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Understanding The Universe Through
Neutrinos

Neutrinos which we will detect soon:
diffuse supernova neutrino background

and GZK/ BZ/ cosmogenic neutrinos
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Astrophysical neutrino spectrum
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Diffuse supernova neutrino background
(DSNB)



Supernova explosion 1. CORE BOUNCE

STAR'S END

When a massive star explodes, it
seeds the space around it with a
number of-atomic species — the
makings of future planets and stars.
The process begins deep inside the
star, as it runs low on hydrogen.
As the star contracts, atoms fuse
into progressively heavier elements.
These form onion-like rings and a
core at the centre made of iron Hydrogen The growing iron core collapses under
(layers and core not shown to scale). gravity, forming a neutron star.
Infalling material bounces off the

neutron star, creating a shock wave.

2. SHOCK STAGNATION 3. NEUTRINO HEATING

Free ne https://
and protons | ww.nature.com/
articles/
d41586-018-04601-7
alling
matter
Janka 1702.08825

The outward-travelling shock Neutrinos emerge from the neutron
wave collides with still-falling star and heat up surrounding matter.
iron in the outer. layers of the The heat creates violent sloshing
iron core and stalls. motions and bubbling convection.

Ranjan Laha
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XPLOSION AND NUCLEOSYNTHESIS

Supernova explosion (contd.) & E
4, SHOCK REVIVAL

https://www.nature.com/
articles/d41586-018

-04601-7

Janka 1702.08825

A

The ferocious motions in the hot
core create a pressure that helps
to revive the shock wave and

drive it out.

170 ms

(after rebound)




Supernova neutrino spectrum

CC-SN progenitors
80—
—— 271’\{{@, LS220

—— 27M,,, SFHo
— 9.6M,, LS220 |

025 050  0.75

tpb [S] Suliga "Young St@rs fisica 2022" talk tpb [S]

Garching core-collapse supernova archive

Ve burst | accretion | coolingJ

* Neutrino burst of all flavours — lasting for ~ 10 seconds
* Neutrinos can be detected from Galactic supernova in large numbers

- Neutrino energies up to ~ 50 MeV

Ranjan Laha 7



Diffuse supernova neutrino background

» Galactic supernova is rare; the rate is ~ 1 per century

- We will detect ~ 1 or 2 neutrinos from a core-collapse supernova in
Andromeda

» The probability of detecting a neutrino from a core-collapse
supernova from galaxies farther away is < 1

- However, the rate of supernova in the entire Universe is large; the
rate is ~ 10 per second

+ Can we detect the combined flux of neutrinos from all core-collapse
supernova in the Universe?



Diffuse supernova neutrino background

N >>1: Burst N~ 1: Mini-Burst N << 1:DSNB

Rate ~0.01/yr Rate ~1/yr Rate ~ 10%/yr

high statistics, object identity, cosmic rate,
all flavors burst variety average emission

courtesy: John Beacom




Diffuse supernova neutrino background

* An order of magnitude estimate of the DSNB flux using the scaling
fr‘Om SN 1987A dGTG Beacom 1004.3311, Lunardini 1007.3252, Mathews et al. 1907.10088, Suliga 2207.09632, Ando et al. 2306.16076

*N%Nﬂﬂaﬁ

dt

_dNV_

4 DSNB

Q

dt

_dNV _

1987A

47 D?

—1

1987A

*N%NA4&%

47 D?

DSNB

+ For SN 1987A detection in Kamiokande-II: [dN, /dt]igg7a ~ 15+

» Super-Kamiokande is 10 times larger than Kamiokande-IT:
[ Maet|DsSNB/ [ Madet] 19874 ~ 10

» Distance to SN 1987A ~ 50 kpc

» Most of the supernova are at z ~ 1, which is ¢/Hy =~ 4 Gpc

] N _
dt

DSNB

A
Y

1s 1 %100 x 10 x 10719 ~ 3yr—1



Diffuse supernova neutrino background
@)= [ [araelma ] [Raa)] [| 5 e

DSNB flux spectrum on Earth Neutrino emission per supernova Core-collapse supernova rate
as a function of the neutrino
energy F/,,

Beacom 1004.3311, Lunardini 1007.3252, Mathews et al. 1907.10088, Suliga 2207.09632, Ando et al. 2306.16076

¢(F,) includes neutrino emission from supernova forming both neutron stars and
black holes

(1 + z) accounts for the redshift factor
dt/dz|"" = Ho(1+ 2) [Q + QU (1 + 2)*]"/?

* Most of the emission comes from 2z < 3, Zmax is restricted by the formation of
first massive stars (Riya and Rentala 2007.02951, Moller et al. 1804.03157, Ekanger et al., 2310.15254)

- DSNB flux spectrum computation demonstrates line-of-sight integral (individual
contribution drops as _the volume increases as 72 thus the integral is only
over distance) r?

Ranjan Laha 1



Diffuse supernova neut

* The spectrum of neutrinos from distant
supernova gets redshifted

0
» The supernova rate can either be measured

1¢S5

rino back

Redshifted spectra...

— z=0.01
— z=0.24
z=3.00

Mastbaum “Neutrino
\ 2022" talk

10

or inferred from star formation rate
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Diffuse supernova neutrino background

- A compilation of various calculations of the diffuse supernova neutrino background

flux
% - = Horiuchi+21 (Extrapolated, a1=0.1, NO) * A lar‘ge number. Of
=== == Tabrizi+21 (NS+BH, NO) .
E Kresse+21 (W20-BH2.7-0.2.0, NO) CGICUIGTlonS Of The DSNB ﬂUX
7 Horiuchi+18 (E2.5,crit =0.1)
<\E oo e e o has been perfor'med over the
() = = = = Galais+ .
= | L camenneo) last three decades: the
3 o T e ottt NS calculations broadly agree
m— 5, , Kaplinghat+ . . .
K NN i even after including a wide
C p ,,,%, N ’,‘, ............ Hartmann+97 . . M
% - "\ »\0\@\ L, e Tomes variety of uncertainties
o 10_2 — ’ "” ":”,;’;’ N ’
- * Most of the flux calculations
- ‘ concentrate on the v, flux,
103 . as that is the most easily
= superk 2109174 \,\ detectable neutrino flavour.
i X, We expect other neutrino
1074 \\\*If'/., _
- &K, flavours to have a similar flux
_I | | | | | | I | | | | | | | | || I’)l""’*l, 1 | EXI |

10 20 30 40 50 60 70 80
v, Energy [MeV]



Diffuse supernova neutrino background

- The main interaction that is used to detect DSNB is the inverse beta interaction

_ + detected either
Ve —+ D — € —~+ 71 4= via capture on proton or
? Gadolinium

detected either
via Cherenkov or
scintillation emission

0—43 E 0.07056+0.02018 InE,, —0.001953 In° E,,

Vogel & Beacom hep-ph/9903554; Strumia & Vissani astro-ph/0302055; Ricciardi,
Vignaroli & Vissani 2206.05567

* Threshold of interaction E, > 1.8 MeV

o(Uep) = 1 cm? p, E,

T.~E, — 1.8MeV T, : kinetic energy of the positron

- Largest cross section at the relevant energies (~ MeV - 50 MeV)

- Other neutrino interactions have also been used to search for DSNB; however,
these interactions have much smaller cross-sections

Ranjan Laha 14



Diffuse supernova neutrino background

* Neutron capture on free proton produces 2.2 MeV photon --- delay time ~ 200
usec --- capture cross section 0.3 barns

N
"l Xfi&%;
Bl )

=T \h
Y /
22 Mev WO/

Mastbaum “Neutrino
2022" talk

technique used in Super-K
2021 search 2109.11174

* Neutron capture on Gadolinium produces ~ 8 MeV photons
--- delay time ~ 20 psec --- capture cross section 49000 barns

Perez-Gonzalez "CERN
Neutrino platform
2023" talk

technique used in Super-K
2023 search 2305.05135

- Delayed
AT ~ 30us coincidence

AT~30 ps, Vertices within 5o cm

Ranjan Laha

Beacom and Vagins hep-ph/0309300



Super-Kamiokande detector

* Super-Kamiokande is a 50 kilo-ton water Cherenkov
detector

* The fiducial volume for DSNB search is
22.5 kilo-ton

Super-K 2311.05105

L Dl Livetime Photo- Neutron
(Days)  coverage (%) tagging
SK I 19962001 1489.2 40 -
SK II 2002-2005 798.6 19 —
SK III  2006—2008 518.1 40 —
SK IV~ 2008-2018 3244.4 40 H
SK V 2019-2020 461.0 40 H
SK Gd 2020-Present ~ 40 H+Gd

* Some physics analyses already published with gadolinium

Collaboration

IOGd | ng (2305.05135, 2403.06760,2403.07796)

Ranjan Laha 16



Diffuse supernova neutrino background

dN,
dE, A

number of free protons

(Ee) = N, g(E,/) /OOO {(1 -+ z) gp[Ey(l -+ z)]} {RSN(Z)} E

cdt

* Latest predictions take into account various astrophysical uncertainties and
predict ~ 4 events per year in SuperK-Gd

SFRD

LP late phase
treatment
H

Ekanger et al., 2310.15254

* The number of events can vary between

~ 0.5 to 5 per year

Event rate [yr'1]

(¢}

w L

N
b

| |
- < fg, Error—%
|

‘ B SFRD Error -
{ | B CCSN&BH |
| Models i
+ Fiducial

—

| Ekanger et al., 2310.15254

Ekanger et al., 2310.15254

dz

Ekanger et al., 2310.15254

e Simple
e Weighted
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dN/dE, [(22.5 kton) yr MeV]"'

Diffuse supernova neutrino background
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Diffuse supernova neutrino background

Mastbaum "Neutrino
2022" talk

\
UPER
—
I \ 4
|
Hyper ]
: Large-mass Massive scale Unique opportunity LS + Cherenkov
Eg:a:[;:ielicii:;?\ggmg liquid Water Cherenkov for ve sensitivity analysis with

P scintillator detector with 40Ar target Water-based LS

arxiv:1805.04163 arxiv:2002.03005

JCAP12(2004)002

A large number of neutrino experiments are being built/ planned which can
detect DSNB

A variety of astrophysical and new physics studies can be conducted with this
upcoming detection

Ranjan Laha




GZK (Greisen-Zatsepin-Kuzmin)/
BZ (Berezinsky-Zatsepin)/
cosmogenic neutrinos



Ultra-high energy cosmic rays

syv/GeV modified from HD et al. PoS (ICRC 2017) 533
s 10 102 10° L0* 0
1 O Empirical fit | .
LHC All particle flux
pp @ 13 TeV o HAWC

LHC O IceCube I
w KASCADE-Grande
O Pierre Auger

o
4
102 i f proton flux oxygen flux  iron flux i
® AMS-02 AMS-02 e AMS-02 4 ACE-CRIS
= CREAM CREAM ¢ HEAO ¢ HEAO Albrecht et al.,

®E CREAM ®CREAM 2105.06148

10! 102 10* 104 10> 10® 107  10% 10° 10'9 10U
Ekin/GGV

Jis/(GeVm? ssr)~! X (Exin/GeV)>°

10
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Ultra-high energy cosmic rays

* Cosmic rays are the highest energy particles that we have detected

* The cosmic-ray flux is suppressed beyond ~ 1020 eV

*  Why is the flux suppressed? (i) intrinsic astrophysical source properties or
(ii) due to something else?
* Hillas plot Euwax =0 ' BsneBRT

E ' 1ax = maximum achievable energy in a
source with characteristic size R and

1 au 1 pc 1 kpc 1 Mpc magneTic field STF‘CHQTh B

1014-::\9\\ . 2—01601 Bsh = velocity of the shock

10 n = efficiency of the shock acceleration
[©) 08 Batista etal 1903.06714
= 10°4
& [ = Lorentz factor of the motion
(% 100-
. LL GRBs/TDEs
2 102 . . ..
« Wolf-Rayet stars The diagonal lines show the minimum
5 107 N product of BR required to accelerate
© S \\ otspots . .
= 10 sm\ L (e protons (red) or iron nuclei (blue) to

107 1020 eV for a fast shock assuming

Galaxy clusters
1010 e some value of S
w0t 10" 10" 108 1019 101 102 10%

Comoving size - I" [em] Ranjan Laha 22



Ultra- hlgh energy cosmic rays

1048 I
. |
“ Fermi |
1046 ~ BL Lacs : Batista etal 1903.06714
\\ I
104 I I Gal
-~ alaxy
= .~ . Clusters
han \\ | \\
q) ~
> 1042 FRII AGN‘
'g St?rburst
o galaxies |
é 1040 |
= I
) |
E 158 i HL GRBs
3 : LL GRBs
0 |
10% —>
I
| Min. NG
<
34 | effective AN
10 | number h
| density
|
10-10 1078 1076 10~ 102 10° 102

Effective number density [Mpc ]

* Luminosity in ultra-high energy cosmic rays versus their number density for a
number of astrophysical sources

- The suppression in the flux of ultra-high energy cosmic rays is probably due to
propagation effects

Ranjan Laha



Ultra-high energy neutrinos

* As ultra-high energy cosmic rays are propagating through the Universe, they will
interact with the underlying photon background (primarily cosmic microwave
background, however, extra-galactic radio background and extragalactic
background light is also important)

D+ % N A+ N D+ 7T07 BR = 2/3 Greisen PRL 1966

arget n _I_ 7T+, BR — 1/3 Zatsepin and Kuz'min JTEP Lett. 1966
0 GZK process

U eyt 2
7T+%M++VM_>D#+6++V€+VH, (1970)

BZ neutrinos

Berezinsky and Zatsepin PLB 1969

Berezinsky and Zatsepin Sov. J. Nucl. Phys.

n—p+e e cosmogenic heutrinos
p+ Y — et +e + p pair-production
A Y — (A — nN) + 1N photo-disintegration

Ranjan Laha
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Ultra-high energy neutrinos

6.8 x 106
The threshold for GZK process: FEi, = eV
i " (B JeV)
P e e fru e B e R Ty R S s | T L . . .
u . py PR, o Peak cross-section is
R py — pn n. — approximately 500 ub at the AT
- - resonance
. __py—nn m,
s ozE """ PY=PTy  ~. The mean free path of the
E 1 —PY = NN, " proton at this peak cross-
;E; 0.15— Metres thesis ~| section is approximately 10 Mpc
b 7 : » In general, sources of
sl [ F L& 0 e i PO 7 ultra-high energy cosmic rays are
- - within 100 Mpc from the Earth
Q0001200 1400 1600 1800 2000

E.,, (MeV)

- We do not know sources of ultra-high energy cosmic rays, neutrinos will help us
discover these sources

Ranjan Laha



Ultra-high energy neutrinos

* The neutrino flux on Earth due to the interaction of ultra-high energy cosmic
rays during propagation over cosmological distances is an integral over redshift
and the proton energy £) where s denotes the source e seckeland stanevcstro-ponorzie

F.(E Y(E3, B, aE
i(B) = 47TE // 2) s 2

p
dN,,
" dN,dE,,

* The neutrino yield function Y(E,, E,,,2) = E

+ Source function per unit redshift L(z, E;) = Lo(E,) n(z) H(2)

dt 1
dz ~ Hy(1+2)

where 7(z) = [ (14 2)3 + Qy Y2

H(z) is the cosmological source evolution function

+ Modern calculations mostly involve CRPropa [ @ Propa

https://crpropa.github.io/CRPropa3/ Batista et al., 2208.00107

Ranjan Laha
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log E dN/dE, per cm?.s.ster

log E dN/dE, per cm2.s.ster
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Ultra-high energy neutrinos
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Engel, Seckel and Stanev
astro-ph/0101216
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* Neutrinos are denoted by dashed lines

- Anti-neutrinos are denoted by dotted
lines

- Total neutrino + anti-neutrinos are
denoted by solid lines

- W&B is the Waxmann-Bahcall bound

* The muon neutrino flux peaks at a
heutrino energy corresponding to the
resonance energy of the interaction.

* The electron neutrino spectrum will have
two peaks, one corresponding to the
resonance and one additional low energy
component from the decaying neutron

Ranjan Laha

27



UITm hngh nergy neuTrmos

10 3

T

[

o
N
[

a=2.0, }:, = 100 EeV
a=2.0, Emd\ 10° EeV
=2.0, F . =107 EeV
a—=2.9, Fya — 100 EeV
a=2.9, Ep. — 10° EeV
a=2.9, Eu..=10° EeV

bum =100 EeV
, B = 10 EeV
, Eox =10° EeV

IceCube EHE 9 year
Auger ICRC2017

S R

|
ICEN NN

cr oo

e}
Il
o

¢ © IceCube HESE 6 year |

E*dN/dE [GeVcm ?s 1srl]

Vliet et al
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evolution

106 107

10° 100

E [GeV]
» Assuming a pure proton injection spectrum and a certain source redshif+t

1611

Injection energy
spectrum of protons

dN
dE

| — x B~ O‘exp(

Single flavour
cosmogenic neutrino
spectrum

LV, V) =

* Neutrinos will be important to discriminate between various models

Ranjan Laha
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Ultra-high energy neutrinos and gamma-rays

- Ultra-high energy photons (along with neutrinos) are also important to
understand these sources

100- L] I LB L LA L] I LB L] I LB L] .
. Chakraborty, M;h‘ra, and Sarmah l I y: * LGT@ST CGICUIGT'O”S STUdy The
10-1L 2307.15667 , Auger Hybrid ] . + f + k int + ”
i1 , Augerspisoom ] 'Mportance of taking info account a
o { 1 calculation
'S 103k ' ' i
o — :
- - * B - -
g 10'4;\ i . 3 10°
— : - Auge D 2025 (1deal) : L] L] LI | Illll L] L] LI | II[I' L] L] LI IIIII L]
E L \ ; - 2 Chakraborty, Mehta, and Sarmah v
a 10°k ) AND200k, 3 yrs (ideal)d 10°F 2307.15667
[ \“\;[ron ] T 1
10°°L T Proton E lﬁ s
C 17 N
10—7- 1 EEETITI I “I L1 13301l iyl i ‘}‘m 100 -
1 018 1 019 1 020 1 021 E 10_1 B N
> \‘\
E [eV] ;% 102F ----- N
] w ANITA \ Prot
- The gamma-ray spectrum is also & 107 IceCube (IC) ™, dik
uaranteed along with the neutrinos;  joaf ——Amasr  Iren |
9 9 ! 10 SKA low :

however, gamma-rays cannot travel --.-- Waxmap-Bahall_" ‘ el

10-5’18 19 20 21
for very long distances b e i -

E [eV]
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All Flavor E2® [GeV ecm ™2 571 sr71]

Ultra-high energy neutrinos

Diffuse Flux, 1:1:1 Flavor Ratio
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‘Ultra-high energy neutrinos

& ] .
F §od' | o~ LomaAmarila _ Pierre Auger Observatory

ol
R
N

. ]

...........................

- Designed for detecting ultra-
high energy cosmic-rays,
neutrinos, and gamma-rays

Fluorescence Detector
27 fluorescence telescopes

Los

Morados (in 4 different places)
—20
Ceﬁtral ". v g 00 yhvive sy —10
- Campus.... P A R
. T e Ebr talk "Ultra-high
—lo energy neutrinos at the
Pierre Auger
Observatory”

Surface Detector

1,660 surface detector stations
(1,500 m apart from each other)

* Diameter: 36m

« Water depth: 1.2 m
« Volume: 12 m?

Ranjan Laha

« Mirror surface:.3.6 m x 3.6-m (spherical)
» Opening: 30° x 30°
» Camera: 80 cm x 80 cm
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Ultra-high energy neutrinos

Ebr talk "Ultra-high energy
neutrinos at the Pierre Auger
Observatory”

1) Regular proton shower

4) Down-going v,
interacting in the
mountains

Muonic component of the shower

s,
’ -:ﬂ)fﬁf‘?

Electromagnetic
component ol Lthe shower

Up-going Earth-skiming v, shower

A variety of neutrino detection techniques

Charged Current

Ebr talk "Ultra-high energy neutrinos at the Pierre Auger Observatory”
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Ultra-high energy neutrinos

* Neutrinos can pass through a lot of matter, thus, one can use this to distinguish it
from cosmic-rays

» Search for down-going neutrinos:

* Protons, nuclei, and photons will interact higher in the atmosphere, whereas
neutrinos will interact much lower in the atmosphere

* At large zenith angles, one can discriminate between neutrinos and other
cosmic-rays by using the “shower age”

- All flavours of neutrinos can be detected using this technique, for both charged
current and neutral current interactions
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Ultra-high energy neutrinos

» Search for Earth-skimming neutrinos:

» For Earth-skimming (i.e., up-going neutrinos, typically for neutrinos within 59 of
the horizon), v, can interact via charged-current interaction to produce 7, and
then the T decays after traveling some distance; only decays to electrons and
hadrons are observable

» Such a technique cannot be used to search for Veor v

Ve does not produce a shower which will escape the Earth

v, does not produce a shower

» Such search techniques are also used to search for ultra-high energy neutrinos
in the Telescope Array Observatory  arxiv: 190503738
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rgy neutrinos

* Antarctic Impulsive
Transient Antenna (ANITA)

* An array of radio antennas suspended

from a balloon flying at ~ 37 km above
Antartica

- 4 flights: ANITA-I, ANITA-II,

ANITA-ITI, and ANITA-IV

Ice thickness (m)

—Flight Path - First Loop

—Flight Path - Second Loop

— Flight Path - Third Loop . ANITA 1902.04005
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Ultra-high energy neutrinos

- Askaryan effect: instead of individual Long duration balloon program

track events, one searches for the operated by NASA
coherent Cherenkov signal from the 2

net "current” that is developed due fo .« |
the 20% charge asymmetry in the .. -37km e, oy
........ ' '0.0-0-..
shower [ e ",
........ | ..., Antarctic ice sheet s ik
. ANITA ObSZrVQS “\|~ ......................
Earth-skimmin R ——
) 9 Refracted RF
neutrinos v o~ " : Air
Ice:
, : Cherenkov
dionoeosymnedry o poritiche moves u'sl;lu X ;luve:lergth:hsht}r;er;han the "- ..... - C one
shower development results in a gﬁ wide"i:n'du — d:s’frucet'i‘ee insfuer:er;-ennz:zn :‘"‘
20% excess of electrons over ~lcm thick > :
positrons ?: a parﬁccle sI'S\ower Moving net : pamde
i, iy Cascade

nucleus

Vv >

E > 10"eV

— A >> (
Capone “Particle and astroparticle physics” lectures ~Add coherently!
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Ultra-high energy neutrinos

j " -~ [RNO-G
ﬁ IEBEEZE: U B E \‘*M \ASKARYAN RADIO ARRAY W The Radio Neutrina Observatory in Greenland'

https://icecube-gen2.wisc.edu https://ara.wipac.wisc.edu/home https://radio.uchicago.edu https://grand.cnrs.fr

@ Trinity

https://trinity.physics.gatech.edu

* A large number of neutrino experiments are being built/ planned which can
detect GZK/ BZ/ cosmogenic neutrino flux

* A variety of astrophysical and new physics studies can be conducted with this
upcoming detection

Ranjan Laha 37



Conclusions

- We will detect two new astrophysical neutrinos fluxes soon: diffuse supernova
neutrinos and GZK/ BZ/ cosmogenic neutrinos, which will help us understand
the Universe even better

- Diffuse supernova neutrino background is produced by all unresolved core-
collapse supernova in the Universe

+ 6ZK/ BZ/ cosmogenic neutrinos is produced due to the attenuation of ultra-
high energy cosmic rays on the underlying cosmological photon background

* Near-future guaranteed data set from various different neutrino telescopes
(either currently running or under construction) have the potential fo discover
these neutrino fluxes

- We will be able to better understand particle physics and astrophysics from
these upcoming discoveries

Questions & comments: ranjanlaha@iisc.ac.in
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