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Core~co”apse SNe: Mechanism
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Figure from Roberts and Reddy, Handbook of Supernovae, Springer Intl., 2017

® Core-collapse SNe leading to MeV neutrino emission.

® Almost thermal spectra for different flavors.

® SN1987A: some of the strongest bounds on neutrino properties!
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The Ditfuse Supemova Neutrino Backgrouncl

® A galactic SN is very rare. So, should we wait
a lifetime?

® \We can be more inclusive, and look to the
distant Universe for more SNe.

® Not that rare. On an average, there is 1 SN

going oft per second. The neutrino emission
produces the DSNB.

® Detectable neutrino flux, mostly from stars
upto redshift z~1, but extends upto z~6.

® Opens up a new frontier in neutrino
astronomy.
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How to estimate the DSNB?

<max d
Z .
O E) = J = Reesn@ F(E(1+2) T
0 (2)
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lngreclient I Cosmologg

TT+lowE TE+lowE EE+lowE TT,TE,EE+lowE TT,TE,EE+lowE+lensing  TT,TE,EE+lowE+lensing+BAO
Parameter 68% limits 68% limits 68% limits 68% limits 68% limits 68% limits
Hylkms™' Mpe™'] .. 66884092 68444091 69.9+2.7 67.27 £ 0.60 67.36 £ 0.54 67.66 + 042
Oy 0679+0013 06990012 071100 0.6834£00084  0.6847+0.0073 0.6889 00056
Qv 0321£0013  0301£0012 (2890028 03166+00084 0315300073 03111 £00056
Ol o 0.1434£00020 0140800019  0.1404:°0% 0143200013  0.1430+0.0011 0.14240 £ 0.00087
Ol . 0.09589 +0.00046  0.09635+0.00051  0.0981%%1€  0,09633£0.00029  0.09633  0.00030 0.09635 + 0.00030
Tg o 08118£00089 07930011 0790018  08120£00073 08111+ 0.0060 0.8102  0.0060
H() = Hy/Q,(1+2 + Q51+ 2 + (1 - Q, — Q)1 +2)°
® Underlying cosmology is well constrained from Planck 2018 data.
® Parameters provide a normalisation to the spectra
PLANCK 2018
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lngreclient 2. Star tormation Rate

1 0.6
I I
Cosmic SFR pretty well known from data in the UV and IR
y o
. (oF
the far-infrared S
- =
S
® = ol BE
—1/10 .
[ 42\ 10/ [+ 2\ 107 = :
: . 1 —10 }c_é L
p(2) =po [(L+2)777 + + = _
B C = \J
S
= 10 F | E
- Hopkins & Beacom (2006) .
é [ A Ruyjopakarn et al. (2010) -
@) m LBG: Reddy & Steidel (2009)
1 o / ﬁ c: v Iﬂgg \B/ouweni ef ali 6(2)%)08) integrated
_ —_ = : Verma et al.
B T (1 + Zl) (7) > 8%% \%ﬁlgtr :lt. %%Oggy?ntegrated
10-3 | | | | | 1 1 |
— — 1 2 3 4 5 6 789
C=(1+ Zl)(ﬁ a)/7(1 n 22)1 ply T
Analytic fits® 00 Q 3 ¥ z1 Z9
50 Upper 0.0213 3.6 -0.1 -2.5 1 4
Fiducial 0.0178 3.4 -0.3 3.5 1 4
I S W(M) dM Lower 0.0142 3.2  -05 4.5 1 4

Recsn(z) = p«(2) 100 -
J() ) My (M) dM Here w(M) ~ M%7 is the |
' Hopkins, Beacom, ApJ2006

initial mass distribution function Yuksel, Kistler, Beacom, Hopkins, ApJ2008
Horiuchi, Beacom, Dwek, PRD2009
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lngredient 5:Neutrino sl:)ectra

Detection

Vacuum
propagation

Detectors




lngreclient A:Neutrino oscillations in a media

Evolution in vacuum can be described by
V(p)\ /f(q)
1 .

. = U(6) (O 0 ) U(H)T

2E 0 Am?

U

In the medium, neutrinos “feel” a potential due to scattering with the ) u(p)
particles.

Potential is proportional to the number density (1) of background scatters.
Up) /v(p)

This effect can be computed as

W

= Z

n 0 a2 0\ L orxEMy ] s
Hipy = \/EGF (O O) T \/EGF ( 0 _nn/z) f(@/\f(@
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MSW resonance

® Net evolution in medium:

H = — U(H)(O 0 )U(@)*+\/§GF (" O)

2E 0 Am? 0O O

U

® Diagonalise using effective in-medium
mixing angle sin 26, .

® Enhanced flavour conversions when U ' :
00 D5 10 15 20

V,(km™) =V2Gn T
Am” 0520 = \/2G e |
YV COS _ Fe Resonance
1%
Wolfenstein (PRD1978,1979) Matter
o ThIS IS the MSW resonance. Mikheyev and Smirnov (SJNP1985) suppression
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Acliabaticitg of Resonance

U U
e Evolution in terms of matter eigenstates:( lm) = U(Hm)T< e)
Vom D,M

e Flip probability P. if propagation is non- adiabatic, 8, > m?

T
e Landau Zener probability P, ~ exp (——y)

2
i Am? sin”20 n,
wnere — — .
f 2FE cos 20 n,

® Adiabaticity corresponds to y > 1.

ne(a.u)

® Current parameters imply adiabaticity. Wolf (PRD1978,1979)
olfenstein :

Mikheyev and Smirnov (SUNP1985)
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Neutrino self-interactions in dense media

”(P)\ /f(Q) v(p)\/v(p) V(p)\ /v(p) U(p)

W = Ez

f(q)/\v(p) @ /\f(q) (g) /\v@ @)

e e

Same as the Sun Additional potential

® Neutrino density so high that they feel additional potential due to neutrinos.

This potential can be between different neutrino tlavours. Wolfenstein (PRD1978,1979)

Mikheyev and Smirnov (SJNP1985)
Pantaleone (PRD 1992)

. . ] . Duan, Fuller, Carlson and Qian (PRD 2006,20C
® Only lab where neutrino self-interactions become important.  Hannestad, Rafelt, Sigland Wong (2006)
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lngreclient A:Neutrino 5Pectra

® Assume an approximately thermal spectra, characteristic of late-time phase.

1 1+a)!t* [ E, o o)L
FI/,B(EI/)z | ) ( ) € o )Eoﬁ

® Could be processed by collective neutrino
oscillations, however effect is not very large. 0.6 —
Hence ignore. = | I\ — Fy
s 0.4 _—
® Only assume adiabatic MSW transition, so L:G | N
heaviest neutrino < v, 0.2
ightest neutrinos < v, | |
ooC~ .~ 0 T —
0 10 20 30 40) 50

® Temperature hierarchy T, < T, <T,
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How to estimate the DSNB?

<max d

Z .
,(E) = J = Recon(@) F(EQ+2) i
0 (Z)

1+ ) y
SN Neutrino spectra (= L (1+ (E) R
p

50
. J wimp(M ) dM
Cosmological SN rate Roogn(2) = PSFR(Z) 100
M Yimp(M ) dM

Cosmology H(z) = H, \/Qm(l 4+ Z)3 + Q. (1 + Z)3(1+w) + (1 — Qm — Q)1 + Z)Z
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Putting all ingredients together

® The DSNB window ~10-26 MeV.

® Main backgrounds to keep in mind:

Solar v,: extends upto ~20 MeV (can be reduced by
directional information).

Geo v,: Mostly dominates low energy ~ 4 MeV
background.

Reactor U,: extends upto ~10 MeV.

Atmospheric v: Low energy tails of v, and 7,
Exceeds the DSNB at E~30 MeV.

® Experiments: SK, JUNO, DUNE, HK, Theia, Resnova,

many others being considered.
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The Ditfuse Supemova Neutrino Backgrouncl
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Gigantic Japanese detector prepares to
catch neutrinos from supernovae

Recent upgrades to the Super-Kamiokande neutrino observatory will allow it to
trace the history of exploding stars.
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Introduction of Gadolinium into Super-Kamiokande and the Start of New
Observations

August 21, 2020
Super-Kamiokande Collaboration

The rare earth element gadolinium has recently been introduced into the Super-Kamiokande (SK)
detector, starting a new period of observations. The addition of gadolinium improves SK’s ability to
observe the sea of neutrinos, known as “supernova relic neutrinos", produced by supernova explosions
that have occurred since the beginning of the universe. In addition, gadolinium will improve SK’s ability to
observe the burst of neutrinos from any supernovae occurring in our galaxy and will improve its other

Wl,.] t b .t tl,.] {: t 27 research topics, such as the discrimination of atmospheric neutrinos from antineutrinos and the

a a O U e u U re . observation of manmade neutrinos. This release explains the details of the recent gadolinium loading in
SK.
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The DSNB as a late Universe laboratorg

Multidisciplinary aspects ot understanding the supernova neutrinos:

e Particle physics aspects: Neutrino physics in dense media, neutrino properties (this talk),

anomalous cooling mechanism due to new physics,...

® Astrophysics: Star formation rates, including life and birth cycles, constraints on new sources,
neutron star equation of state, nucleosynthesis...

e Cosmology: SN distance indicators, fundamental cosmology parameters, dark matter physics,..

e Multi-messenger aspect: adds to information from photons and gravity waves. All these

channels can open up with a future detection of the DSNB...
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Origin of neutrino mass




Neutrino mass in Particle Phgsics

® Can be simple Dirac type Zp;... =y LHN

® Or can be generated through the LNV Weinberg operator
C
2 Maj 2 X(LH)2

C‘V2

® | cads to Majorana neutrino mass m,, =~ - '

Different UV completions available. .
Seesaw mechanism

T —

® Rely on vacuum expectation values of a scalar (like Higgs, etc.)
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Dgnamic Neutrino masses

® Or neutrino masses can be dynamic - not originating from vev.

® For e.g., massless neutrinos scattering off ultralight scalar DM ¢. Refractive
mass through an MSW-like effect.

® Multiple models where neutrino mass is generated through some
Interaction.

® Neutrino mass can be redshift-dependent!

Dark Origin of neutrino mass
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Redshift clel:)enclent neutrino mass

® Can the neutrino mass be redshift dependent?

0.75 -

1. CMB temperature, polarization and lensing
data from Planck.

0.50

2.00
CMB + CMBL + BAO + SN —_— 68% CL
| w— Q5% CL
1.75 - : - = Non-relativistic transition
. . [ - = DE domination
® Use E m,, as a function of redshitt. 1.50- i — Emia-const 05% 1) |
108 i
S :
. ~ 1.00 - l
® Consider bounds from g :
]
|

0.25
2. BAO from 6d F, SDSS, BOSS, .o 0 10° 10 102 103
Dvali, Funcke, PRD 2016
3. Type la S N frO m Pa nth eon. Lorenz, Funcke,Loffler, Calabrese, PRD 2021

Lorenz, Funcke,Calabrese, Hannestad PRD 2019

® Bound on Z m,, increases at very low redshifts.
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Neutrino masses in cosmologg

® Recent DESI results indicate some tension in
Z m,, with oscillation results.

—— CMB (no CMB lensing)
CMB
—— CMB + DESI BAO

® CMB + BAO + Lensing : 2.8¢

® Can this tension be explained using dynamical
neutrino mass-models?

'0.00 0.05 0.10 0.15 0.20

DESI Collaboration, 2024
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How 1s neutrino mass in cosmologg constrained?

® Relativistic neutrinos contribute to the

radiation content of the Universe. ' ' |
o 0
o . « o I
As neutrinos become non-relativistic, they £
Q,
start to cluster. =
|
Eh
A7 —0.05 |-
® Do not cluster for length scales smaller than r
. & >m. =100 V
free-streaming scale A¢ ~ v/H. & My =TT mev
—-0.1 _
® Suppress power at small scales (or large k) o emymistimed
1077 0.01 0.1 1
k (h/Mpc)
® But cosmology is mainly sensitive to neutrino energy Abazajian et al., Astropart.Phys, (2015)

density, and through it, to neutrino mass!
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How to Probe dgnamic Nneutrino masses”?

® Cosmology does not directly measure neutrino mass!

m,(2)

® |f the neutrino mass is dynamic,
are there any direct probes?

Lo

Dynamic neutrino mass

® The DSNB!
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Using the DSNB to Probe &9namic neutrino masses
Redshift dependent neutrino masses can affect the DSNB in 2 ways:

1) Smaller masses and hence mass-squared difference can cause
neutrino propagation during resonance to be non-adiabatic.

2) Change in sign of mass-squared differences can aftect whether neutrinos
or antineutrinos encounter a resonance.
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N Smaller neutrino masses in higher redshitts

shows when the neutrinos

become massive ® We stay agnostic of the mechanism causing
mass variation.

1.0 -
_ Zs ® The mass variation, same for all eigenstates
0.8 - E 10’
- _|"— m
= 14
_ ‘T‘o ] m (Z) — .
_ &, v B
g e S = 10° I+ (2/2,)"s
S N :
> _ :I: -
3 =] i . . . .
0.4 - 3 Z¢ indicates redshift when mass switches on.
_ {fif‘ I %
_ 'a,, 1 § 107"
0.2- ‘ B, governs the width of transition.
- - 2
0.0— L L L L 0 N
107 10~ 10~ 10° 10!
/ ® Effect on DSNB is stronger if m,, switches on
de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, PRD 2022 When the RCCSN peaks’ |°e°’ arOund ZS ~ 1
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Phgsics of neutrio Propagatiom as mass varies

% to Earth

® For tiny mass neutrinos, non-adiabaticity of propagation becomes important.

Pee:|U61|2P£IPCL+|U62‘2(Pf_Pg{P£)+‘Ue3|2(1_PcH)'

® As neutrino mass switches on while in vacuum, propagation changes depending on what the neutrino
encounters: matter effects, vacuum, etc.

® This changes the probability of a certain flavor arriving at Earth, leading to enhancement.
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Redshift clependent mass: adiabaticitg

107 5
ER! N Redshift :today
10’3f ' Z
: 0
107 4. P=0.1 Atm ! !
10-32 11 -\"\-_‘_‘\ Sol
f’“~_-~‘ Pczoog ~-~-'~-
L 1075+
< i ]
10 "?f 111
. Redshift : past
107" <
1079 -
10710
1072 10~
Sin“(26)

Shows how P. varies as the Am? changes with redshift
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Neutrino Probabilitg calculation

. L . - NMO
® Solve the neutrino propagation inside a SN to obtain probability 0.6 - —
057 ,,
30450 N
T.039 ol
> - 09 . 1 Ll 12 :
A 0.2 -
0.1- j
O.— l l I lll“l‘srr: T T T 71
107! 10°
Z

Manibrata Sen

10!



Neutrino Probabilitg calculation

® Solve the neutrino propagation inside a SN to obtain probability - MO
1 01
0.5 ,,-
® As neutrino mass switches on while in vacuum, propagation simil _ 04- -
to vacuum, hence P, (v,) = Z U,|*=0.57 f 0°3 1 A
k o 0 Te T 1
® Contrast with MSW matter propagation: & 0.2- |
0.1- ]
For massive neutrinos, in NMO, ] j
P, (v,) ~ |Uy|*> = 0.02 and P, (5,) ~ | U, |* = 0.67 PR
For massive neutrinos, in IMO, Z

P w)~|U,*=03 and P, (2,) ~ |U,;|* = 0.03
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Neutrino Probabilitg calculation

® Solve the neutrino propagation inside a SN to obtain probability 06 NMO
' 4 0.15 ;
® As neutrino mass switches on while in vacuum, propagation similar 057 o1 r
to vacuum, hence P, (v,) = Z Uek\4 = (.57 ~ 043 0 ;__,.\/\/\/
- T 034 o
® Contrast with MSW matter propagation: R Y SRR VR
A 0.2 -
For massive neutrinos, in NMO, 01 - T
2 _ > 1= S |
P,(v)~|U;|"=002 and P,,(0,) ~ |U, |” = 0.67 - oy |
O. lr[ |
For massive neutrinos, in IMO, 107" 10°
2 _ 2
P,,)~|U,|"=03 and P, (v,) ~ |U, | =0.03 Z

® The net DSNB flux at Earth

ZmaX dZ
(I)y (E) = [ RCCSN(Z){Pee(Z)¢I/O +(1 - Pee(z))¢19 } ——— Impact strongest for v, at NMO
e 0 H(Z) e X
Zmax  (f7 L ) L 0 Almost null effect in both
(I)Ee(E) = J HD Reosn {Pee(Z)QbDe + (1 — Pee(Z))¢Vx} orderings, since que ~ ¢,
0
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m,(z)/m,

DSNDB spectral diHference due to mass variation

0.0

1073
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® Effect is strongest when mass switches on at low redshift, since
maximum contribution comes from massless neutrinos.

® Forz, ~ 0.01, DSNB spectra can be a factor of 1.5 or so larger.

de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, PRD 2022
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5.0

Event spectra in a DUNE like detector

DUNE - 400 kt—y

4.0 -

Y
-
| | I | |

Events/bin

N
S
- l |

1.0

z;=0.05, B=5

Standard

== Mass only

== Mass and Mixing

= Massless v's

de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, PRD 2022

® Currently, one needs to be very “optimistic” for
this effect to show up.

® But, there is a correlation:

1. Expect a reduction in number of v, events in a
DUNE like detector, in energy above 20-sh MeV.

2. In parallel, there would be no change in the ¥
event rate in a HK/JUNO like detector.

€

® With better astrophysical modelling, and
improved detectors, this will become a
possibility. So, stay tuned.
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2) Ditferent mass~5quarecl ditferences

Neutrino masses Mass Splittings

Normal Ordering today ad 5
0.05 — LTI Am3,<0 Am3; <0
104
0.04 —
. . 103
Different transition ,
_ — Amj,
> 0.03 - 107° ,
2 —_—m - Am3,
S
'E- — - m 10 7
ms3
0.02 - L0
\ 107
0.01
11
0.00 ] | ] T 1T 1 T! 1] 1 1 T 171 T‘ 1 1] 1 10 10| - I;Ol
102 10°! 10°

Z

® |f cach mass eigenstate has a different transition point, the Am? can change value and sign.

® This determines whether neutrinos or antineutrinos have resonances.
Perez-Gonzalez, MS, (250X.XXXX)
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m;(z) [eV]

2) Ditterent mass~5quarecl diferences determine resonances

Ve =V
Neutrino masses
Normal Ordering today
0.05 - .
0.04 i /
V.= v | | p Ve=Vi , p
i Pres Pres —Pres Pres
S = q (a) Am3, > 0,Am3, >0 (b) Am3, > 0,Am3, <0
0.03 - V V,
gf\% _ - m e = Vi Ve = Vi
. N n NSN — m
0.02 -
0.01
0.00 | ] | T 1 l' ] 1 ] ' 1 ] 1
102 10! 10°
z e A ST ’
(c) Am2, <0,Am3, >0 (d) Am32, < 0,Am32, <0

Perez-Gonzalez, MS, (250X.XXXX)
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m;(z) [eV]

Neutrino masses

0.05 —

0.04 —

0.03 -

0.02 -

Normal Ordering today

- m

0.01

0.00
102

]

]

ITITTT'

10!

10°

2) lmpact on the DSNB

Probabilities
1.
|1 — Neutrino )
- _ . Am3, <0 BuAms=l Non-adiabatic
| — Antineutrino 10° —
0.8 J
B |L"'Cl|: h
0.6 -
- 107! =
s Ty 5 3
"; - LIUCll - .
o ' n
Q, ) > -
= :
04— i
. =3
1 "’__J : 102 =
0.2 -
0. T T rrrrm .r”rutnr.rl' T VT rrrTmy 10-3
102 10° 10! 0

® Adiabatic propagation ensures v, = v,

® Changes imprinted on the DSNB
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Conclusions

® The DSNB opens up a plethora of avenues for neutrino physics, next giant leap from the
Sun and SN1987A.

® A core-collapse SN is extremely rare, so this is currently our best bet to measure SN
neutrinos.

® Crucial for testing extreme neutrino properties, which cannot be tested otherwise.

® |n particular, this will provide one of the rare opportunities to directly probe dynamic
neutrino masses in the early Universe.

® Will be complementary to probes from cosmology.

THANK YOU
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What haPPens it the mixing angles vary similarlg?

Ve
25 - ° . - . .
: A similar variation can be induced in
I f;; 0 mixing angles as well,
2.0- 5
: %
T: | E H ( ) Hl]
= 15- \ i) = |
§ 1o ; 1 + (2/z,)Bs
> .
= 10- . .
& ® As @ is small, the v, exits as a v, .
1 |
05—— ’.'! » ® . . .
1) N o Combined effect of mass, and mixing
j/ S variation is stronger.
I I | | ' | | I | I | I | | I I I- l _‘—ﬁ
0 5 10 15 20
E [MeV]

de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, PRD 2022
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d/cm2MeV s

Figure 10: Examples of unoscillated flux, Y (w = e,e,x) (Eq. (15

O
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Variation with <E> and alpha
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E/MeV

)), for different spectral

parameters FEq,,, a,,. Left: the curves of increasing thickness (increasing color intensity)
correspond to Fg, = 9,12,15,18 MeV, with «,, = 3 . Right: the curves of increasing
thickness (increasing color intensitiy) correspond to a,, = 2,3,4,5 with Ey,, = 15 MeV.



Variation with redshift

10+
1|—U) 1_ I/N\\ E
| - >
> o N
) B X i
s 0.1 :
N
c 0.01; -
o
S 0.001+F .
10—4- S W VD U . N B |
0 10 20 30 40 50

E/MeV

Figure 13: The contribution to the wunoscillated v, f
redshift, for the best fit SNR parameter § = 3.28 |59

ux of sources in bins of increasing

. The solid curves from thinner to

thicker (darker to lighter color) refer to the intervals: z = 0 — l, z=1-2, 2z =2 — 3,
2z =3 —4 and z = 4 — 5. The dashed line is the total flux integrated over all redshifts.

The parameters of the H case were used (Table

1

).




Failed Supemovae
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P P |
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1057: T 1 T 1 1 1 T 1 i 1 10575 ! e
T T sl
> 10°F ¥ > 10°°F
O 0
= = |
{105“:— Eo. = 23.6 MeV 1 o T~ 10%} [Eg, =204 MeV
| Le =12.810% ergs " " _ = | Ly =4.510% ergs
10°F |E), =24.1MeV \\ \ 103+ |y, =22.2MeV
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® Stars with M > 25 — 40 M, can end up forming a failed SN. (Dashed - SN, solid- BH).

® Neutrino spectra can be more energetic due to rapid contraction of the PNS before collapse.

® 'S’ EoS is stiffer, so stronger core-bounce and hence more energetic neutrinos.



Detecting the DSNB + backgrouncls: SuPer~K

e Eventrate N, = N, (A t)J

bin1

d EreCJ d Etrue (DU 61/ 6( Etrue , EreC)
all

® Main channel isIBD: 0,+p — e* +n

® Spallation backgrounds: radioactivity induced by

cosmic muon spallation in water: u+ 0O — u + X.
Substantial background ~ 20 MeV.

® |nhvisible muons: v, + N — u+ N'. If muon energy

is below Cherenkov threshold, it can only be detected
through decay.

® Low energy atmospheric neutrinos. Isotropic background.
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® Solution: Gd doping.

® Reduces energy threshold.

(8 MeV)

® Background due to spallation will be subtracted Selaved
- Delaye

AT ~ 30 us coincidence

AT~30 ps, Vertices within 5o cm

almost completely and the one due to invisible muons

will be reduced by a factor of 5.
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