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Core~co”apse SNe: Mechanism

nuclear burning/

Successful
Explosion

® Core-collapse SNe leading to MeV neutrino emission.

® Almost thermal spectra for different flavors.

Neutronization:e +p=2>n +v,

Implosion \Volume emission . oy o
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Figure from Roberts and Reddy, Handbook of Supernovae, Springer Intl., 2017

® 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 litetime?

® \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, dominantly 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
< eacom, Ann.Rev.Nucl.Part.Sci.
(I)y (E) — J' % RCCSN(Z) FI/(E(l + Z)) LB,unardin? Asﬁ‘opi‘t. Il’}I:ystZ%16201O
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lngreclient I Cosmologg

TT+1lowE TE+1owE 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™'Mpc™'] .. 66.88+0.92 68.44 +0.91 69.9 +2.7 67.27 +0.60 67.36 + .54 67.66 +0.42

Qp oo, 0.679 +0.013 0.699 +0.012 0.71 lfgzggg 0.6834 + 0.0084 0.6847 +0.0073 0.6889 + 0.0056
Qoo 0321£0013  0301£0012 (28900 0316600084 0.3153+0.0073 03111 £0.0056
Quh? ... 0.1434£00020 0140800019  0.140470%%  (1432£00013  0.1430£0.0011 0.14240 £ 0.00087
Q. 0.09589 + 0.00046  0.09635 + 0.00051 0.0981ﬁ8:ggi§ 0.09633 + 0.00029 0.09633 + 0.00030 0.09635 + 0.00030

1 S 0.8118 + 0.0089 0.793 +0.011 0.796 + 0.018 0.8120 + 0.0073 0.8111 £ 0.0060 0.8102 + 0.0060

H(z) = Hyy/Q,(1+2° + Q41+ 27 4+ (1 - Q, - Q)(1 +2)?

® Underlying cosmology is well constrained from Planck data.

® Parameters provide a normalisation to the spectra

PLANCK 2018
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J." w(M)dM

RCCSN(Z) = p«(2) "

[ Myyam

Cosmic SFR pretty well known from data in the UV and the far-infrared
—~1/10
1+z 1 +z

~10p ~10y
p(2) = py <1+Z>_m“+( B ) +( C )

B = (1 4+ Zl)l—a/ﬁ C = (1 + Zl)(ﬁ—a)/}/(l 4 Zz)l—ﬁ/}/

w(M) is the initial mass distribution

s and Mrot driven SNe.

Non trivial contribution from failed B
We neglect for this talk!

Star formation rate [M yr'1 Mpc'3]

Talks on Day 2
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Hopkins & Beacom (2006)
Rujopakarn et al. (2010)
LBG: Reddy & Steidel (2009)
LBG: Bouwens et al. (2008) integrated
LBG: Verma et al. (2007

GRB: Kistler et al. (2009

UDF: Yan et al. (2009) integrated
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104 2 3 4
1+z
Analytic fits® 00 Qv 15, v Z1 29
Upper 0.0213 3.6 -0.1 2:5 1
Fiducial 0.0178 3.4 -0.3 3:5 1
Lower 0.0142 3.2 -0.5 4.5 1

Hopkins, Beacom, ApJ2006

Yuksel, Kistler, Beacom, Hopkins, ApJ200¢

Horiuchi, Beacom, Dwek,
Ekanger et al. PRD 2024

PRD2009



lngrc—:client A5:Neutrino 5Pectra

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

a

(1 _l_a)1+a Ey e—(1+a)<§;

F,(E,) =

Tamborra, Mueller, Huedepohl, Janka, Raffelt (PRD 2012)

® Could be processed by collective neutrino G B B B B B

oscillations, however eftect is subleading. | -

Hence ignore. 0.6¢ Ve

’D? | \ — Ity

® Only assume adiabatic MSW transition, so % 0.4 a9

heaviest neutrino < v, Lr: 07!

ightest neutrinos < v, T

oot~ .. 0T

® Temperature hierarchy I, <T, <T,. 0 10 20 30 40 50
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How to estimate the DSNB?

<max d

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

I 40" [ E \ (it
SN Neutrino spectra F (E)) = d+a) ( v ) , 1O

TR e e <Eﬁ> ['(1+a) <Eﬁ>
50
. J Yime(M) dM
Cosmological SN rate  R_..\(2) = pSFR(Z) o0
M Yimp(M ) dM

AR P

Cosmology  H(z) = H, \/Qm(l +2)° + Q1+ 2™+ (1 -Q, — Q) +2)°

Manibrata Sen



Putting all ingredients togetlﬁer

® The DSNB window ~10-26 MeV.

DSNB-Unoscillated Fluxes

® Main backgrounds to keep in mind: 3 YRR
2.5¢
Solar v,: extends upto ~20 MeV. | - -
Geo 1,: Mostly dominates low energy ~ 4 MeV T, 20
background. E [N
Reactor 1,: extends upto ~10 MeV. [ ,.’.-/u.:'\
Atmospheric v: Low energy tails of v, and v, = 1l ,/ "':.j\\
Exceeds the DSNB at E~30 MeV. : \ N
05§ N
P S
® Experiments: SK, JUNO, DUNE, HK, Theia, Resnova, o.oj | e
0 5 10 15

many others being considered.

Talks on Day 1
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The DSNB as a late Universe laboratorg

Multidisciplinary aspects of 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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Sensitive to BSM Pl‘tgsics

THEORIST

V1

Tau
neutrino

Ve

Electron
neutrino

The Standard Model
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How can new Phgsics attect neutrinos?
A briet list of non-standard neutrino physics:
Mass and Mixing, Decay,
Non-SM interactions,
New particles,
Dirac or Majorana nature (L-violation),

Electromagnetic properties, CPT-properties
and Lorenz invariance,

Quantum Decoherence,
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Neutrino Properties: Decag

* Massive neutrinos can decay to lighter
ones even within the SM. Age longer

than universe.

* New physics can mediate faster decay.

< Dvy, ¢ +H.c.

v,y = Uy + @ ... Helicity cons. (h.c.)

v, = Up+ @ ... Helicity flip. (h.t.)

* Iny, rest frame, the daughter that shares the same
helicity as the parent is emitted preterrentially along

the parent helicity direction.

Manibrata Sen

Y v w' Y,
Smirnov and Zatsepin (Yad. Phy. 1978),
Pal and Wolfenstein (PRD1982)
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How does neutrino clecag work?

A Normal Inverted

I ; I
. 2 v
Normal Ordering :

NH
Uy = Q@

Increasing m

NO DECAY

I/e i | U€3 |2 ~/ 0021/3

Enhancement in spectra
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Simulated data at HK & Theia

HK Theia
. . . 250 u — T e e 20—
® Consider Majorana neutrinos for ~ ~ L BRRERRANE B '
maximum impact. ool — ry/my =100 eV -
i T3/m3 = 101 sfeV | N _
Two channels: L — IR
1.y =+ @ S 150 ] g
2. V3 = g (1) 40 {1 |
§ 100 — § - -
63 &3 i -
75 _ a .
. . - SH —
® 1, acts as anti-neutrinos, and sof {7
detected as well. 25 -
0 | 2IO | 3IO 4IO | 50 07 llO 210 - I?;IO 4IO I50
E [MeV] E [MeV]
0n(B) = | g Roosn(z) Fuy (B(1+2)) e TEKE)
Zmax 12/ P .
(I)V2 (E) p /0 [—I((z’) RCCSN(Z )FV2 (E(l T2 ))
REE o : ;
() = /0 H(z'){RCCSN(z)Fm (BAL+20) + Ando (PLB 2003)
0o Fogli, Lisi, Mirizzi, Montanino (PRD 2004)
/ dE' [®,,(E")T(E") ¢n.c.(E', E) + ®py (E')T(E') Y. (E', E)] }
E de Gouvea, Martinez-Soler, Perez-Gonzalez, MS (PRD 2020)

I———
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Constraints on neutrino lifetime
[vanez-Ballesteros, Volpe (PLB 2023)

Neatine decay _peNB: 44 [T T T T T T IR AR
6 T T T 1177 T T T TIT1TT] T T T TTTT] TR Y REN B KN B ;\('('(‘l(‘l'?ﬂ()l'
: — SK ]
I — DUNE i ‘ Reactor
SH == Hyper—-K with Gd —
TUNO i — Atmospheric
=== Theia ) :
4 ' . | YO)lell '
g SN1987A
- Supernova -
I DSNB
OO/ nOl‘maliSEltiOn = R fihobihh l 4 s 4 2429 la s s 22214 Lla_jlig g!'aa-s | 1. AAAAAA Llailg - gcigtgighg Liaiguajlasig La s a2 444
5 ! ‘;ncertaimy b 1= 107 10~ 107" 10~ 10 10° 10 10"
- 7/m (s/eV)
"""""""""""""""" =l See also
d 1) Tabrizi and Horiuchi (JCAP 2021)
N i 2) Ivanez-Ballesteros, Volpe (PRD 2023)
0 Lol Lol B e R o i 3) Martinez-Mirave, Tamborra, Tortola (JCAP 2024)
108 10° 1010 1011 1012

73/m3 [s/eV] de Gouvea, Martinez-Soler, Perez-Gonzalez, MS (PRD 2020)
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2. Neutrino-dark matter interactions




The Basic Idea

® Neutrino-Dark Matter interactions can allow
neutrinos to scatter off DM.

® Upscatter a fraction of cold DM
to neutrino-like energies.

® Can leave observable signature in DM
direct detection experiments for sub GeV DM
particles.

Das, Herbermann, MS, Takhistov (JCAP 2024)
Das, MS (PRD 2021)
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How to estimate Boosted Dark Matter flux?

® The flux of boosted DM at the Earth is given by

dd aQ pD &7  db do
— L = [—sz £ [ dE, —% —=
d T)( 472' m)( Elﬂnin fE 1 df)(
Dy DSNB DM-v cross-section
. . . dav)( O E1/2
e Simplification = , Where T =
dr, T} E,+m,/2

® Or over-simplification?

Manibrata Sen



l naccuracy o1c a constant cross~-section assump’cion

. d(fy)( O .
e he assumption = can sometimes lead to erroneous results.
dT ‘['max
X X

® Consider two examples:
1. Scalar mediated interaction: & D g L ® yp

2. Vector mediated interaction: & D (g Ly, L + g, 77,.%) ZH

vtl' T Ty

2

const

scalar

= 1029
D vector
= .
’-\’g 1030
=3
E*X
= 1071
S = 1070 cm?, mypey = 1 MeV,m, = 0.5MeV ™
= l()—32 0){1/ - C ’ mmed — c ’ m)( — . c \
EI/ - Elljllln
—33 a
1050 101 100 107 102



Attentuation etHect

® Attenuation due to interaction with particles in the Earth and atmosphere.

® Mean energy loss of a single DM particle due to scattering with particle i

dT T do. U

X ’ iy
— . AdT. T. ,
—00) == 2 () [O T

l

l

® Analytical solution under constant cross-section
assumption. Can give inaccurate results!

® Perform a fully numerical computation of the attenuation.

Manibrata Sen



The boosted DM flux

--=-- unattenuated scalar

vector

® Signiticant difference with results
from constant case with same
effective cross-section!!

® Attenuation:

() Suppression

(i) Down scattering of
high energy BDM.

Das, Herbermann, MS, Takhistov (JCAP 2024)
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How does this afHect signals n DD experiments?

| ® Consider the example of vector
XENONNT (90% CL | mediator and XENONRT.

® Here

® Attenuation:
(i) Upper ceiling constraint.

Solid- With attenuation

Dashed- Without attenuation= (ii) Down scattering - stronger
— 10 MoV MoV | constraints at lower m,.
10~ 107 10 10 10 10"
m,, [MeV] ® Allows testing low mass DM through

Das, Herbermann, MS, Takhistov (JCAP 2024) direct detection

Manibrata Sen



5. Neutrino self-interactions




Neutrino non-standard self-interactions

® Active neutrino secret self-interactions. Can be much stronger than ordinary weak
Interactions.

® Model building aspect? U y
Consider
) p) EWSB . P
gv—E(LH) " > ﬂmyaya(p* ,
v U

@ can have lepton number

e Constraints from terrestrial experiments are loose: G ~ (10’ — 10°)G. cannot always
be ruled out.

® However, can have strong impact in the early Universe or compact objects.

Manibrata Sen



What are the ditferent constraints?

e |nvisible Higgs decays, Z decays : H,Z — vvg. ® SN1987A: cooling bounds,
Tau decays. scattering on dense
environments.

®*Meson decays: K™ — u v, @ — wv.

Bounds from Br(K~ — u~31v) < 107° . ® High energy neutrinos
scattering off the Cosmic
® Neutrinoless double beta decay. Neutrino Background.

(Z,A) = (Z+2,A) e e ¢
® | ook for “wrong sign muon”

® BBN: extra radiation in V,,,N - u"N'g.

Neutrino Self-Interactions: A White Paper

Jeffrey M. Berryman, Nikita Blinov, Vedran Brdar, Thejs Brinckmann, Mauricio Bustamante, Francis-Yan Cyr-Racine, Anirban Das, Andre de Gouvéa,
Peter B. Denton, P.S. Bhupal Dev, Bhaskar Dutta, Ivan Esteban, Damiano F.G. Fiorillo, Martina Gerbino, Subhajit Ghosh, Tathagata Ghosh, Evan Grohs,
Tao Han, Steen Hannestad, Matheus Hostert, Patrick Huber, Jeffrey Hyde, Kevin J. Kelly, Felix Kling, Zhen Liu, Massimiliano Lattanzi, Marilena Loverde,
Sujata Pandey, Ninetta Saviano, Manibrata Sen, lan M. Shoemaker, Walter Tangarife, Yongchao Zhang, Yue Zhang

Snowmass report (Phys. Dark. Uni., 2023)



Mediator—Neutrino Coupling
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Zhang, Kelly, MS, (PRL 2021)

Snowmass report (Phys. Dark. Uni., 2023)



Neutrino flux ¢ [eV 'cm™s™"]
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5.1) Boosting the CuvB

> Atmospheric

N
N

~ lceCube data

(2017
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Cosmogenic—= . :
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The boosted CuB flux

Boosted CvB
104 ——
— GZm,=10"9 MeV~ o Pt
== Borexino

N

— Gem, = 1071 MeV ™

103 = e
= Gzm, =10"" MeV ™ e
] — GEZm,=10"12MeV3 -,
2 e
10 q =— Gym,=10"""MeV? ‘o...
. -

10!

11 lllllll

10°

d®(v,)/dE, [cm™* s ! MeV ]
| Y N Y | llll

[—
-
=

| llllll

107! 10° 10!
E, [MeV]

g,V

10°

10~

102

1073

1074

l lllllll

|

| lllllll

|

lllllll

-

|

|

10~

107

10
M‘p,V [MeV]

107

The values of the self-interaction that can boost the CuB is in tension with lab bounds.

10°

Das, Perez-Gonzalez, MS (PRD 2022)
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% 2) Scalar Production and clecag into neutrinos

® X DgU LY,

® Allows forv v, — ¢ and subsequent ¢ = v v,

Akita, Im, Masud (JHEP 2022)

e Considered u, ~200MeV, which allows large mass ¢ to be produced.

-1
dN¢/dE¢ [MeV™ 7]

¢ energy spectra

. x10°%
g=10'12
6f m,=100 MeV
c |
4l
3!
5 |
1|
100 150 200 250 300 350 400 450 500

Eq [MeV]
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/dEV [MeV'1 cm ™2 s'l]

do

10

100

Neutrino injection into the DSNB

\ g=1.5x10711

I ) EEAVERY)
o o
— - DSNBY_|-

\ m¢=100 MeV

10

20 30 40 50 60 70 80 90 100
EV [MeV]
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N
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(00]
o
1

— — Atmospheric CC
~ ~ Invisible p
— — DSNB \'ze

g=1.5x1071!
m¢=100 MeV |

-t o
-t
——

70 80 90 100

_cb—»\'/eve
— — Atmospheric CC
— — DSNB \'/e

— — Atmospheric NC

g=1.5x10"11
m¢=100 MeV

-
— —
—

= 5 | o

50

60
Ee+ [MEV]

70 80 90

100

Scalar clecags into neutrinos

~ — HK with Gd |’
—-—-JUNO

N
‘e

107°

-

o 1078

SN 1987A
energy loss

10-12 R ST T M U T PRI L T S R -
1074 1074 10° 10°

Akita, Im, Masud (JHEP 2022)
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4 Pseudo-Dirac Neutrinos




Pseudo (quasi) Dirac Neutrinos

® Neutrinos have sub-dominant Majorana mass terms.

. . .My mp
Generic Majorana mass matrix .
Mp Mg

Pseudo-Dirac limit : m; g < Mp  gopavashi Lim, PRD2001

® 3 pairs of quasi-degenerate states, separated by §m?,

which is much smaller than the usual Amszol and

y)
Am, .

I/(XL — _U(X.(U.S + il/°a)
\/5 ]~ J

® Maximally mixed active and sterile states.
Oscillations driven by this tiny mass.

Manibrata Sen
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2
AWlatm atmospheric

Amz solar

Talk by Yuber Perez-Gonzalez

Y
i



Oscillations due to Pseudo Dirac Neutrinos

¢ 5me will lead to oscillations at very large distances.

2

® Flavor oscillation probability induced by Amszol and Am

over a large distance gets averaged.

2 2

P(Dﬂ — I/},) — PCZCI(Z’ E) Uﬂk U}/k

® The active-sterile probability, driven by 5me is

1 (1) 7
Paa(ZQ E) — 5 (l—l‘e (Lcoh) COS (271_ L(Z) >)

® Wave-packet separation decoherence also becomes important.

1. 95 72
Lo 803 Gpc( * ) (10 EY )

oms 10 MeV oms

4/2E?2 E \° /1072 gV? 5
Leoh = \[2 oz ~ 180 Gpc , —— ) (553

oz | 10 MeV omy, 10—t m

Manibrata Sen
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om? = 2x10-% eV2 -
— fm2 = 102 V2

— dm7 = 3x10-2 eV?
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Sensitivitg to ting mass~5quarecl diHferences

10
10 ———
. 6\,\*\/ /
__O .' v'&?/:/ //
N Y/
/e /
10 )
// //
10 - | O
;0 - {,' %"
' / / : S
D) . . , 4 : : )
vy’ - o 7Y .
2 O ,é\o"/ . . / ’ 6"
e '~ N ' /
> © kL g gﬁ
I:ﬂ :_0 ' 7 =
S0 =
10 ~ cog,»y 3
, Y/
./
10 /
1l ;Sunl,"
10 . SN pe
/
10° —— | - n
0 D 10 15 20 25
10 10 10 10 10 10

L [m] de Gouvea, Martinez-Soler, Perez-Gonzalez, MS (PRD 2020)
See Beacom, Bell, Hooper, Learned, Pakvasa, Weiler (PRL 2003) for earlier version

® DSNB sensitive to dm? ~ O(107>° eV?) with a high significance - tiniest values
constrained so far.
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5. Origin of neutrino mass




Redshift depeﬂdent neutrino mass

® Can the neutrino mass be redshift dependent? o

CMB + CMBL + BAO + SN — 68% CL

- 95% CL

- = Non-relativistic transition

- = DE domination

— 2 m,(Z)=const. (95% CL) |
I

L. 154

® Use 2 m,, as a function of redshitt.

1.50 +

1.25 -
® Consider bounds from

1. CMB temperature, polarization and lensing data

0.75 -
Planck.
0.50

1.00 -

zm, (eV)

2. BAO from 6(3“:, SDSS, BOSS, 0.25
0.00
3. Type la SN from Pantheon. al 10° 10 10° 10°

® Bound on 2 m, increases at very low redshifts. Dvali, Funcke (PRD 2016)
Lorenz, Funcke, Loffler, Calabrese (PRD 2021)
Lorenz,Funcke,Calabrese,Hannestad (PRD 2019)

® |f the neutrino mass is indeed generated at low redshifts,
are there any other probes? Talk by Yuber Perez-Gonzalez

Manibrata Sen

W



m,(z)/m,

DSNB spectral difference due to mass variation
de Gouvea, Martinez-Soler, Perez-Gonzalez, MS (PRD 2022)
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The mass variation is parameterized as

Non-trivial effect on the DSNB

m,

1 4 (z/z,)Bs

m,(2) =
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Astroph 35ical Probes




Cosmic star formation rate

DSNB

\O
—
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Hopkins & Beacom (2006) y
Rujopakarn et al. (2010) it
LBG: Reddy & Steidel (2009)

LBG: Bouwens et al. (2008) integrated
LBG: Verma et al. (2007

GRB: Kistler et al. (2009

UDF: Yan et al. (2009) integrated

107 | 1 I B B B
1 2 3 4 5 6 7 89
1+z

Star formation rate [M, yr'1 Mpc-3]

yACqE Do

‘llllllllllllll!lllllllll'llll|llll||lll
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At the 20 level, the results obtained from the DSNB
are almost competetive with those obtained from
decades of astronomical surveys.

see also, Maller, Suliga, Tamborra, Denton (JCAP 2018)



Cosmological Distance Ladder




Cosmologq: Hubble Parameter
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® Distance yardstick using neutrinos.
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Hy [km s™! Mpc™!]

de Gouvea, Martinez-Soler, Perez-Gonzalez, MS (PRD 2020)

® Measure H, at 40% level, which is the systematic uncertainty.



Conclusions

ne DSNB opens up a plethora of avenues for neutrino physics, next giant leap from the Sun and
N1987A.

n —

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

Probable constraints on cosmological star formation rate, and hence the rate of core-collapse
SNe in the Universe.

Other constraints discussed in the literature: black-hole fraction (primordial as well as

astrophysical), alternate cosmological models, models of neutrino emission, and propagation, any
new exotic physics in the neutrino sector.

A future detection can provide neutrino only measurement of expansion rate of the Universe,
complementary to measurement with photons and gravity waves.
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Future Detection: HgPen—vKamiokande + Gd

Two cylindrical tanks with staging

® HK enriched with Gd provides excellent detec

® Results with 1 tank with 10 years of data takin

® Backgrounds same as SK.
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Future Detection: Theia

Theia
20 | | | I I I | I I | | I I | | | | | | | | |
g T2 - | L _
Hybrid Cherenkov/Scintillation = Water-based liquid i EEEEREE NS
- Q _ __ __ _
B:: (T‘hff'rcnkm'. R: Scintillation % 100 llz')\ Scinti”ator (Wb LS) i ReaCtor DSNB .
|
S L 15— ]
S - -
S =

S - _
< Water-based Ligquid Scintillator - - -
Water-like Oil-like é — .

» >70% water * Joading of A
= CherenKkov+ hydrophilic = 10 o
scintillation elements L . _

» cost-effective -
aa u _
Scintillator — -

Borexino
KamLAND B 7]
S5H _
103 10 - -
Photon yield (MeV) = 4
Target can be adjusted for different physics goals i
)sh Klein, University of Pennsylvania 17 O v | | | | | 1 | | | | | | | =
10 20 30 40 50
E [MeV]
® 100 kT detector, with 10 years of data-taking de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, PRD 2020

® Low energy resolution of scintillator, and high-energy reconstruction techniques for Cherenkov detector.

® Major background: NC interactions of v on C nuclei. Prompt signal in recoil + delayed signal due to
absorption of emitted neutron. Can be reduced using Cherenkov/Scintillation ratio.
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Figure 10: Examples of unoscillated flux, Y (w = e,e,z) (Eq. (15

Variation with <E> and alpha
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), for different spectral

parameters Fg,,, 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 oy, = 2,3,4,5 with Eg,, = 15 MeV.



Variation with redshift
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Figure 13: The contribution to the wnoscillated v, flux of sources in bins of increasing
redshift, for the best fit SNR parameter § = 3.28 |59]. The solid curves from thinner to
thicker (darker to lighter color) refer to the intervals: 2z =0—-1, 2 =1-2, z = 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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® 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.



Redshift Aepenclent Mmass: adiabaticitg
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FIG. 2: Constant crossing probability contours in the sin®26 x Am?-plane. These define three regions: (I) P. < 0.1, (II)
0.1 < P. < 0.9, and (III) P. > 0.9. The color scale indicates the values of the two independent mass-squared differences as a
function of the redshift of neutrino production. For the mass variation, we make use of Eq. (III.1) with z; = 0.32 and Bs = 5.
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De’cec’cing the DSNB + backgrouncls: SuPer~K

Ve ¢ Prompt signal
e Eventrate N, = N, (A t)J dEreCJ dE"™ ¢ ® o e(E"™, E™) 12-80 MeV
bini all W
~ 200 ps
. . _ p 0 NS Y
® Main channel isIBD: D,+p - e™+n e () Tl

Weak delayed signal

® Spallation backgrounds: radioactivity induced by . DSNB-Unoscllsted Fluxes
cosmic muon spallation in water: u+ 0O — u + X. |
: 251 Ve
Substantial background ~ 20 MeV. | _
T 2.0f Ve
Ig E
® Invisible muons: v, + N = u + N'. If muon energy ] N
is below Cherenkov threshold, it can only be detected 3" 1of [
i Eo N
J AN
through decay. "y -\
; ...r.r,t_\.\ _
¥ S e
0.02 + v v b T -
® . . . 0 5 10 15 20
Low energy atmospheric neutrinos. Isotropic background. E [MeV]
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Gd ClOPir] g: GADZ OOKS! Beacom, vagins, Pri2004
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® Solution: Gd doping.

® Reduces energy threshold.

Lunardini, Astropart. Phys2016

® Background due to spallation will be subtracted

almost completely ar

will be reduced by a factor of 5.
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The Ditfuse Supemova Neutrino Backgrouncl
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nature » news > article

Gigantic Japanese detector prepares to "' {a;-_;.g“ : & 4
catch neutrinos from supernovae A A

Recent upgrades to the Super-Kamiokande neutrino observatory will allow it to
trace the history of exploding stars.

” o

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
research topics, such as the discrimination of atmospheric neutrinos from antineutrinos and the
observation of manmade neutrinos. This release explains the details of the recent gadolinium loading in
SK.

What about the future?
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Constraints on Parameter space
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® Constraints from Xenon and LZ are similar.
® PandaX has weaker constraints due to location at larger depth.

® Highlights the necessity of energy-dependent cross-section as well as attenuation effects.
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Signals in ditferent exPeriments
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Oy, = 10 cm?, m, = 0.5MeV, m.4=1MeV

Das, Herbermann, MS, Takhistov (JCAP 2024)
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Oscillations due to pseudo-Dirac nature
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: o) :
Increasing ém* reduces L. and L., and Decreasing o, reduces L_;, , and

causes more oscillations causes more decoherence
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Sensitivitg to ting mass~5quared diHterences

Pseudo—Dirac neutrinos — SK Pseudo-Dirac neutrinos — HK Pseudo—Dirac neutrinos — Theia
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® DSNB sensitive to dm? ~ O(107>° eV?) with a high significance - tiniest values
constrained so far.

de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, PRD 2020
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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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Neutrino Probabilitg calculation

® Solve the neutrino propagation inside a SN to obtain probability 0.6 -
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Neutrino Probabilitg calculation

® Solve the neutrino propagation inside a SN to obtain probability 0.6
1 0.15
: : g : L 0.5 - 0.1 -
® As neutrino mass switches on while in vacuum, propagation similar 04 1 |
to vacuum, hence P, (v,) = Z U,|*=0.57 SO __ﬁ,\/\/
) Tm 034 ol—-r N
=~ - 09 - ‘.1. 1.1 :
® Contrast with MSW matter propagation: & 0.2 -
. o 0.1 -
For massive neutrinos, in NMQO, ]
2 - 2 | I
Pee(l/e) ~ ‘ Ue3‘ = (.02 and Pee(l/e) ~ | Uel‘ = (.67 Oio_l
For massive neutrinos, in IMO,
2 _ 2
P.w)~|U,*>?=03 and P, (,) ~ |U,|>=0.03 g
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Neutrino Probabilitg calculation

® Solve the neutrino propagation inside a SN to obtain probability

0.6 -
-4 0.15 .
® As neutrino mass switches on while in vacuum, propagation similar 054 ., F
to vacuum, hence P, (v,) = Z Uk\4 = 0.57 S
eeN e € ,—Q\) 0.4 7w A'\A/\j ;
k ~ - | ’
® Contrast with MSW matter propagation: 1,037 ot |
3_/ 5 0.9 1 1.1 1.2
. . . A 0.2 -
For massive neutrinos, in NMQO, - -1
P, w)~|Ux|*=0.02 and P, (0,) ~ | U, |* = 0.67 0.1 j
O. T l N E— llr : 1
For massive neutrinos, in IMO, 10~ l(r)o 101
2 _ 2
P,v,)~|U,|"=03 and P, (U,) ~ |U,|" = 0.03 T ,

® The net DSNB flux at Earth

Zmax dZ
(I)Ve(E) = J 7 )RCCSN(Z){Pee(Z)¢I9e + (1 — Pee(z))¢l9x} —_— Impact strongest for v, at NMO
0 $
‘max ] _ 0 — 0 Almost null effect in both
(Dpe(E) — J() H(Z) RCCSN {Pee(z)¢ﬂe + (1 - Pee(Z))¢yx} orderings, since gﬁye ~ gbyx
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What happens it the mixing angles vary similarlg?
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de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, arXiv:2205.01102

® A similar variation can be induced in
mixing angles as well,

0..

Hl l) — J .
(2 1 + (z/z,)Bs

® As @ is small, the v, exits as a 1 .

® Combined effect of mass, and mixing variation is
stronger.
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Event spectra in a DUNE like detector

DUNE - 400 kt—y

5.0 ® Currently, one needs to be very “optimistic” for this
: PEA effect to show up.
4.0 -
Z ® But, there is a correlation:
z 07 | 1. Expect a reduction in number of v, events in a
£ TR DUNE like detector, in energy above 20-sh MeV.
> 4 R —
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2. In parallel, there would be no change in the I, event
- rate in a HK/JUNO like detector.
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® With better astrophysical modelling, and improved
detectors, this will become a possibility. So, stay
tuned.
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de Gouvea, Martinez-Soler, Perez-Gonzalez, MS, arXiv:2205.01102
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