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Astrophysical neutrino sources

Supernova neutrinos
collapse of Fe core
of a heavy (>8M) star -

~ Diffuse Supernova neutrinos
from all core-collapse SNe
throughout the Universe

Solar neutrinos
p/CNO fusion chains

' Geoneutrinos
radioactive decays of U,Th,K
in Earth crust/mantle

Michael Wurm (JGU Mainz) Neutrino physics

Extragalactic neutrinos
from cosmic accelerators
(AGNs, GRBs ...7?)

Cosmic Neutrino Background
from the Big Bang (cf. CMB)




Energy spectrum of astrophysical v’s

~ 102
(7))
> Cosmic Neutrino Background _ .
Q <~ ">, Supernova neutrinos
S 10%° i \ (galactic SN)
(7))
(o]
£ 9
S 10
S
o
—  10?%]
X
: ]
= Solar neutrinos
o 107 _
= Diffuse Atmospheric neutrinos
rt SN neutrinos
3 10—12
pd
—19 | .
10 Extragalactic
neutrinos
10—26 |

10~ 101 102 105 108 1011 1014 1017
Neutrino energy (eV)
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LECTURE QUIZ

Question 8

Before we go off to speak about astrophysical
neutrinos: What is the pre-dominant flavor of
geo-neutrinos emitted in radioactive decays?

Note down the 10th
letter of the solution word.




Observation of high-energy Cosmic Rays

[S.Boser]
. R Propagation
e » charged particles
- diverted by magnetic fields

= photons/neutrinos
—> point back at their source
- neutrinos are not absorbed

Secondary radiation

= electrons
- photons

= mesons/hadrons
— photons + neutrinos

- neutrinos associated with
sources of UHE protons++

Michael Wurm (JGU Mainz) Neutrino physics )




Extragalatic sources of HE neutrinos

= total energy: up to 10%

* Fermi acceleration: protons with energies up to 10° eV
= |nteractions with matter in/around cosmic accelarators

Michael Wurm (JGU Mainz) Neutrino physics 6



Expected signal of HE neutrinos

Iog10 (EV [GeV))

Spectrum
T 41
= 107
‘I!’, 2 L ‘/:lsuper_Kvl'l
" N .
_9 n Fréjusv
?E 10 OO o Fréius V:
o & AMANDA v,
> 10 N % 0 unfoldin? _
8 2% /(:1 forward folding
=10 A W lceCube v
& . . unfoldin? s
W D\ Tforward olding
10° oo, R
10° e
107 k-
] oK
GRB |
-8 ' -
10 Galactic Supernovae > i; ,j_é,
P bt d Y '/
_9IIII|IIIIIIII\IIII[l\II[‘I\IIl‘IIl/IllllllllI\‘IIIlllll
V49 0 1 2 3 4 5 6 7 8 9

Flavor Composition

,LL muon-suppressed
€——  pion decay
(0:1:0)

pion & muon
<€«—  decay
(1:2:0)

neutron
decay

= atmospheric neutrinos cover signal at low energies = energy range >100TeV

= fluxes are very low: detector size of km3
= neutrino flavors depend on production process = flavor sensitivity

Michael Wurm (JGU Mainz)
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Neutrino telescopes

\\ >/ hadronic
\>A cascade

Neutrino interactions

» v, charged-current interactions
- long muon track

= all others
—> particle cascades

Michael Wurm (JGU Mainz)




IceCube

g - = located at geographical South Pole
IR— — i = Depth: 1450m < 2450m
m Distance: ¥17m : &125m

» Energy threshold ~100 GeV

lceCube DeepCore
m Distance: 16m : &25-40m

» Energy threshold ~10GeV

Digital Optical Modules (DOMs)
= 5160 10” PMTs on 85 strings




IceCube Event Displays

double bang: v,

track-like: v,

Michael Wurm (JGU Mainz) Neutrino physics 10



Signal and Backgrounds

Astrophysical neutrinos

astrophysical v

] < 1

= from sources of cosmic rays > -

= about 10 per year = 106 -

s _

‘Tw —

. o o 10-12_

Atmospheric neutrinos £ B

(&]

= secondary production from 2 1010

interactions of cosmic rays = _

in the atmopshere -

10 -24—

= about 150 per day -

10-30:

Atmospheric (,,cosmic”) muons B
10-36 ]

= created with atmospheric neutrinos
= very high rate, but only from above

- signature: upward-going tracks at highest energies

Michael Wurm (JGU Mainz) Neutrino physics
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IceCube result on Diffuse Flux

[S.BOser]

I L] L]
IceCube!Preliminary ae Et
stro.
n 1 ’{-I ":["—1—4 B Atmo. Conv.
= 1073 :.I_4 Hl Atmo. Muons
- |
Yo | L _
28
(@]
. HH | HH HH
2.
» 1004 HH HH HH
-
£2
10_1 I 1 LB I L} I Ll 1 1
10° 107 100 107

Deposited Energy [GeV]

—> first detection in 2014, now well established signal

Michael Wurm (JGU Mainz) Neutrino physics 12



Search for point sources

Michael Wurm (JGU Mainz) Neutrino physics

Equatorial

IceCube Collab. (2019)
arXiv/1910.08488

13



Search for point sources

7D

1.70°

-0.30°

Declination

-2.30°

NGC 1068
Seyfert 2 galaxy
Star formation, AGN

Largest excess:
= post-trial significance is 2.90

2.90 exc

.

Equatorial

42.87° 40.87°

Right Ascension

= close to active galaxy NGC 1068

Michael Wurm (JGU Mainz)

Neutrino physics

38.87°

3.0
)
1.5 §£
83
5 <
0.0 o9
82
S5
Lam
0 y 3 5 6
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IceCube-170922A

MAGIC image IceCube observation

8 = single v, with 290 TeV
q — = at these energies, 56.5% of v's

v 727 are of cosmic origin
-(.%. 5 g g = reconstructed direction:
3 szoswg = gamma-ray blazar TXS 0506+056
se § = some earlier low-energy neutrinos

= from the same source
5.0°
‘e Gamma-ray observations

784°  T80° 716 TI2> 768° 764° = Fermi & MAGIC reported flares

Right Ascension
from the same source
time series

---= 1C-170922A |

TL,, 3 Neutrino flare 2014/15 i
TE +  Fermi-LAT Adaptive Binning 300 MeV - 1 TeV {}
§}
< ‘ . 4.
52 ” { ’ —> statistical
o .
=N { M ““ | correlation: >30
x
= bt } t by e F

* e _._"0‘._,&"""*0‘.'4’-0-...+ +’ m-’- “-O-Q-_._-o-.-"‘_._ M”" ++++” +N-0~0- g, -o-_._,...'.,_++++ b ’+‘+' # o4 1 v

0 55000 55500 56000 56500 57000 57500 58000
Time [M)D]

Iviichael vwwurm (JGuU Ivialnz) Neutrino pnysics 15



v‘s from neutron star merger GW170817?

288 LIGO - Virgo

Fermi/GBM

normalized F,

counts/s (arb. scale)

SALT
ESO-NTT
SOAR
ESO-VLT

400 600
wavelength (nm)

1000 2000

GW e

LIGO, Virgo

y-ray

Formi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, HE.S.S., HAWC, Konus-Wind

X-ra

Swift, MAX¥GSC. NuSTAR, Chandra, INTEGRAL

NS-NS merger/Kilonova
= gravitational wave signal
=  Gamma Ray Burst
= follow-up observations in
all wavelengths
= but: no neutrino signal observed

Swift, HST . . . . L] L] .
predicted signal & neutrino sensitivities
Optical
DECam, DLT40, REM-ROS2, HST. Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru,
R e S /E“/ \uu 0 RLTIN] | am i || .
' = ‘
I\II T
Radio /M/ \\ S
WA DD AT mn | 107
-100 -5&/04) 102 10 100 10"
2 (S) -t (daVS) \
o~ 104 -
1M2H Swope DLT40 VISTA Chandra ‘T‘E IceCube
1 ) o
- = 3 I
1 i o Bt _ L C s T=-al
el e w ~ Kimuram—l -
5 s W EE optimistic el \\ SSee L
10.86h i/|11.08h h|[11.24h YJK; ’9d X-ray 101 // v Kimura et al.
MASTER DECam Las Cumbres JVLA i 7 . EE moderate
. : l | // \\
A b " AR ‘ 102 //, _______
1 . . . S o7 Kimura et al.
o " . ‘ ‘ s a prompt
. . ‘ | / e
11.31h, w|11.40n iz/[11.57h w |16.4d Radio. oo , a , S , , ,
10? 10° 10 10° 10° 107 10° 10° 10"
Michael Wurm (JGU Mainz) Neutrino physics E (GeV) 16
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LECTURE QUIZ

Question 9

What is the signature of electron neutrino
interactions in IlceCube?

M : track-like

N : shower-like

O : double-bang

Note down the 6th
letter of the solution word.




Energy spectrum of astrophysical v’s

—: 1023 ]
(7]
Cosmic Neutrino Background
>
§ 10 16 |
(7]
E
9
S 10
}
o
—  10?;
x
: .
(v Solar neutrinos
o 107
c
‘=
hd
3 10—12 ]
2
10—19 |
10—26 |

/4

’

Diffuse
SN neutrinos

-

. Supernova neutrinos
\ (galactic SN)

\

Supernova neutrinos

Atmospheric neutrinos

Extragalactic
neutrinos

10~ 101 102 105

Michael Wurm (JGU Mainz)
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Core-collapse Supernovae

Life Cycle of a Star

A Star Dwarf
| Red Giant Planetary Nebula
: -
SINEY e
’ Neutron Star
Stellar Nebula ’ — \
Massive Star @
Red
~8Mo Superglant Supernova Black Hole

Michael Wurm (JGU Mainz) Neutrino physics 19




Core-collapse Supernovae

Life Cycle of a Star

® -
/ Average

Star

‘e

Massive Star
>8M®

Stellar Nebula

Si
\ Fe

{layers not drawer o scale

Michael Wurm (JGU Mainz) Neutrino physics 20




Stalled explosion model

[Janka]

Gravitational instability
of stellar core

Explosion and
nucleosynthesis

Shock revival P i Explosion

¢ 3

O
v

A,, g

Proto-neutron star Proto-neutron star

Neutrino-
driven “wind"

Michael Wurm (JGU Mainz) Neutrino physics 21



Supernova neutrino emission

phases of the emission

" neutronization burst:

neutronization accretion PNS cooling
5 p+e 2 n+yv,
~F A\ —V ) —
= 4f F\\ v = accretion phase: v +v,
T F\’ TT 7 e )
m&'ﬁ 3 - \-\ -V = proto-neutron star cooling:
= Al NN v pair production (all flavors!)
< 2} N
a1 ' T <100 )\'\. = 99% of gravitational binding
O§ i o energy released via neutrinos
%153 - thermal neutrino spectrum
2 i :\ 012 T T T v J
‘,(;o; % 0.10 | -
e E i m !!'-.f'\\
\% 5 o m -
- ' g S 006
o . . v B Bl b L L ©
0 001 0.02 0.2 042 4 6 8 10 0.04 |
t(s) 0.02 |
0
0 10 20 30 40 50

. . : : E (MeV)
Michael Wurm (JGU Mainz) Neutrino physics 22
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Detected neutrino signal

Kamiokande
® IMB
40| (9 A Baksan
‘O &
i)
30 -
e S
% l
=
&
2 20 + | +
Q
o0 ?
A
oL I I I I I I | Kamiokande:
0 2 4 6 8 10 12 3kt water Ch.

time (s)

- 20 events that confirm that the basic
core-collapse SN scenario is OK
v luminosity, energy, duration match predictions

Michael Wurm (JGU Mainz) Neutrino physics



SN neutrino sighal today

= 10+ large neutrino detectors will detect 10,000s of events
= provide neutrino energy and flavor resolution
= accurate timing of signal start and pointing capability (triangulation)

- SNEWS: Supernova Neutrino Early Warning System

HALO (10 v,,v,)
SNO+ (300 v,)

LVD (400 v,)
XENONNT (100 any-v)
~  DARWIN (1,000 any-v)

I‘Ii\gc:;)l(%:gl;g a )0 Ve) DarkSide-20k (300 any-v)
V. ’ Ve HALO-1kT (100 V.,V‘)
SBND (20 v,) o

Baksan (100 v,)

LZ (100 any-
(100 any-v) Super-K (8,000 v,)

DUNE (6,000 v,) 2
: Hyper-K (53,000 v,)
KamLAND (400 V,)
Neutnno Detector
\N k PandaX-4T (100 any-v)
IceCube (660,000 ¥,) S eiwor

Michael Wurm (JGU Mainz) Neutrino physics 25



SN neutrino signal tomorrow

[Scholberg]

Hyper-
Kamiokande
260 kton water
Japan

USA

JUNO

20 kton scintillator
(hydrocarbon)

China

Michael Wurm (JGU Mainz) Neutrino physics 26



SN neutrino signal tomorrow

large-scale detectors with different flavor sensitivities provide detailed picture:

Model Spectra Observed Spectra

Neutronization Accretion Cooling Neutronization Accretion Cooling
DUNE
oozo uuoo‘oo‘ou u‘ 02 03 04 os > |:s;stru;‘ 002 0 002 004 0.08 0.08 Y 02 03 o4 o5 '2!l507l!
= Hyper-K
- -
z :} !
g "
Qo .
-
Q ‘
e :
() w

002 0 002 0.04 0.06 0.08 01 02 03 04 oS

JUNO

002 0 002 004 008 008 0T 02 03 04 OS5 58 9888 78D

1
REY
< o~ ° ———— e — -t e -
002 0 002 004 006 008 oY 02 03 04 05 1234567 08> 002 0 002 004 008 00

M ‘ ’ Time (seconds)

'8 9e %S T8
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Gravitational waves from ccSNe

[B.Mller]
asymmetric movements of stellar matter in collapse produce GWs

mass quadrupole

Asymmetry parameter
moment (transverse-

trace free component) radius typical
'i frequency
2G d’ I _2G g
h~ €M R f

e cr‘dt cr A

dimensionless strain

distance mass involved

Scheidegger et al.

(2010) >
2

1e7 cm
y [1e7 cm]

("9

0
x [1e7 cm]

] (e 1.5 1.5

Rotational collapse

Convection L
& SASI Other triaxial instabilities

(low T/W, r-mode)

Michael Wurm (JGU Mainz) Neutrino physics 28



Expected phases for GW signal

GW generation expected during initial bounce and accretion phase

150-IllllllIllllllIlllllllIIIIlllllIIlllllIlllllllllllllllIlllllllllllllllllllll- 4(X) —
TTTTTTTTY ™Y ™Y T rg : 15Ms (Woosley & Weaver 1995) aspherigal peutrino —; 350 §
s15A2005 | oo, F smission 3300 g g
| 1 -L<N 100 __ . ¢ - “onset” of \ —f 250 i
— prompt convection . explosion = ©
o - % SASI+convection 3 Q
L P | - 8 s (<100H)  reeveral 100 Hz I aspherical shock 3200 .5
'K} 17 1A \v Ul -~ s - >1000 Hz) propagation + 3 150 =
'w | ' e E 50F proto-neutron star 4 *~ D
||V o - convection 3 =
' \ . 'QO:: - l \ E I(X) %
- RS - 450 =
E 0 A {0 =
= 350 °
g 3 =
= 4-100 O
10 20 30 0.2 | 05 06 07
nme attel bounce [s] 16
rotational bounce Standing Accretion Shock Instability (SASI)

\

Neutrinc ., __

29
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SASI shows as well in neutrino signal!

sloshing motion of SN envelope
influences neutrino production L 5000
and propagation:

F 4500

| AAR4 ms)

m

F 4000

F 3500

connts ner h

F 3000

18 M., @ 10 kpe
v v o 2500
80

Yy (km)

shell interface

-100 -50 0 50 100

period [m

30
20

10

- time correlation with GWs

SASI

0.0 0.1 0.2 0.3 0.4 0.5 0.6
time after bounce |[s

Michael Wurm (JGU Mainz) Neutrino physics 30



Hz [1/s]

Correlations in the v+GW signals

spectrograms of GW and neutrino data show similar features (in simulations):

Equator Gravitinal Waves Equator Luminosity anti-electron neutrino Equator Mean Energy anti-electron neutrino

1000 1000 1000

VvV energy

800 800 800

600 600 600

Hz [1/s]
Hz [1/s]

400 400 400

200 200

6 50 100 150 200 0 50 100 150 200

time [ms] time [ms] time [ms]
-6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0
log log log

= time-stable modulation bands caused by SASI during the accretion phase
=  GW feature modulations at double frequencies compared to neutrinos

= relative amplitudes depend on orientation of SASI, equation of state of the
proto neutron star etc. =2 resolve degenerate information about the collapse



LECTURE QUIZ

Question 10

What is the predominant mode of neutrino
production in core-collapse Supernovae?

U : neutronization

V : mass accretion

W : pair production

Note down the second
letter of the solution word.




Diffuse Supernova Neutrinos

. v+. .7 . observable universe
galactic core-collapse Supernovae (ccSNe) g s Cro NG HOBSN per year
high-luminosity neutrino signal Goh, Tk L

—> 103-10% events in SK and other detectors 3 L A

low rate: 1-3 SNe per century expected | . o LTy

neighbouring e
galaxy clusters
~1SN per year -

milky way
1-3 SN per 100yr

L]

Diffuse SN Neutrino Background (DSNB)

\‘PC combined flux of all ccSNe
over cosmic distances

faint (~2 ev/year in SK) but continuous

Michael Wurm (JGU Mainz) Neutrino physics 33




Why is the DSNB interesting?

—> discovery of the only ,,permanent”

Beacom
SN neutrino signal """"""""??1"'
s g
10 SO Ll JF
(0‘0 //’ 2
. . . 0 /’/ -
—> signal normalization — Sl g
|o - '] i
. S
o redshift-dependent SN rate < /:&emﬁ
o
i i i - N .
o fraction of hidden/failed Sne =} o
<t
o 1 -
- spectral shape = ]
A O Lietal.(2010b 4
. | iabilitv in PNS o Borteeliaetat 3008) T
oTee Falabimty - o logal SFR M Baoin et 6531(59(2005) '
temperatures expected MR D & Dabse%o00m
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
— average SN neutrino spectrum 0.1¢ 5 o G 5 =
Redshift z

= astrophysical parameters, e.g.
neutron star equation of state

Michael Wurm (JGU Mainz) Neutrino physics 34



Expected DSNB Signal

Kresse, Ertl, Janka (2020

10! )
L I L I L I L I L I L I UL I LI I: . .

— = fiducial model 1 uncertainties shown here:
W SN fracti i E : .

o m NS mass 'ﬁ;.(Fgng_ls Mo) 1 ™ fraction of failed SN

s 100 E @ spectral shape (agn) - o

b SFH (M+2014) 3 = mass limit of neutron stars

£ i

TU 1 = spectral shape of

> 107" 4  black-hole forming SN

S 2 .

o 41 = normalization of

D 10-2 Star Formation Rate

S

©

103

= DSNB flux predictions feature large intrinsic uncertainties

= predictions by many different groups
— no substantial differences on flux/spectral shape

Michael Wurm (JGU Mainz) Neutrino physics
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Detectors for DSNB search

main requirements:
o large detection mass
o ultra-low background

Michael Wurm (JGU Mainz) Neutrino physics



Detecting the DSNB v, component

o
—
6}

o
-

0.05

number of events in 170 ktyrs [MeV']

Michael Wu

-
e
Ve ®:--->@

p

v (511 keV)« - - .".+ >y (511 keV)
e

—<E>=12MeV | C
—<E>=15MeV | O
— <E >=18 MeV ’g

<E>=21MeV | P

15 20 25 30 35 40 45 50
prompt event visible energy [MeV]

_ -
7 -

n . / delayed \__. "'.Q
® ' ~200ps ;
v
S— v (2.2 MeV)
. ~few ns

Neutrino physics

= DSNB flux: ~10% /cm?2s
= equipartition between v flavors

= best possibility for detection in
water and liquid scintillator (LS)

V, via inverse beta decay
on free protons (H)

= expected event rate:
1—2 events per 10 kt'yrs

main detector requirements:
o large target mass
o ultra-low background

37



Current experimental results

Experiment
= Borexino
= KamLAND
= Super-K

State of curr

Type Mass E
S 270t 2
LS 1kt :
WC  22.5kt

DSNB signal \

ent experimental limits

Example: Super-K background spectra

—4— SK-IV Data

|:| Atmospheric-v (non-NCQE)
:l Atmospheric-v (NCQE)

] spallation °Li

- Reactor-v

\:| Accidental coincidence

=== DSNB (Horiuchi+09 6-MeV, Maximum)

(TZ07) apuesjoiwey-1adns

=
.

— Borexino new limit

— 10° — Borexino 2011

% I Super-Kamiokande, 2003
? | — Super-Kamiokande, 2015
;,"’ — KamLand

'g 10%+

) L

£ 1

g Borexino —_—

£ 100}

E

=

. SuperK |-l
5 10 15 20

Energy [MeV]

3 (6T0C) ouixalog
z

-'|"|||||||-|"|_LJ.J._1_||lJ| Lwgga doaba oL L
10 20 30 40 50 60 70
E,.c [MeV]

—> current experiments are either
too small or feature too much
background for a detection
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Important improvement: Neutron tag

irreducible backgrounds
detection window 10-30 MeV

4 > e’ annihilation

N

. J .
i, @

P~ /thermalization

prompt positroﬁl
- V, energy

L | ! [ I I ! [
77N

T TFRT
=~

\
\ -
\¢— Reactor v,
\

1 ‘\‘ Supernova v
3 e
E (DSNB)

dN/dE, [(22.5 kton) yr MeV]"

GADZOOKS!| 73

Atmospheric ]

suldep ‘wooeag

-2 Z | ps
105 10 15 20 25 30 35
Measured Ee [MeV]

-
O‘ T~250us
n

. capture on

/ proton —

2.2MeVy

e delayed neutron|

background discrimination:
removes single events
(e.g. invisible muons)

= n-detection inherent to liquid scintillators but hard to achieve in pure water

Michael Wurm (JGU Mainz) Neutrino physics
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Detectors with enhanced neutron tagging

Super-Kamiokande+Gadolinium

HFUZDL

‘\il':/?ﬁ

seermmTasies  TEIERLENAT

» add low concentration of gadolinium (1073)

= enhanced neutron tag by gamma cascade
(t~30us, 4-5 gammas with 2E,=8MeV)

= detection efficiency: 65-80%

— running since fall 2020!

- PR |
e v ~200ps /

4

¥

N— v (2.2 MeV)

p *. ~few ns
N
3

v (511 keV) < - - .‘.+. -~ 57 (511 keV)

(4

= |iquid scintillator: high light yield &
low detection threshold

= large signal by n capture on H

= detection efficiency close to 100%

- will start in 2023

-» successfully removes all single-event backgrounds — but: there are correlated BGs ...

Michael Wurm (JGU Mainz)

Neutrino physics
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First observation of DSNB within 10 years?

SK-Gd started data taking in 2020, JUNO will follow soon = projected DSNB sensitivity?

Events accumulated in SK-Gd/JUNO

(o2}
o

DSNB events
(4]
o

N
o

30

20

10

Sh

Michael Wurm (JGU Mainz)

Projected statistical sensitivities

year

m 7

SK-Gd & F SK-Gd

JUNO B gL JUNO

total total
- 51—
- L NF
— [ s
: —i
- 21—
— 1=
B T 1 ' 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1l E 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1l

2022 2024 2026 2028 2030 2032 2020 2022 2024 2026 2028 2030 2032

after 10 years, sensitivity of individual experiments at 3o level

combined sensitivity will reach 50 level for a positive DSNB detection

many caveats: DSNB (and BG) rate uncertainty, systematic effects

but as well synergies: complementary measurements of atm. NC BG
in water/scintillator will improve understanding of this background

Neutrino physics

year

(*daad ul) wanpp ‘suidep ‘N
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LECTURE QUIZ

Question 11

How many Diffuse Supernova Neutrinos cross
your thumb nail in one second?

A :100

B:1,000

C:10,000

Note down the third
letter of the solution word.




Energy spectrum of astrophysical v’s

—: 1023 |
(") ]
> Cosmic Neutrino Background _ .
Q <~ ">, Supernova neutrinos
S 10%° i \ (galactic SN)
(") ]
E
9]

S 10
S
e
—  10?%]
P
=
S 10- Solar neutrinos
= Diffuse Atmospheric neutrinos
o SN neutrinos
3 10712
2

10719 .

Extragalactic
neutrinos
10—26 |

10~ 101 102 105 108 1011 1014 1017
Neutrino energy (eV)
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Open questions for solar v’s after SNO results

prpoHre, r > = SNO measurements only above 5 MeV
Be (£7%) SNO (later 3.5 MeV) - 8B neutrinos only

pep (x1.2%

— Neutrino astronomy

Solar neutrino flux
—
o
=

= spectroscopy of neutrinos et low
energies to obtain pp reaction rates
—> precision test of the SSM

o & = first detection of CNO neutrinos
Neutrino energy (MeV) - CNO cycle in Sun/stars?
@g 07 pp 'Be pep B
% o ccvacuum ] . ]
£ %8Loscillations — Neutrino particle physics
Q -
© - .
5 ™ = measuring the energy dependence
5 F of solar v oscillation probabilities
> C .
S osf - influence of matter effects
2 matter
0.21= effects
0.13—
T - ST

neutrino energy E [MeV]
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Overview of the solar pp-chain

Net fusion reaction: 4p > “He + 2e* + 2v, [+26.7 MeV]

ptp—> H+e'+v, ptpte > H+v,
99.8% 'L 0.2%

p+°H—> *He+vy

85% 10° H. Bethe

i , |

*He + *He —» *He + 2p| |*He +*He —»> Be+v | |"He+p — *He+te'+ v,

15% \
! 10.0165
‘Bete —» 'Lity, ‘Be+p—> Bty
i l "B-v
W. Fowler Li+p— 2'He ‘B >2 'Hete'+y,
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The catalyst CNO cycle

Net fusion reaction: 4p > “He + 2e* + 2v, [+26.7 MeV]

= minor contribution
to solar fusion (~1%)

@\ * dominant in heavier

and older stars

@WY = relatively large uncertainties

in nuclear cross sections

4He

e}

12C

fusion rate vs. solar core temperature

log[(ct pX?) ¢ m® Wkg? |
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Standard Solar Model (SSM)

Description of the Sun

= Stellar structure equations
- p, T, p as function of R

Thermodynamics:
Equation of state
of solar plasma

Nuclear physics:
Cross-sections of
fusion reactlons -

Elemental abundance
opacity of solar matter

Observations:
surface, age of the

s

- structure equations
solved by numerici

> precise prediction of
fusion rates and thus
neutrino production rates

Michael Wurm (JGU Mainz) Neutrino physics
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Borexino at Gran Sasso Laboratory

Experiments at the Gran Sasso National
Laboratory are housed in and around three
huge halls carved deep inside the mountain,
where they are shielded from cosmic rays
by 1,400 metres of rock.

PERA
CRESST siden

Adriatic
coast

National |
Laboratory |
.




Borexino at Gran Sasso Laboratory

o R R T )

THEA BANDCOFGRANSASSO -

National

Experiments at the Gran Sasso National Laboratory [
> Iy

Laboratory are housed in and around three
huge halls carved deep inside the mountain,
where they are shielded from cosmic rays
by 1,400 metres of rock.

PERA
CRESST siden

Adriatic
coast

|
e - B E=— P
‘QZ«'( X

Borexino Detector |‘
Height/Diameter: 18m
_ Target: Scintillator | »
P | -Target mass: 270t |
| nght sensors: 2200.8” !a/ITs |
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Borexino at Gran Sasso Laboratory

Experiments at the Gran Sasso National
Laboratory are housed in and around three
huge halls carved deep inside the mountain,
where they are shielded from cosmic rays
by 1,400 metres of rock.

National |
Laboratory |
.

PERA
CRESST siden

Adriatic
coast

Borexino Detector |
Height/Diameter: 18m |

Target: Scmtlllaton

~Target mass: 270t |

| nght sefsots: 2200 g”ﬁﬂs |

. §
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Neutrino detection in liquid scintillator

* much greater light yield than Cherenkov effect (x50)
— better energy resolution

« efficient purification methods for radioactive
contaminants: 10-18 g/g uranium/thorium in LS
— |low energy threshold (pp neutrinos!)

e transparent and cheap — large-scale detectors

e energy resolution based on number
of detected photons:
isotropic emission: ~104/MeV
detected: Borexino ~500 pe/MeV
JUNO ~1300 pe/MeV

 vertex reco via photon time-of-flight

e but: no (?) directional resolution

Michael Wurm (JGU Mainz) Neutrino physics




Solar neutrino flux

Electron recoil signal in Borexino

1013
1012
10™
1010
10°
108
107
106

2 +
p+p—H+et+v,

Ve,Vys

VesVirVs e

Expected electron recoil spectrum

Vo Ve e

100 tons)

105 |
108
102
1 L1 1§l | 1 1 1 1 L1 11 |
107" 1 10
Neutrino energy (MeV)
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—— All solar neutrinos

107

Counts/ (10 keV x day

—1lll|

| lll][}ill] I Illllll]

l 11 1 | 11 1 | 11 1 l 1 1 1 I 11 1 l 1 l\

Ny
i BN S AR AR

~

i

Neutrino physics
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0.4 0.6 0.8 1 1.2 1.4 1.6
Energy [MeV]

1.8 2
56



Background reduction

Energy spectrum in raw data

5[ Basic data selection
10 = 1. Raw spectrum
o - o 2. Muon cut
Z A 3. Fiducial Volume cut
— 104 3 " 3
n -
> " i
S 10°E
b N
= N S 280) NC(B2y) i
~ 107 % PP EDRE] -
S Erem @ ey g
n — P27 3 L
2 10 Tl
© T :
1 -l 11 1 I | I - I ) I l | I l 1 1 1 l L1 1 1 I 1 1 | l L1 1 l'g O.::_
100 200 300 400 500 600 700 800 900 F
aF
Number of detected photons [
_4:—
gL

Michael Wurm (JGU Mainz) Neutrino physics




Fit of residual energy spectrum

= Fit of known energy spectra of
and radioactive backgrounds

on the acquired data spectrum

£
‘g A = expected neutrino rate:
> ', - ~1 event per day and ton
. Po " required radioactive purity:
\? ¢ < 101% g/g uranium+thorium in LS
|

0.2
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Borexino results on solar neutrinos

Events/(SN,)

BHE —— .
: 1 = 2007-2014: v rate measurements of
0.7 —] .
‘E # : (almost) all branches of pp-chain
: Be .
06— Vacuum-LMA . .
) * i - confirmation of SSM and
® 0.5 - . .
= pi ; vacuum/matter oscillations
0.4 —
- ’ - = 2020: first measurement of neutrinos
0.3 i
: : from solar CNO cycle
02— ! o L ! ol ]
1 10
Neutrino energy (MeV) — can be related to C,N abundances:
1 ¥ T3 f Tt 1 @17 &1 & 1
E = CNO-v "Be-v and éBe-v GS98 [17] =
......... pep_l; 11C
°E N B 210g External backgrounds | AGSS09met [13, 14]|  —m—
= Other backgrounds
102 :_ - Total fit: P value of 0.3 CHIIS]
2 AAG21 [16]
10;, MB22 [18]
? Borexino | ®
Il 3 4 5 6 7
1 : ;
SRR x L MR v eorice . st butenuliatie-aie U New [x1074)
500 1,000 1,500 2,000 2,500 ] ) o
Energy (keV) — Borexino data favors high metallicity
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Directional detection of solar neutrinos

2022 4% Y/ 1N » Cherenkov and scintillation signals of
) : electron recoils are superimposed in the detector

RS 7 LA i 9 » Cherenkov signal too weak to be recognized event-
by-event, but superimposed angular hit distributions
of many events makes surplus Cherenkov ring visible!

St 1.
1 hits of events nur Neutrinos

Phase-I data: 19904 events
Best fit: 11513 solar-v + background

o
N
w
(=
(=]

Solar-v signal MC
B background MC

w
Q
o
AN
O
S~
2]
S
=
o
>
(3}
(T
o
k-
=
2

Winkel des vom Photon getroffenen PMTs relativ zur Sonne

o

Michael Wurm (JGU WVidInz) Neutrino physics 60




Summary of Lecture 3

Neutrinos are unique messengers of astrophysical phenomena

Different sources (energies, distances, fluxes) require
different detection strategies

Low energies:  Cherenkov, scintillator, liquid argon

High energies: large natural water volumes

Most neutrino experiments are multi-purpose machines,
i.e. can study astrophysical sources and v properties

Multimessenger observations with optical telescopes,
gamma-rays, GWs are still in an early phase

- (hopefully) many discoveries to come!
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LECTURE QUIZ

» -
» -
» -

And the solution word is ...




Thanks for your attention!

Which of the following would be brighter, in terms of the amount of energy delivered to your retina:
1. Asupernova, seen from as far away as the Sun is from the Earth, or

2. The detonation of a hydrogen bomb pressed against your eyeball?

\\

~

Applying the physicist rule of thumb suggests that the supernova is brighter. And indeed, it is ... by nine
orders of magnitude.

Questions?
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Cosmology

Ict

In confl

relativistic
degrees of freedom

CMVB

Structure formation

hot dark matter

..
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Cosmological constraints on light steriles

Planck, 1502.01589

I
! 0.900
] 0.885

- 0.870

" Cosmological observations able
to place stringent bounds on the 78
number N and mass sum Xm,, of

light (i.e. thermalizing) sterile neutrinos 2k 1 |4 osss

- 0840

" Most important observables
o Cosmic Microwave Background
o Big Bang Nucleosynthesis
o Large-scale structure

66 | - 0.825

0.810

Ho [km s~ Mpc™?]

=T 0.795
60| % -
.- 0.780

2.0

®= Bounds from PLANCK (+BAO):
0 Ner=2.99+0.20
o Xm, <0.49 (0.17) eV (95% C.L.)

- 0.84
— 0.80
" These limits can be avoided by

introducing additional physics,

e.g. sterile neutrino self-interactions
Dasgupta, Kopp [arXiv:1310.6337]

- 0.76

- 0.72

Ho [kms™ Mpc™]

Fege 1 0.68

55 | e o 0.64

- still, accommodating sterile v's needs tuning ...
] ] ] ] 0.60

0.0 0.4 0.8 1.2 1.6
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Testing the short-baseline anomalies

Experimental approaches

= very-short baseline experiments ———

for observing v,>v, oscillation
disappearance pattern

= 3-decay v mass experiments ——

to find spectral deformation
from eV-mass eigenstate v,

b-a

Rate (Hz/ 0.5 eV )

T-decay endpoint
in KATRIN

(1T0Z) 124409 ‘0166DWI0S

107

uu

1
560 18562

1 1 1 1 1 1 1 1
18564 18566 18568 18570 18572 18574 18576 18578

IIII ?O

§ 1.02
1.01

vy SOUICE
,Qaseous,‘!‘“/“m =
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Expected sensitivity

Sebastian Boser

PINGU
6 Neutrino Mass Hierarchy o vs. Time b
True Hierarchy 3 3 i
s Normal I o
Sl eue Inverted -
== Jtime
4|
b 3F
2t ,
0;'
s
1} »
I
oL é
0 2 4

Time [vyrs]
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Expected sensitivity

ORCA: 6p=0, after 3 years

Median Sensitivity [o]
© o N W H O O N O ©
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JUNO Underground Laboratory

Slope tunnel
1340m

Vertical shaft]
581 m

footprmt
~5600 m?

Michael Wurm (JGU Mainz) Neutrino physics



JUNO Sensitivity

JUNO Yellow Book

— 10— VaT: 1% amf, prior —— 50% vs. 50%
g o TTropior central factors:
- Bl 68%ofexp.JUNO  __ oo o6 " E resolution: 3% at 1MeV
I % of exp. JUN ' f ot
Rt exp. JUND = statistics: 100,000 ev

Factors Ax?
Statistics only +16
different core
: -3
distances
reactor background -1.7
Years
spectral shape -1
' eg 0 o
JUNQ s expected sen_sntlwty level S/B ratio (rate) Py
(assuming 3% energy resolution)
" JUNO alone based on 6 years: ~3c0 S/B ratio (shape) -0.1
+ precise data by T2K/NOVA on Am?,: 4o information on 4m?,,, +8
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New doubts on understanding of sources 72

Daya Bay Near Detector spectrum

20000
2
= 15000
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4 g 107
Prompt Energy (MeV)

Sterile neutrinos

=Short-baseline 8,5 experiments
observe a deviation from spectral
prediction: ,,5 MeV bump”

=" unknown feature in reactor
neutrino spectrum?

= detector calibration issue?

Comparison of experimental spectra

1.2 17 =TT T I T 1T 11 | I
AT | | I 1 3 | e
: o DB|-
1154 s rnH
. ~ B3]
11H -
1.05 H-
Q L
= E
2 18 =
® = ——
Q C
0.95 —
0.9 o
0.85
0.8 : l L1 l L1l i | - l | - l | - I Lol l | L’l
1 2 3 4 5 6 7 8
E . in MeV
vis
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New doubts on understanding of sources #2 JGJU

= Daya Bay: dependence of anti-

' 9
.
neutrino reaction rates on reactor- : ,
: . A
burn up shows discrepancy for 23°U : s X
energy-integrated v cross-section s . 1 4 9
m _ HPR H ' A Daya Bay
energy-resolved data is inconclusive 2 | = Per mocetw s ..
3
IBD rate dependence on core composition ~ 45
£ S
Fgs = 40
0.63 0.60 0.57 0.54 0.51 7; '
— 6.05 T T T T T — CiL
c M~ o - s 68%
'% 6.00 ¢ 53'5 95%
0938 = (10.1£1.0) x 10~ o
= 5.95 3.0 0;41:56.04i0.62))><10”43 99.7%
1) )| SRR £ T ——— 52 56 6.0 64 68 7.2
S 585 L 0935 [107* cm? / fission]
7 5.80 | Corresponding energy-integrated X-sections
S 5 75 [ Best fit - =+ Model (Rescaled) i
ek - -+ Average ¢ DayaBay
o) 5.70 I I I I I
0.24 0.260 0.28 0.30 0.32 0.34 0.36

Fysg

Michael Wurm (Mainz) Sterile neutrinos 73



Gallium anomaly

Guinti, 1204.5379

Radioactive v, sources inserted
in solar radiochemical detectors.

Idea: Test detection efficiency,
cross sections etc. for solar v’s.

Ve + 1Ga — "Ge+e”

Exp | Source Ratio (Exp/Th)*
Gallex | >ICr 0.95+0.11
51Cr 0.81+010
SAGE >1Cr 0.95+0.12
2T Ay 0.79+£0.08
total 0.86 + 0.05

* cross-sections as calculated by Bahcall

Gam®, 1100

s ©

L = ¢
AR |

- compared to prediction,
14% rate deficit observed (2.80)
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Reactor antineutrino spectrum

= Four relevant fission elements neutrinos/MeViission
o) 235U’ 238U’ 239PU, 241Pu

o variable with fuel burn-up

= Effective spectrum from overlaying
B-spectra of many fission products

= v-spectra from spectral inversion
of B-decay electron spectra

o BILL measurements at ILL

commonly used reference
[arXiv:1405.3501]

= ab-initio calculations of neutrino

spectrum very challenging _ : & & & oW o§ & 03 M
fission yields = decay chains = spectra 10 10

Energy {MeV)
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Re-evaluation of reactor spectrum

Sterile WP, 1204.5379

2011: new spectrum by Mueller et al.

= revision of ILL spectral conversion:
90% ab initio + 10% virtual branches

= other factors (weak magnetism, T, . iron)
— v spectrum shifts to higher energies

= increase of expected rates by ~5%
for all reactor neutrino experiments

Modification of spectrum relative to original ILL spectral inversion

0.15 — updated*
our result

[ 1101.2663 T
0.10+ — ILL inversion o -— T .

[ simple B—shape - J__I —— Huber

I T - ]

L - o e 7
0.05 i EE 1 [T l — — ILL

L . —— 1T - — 1 g J 4

L AL 4

— —_
oo L L] ' | ?
-0.0sL —— i % —— —3
E, [MeV]

* updated: Mueller spectrum + new correction

from Fermi theory (vs whitepaper)
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Reactor antineutrino anomaly

Daya Bay, 1508.04233

c 1.2
=
©
©
o
a 1.0
~
cu
©
(@)
0.8
0.6

—

——
—_——

wai

—e— Previous data
—=— Daya Bay
—— World Average

[ 1-0 Exp. Unc.
[ ] 1-o Flux Unc.

10

1 2
Distance (m)

10°

—> average rate of short-baseline (<1km) reactor neutrino
experiments shows 6% deficit compared to expectation!

—> significance: ~30
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Rate deficit > Sterile v oscillations?

Lasserre
w LA [T TTTTTI [T TTTTTI] [T TTTTTI [T TTTTTI T TTTTI T
> .
5 3+0 ;f_ T ooTooo__Dooscilation _ SORTEeSTRO
8 L :f' 1 TS (1968-2001)
(1'd [ g - v-oscillation
< 09 4 : |T |
2 , - F » N\
Q m
'03 08— 3+1
o | A1 —
2 0.7 I I\ ) Atmospheric ]
3 L - ' Neutrino Anomaly
= osl—  TeJraincognita Reactor (1986-1998)
2 tojoe explored Antineutrino - v-oscillation
o B Anomaly (2011-)
S 05— -> v-oscillation ?
P
g L | |
o 0_4|I|| LI [ | [ 1111 [ LI [ 1 1[I [ L LIl
0 10 100 1000 10000 100000
Reactor — Detector Distance (m)
—> possible interpretation in terms of Mixi p— i
. . . . +
very short-baseline neutrino oscillations: ixing of (3+1) neutrinos
L o (Am2_ L Ve Un Uz Uss|| Ui vy
P =1-—sin (29new) S111 B — U U U U
4F U || _ 21 U2 Ugs|| U4 %)
. , , Z Usi Usy Uss|| Usa V3
- if so, new Am?2 value on the order of 1eV
_ _ Vs Uy Up Uyl Uy vy
- if so, new flavor state must be sterile
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Short-baseline reactor experiments

e.g. STEREO @ ILL Grenoble

= detector placed close (10m) to
compact reactor core (0.8m)

= segmented detector
- V, disappearance from

relative spectral deformation

= high background levels

Many other projects

= liquid scintillators:
NUCIFER (FR)
Neutrino-4 (RU)

= strips/cubes:
DANSS (RU)
PROSPECT (US)
SOLID (NL)

Michael Wurm (JGU Mainz)

: ‘ : [ oy (18
compact reactor
core (0.8m)

No oscil

| segment 1 |
Isegmem‘ 6 |

i |

1 2 3 4 5 6 17
visible energy (MeV)

Neutrino physics

segments

- spectral deformation
vs. distance (cells)
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Sterile neutrino search in B-decay

Rate ( Hz/ 0.5 eV )

= decay into different mass eigenstates could be *
distinguished by endpoint measurement

" resolution not sufficient for active v’s: Am3;; < 50meV

T decay endpoint:
Am241 =2 eVZ, /US/Z =0.067

T T lllllll

T lllllll

—~—

=

S
So HIII
o

PRRTYRNTSRNN NS S NSNS SN (NN ST SN (NS ST (NN TN ST (AT SN U NS ST SN NSNS U NS
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1

Residual ‘%‘

IILIIIIlIIIIIIII
|
II
—_—

S S
it ‘-A-‘-A-r-r_k b

t n
|+ : | | k
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So

89 (IT0Z) 90/ 91d ‘124109 [ ‘0166DW.IOH "V [

qU (eV)
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sensitivity to sterile neutrinos

" light steriles: m(v,) > 1eV
large mixing (15%) with v, !

—> spectral deformation close to endpoint

* medium steriles: m(v,) of 0(keV)
- much larger statistics
—> sensitivity for admixtures 10~ — 10
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eV-scale sterile neutrino sensitivity of KATRIN

« “Reactor antineutrino anomaly”:  |Am?| > 1.5 eV?, sin?(26,) = 0.14£0.08 (95%CL)

» Favoured parameter space can be probed by KATRIN:

Reactor anomaly (90% CL)
/G. Mention et al., PRD 83 (2011) 073006

100 . ! s s 5
— 10 —
- =
% M. Kleesiek, PhD thesis, 2014 -
By KATRIN exclusion -
£

i |
Oll

0.01

- ,--“'. “ € v 7 \
gt ;oe (OIS i‘ 4 | f ma\“
g aseous T N spectrom®

Michael Wurm (JGU Mainz) Neutrino physics 81



