
» High Rn Scintillator over watet.  [.ow PPO elluriume-
¢ Low Rn Stop in fill due to Covid. * Nominal PPO loaded phase

 Added bis-MSB
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SNO+ PERFORMANCE

—— Extemal Water
—— Internal Water

1Irection

Water Phase

Extensive calibrations: well-tuned
detector model PMT angular response
Constraints on external backgr()unds; O G o3 Tt (D2 Pl PRC. 1 012503 (012

SNO Collaboration, Feb05 Data (NCD Phase), PRC.87.015502 (2013)
SNO Collaboration, Aug06 Data (NCD Phase), PRC.87.015502 (2013)
nal e  SNO+ Jull8 Internal+External Scan (Water Phase)

O
7]
g
o
Q,
7]
3]

a2
—
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SNO+ WITH TELLURIUM

Overall approach

Develop a way to load Tellurium in a large liquid scintillator detector
Highest abundance isotope -> high mass (1333kg of 139Te at 0.5% loading)

Scintillator purifiable, detector is large and can use fiducial volume -> low backgrounds!

Chemical methods for puriﬁcation and loading developed by SNO+

or J A "TeDiol” Tellurium-butanediol complex
(TeBD)+ water
“Telluric Acid” “Butanediol” \ (evaporate after synthesis)

TeBD very transparent and soluble in liquid
scintillator. Expect 400 p.e./MeV

Purification by dissolving Te acid in water and
force recrystalization. Impurities stay in watet.

~ J. Maneira (LIP) Neutrino Science 5 - Susi 2024 - Sudbury 44



TELLURIUM SYSTEMS

Te acid puritication (UG)

TeA underground at SNOLAB

MM-655 3/8" N2-PFA-2270 /\
W  MANOMETER N2 A2
5 psig - ,—V_zz,-,, 1N ] ,

FROM INTERNATIONAL SOTAAY

3/8"-PP-PFA-2274~
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SNO+ DBD SENSITIVITY

Water phase constrained external backgrounds
Scintillator phase constrained several internal backgrounds
Other expectations based conservatively on raw purity and purification factors

initial 0.5% loading 1.5% loading

Cosmogenic

130Te 2v: 8.13

8B Solar v: 3.58
232Th: 1.82

2381J. 0.67
Externals: 0.53
Cosmogenics: 0.39
(a,n) Delayed: 0.02

Counts per 0.03 MeV

External vy

Internal U chain
Internal Th chain

: 4.5 5.0
Energy [MeV]

T. . — 9 1026 . Qne D - ~ 4 (\IE oy -
12 > 2 l“"}T>~ 90% C.L. ) VIS 12 = 0 10-C vrs, Y0% L. O vrs
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NEUTRINOS IN
ASTROPHYSICS




SOLAR NEUTRINOS



Solar neutrino observations

Sun burns via pp chain (99%), CNO cycle (1%) ¥
Sun’s composition still uncertain. Two classes ot solar models

high or low metallicity Z [abundances X: H, Y: He, Z: L1, ...| EX / T /

H1th fﬂV()I‘ﬁd by hehoseismology The Solar lnterlor o A GSS09met
Y jm 085 090 095 100 105 1.10
(Cg?/ MilionK) ‘¢ b \ (789)/‘D(7Be)
10% (BX) 0 5 Tl Ratio of LZ mmm to HZ mmm (=1)
op [:Oo.a%] B16 - SSM 7 in each solar neutrino flux

2.7% (BX)

7 Radiative Z x | _
Be [+ 6%] (7arv|l'é|]|‘Ic\;r:a Kto MR Convective Zono

‘\? 180/ 0 (BX) 2 Million K) B (<2MilionK)

£ pep [+ 19

S | P

2 2% (SNO, SK) Questions : 0.6

;§ °B [+ 12%)] HZ Of LZ D

g . . 0.4

5 time variations/

’ correlations with 0.2
solar events ? 0

pp pep hep ’Be

still missing hep tlux

1
Neutrino energy [MeV]
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- T g TR

Phase-1, starting 2029
Two largest LAr TPCs ever built: ~27 kton active vol. (comb.)
Recent progress in low energy reconstruction: ~16% resolution

High 8B stats — 3 0 solar/reactor Am;, discrimination
High x-section on Ar, kinematics favorable for

Phase-11

very active R&D to improve LE performance

DUNE Work-in-progress DUNE Contours for Solar Best Fit (Am2z21 6e-05 eV?2)

Particle
. T B Neutrons: )
sl DUNE Wor—m—progress " hep . exp.: 400 KT.yr = oune) Gon

A. 1
0.2 I
I g
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True Electron Energy (MeV)
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'
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|
x~

i
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]UNO PROSPECTS ON SOLAR NEUTRINOS

<
n

3 5 <. JUNO
®Am; =4.8x10 eV~
. ¢, —6 y reactor V (30)
—Am; =7.5x10 "eV~

= Pee=0.32 (I: >2MeV)

Loow energy 8B spectral
measurement (+ day-night),
constraining upturn and | L

oscillation parameters Lo b

'Be rate < 1% ——

p@p rate < 10% e —::cirje[_m:\oy] o Exposure [kt ]
CNO similar to Borexino Eemsm——— A ——
(not accurate enough for
metallicity)

—10y *Bsolar v

Amg .k O'SeVzl

<
.

Observed/Predicted(unoscillated)

—
)
o

With pep-v constraint

pep-v rate relative uncertainty [%]
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Hybrid Cherenkov+scintilation detection

4 FastPMT
eidass . . . . . : : FasterPMT
~ combines high light yield and directionality Lhaes

Angular Res. (deg)

R&D on Cherenkov/scintillation separation: Eoersy o, %)

VIR
ALY
ﬂ%@%ﬁ\i\gi?

fast sensors, slow scintillator, dichroicon
. (ANNIE, EOS, BUTTON)
Targeting precision CNO and sensitive probe
L “Ej of vacuum/matter transition region.
e:,, EI . Directionality provides powerful discriminant Seintillator Fraction

PMT, no pep constraint

PMT, pep constraint = 1.4%
° . . FastPMT, no pep constraint
Spectrum Angular distribution

FasterPMT, no pep constraint
FasterPMT, pep constraint = 1.4%

“instantaneous chertons” UV/blue scintillation vs. increased PMT hit density
vs. delayed “scintons” blue/green Cherenkov under Cherenkov angle

- ns resolution or better - wavelength-sensitivity —> sufficient granularity CNO pl’@ClSlOﬂ

. " well below 10%

LAPPD, no pep constraint
LAPPD, pep constraint = 1.4%

S(‘fl i{

Relative uncertainty to the CNO flux (%)

10
Scintillator Fraction
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HIGH ENERGY
NEUTRINOS
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The Galaxy with Neutrinos

A= vy Optical

Latitude [b]

™
(=

logy9(Counts)

y Gamma Ray

e
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Searches for Neutrinos from Seyfert Galaxies

Binomial Test

+75° lceCube Preliminary

—

ke, 7/ ' S 0~ it NGC3079 =
s + NGC 1068 (excluded) 3‘-3 G rgion. | NC0S  o
5 107° - © c+25° & : '
$ L= [  MCG-483 & MEc gLl ‘ '
;Ct — — Bkg Expectation g 800 ;Ngc T B | cocczx;otgw N&ClOﬁS
v 1074 ° e Observation v 24h 12h NGC1194 g
2 ..... Ma X deviation CGLJ Right Ascension
1 0
> . = B
= 10 s 0 2 4 6
8 *®e000000, L —l0g10 (Piocal)
'®) i P . . . | |
—10°- 7 /== * Binomial Test: Probability of finding
= a signal from 47 AGNs too weak to
< be identified individually
Q.

/ / e Result: 3.30 excess for 11 sources

47 (excluding NGC1068)

N Sources
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SUPERNOVA NEUTRINOS



SUPERNOVAE: AS BRIGHT AS GALAXIES

SN 1998S Iin NGC 387/ ' SN 1994D in NGC 4526

3
1

§
ﬁ, ‘JI

and yet, they are much brighter in neutrinos!
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THE LIFE AND DEATH OF STARS

Life Cycle of a Star

Red Giant Planetary Nebula

“*

-

Stellar Nebula

.-

Massive Star

—r ’ Neutron Star
&

ST
Simerclsnl Supemova Black Hole
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PHASES OF STELLAR EVOLUTION

Main sequence

Hydrogen burning in core

Red Giant
Hydrogen burning in shell

Helium burning in core
Supergiant

SR Hydrogen shell fusion
Helium burning 1n shell Hydrogen core fusion §

f h‘jlsu": core 1usic

Mo fusion
(He = C)

Helium core

Hydrogen shell
... and so on up to iron

M=1.5 Msun in R=8000km

H==He
..burning stops g
oravity not balanced — Collapsel

0 =» §.S
core becomes a neutron star p = 3 X 10*gem ™, R= 50km

~ J. Maneira (LIP)
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SUPERNOVA EXPLOSION

Explosion from release of gravitational binding energy
E = 3x 103 erg ~ 17% Msun c?
99% neutrinos
1% kinetic energy ot ejecta
only 0.01% as photons

Neutrino production
in formation of neutron star

Neutronization: p + e- <> n + v 1 ) preto neubron ster

reaction in equilibrium within “neutrinosphere” 5 Wil R pcs
when shock wave reaches it, intense electron
neutrino burst

T .
“Cor_nf.sn% b"é NeLTring emissron

P+ e —n+ ¥
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THREE PHASES OF SN NEUTRINO EMISSION =

atonisanon Acereton Coling
when shock wave delayed explosion fueled neutrino dittusion
reaches zone with by neutrino heating of
density of 101! gcm?-3 infalling matter
intense, but very short all-tlavors reaction

N
o

W
o

)
T —
o
) -
Q

o

o
()
—
> 20
(7))
@)
C
-
i
e

wadh
o

0 0.0
10 100 200 300 400 500 600

ki [ms] Time [ms]

J. Maneira (LIP) Neutrino dcience 5 - Sust 2024 - Sudbury 63



-
N

N
-
N

-

L (10* erg/s)
N b
-

L (10* erg/s)

-

N
-

n

10 |

>

O
=
/\
Lo
V

<E> (MeV)

9 §%'g L 9y B gNig LR gtlp it phighity : Ril g ' =] e g p i ‘g g'.ipl

0O 0.2 04 0.6 0.8 = 8

t(s) t(s)

J. Maneira (LLIP) Neutrino Science 5 - Susi 2024 - Sudbury




OSCILLATIONS OF SUPERNOVA NEUTRINOS

Oscillations atfect flavor composition

Depend on:
density profile
mass ordering

Initial neutrino and antineutrino fluxes Final fluxes in inverted hierarchy (multi-angle)

Initial fluxes | Final fluxes

Flux (a.u.)
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SUPERNOVA 1987A

!

g
4l |

SRS
- —

160 light-years (close-by...)

1028 neutrinos emitted!! 24 were detected
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