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Outline

Brief intro to general DUNE LE physics Lol
I 11 210t [ A\ |
followed by five specific cases where / e
APEX FD-3 bolsters our reach .
dPart 1: Solar neutrinos ol
dPart 2: Supernova neutrinos ol
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Neutrino ener gy

JAPEX improves light yield by an order of magnitude over HD design
* |deas that exploit 1) improved energy resolution, 2) threshold, 3) radiological
background rejection, 4) neutron tagging in neutrino interactions

Physics gains through improved oscillation measurements, BSM
searches, and enhanced supernova sensitivity
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Solar neutrinos

First photo of the
sun taken from

below a mountain
—SK collaboration




Low-energy physics: solar neutrinos

w 10
JEnormous size and sensitivity to astro = 10>
v, flux makes DUNE an excellent £ 10
. 2 107°E
next-gen solar experiment 5 opN

- (1

ORelatively high threshold — only o
sensitive to 8B neutrinos 0
10
dEvent rates on order of 1 / 10 kt-hr 10

Neutrino Energy [keV]

dPrecision tracking: ¢ I E |
] . 3 P 4 In DUNE, CC channel dominates
many Interesting 1 - 4 signal: leaving a =10 MeV electron
reco and channel : 2 cm CUNE simulation:i and gamma cascade in detector
tagging opportunities ‘ ” + 04 — om n 10 ‘ Precision energy reconstruction!
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Solar neutrino energy resolution

] ] Invisible to DUNE »(®B) @(hep)
JFor HD, optimal energy resolution

from the -—PC 14;_ * Energy Resolution _;

. . 12— ® Energy Bias . -]

* Calorimetric sum of electron + gamma i e et E
energies - ) Toeteene...,

* Drift correction from associated OpFlash
* 8-10% energy resolution

Fraction of Neutrino Energy (%)

5 . 10 15
Neutrino Energy (MeV)

JAPEX would significantly improve
light collection — up to 109(180) for min(average) LY from Flavio’s talk
at the collaboration meeting

* Can push down to = 2-4% depending on neutrino position and energy
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Resolving the solar mass splitting parameter

dThere is a partial regeneration of the v,
component of the solar flux as neutrinos
travel through Earth — enhanced rate at night

* Day/night asymmetry produces oscillations in
survival probability as a function of true neutrino .
energy and nadir angle "

- Amplitude and frequency relates directly to Am5,
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Resolving the solar mass splitting parameter

dThere is a partial regeneration of the v,
component of the solar flux as neutrinos
travel through Earth — enhanced rate at night

* Day/night asymmetry produces oscillations in
survival probability as a function of true neutrino
energy and nadir angle

* Amplitude and frequency relates directly to Am%l

Nadir Angle con(n)

120

JEnergy resolution everything for resolving
wiggles in survival probability map .

INo APEX-specific study, but SloMo paper
showed single 10 kt module with 2% energy

20

resolution outperforms 40 kt of HD b

100}

. Survival Probability |

.......
:'"""'\.\-"" l;-*v 3

True Neutrino Energy [MeV]

SloMo, J Phys G, 50, 060502 (2023)
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Beyond SM oscillations: searching for neutrino NSI

OdMapping the survival probability (P,.)
as a function of energy constrains neutrino
NSI interactions (Gleb Sinev on indico)

NC NSI

Va

P
Eap

Solar survival probability depends
on the interaction potential in the
solar interior -> adding extra

adding —&'/2 =0.0625

ﬂmi%amLAND =7.54-10"5eV2 (¢'=0)

2-flavor solar v, survival probability

interactions will change energy 040 —— Bl = 48207 eV (=0
—= AMZ, i anp (€'= —0.125)
dependence of P_,_
$ SNO+sK
0.30 T :
1071 10° 10!
t t oenergyE‘f’:’ (MeV)
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https://indico.fnal.gov/event/60987/contributions/283298/attachments/174533/236648/solar-nsi-dunecm_20240124_v2.pdf

Beyond SM oscillations: searching for neutrino NSI
dWith good energy resolution, APEX can

veto backgrounds such as neutron
captures -> extend ROl to lower energy =

* 1 MeV threshold would give 3e4 ES/10 ktyr |
* At low energy, allowing us to map out 6 o fmm e -

energy dependence of P! csteban et ?.'-.?{;,z‘.ivoﬁ?z,o.l.f?-.? 4530 et v
g —i ’ Gleb’s SloMo study
Gleb has mature sensitivity d. o
study for SloMo showing new -z , - e -

parameter space to explore 3 AN T

» SloMo LY = 200 PE/MeV, L% 8L Solar | = e
similar to APEX G s A——

el L
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Supernova neutrinos

Crab nebula, remnant

of supernova recorded
in 1054
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Low-energy physics: supernova neutrino bursts
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A core-collapse supernova (CCSN)

releases 10?8 neutrinos in 10 s

Rich astrophysics and particle physics

opportunities, but collapses are rare

ADUNE has unique sensitivity to v, flux!

Detector complementarity!
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Event expectations at DUNE

£ - Infall Neutronization Accretion Coolin > [
g E e E : ° . ES g 40:_ - ES
870 Wy, °Ar | 2 f
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ok
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JExpect a few thousand interactions from a typical galactic CCSN
* Three epochs of supernova collapse visible in timing spectrum
* Good calorimetry and precision reconstruction from TPC

ODUNE most sensitive to v, flux through CC channel but can identify
subdominant channels such as ES

102 10"
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DUNE physics goals
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We can extract astrophysical
parameters from the neutrino
energy spectrum such as the
temperature distribution and
total luminosity
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https://docs.dunescience.org/cgi-bin/private/ShowDocument?docid=27538

CEVNS glow of a supernova

dSupernova neutrinos will also produce
CEVNS in our detectors censgiow” \

Kate Scholberg, DPF 2019

Individual
reconstructed
CC/NC inelastic
events

NC neutrino-induced nuclear recoils

dLow energy / event, but high event rate
will result in “glow”, an increased rate of 1-few PE optical flashes

dCompared to CC interactions:
* =~ 100x the cross section
* =~ 6x the flux (all nu flavors)
* =~ 0.001x the visible energy / event

* =~ 0.2x light from nuclear quenching In 10 Kt — expect ~ 800 CC events
e = (0.12x total “ght from CC = 800 x 20 MeV x 180 PE/MeV = 3e6 PE from CC

-> 3e5 PE from CEVNS over = 10 seconds
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https://indico.cern.ch/event/782953/contributions/3449466/attachments/1888981/3114770/dpf19.pdf

Isolating light from CEvNS

SloMo, J Phys G, 50, 060502 (2023)

dincrease in low-
JAllin light yield:

similar light yield shows CEVNS
distinguishable from dark rate

* Study of statistical power with
backgrounds underway

ALY higher by ord

PE flashes vs time .
SloMo study with -

103 g

SIPM Hit Count

101 _

1073 102 10°! 10°?

events/hits/s

er of magnitude Concept: Adryanna Major and Kate Scholberg

in APEX design vastly improves APEX power

AODUNE would independently measure v, and v, components of flux

Calibration and low-energy
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Farag et al., APHYS J, 893, 133 (2020)

Pre-SN neutrinos
Si burning starts ~ 2 hrs before CCSN, we can L l e

15— 10 M

1.5 M

detect pre-SN neutrinos from a couple kpc it

* In final seconds, the pre-SN flux is %-level of peak SN B
luminosity |-

* Valuable for SNEWS — an early warning for neutrinos

* Stellar structure during this period is uncertain, L
answers interesting physics questions in its own right

* Each individual detector has modest sensitivity, SNEWS |
will aggregate signals from multiple detectors dn

log,,[L /L]y
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Pre-SN neutrinos and DUNE

Kato et al., Ann. Rev. Nucl. Part. Sci. 70, 121 (2020)

dThermal and nuclear processes both o oo AN T
. - FIUX Vs prod. mech. Ve
contribute to total pre-SN flux A N Fe b
(Z,A)+e — (Z—1,A) +v. ARl T E’C
v p+e —n+ve, 5 - X Dashed: v ||
10° | Solid: v
et +e — v+
(Z,A) — (Z+1,A) + e + 7. O T 10 10" 12 105 10t 10° 108
time to core bounce [sl

0.4

ODUNE with neutrino sensitivity, has interesting role o
* In final 100 s, neutrino flux rises sharply Dashed: v
* Also becomes more energetic 02 |\ [oold:v

JDUNE evt rate 7-880 evts at 1 kpc (40 kt, > 5 MeV) N
QAPEX connection: energy resolution and backgrounds ° 3 e’ ®
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The diffuse supernova neutrino background (DSNB)

The neutrino flux from a supernova depends on -
distance, « 1/r%. But, further from Earth, the A Wt i
density of stars increases « r?. Effects cancel and
the total flux of supernova sums up to a finite

contribution up to Gpc scales (neglecting inflation)

John Beacom

Guaranteed signal! No waiting for burst Rate ~ 0.01/yr  Rate ~ L/yr Rate ~ 10%/yr
Moller et al., J. Cosmo. And Astro. Phys. 05, 066 (2018)
4 r . T
— it | ]Measurement gives information on typical
= = = Atmospheric CC

P8 ]
T

supernova spectrum and measures the fraction of
supernovae that make black holes

Density of supernova events (/Mpc3/s Inflation effects

)
do fzm e
dE ~ J, “az|/”
05F

Neutrino spectrum released by supernova (redshifted)

[ ] CDUNE hasunique sensitivity to the neutrino
D : component, but sensitivity is not great

wn
T

b3
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T

Event rate
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Diffuse supernova neutrinos

OFundamentally easier for water, re
mnm

scintillator detectors sensitive to
antineutrinos (ultimate bkg is T
reactor anti-nus vs solar nus)
CODUNE sensitivity is not great— .
right at detection level =

* However, DUNE can make
interesting statement on fg,

CLL
l'...

# Solar neutrinos

Reactor antinu

Ry (0) variability

f ====fpr_sn = 9%

SR fer-sn = 41%
. —— SFHo CC-SN + fast BH-SN
F - = 10

L I > W .
[ = Fiducial DSNB model S8,

DUNE-HD
ROI

~

M

APEX ROI

" soulnau dusydsowyy

QAPEX could improve outlook in 107
two ways: improve energy resolution

3 10 15
E

20 25 30 35
MeV]

to tame backgrounds and push ROI to lower energy regimes
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Sensitivity for DUNE-HD

l°B Background —
[OJHe-p Background i

» Atmospheric Background
£ Expected DSNB Signal
o
F = o4 |
N | z
= i
£ u
@
':. —
T
2 _
6.1 sig + 13.8 bkg -
L 1 1 | L L L | L L 1 | 1 L L | 1 L
20 30 40 50 % 2 4 6 8 10 12
Reconstructed E, (MeV) DSNB scale factor

1 Using simulation as-is

Just at detection

| threshold: 2.6 0 @ 10 yrs

Models also predict

1 exotics for solar/SN

in this ROl such as dark

| matter

IDSNB is a faint signal and is sandwiched between irreducible solar

and atmospheric neutrino background
* Only see 0.5-1 signal / yr

* No radiological bkg expected at these energies -> DSNB possible in DUNE

(\ Calibration and low-energy
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Blue-sky optlmlstlc sen5|t|V|ty for an APEX module

T | |
.SB Background 400 kt -yrs of HD — .SB Background 400 kt -yrs of APEX— 1: Energy resolution:

maospheric backgroun mospheric Backgroun = .
g ; P J | -> Flavio at Collab. Meet.

Expected DSNB Signal | |Expected DSNB Signal T
~| Solar endpointis 18.8 MeV

1 1/sqrt(19 * 109) = 2.2%
| 2:Tag 100% of atmos. bkg
= | that emits a neutron
3: realistic efficiency for
7.5 sig + 11.0 bkg * BSIEGEL
50

23 <Enu <34 MeV _ 19 < Enu < 34 MeV ROI

Events / 400 kt-yrs
Events / 400 kt-yrs

6.1 sig + 13.8 bkg

30 40 50 20 30 40
Reconstructed E, (MeV) Reconstructed E, (MeV)

20

JMuch improved energy resolution and bkg rejection possible

JLowers analysis region of interest, and increases FOM from
2.6 o for 400 kt-yrs of HD to 4.1 o for 400 kt-yrs of APEX

OAPEX plot needs more realistic before being quotable  Interesting potential!
More study needed
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summary

dMany questions remaining that low-energy astrophysical neutrinos
can address, and DUNE is unique sensitivity with v, sensitivity

Quick studies suggest APEX-like improvements to PDS improves:
* oscillations and solar mixing parameters
* NSI searches with solar neutrinos
* opportunity to measure SN v, flux with CEVNS
* pre-SN neutrino
* DSNB search

dThank you for the opportunity to talk, low-energy physics is
interested in your work! Collaboration helps understand the positive
physics consequences from your hardware innovation

Calibration and low-energy
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