Neutrino Astrophysics
(neutrino astronomy?)
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Lecture outline

. (Some) neutrino properties
.. Solar neutrinos
. Supernova neutrinos

. Astrophysical neutrinos (+ Atmospheric neutrinos)
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Neutrinos

. Very small mass (at lest two have to be massive — we will
get to this)

. Only weak interactions = small cross-sections

. OK, what does “small” mean?
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Neutrino interactions in matter

Uy, Vg Uy, Uy
v ( 2 4
ZU
q,q.e" q,q.e"
Feynman diagrams for neutral current (NC) neutrino interactions.
u d d u
(a) ()
[ 5 I/ v

Since neutrinos are detected via
their interactions with matter,
only the target particles present o .
in normal matter are included Z Z
in the listed Feynman diagrams.

w/d u/d u/d w/d
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Neutrino cross-sections

CC interaction on nuclei

For comparison

Plot from PDG || 340 GeV muons:

O'L%al ~ (1 —2) x 10 % cm?

Notice
the
scaling!

Neutrinos:
0.5x10738 cm? GeV1 * 300
GeV = 1.5x10736 cm?

bu 0 2 B o BEBS, 2P 02,187 (1979) v IHER-ITEP, SJNP 30, 527 (1879)
- IHEP-JINF, ZF C70, 39 (1996)
™ MINOS, PRD 81, 072002 (2010)
0 1 O  CDHS, ZP C35, 443 (1987) MOMAD, PLEB 660, 19 (2008)
-

GGM-SPS, PL 1048, 235 (1881) h MuTaV, PAD 74, 012008 (2008}

& CCFR (1297 Seligman Thasis)
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Cross-section grows linearly with energy (up to ~5 TeV)
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Neutrino cross-sections

CC interaction on nuclei

—

> - , : Plot from PDG

£
Notice mu
the - Why the difference?
scaling! Z BTW: why 7t* decays
ng to u* and not e*?

o ™
B - 7 (1a74] IHEP-ITEP, SJMP 30, 527 (1879)
) o BEBC, ZP G2, 187 (1879) v )
- . A
& CCFR (1297 Seligman Thasis) IHEF-JINR, ZF C70, 33 (1936)
. o ) _ . . MINGS, PRD 81, 072002 (2010)
0 1 O  CDHS, ZP €35, 443 (1987) NOMAD. PLE 660, 19 (2008)
- GGM-SPS, PL 1048, 235 (1881) o MuTeV, PRD 74, 012008 {2006)

S I I R I I B B
0™-50""100 150 200 250 300 350
E, (GeV)
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Why the difference?
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BTW: why ©= decays to u* and not e*?
. Over-simplified version, for more details look up your SM lectures

. Chirality — particle property, Only left-handed fermions (and right-handed
anti-fermions) participate in the weak interactions.

(1 —s5)¢

o | —

"Left" chirality: 1;'1*1’ =

1
"Right” chirality: ¢ = 5(1 + Y5 )¢

The charged current part of the Lagrangian is given by
g [ 1= cku =
1:(] = = ui’}“‘tt—ﬂffﬁ ) dj T L"-i'}’”
V2 2

5

7 e; I«Vp_' + h.c.

. Helicity — projection of the spin in the momentum direction.

— For massless particles (traveling at c) helicity=chirality

— For massive particles depends on the ref. frame

- For given chirality of a massive particle, depending on the ref. frame, the helicity will
be mixture of neg. and positive state, the closer to c the closer is helicity to chirality.
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Why the difference? ) FzU =24

BTW: why ©= decays to u* and not e*?

Spin=0 therefore }
helicity=0

v e Anti-lepton
— —
Helicity Helicity

In the pion rest frame

The neutrino is close to massless = travels close to ¢ = helicity left-handed

This requires the anti-lepton to be helicity left-handed too.

But the anti-lepton is chirality right-handed

The closer the anti-lepton to c, the smaller is the opposite component of the helicity.

Muon heavier than e 2 muon is slower 2 the needed (=left-handed)(=opposite to the

particle chirality) component of the helicity is larger 2 preferred decay mode (despite
the larger kinematic phase space for e).
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Neutrino DIS* helicity suppression

. At lower v energies (larger x) the nucleon PDFs (parton
distribution functions) are dominated by the valence quarks.

AO.8 T TT |||||| T T ||||||| T Il_{‘llICITI(I)Ill“fbl()ll.letil()l[I‘1
X Q*= 6464 GeV?
S~ — HIPDF 2012
> I experimental uncertainty
i + model unvgtlcr.luimy ,
06 - wvr\i)(d’f';ll:ﬂlltlfl,\d[( 1 unc. -
I XU,
/ g s=(P+k)? t=g"=-Q° :
- 2(x0.01) 1
04 r .
M?=P> W?=(P+qg)> B d 1
= = ( q) xS 0.01) 205
Q2 q-P 0.2 -
x = Y = i 1
2.7 VT kP — —
= - - . 11111 1 1 lllllll Ak s B | Lol
Bijorken — x) (inelasticit 0
[ J / I: y) ]0-4 10-3 10-2 ]0-1

] X
Q> M W M PDF example - proton
N H (deep) (inelastic)

x — fraction of the nucleon momentum carried by the parton
y — fraction of the energy transferred to the target nucleon
Q? - square of the momentum transferred

* DIS = deep inelastic scattering
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Neutrino DIS* helicity suppression

. At lower v energies (larger x) the nucleon PDFs (parton
distribution functions) are dominated by the valence quarks.

Possible helicity (spin) configurations:

' = ! Total spin do_CC (Vﬂq) _ do_C‘C (17;4@) _ ZGFzqu
Only at High E (low x) Y dy dy T

| L \IVUVV

q—u - (low x) — —
1 oV, @) _do(V,9) _ 2G,’m E (=)

Total spin
S S dy dy 7
/>'<\08 _ ‘ = H]‘ '("I(I;lli\h()ll‘il,lil(?lyl
All Particles have their “preferred” helicities g |
0.6 - .
: Xg(x 0.01) 4
v + quarks = tot spin 0 mode M4\ o bl
Anti v + quarks = tot spin 1 = (1-y)? suppression oo
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Neutrino DIS* helicity suppression

. At lower v energies (larger x) the nucleon PDFs (parton
distribution functions) are dominated by the valence quarks.

Possible helicity (spin) configurations:

= = Total spin dOcc (Vﬂq) — dO . (17“@) — 2GF2qu
- > == _| _, dy dy 4

R am - B B ;
Y 9 do...(v do.. . (V 2G.’m E
Total spin cc ﬂq) _ cc ,UQ) _ F Ty (1_ y)g
==L =2 g =t dy dy T
;\08 _ ‘ — H]‘ .(,‘.(.;lluh(";u,[i.(?',]
All Particles have their “preferred” helicities g |
0.6 — i
: Xg(x 0.01) 4
04 ]
[\XS(x0.01) xd, 1
0.2 — i
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At higher energies

* Asthe v energy grows it probes the
“gquark see”

* Same number of quarks and anti-
quarks

» Difference in cross-section vanishes

© o o o
o O =~ O

oo
()

G6ee ! E, (10°° cm?/ GeV)

BEBC, 2P C2,187 (1879) L IHEP-ITEP, SJNP 30, 527 (1879)

@
N
o

) CCFR (1997 Seligman Thesis) IHEP-JINR, ZP C70, 38 (1396)
"‘LJH‘i-éPCJ' 445 (1967 ) . MINCS, PRD 81, 072002 (2010) 1 LA B e e el a0 A1 e A1 s e A AL e R
0 1 o tbHs, = 442 11E5Y) MOMAD, PLE 660, 19 (2008) T T 7
- i GGM-SPS, PL 1048, 235 (1881) & MWuTeV, PRD 74, 012008 {2006) — _—— — 7___:"' T
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v ) 5 001k
5 -
2 i
R 10—3 L
=3 g
- CTEQ-DIS s ]
E EHLQ-DLA ] W3
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10_5 Ll | Lol | ol L pol 1
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At higher energies

! o arkivihep-ph/9512364 :
- . N ] Why the linear growth stops?
OO N 3
¢ : : (remember the 1/E factor for the
£ 001 vertical scale!!l)
:__/\ 1077 L
RCE] S
e EHLQ-DLA, Q°=5 GeV®
107° I Cnnl vl ol il 1 il ol 4l

L Ll IIHH‘ L1 L \I\I\HI
10 100 1000 10* 10° 10% 107 10% 10° 10'

E, [GeV] CC differential cross-section

d*c  2GLME, [ M2 \ [ , .. . ,
— , rvg(x, Q%) + aq(x, Q)1 — y)°
drdy - 02 + M2, [”ﬁ" 2°) + aqlx, Q°)( Y, J

The factor

No factor for

Propagator

spin 0

- for spin 1

Small energies: M?,, dominates — propagator is energy independent = E,, dominates
Larger energies: Q2 dominates in the propagator, growth slows down

* Similar arguments for NC
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Interactions with e

. In matter only interactions with e,
there are no other leptons available

10 :;-2;, ‘ 10
. Suppressed due to low mass, Trepud ‘/

exception: Glashow resonance @ % | | _
6.3 PeV . ; ,’j//’
i ,*’:/ e — W
1030672727
10 10 10° 10°

E, [GeV]

FIG. 1. Cross sections of neutrino scattering on a nucleon
or electron. The red curve signifies the case of the GR.
The deep inelastic scattering processes include the neutral-
current interaction for all neutrino flavors (blue curves), and
the charged-current interactions for v, /ve (purple curves) and
for v, (orange curves). Solid curves stand for neutrinos and
dashed ones for antineutrinos. The y-axis on the right repre-
sents the water equivalent MFP of these interactions.
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Interactions with e

. In matter only interactions with e,
there are no other leptons available

10 :;-2;, ‘ 10
. Suppressed due to low mass, Trepud ‘/

exception: Glashow resonance @ % | | _
6.3 PeV . ; ,’j//’
i ,*’:/ e — W
1030672727
10 10 10° 10°

E, [GeV]

FIG. 1. Cross sections of neutrino scattering on a nucleon
or electron. The red curve signifies the case of the GR.
The deep inelastic scattering processes include the neutral-
current interaction for all neutrino flavors (blue curves), and
the charged-current interactions for v, /ve (purple curves) and
for v, (orange curves). Solid curves stand for neutrinos and
7 es for antineutrinos. The y-axis on the right repre-
ater equivalent MFP olthese interactions.
e

Mean free path = interaction length
Assume water as medium

Asen Christov
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Why there is no “Z° Glashow resonance”?

Glashow Resonance

. Vv scatters away and takes
away some momentum

\/\/
/\/\
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Consequences of v cross-sections

. Before diving into neutrino studies, we need to answer 1 M 1
two questions: Lint = = =
a "™ ne NypAo Njo
1.  Can the neutrinos reach my detector? M=molar mass=18 g mol-
N,=Avogadro n. (mol?)

2.  Can | detect them? (or how big should be my detector?)
p=1gcm3

For interactions on nucleons = A =18 (number of nucleons)

5 N’y;=same value as N, but in cm3
HEL L I A I I B I I B DR I IR ""“E

NC interaction § 1ot | ]
length : : -

_é 1014%

1013 é_

12 f

CCinteraction _ 10'% |

length

1011 ;

£ [emwe]
Z . [emwe]

10'% | NG E

Total interaction TR - 3

length 10° _ HA_

A6 T
J.O |||||||I| II\IIIII| \IIIIIIIl |||||||I| _IIIIIIII| ||||||||| |||||||I| ||||H|I| ||||||||| IIIHIII| L

10 1001000 10* 10° 10°% 107 10® 10% 10'% 10" 1017

cm of water

equivalent
Asen Christov

106 : 1 IIIIIII| IIIIIIII| 1 IIHIII‘ 1 \IIIIIIl 111 | 111 | |

L L L Il |||||II| 1 IIIIIHl 1 |||||II| Ll
10 1001000 10* 10° 10°% 107 10® 10% 10'% 10" 1012

arXiv:hep-ph/9512364 E, [GeV]
N 9/04/2025

E, [GeV]




N Institute of Physics
o of the Czech
' Academy of Sciences

Consequences of v cross-sections
For interactions on electrons

10'7 —- | |
1015 B
Lot L Notice the int. length is larger
. s f than for interactions on
CD ].U' E
= nucleons due to the lower
12 .
E 107 cross-section
— 11 [
o
5‘§H 1010 B
10° 3 II".II . C{f} o 1
- i : int — oy AT 0
108 . ' - {TVF(EUJ(:“]/:[S)A@
107 b | .
106 i povvwnl vrvonl v vl vl _|||||u_|] povodl v vl vl vl vl |||||i
10 1001000 10* 10° 10° 107 10® 10% 10'% 10! 10t°
Electrons nucleons
arXiv:hep-ph/9512364 E [GeV] ratio for water

Fig. 13. Interaction lengths for neutrino interactions on electron targets. At low ener-
gies, from smallest to largest interaction length, the processes are (i) 7.e — hadrons,
(i) vye — pre, (iil) vee — vee, (iv) Uee — Dy, (V) Dee — Dee, (Vi) vye — vye, (vii)
vp€e — vye.
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Neutrinos passing trough Earth?

147II\IIII\\IIIIIIIIIIIIIIIIIII

1 .2 | T T T T T T T T T T T T | T T T T ‘ T T T T ]
arXiv:hep-ph/9512364

1.0

. o)
] =
— -
—_— ] (@]
("'JE | E C -
] o L
L ] = 08 .
5 B @ r
o ] N06 | -
2 E a [ i
@ ’ 8 0.4 | -
(0] - cC B )
0 LF _ E E 0.2 [ Translated into cmwe .
- Earth density model i 8 - As function of zenith
O _I 11 ‘ I | L1 1 1 | | I T | | I | | I T | | 1 1 I_ 0'0 : : : : ‘ : : : : ‘ : : : : I : ‘ :
0 1000 2000 3000 4000 5000 6000 7000 Oz 01z 02z  03r  O4r  0.57
Radius [km] Angle above nadir, 6
Rough estimate example:
1 TeV neutrino, vertical: 100 TeV neutrino, vertical: Vv, hear G resonance, vertical:
* L..=10"cmwe, * L. =6x10° cmwe, * L..=108cmwe,

* |I/l,=exp(-10%%/1011)=0.9 < |/lI,=exp(-10%%/6*10°)=0.18 < 1/l,=exp(-101°/108)=practically O
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Neutrinos passing trough Earth?

9/04/2025

IceCube

Vertical

170
Core-mantle

boundary 160

—
w
o

—
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—
w
o

Zenith angle [deg]

Horizontal

Asen Christov

10°

10° 10° 10°
Neutrino Energy [GeV]

) FzZu

0.90

o
~J
W

Transmission probability

10’

arXiv:1711.08119

Institute of Physics
of the Czech
Academy of Sciences
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Turn the problem around

0.9
Neutrino IceCube measurements
1 - [ R — O Antineutrino
07 o l%ma-— — Weighted combination arXiv:1711.08119
II ”! | —This result

=
™

=
I

* Measure v cross-section by using
Earth as a target (absorption
medium)

* OK within the error bars

s

Accelerator
Data

o,/E, (1038 cm2/GeV)
= o
Ll n

o
b

=
—

=
O

1.5 2.5 3.5 4.5 9.9 6.5
logo(E, [GeV])
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Detector size?

Note: previously we calculated “survival rates” now we need interaction probability: 1-1/I,

1km (1E5 cm) of water (lceCube od KM3net)

10 GeV neutrino, vertical:  Even for a1l km detector the
* L. =108 cmwe, interaction probabilities are very small
* 1-1/l,=1-exp(-10°/10*%)=1E-8 * Need large detectors

1 TeV neutrino, vertical:
* L. =10 cmwe,
* |/l,=1-exp(-10°/10%!)=1E-6

Everything you ever wanted to know about neutrino cross-sections:
From eV to EeV: Neutrino Cross Sections Across Energy Scales
J.A. Formaggio, G.P. Zeller, arXiv:1305.7513
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Solar neutrinos

. Nuclear reactions in the Sun produce neutrinos
. In mid-60’s theoretical models could predict the spectra

. From the energy output of the sun it was clear that the flux of
Vs is very large.

. Large enough to overcome the low cross-section and make it
possible detect solar neutrinos?
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The standard solar model

pp chain CNO cycle
— Mod | |
p+p—2H+e*+v, pt+e+p—2H+r, 2C+p— BN+ ° O ern SO ar nEUtrInO
T — ¥ 7
FRae 2H+p—o3He+ vy 0.4% BN BC+e+ SpeCtrum.
85% 2x10%% hepy !
¥ 1 13C+p%14N+-y
3He + 3He — “He + 2p|1|®He + p —» *He + e + v, ¥
pp-I 15% UN+p—1%0+y 7O +p— N+ 4He
%He + “He — "Be + v i !
TBey 99_537% l 0.1*3% 150 = BN + et + TE 5170 + et 4+ t t
. ! + In brack h
7Be+e*t—+7L|+ve 7Be+p'—>85+“x’ BN+p—siHe+12C| | O +p—=TF+y * n rac e S are e
. & * + L] L]
Li+p—2%He |58 aeﬁ»asefewve s s 0 1 uncertalntles
pp-ll - 99.96%  0.04%
Be* + p — 2%He
—_ pp-ll

L . Are the units clear? (just
)]
= 10%E pp [:06%) checking...)

I Be [+69
mw 1010 e [_6/6]

pep [+1%)]

=t 1. Notice that all the neutrinos
are produced as v,

hep [+30%]

_—-‘I//

1 10
Neutrino energy (MeV)
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The Homestake experiment

. Raymond Davis, Jr. and John N. Bahcall proposed to use the
reaction: , sl FAr 4o

Energy threshold: 0.814 MeV

The main contributors are 8B and ’Be vs

= 102 55 [+0.6%]
) 1010 'Be [+6%]

pep [£1%]

8B [+12%]

hep [£30%]

S
P U —
o O
N

L —

M s M

Neutrino energy (MeV)
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The Homestake experiment

e Ay . 1478 meters underground
3 e (Homestake Gold Mine)

. 380 cubic meters tank of
perchloroethylene

TS STORAGE VESSEL

SWATER FOR NEUTRON SHELDING
WATER TIGHT DOOR / Al
I8 Ay 4
PERCHLOROETHYLENE PUMPS 24—
S BUMP ROOM=Z BROOKHAVEN SOLAR
NEUTRINO OBSERVATORY

THE HOMESTAKE EXPERIMENT
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1478 meters underground
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380 cubic meter tank of
perchloroethylene
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The Homestake experiment

e Ay . 1478 meters underground

< (Homestake Gold Mine)
l_‘]||H! S ;
T S . 380 cubic meter tank of
/ perchloroethylene
¥ Z SSUSTORAGE VESSEL
/ N :
. SN . Submerged in water for

WATER TIGHT DOOR /

| neutron shielding

PUMP ROOMEZ BROOKHAVEN SOLAR
NEUTRINO OBSERVATORY

THE HOMESTAKE EXPERIMENT
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The Homestake experiment

. 1478 meters underground
. e (Homestake Gold Mine)

. 380 cubic meter tank of

/f N perchloroethylene
¥ - / SSLUSTORAGE VESSEL
/" :
(. s . Submerged in water for
WATER TIGHT ')QCR/ "'."\\; { . O
CHLOROETHYLENE PUMPS#- ’{ "’1 n e Utro n Sh Ie | d I ng
S pUMP ROO M/ BROOKHAVEN SOLAR

NEUTRINO OBSERVATORY

. Careful extraction of 3/Ar
https://iopscience.iop.org/
article/10.1086/305343/ful
ltext/34468.text.html

THE HOMESTAKE EXPERIMENT
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The Mystery of the Missing Neutrinos

* Predicted 1.5 3’Ar atoms(!) per day.
* Measured only ~1/3 of that

'8.00+0.97 SNU

i 2T TTTTIT T T T T T AT [T TT]T =
‘ : [ | | [ | |||l T | IR ! ]:‘_]0
C [ 7
15 I T T _ i P
Theor‘y Number - B r 1% s
of argon-37 1 I S S
. atoms - o 4 o
Be produced - ) B
per day 0.5~ : ' =
°B E [ H { Mﬁl } -2
| | 2.56+0.23 SNU of + L Jl [ « o
B o, pep B: ]
- CNO Do g ada s s beve Lo by gl g by gl
1870 1972 1974 1976 1978 1980 1982 1984 1986 1988
Date
What’s SNU ?

- Exper.

1 SNU = 107 captures per second per target nucleus

P

Solar Neutrino Unit
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Other Experiments confirmed missing v,

Measured: v, + '1Ga =2 e + "1Ge
e Super Kamiokande

* V,te v, te

* Can confirm direction

'Be [+6%]

| —-r—N |:ﬂ|r

~ Super-K
°B [+12%)]

hep [t30%

SAGE- Soviet-American Gallium Experiment and GALLEX (ltaly):

Depending on the energy threshold
a different fraction of v missing

7z

8.00+0.97 %4 1.0+£0.14 126.6+4.2
7
69+5 W
.
0.42+0.01
|
2.56+0.23
GALLEX
+ GNO
SuperK Kamiokande
cl H,O0 Ga

9/04/2025

Neutrino energy (MeV)
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R

Haxton WC, et al. 2013.

Asen Christov

Annu. Rev. Astron. Astrophys. 51:21-61
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Take-away message

. Sensitive only to v,

. Flux measurement — some of the vs missing

. Energy measurement — only Kamiokande, Super-K

. Directional measurement — only Kamiokande, Super-K

. Possible solutions:

- Wrong solar model — verified repeatedly, no major flaw
—- Experimental mistake — all looked fine

- New physics in the v sector

. Gribov & Pontecorvo suggested that if vs massive they can change flavour —in
todays terms “neutrino oscillations”
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NEUtri nO OSCi ”atiOnS are not going to be explained here ;-)

. Two flavours example:
. At the moment of production — weak eigenstates —i.e. pure v, or v,

- Weak v, or v, are not mass eigenstates, instead a linear combination:

Ve cos by sinby U1 . o -
( g ) ) ( —sinbiy cosbr ) ( Vo ) Propagation:  11(t) = 11 (0)e " vy(t) = vy(0)e !

7

. If m;and m, are different (i.e. at least one must be non-zero) then E, and E,

are different, assuming m, , <<E, p=E: g =)+ ;a; A Aglz
p

[f we start off with a pure v, beam, the amplitude for v, at a later time ¢ is:
ve(t) = 1v.(0) [1 — §in 6y cos Bya(—e Bt 1 ﬁ—ang,)]
and the probability of observing an oscillation to v, is:

2 (£ — El)f_

P(v. — v,) = [v,(8)|7 =1 — |ve(t)]* = sin® 26, sin
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NEUtrinO OSCi ”atiOnS will not be explained here ;-)

i ‘ ‘ i E‘ - E
P(v. — v,) = [1,(t)]? =1 — |ve(t)|* = sin® 20,5 sin” (£ l)t
Am? Am3 Am3,[eV?]
.9 .9 12 21 1 21
= sin“(264,) sin ( AE L> 1" L =127 1 E[GeV] L[km]

* We have a new parameter 0,
. Ve \ _ coslia  sinfqs 2
vy, —sinfys cosbys Vs

* Neutrino changes flavour depending on combination of:
* Mass difference
* Energy
* Distance
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NEUtrinO OSCi ”atiOnS will not be explained here ;-)

Institute of Physics
of the Czech
Academy of Sciences

) FzZu

. 5 Am? We care for the ratio of L/E, lower energy closer
P = sin“(264,) sin : :
E will be the same as higher energy further away
1 I | IIIIIII | | IIIIIII | | I B G IR |
"short" "loneg" "very long"
distance distance distance
i
0.8 - P(vy, — vg) ~ 5 sin’(26)
Pvg —v3) ~0
B 4 A . N N
.- | )] f\ | ”
0.6 | | ’ |
B fil }]
04 g i Too fast oscillations
" M | see only the average
; | over the precision range
02| Ll
T
\ " | | H H 1!
0 I Tl RN I VAN VA T A1 A 1A
0.1 1 10 100

L/E, (4b.units)
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Thanks to T. Schwetz

First oscillation maximum
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In case of three flavours:

PMNS: Pontecorvo,

. "I" el
Maki, Nakagawa, Sakata Ve ) Y1
vy = VpMns V9
Vs V3

atmospheric + LBL reactor disapp + LBL
measurements appearance searches
S; j = S111 91:}', (:-ij — COS 93&' CE ol ALEPH ;V,E
DELPHI 11 \\
We have: L3 70\
* Three angles 0, | OFAL *
« Complex phase & g e e
 Two mass differences Am,, and Am,, ol R \,
* And everything is way more complicated than for two flavours [ / '
*  PMNS Unitary (?) how do we know there are 3 nu flavours? _//
0—% 88 90 92 9
9/04/2025
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Current best-fit values

Parameter Value lo range 3o range
012 33.6° 32.6° — 34.8° 30.1° — 36.8°
a3 38.4° 37.2° — 39.8° 35.1° — 53.0°
013 8.9° 8.5° —9.4° 7.5° — 10.2°
dcp 1.087 (0.77 — 1.36)7
Am?, 7.54-107%eV?  (7.32-7.80)-107"eV*> (6.99 —8.18) - 107" eV?

AmZ,|  243-103eV2 (233 —2.49)-103eV2  (2.19 — 2.62) - 103 oV?
|A'rr.a.;f;§\ Am.u 4 |A'IH-23| ~ |Am§3|

* With two exceptions (the CP phase 0 and the sign of Am,,?),
all parameters have been measured.
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Matter Effects

. As neutrinos propagate and oscillate

. Different flavour have different cross-section for interaction
with matter:

- Z-all flavours
- W-onlyv,
. Important as they pass trough the Sun and Earth

. Mikheyev-Smirnov-Wolfenstein effect

: : Am,
P(v, = v,) = sin®(26;,) sin® ( i L)

9/04/2025 Asen Christov 39
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Mikheyev-Smirnov-Wolfenstein effect

Am?
P(ve = v,) = sin®(26;,) sin” ( 12 L)

\ 4E
sin’ (20mat) =

.9
sin“ 260

(545 — cos26)” + sin® 26
5 —c0s26)” 4 sin

- sin?20_ .. has the shape of
a Breit-Wigner resonance
as a function of A/Am?

A 2 \/5 G .
9 2 Ne - p
Am? Am=
\—.\,.—J

natural const.

* Maximum mixing sin’26=1
for resonance condition:

Omat = 0° N.E = Am? cos 20
Ll iV¥e 2\/2(_:F

Am?
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2100 m underground in Vale's Creighton Mine in
Sudbury, Ontario, Canada
e QOperational from 1999 to 2006
* 6-metre-radius acrylic (transparent) vessel
* 1000t of heavy water
* 9600 photomultiplier tubes (PMTs)

9/04/2025 Asen Christov
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I SNO Event Display
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Sudbury Neutrino Observatory (SNO

CC process \Y
Neutrino absorption by deuteron * Onlyv, e
P * Protons undetected o R i i i
T + e Cherenkov ligh Ot W
vV d - e erenkov |g t sun Elastic Scattering
e - s . .
> @ * Amost isotropic : S
p . - Charged Current 1
= - ~(1 -1/3 cos6)
O 80 ’ 1
B -
Electron scattering S el + - ﬁﬁi* f
> - - T 5 {
Neutrino-electron scattering * Mainly v, (via W and 2) = il + | i
e Other flavours only Z i _
S * e Cherenkov light ol i
\ & g e .
=9 \ * (how Super-K observes . Neutrons - flat, ~10% !
v solar v) L R TR T YR Y R
. . . . COS -)
 Points in the direction of v e
NC process
Neutrino breakup of deuteron * All v same cross-section

* Protons undetected

* Neutron capture->ys -> e
scattering -> e- Cherenkov light

p * NaCl and 3He upgrade

* isotropic
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Solar neutrino not a problem

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

/(_:/; /
Z Z
8.1+1%2 :/:1 0+0.16 126% 018}2%
-0.16 016
: / /1 0%016 / ;
| % _ 0.86+0.06
0.48+0.07 _%569:5
041+0.01 674
2.06+0.23 0.30+0.02
SAGE GALLEX
+
SNO SNO
GNO
SuperK | v, All v
”20 Kamickande Ga DEO DQO
"Be M P—P. Pep Experiments m
Theory Be Pb. Pl P

58 WM CNO Uncertainties
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SNO results

68% C.L.

HC

— lbm 68 %, 93%, 99% C.L.

-
* o

¢, (X 10°cm?2 s

B "6’ CL.
B i, 68% CL.

M

bee 68% CL.

B .. 2% CL.
ﬂ 1 | 1 1 I 1 1 1 | I 1 1 | 1 I I 1 1 1 I 1 | 1 1
0 0.5 L .5 2 2.5 3 35

d, (X 10°cm?2 s}

[

I'II|[I'I[|'II'I[|'III[|1[

* The fluxes of v, and v, can be determined
e Super-K contribution
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Super KamiokaNDE

Successor of KamiokaNDE (Kamioka Nucleon Decay Experiment)

1000 m underground in the Mozumi Mine
* 50000 t of ultrapure water

 ID: 11146 PMTs 50 cm

e OD:188520cm

Water and air
purification system

Control room Atotsu
entrance

= \ i = —

Mt. [keno Tkm
Kamioka, Gifu- - T2700mwe)
Japan 3km

-/-

Mozumi gk Atotsu .
village entrance
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Famous accident 2001
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Super K events

Electron neutrino event. 0.6 GeV

Cherenkov ring by a muon from neutrino  An electron neutrino scatters an electron in water.
1GeV moun The emitted electron generates an
electromagnetic shower, leading to the fuzzy edge

of the Cherenkov ring

Super-Kamiokande | Super-Kamiokande |

* 0.7-1.3

!

1000 1500 000

.HK .

Times (ns)

Times (ns)

MUON
. . ELECTRON
NEUTRINO NEUTRINO

mnme s s UON SR electron
shower
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* High-energy cosmic rays collide with
nitrogen in the Earth‘s atmosphere

p+N—-p+N +nK..

Charged mesons decay into neutrinos:

KT — ;_fﬂfﬂ
+ a5
o —> e Vel/y

™ , K~ — pup,

[ — e Vel

- At GeV energies, the expected
ratio of v, to v, 18 Ry, = 2.
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Observed angular distributions

Super -kamiokande 548 days Preliminary

-~ 1 - r -~ 1 -~ 1 1 [ T© T 1~ 1 = ]
multi-GeV e-like multi-GeV mu-like (FC+PC)
150 41 F -

100

* Data

[ ] Predicted

——  nuUMU-NUtau osc. | Down-going
cos(0)=1

|:| . | L | L l L | L . | ) | ) | . |
-1 -06 -02 02 06 1-1 -06 -02 02 06 1
cos(zenith angle) cos(zenith angle)
v, as expected v, something is going on here
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I Travel distance of Atmospheric vs

® This does fit the expectation for v oscillations!

* For current best values, oscillation lengths are
L,;=10°km @ 1 GeV Zenith

Isotropic flux of

le ~ 3x10% km c:osmilé rays \ ]

®* For vy, from above,
baseline < L,,, L,;

T 10000
— no oscillation /

* Forv, from below, Zen
L,; < baseline < L,

- no v, V. oscillations,
butv,> v, !

I 9/04/2025 Asen Christov
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Current best-fit values

Parameter Value 3o range
019 33.6° Solar(Reactor + accelerator) 30.1° — 36.8°
Ho3 38.4° Atmos. 35.1° — 53.0°
013 8.9° Reactor anti v, disappearance 7.5° —10.2°
5(1]:- 1.087
Ams3, 7.54-107°eV? solar (6.99 — 8.18) - 1 n—-“ eV*
|Ams3,| 2.43 - 103 eV?| Atmos. (2.19 — 2.62) - 1072 eV?

|A'rr.a.;f;§\ Amu 4 |A'IH-23| ~ |Am§3|

* With two exceptions (the CP phase 0 and the sign of Am,,?),
all parameters have been measured.
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Unknowns: Neutrino mass, hierarchy, o,

) 2

m? m-
e Upper limit (KATRIN) 0.45 eV (90% C.L.) & -, A
*  We know the m, (the one with largest ve Normal v, Inverted
fraction) is below m, (2" largest ve -V
fraction) (from the effects of matter on i i
oscillations in the sun) my - - E— pes 7xlm:~—’":'
* We know Am3, < |Am3,| ~ |Am,| i L_ 1m.2
atmospheric |
. ~2x10%eV? ,
* To determine Am?;; matter effects when atmospheric
passing trough Earth could be used my> o ~2x107eV?
. solar~7x103¢V? .
m 1 -, —— -1,
l.)
0 0

CP violation can only take place in appearance experiments

Look for P(Vu—>ve);ﬁp(v_“—>v_e)
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Next time - Part 2

. Astrophysical neutrinos and experiments.
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