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About Me

- Grew up in Chicago

- Undergrad and Grad at University of Chicago

- Balloon Borne Cosmic Ray Detection with Dietrich Muller and
Simon Swordy (TRACER) - UG

- Neutrino and Dark Matter with Juan Collar (COGENT,
COHONUDO, Majorana Demonstrator) - Grad

- Postdoc with Giorgio Gratta at Stanford on EXO-200 Neutrinoless
Double Beta Decay

- Faculty at Duke
« CEVNS (COHERENT)
- Formerly Double Beta Decay (nEXO, LEGEND-200/1000)

- Ultra-High Energy Neutrino Detection (P-One)

- Dark Matter Detector Calibration (LUX/LZ, SuperCDMS, ANAIS,
COSINE, NEW-G, etc.)

« Climber (and Faller)

- Obstacle Course Racing (Ninja Warrior)
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All active
Neutrino Flavors
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Signatures challenging to detect

- Next Lecture: Low-Threshold Neutrino Detection
- Neutrino Capture on stable nuclei

- Neutral Current Inelastic Scattering



Neutrino Electron Elastic Scattering

[ .owest order
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- For Low energies, nothing notable, except a recoiling electron

- Note: not actually zero threshold for most electrons: electron has binding energy in atom



Some Neutrimo Sources
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Neutrino Electron Elastic Scattering
TEXONO CsI|Na| at Kuo-Sheng Nuclear Reactor
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. Find copious neutrino source (reactor) - Measure weak mixing angle

» Deploy low background crystals (Purified Csl[Na]) . Consistent with destructive interference

- Shield it like crazy
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Neutrino Electron Elastic Scattering

Borexino ngervatgry Excruciating control of backgrounds
in 278 tons of pseudocumene
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Coherent Elastic Neutrino-Nucleus Scattering

D. Z. Freedman, PRD 9 (5) 1974

71

4
4

scatte_red
neutrino

Nucleons Recoil in phase:

L nuclear O X (N'w)2

boson recoll 6
: / Wi= W

‘//@ signature: ~ keV recoil
secondary

recolls
scintillation




Conerent .

Cross-section (10™°° cm?)
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‘ne Cross Section
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Electroweak physics

Nuclear physics : :
PRy One of the most precisely predicted

NSI contributions heutrino cross sections (<1%)
Neutrino source + oscillations
Detector effects The cross section IS the Physics

Backgrounds



Shock
wave

2 Proto-neutron star
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Neutron Skin Depth
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Neutrino Magnetic Moments

- ; i
I/ W / 1% V

This photon iIs another coherent-scattering vertex
Additive to CEVNS



100

Non-Standard

0.75

Neutrino Interactionosso

0.95
>
_—

0
o0

07

-1.00
-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 1.00

dv
Eee



Total Neutral Current Disappearance

Searches for Sterile Neutrinos
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Cross section [cm?] (normalised to nucleon)

Dark Matter Background
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- We do this not because it Is easy, buty
- because we tho -|t would bé easy -
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So..Why is this so hard?

Ist detection 43 years after prediction
. Interaction rates are still low = Need large source of neutrinos

- Low Thresholds: signals VERY hard to see
- Nothing Special: lots of backgrounds cause low energy signals

. Detector Response: Calibrating low energy recoils is not easy either

Our suggestion may be an act of hubris, because
the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiments.




A little History

"Bolometric Detection of Neutrinos” PRL 55, 25 (1985), Blas Cabrera,
Lawrence Krauss and Frank Wilczek

"We propose new detectors for bolometfric measurement of low-energy v
interactions, including coherent nuclear elastic scattering. A new and
more sensitive search for oscillations of reactor antineutrinos is practical
(~100 Kg of Si), and would lay the groundwork for a more ambitious

measurement of the spectrum pp, Be/ and B8 solar v’s, and supernovae
anywhere in our galaxy (~10 tons of Si).”

This was the precursor to the CDMS Dark Matter search



Ok, but how"?

Pick a Source =

Cosmological v

Solar v
Supernova burst (1987A)

Reactor anti-v
Below Detector
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Spallation Neutron Source

* 1.3 GeV protons strike a mercury (60 Hz), 2 MW beam Power
e ~350Nns FWHM

 Prompt and delayed v’s
Kp #
¢ ~3.5 X 101° v/second




oNo Neutrios

Simulated neutrino timing spectrum
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Spal

ation Sources in general
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Neutron packgrounds
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1de in ‘Neutrino A

Hg TARGET

SHIELDING MONOLITH

e

COH-Ar-750

D20 M1 D20 M2

' -

NuThor Ge-Mini




First Lignt!

14.7 kg Csl[Na]

\ Inorganic
| Crystal
Scintillator

High Light Yield — thresholds
A matched to photocathode
Na-doping — low afterglow
133Cs [3 a problem — purify




Need to Caliprate your detectors

‘Best way’ - Neutron Elastic Scattering

Pulsed
Tunable

Collimated
. Backing detectors
mono energetic

~500-nm LiF layer on 0.25-mm aluminum

~2.3-MeV proton beam

Collimated, quasi-monoenergetic neutron beam

' Scattered neutrons

/Neutron scattering angle

HDPE collimator ’

A

Close-geometry backing detector

. O—degke monitor

Central scatterer / detector under investigation



ee)
(0)

Scintillation Energy (keV

Need to Caliprate your detectors

(13

Best way - Neutron Elastic Scattering
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Full Csl|Na| Dataset

e Beam Related Neutrons

e Neutirno Induced Neutrons

 Characteristic 2.2 ys decay
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Cryogenic Csl Scintil

* 6.4 kg of undoped Csl operated at 77 K

o LY: 13.35 PE/keV — ~37 PE/keV

e Threshold: 5 keVnr — 0.5 keVnNR

 Longer-lived excitons, less trapping in pure
crystal (but slower!)

ator




CENNS-10: Scintillation - B R
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* Lighter targets see fewer events
* Single phase 750-kg liquid argon detector
 Expect ~5,000 CEVNS counts/year

e Can put liquid neon in CENNS-10!




Counts / 0.65 keV

Ge-Mini: ionization
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NalvETE: Scintillation

Nal v-Experiment TonnE-scale

» Lightest target: 23Na recoils w/3 keVee threshold

Backgrounds NOT super critical with pulsing i |

Na small part of target mass

Tl-doping — Faster response
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Pulsed Sources Guidelines

- Intrinsic backgrounds not critical
- Fast pulsing a huge advantage (<1 us) cte
- Fast Response Detectors a requirement

. Rules out most Bolometric style detectors (e.g. Bubble Chambers, Super-
CDMS style, etc)

. Faster detectors often compromise with only measuring a part of the energy
deposited

o Careful Quenching Factor Calibrations a must!



Other Spallation Sources

at Lund (Sweden) under construction, ~ Planned CEVNS projects:
-uroreaN  first neutron production planned in 2027 - Cryogenic undoped Csl

(G55 SO il capacity of 5 MW at 14 Hz: 2030s - Point contact HPGe detectors
= beam width: 2.86 ms - High-pressure TPC (GanESS)

target material: tungsten with Ar, Kr, Xe
(exploration of ]-PARC as alternative)

located at Dongguan, upgrade to 0.5 MW

" SNS at 25 Hz set to be completed this year
beam width: 0.5 ms

target material: tungsten

Planned CEVNS project: CICENNS

with 300 kg of Csl crystals,
Commissioning this year
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Anthropogenic SOUICES
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C.

Reactors

® ® semiconductor HPGe, CCDs
5 - o ® cryogenic noble liquids
o ® scintillating crystals

24 cryogenic calorimeters/bolometers
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Reactor bXperiuments
CONUS+

« 20 mto core ~10Bv /cm2 /s

- 74 mw.e. overburden

« >20 cm Pb (Y's)

- >30 cm Poly (neutrons)

- Borated Poly (thermal neutrons)

- Plastic Scintillator (u veto >99.9%)



CONUS+ GGe detectors

Preamplifier

. |lonization detector (careful QF Pumping port

measurements required) Stainless steel flange

PS5 Controller
. 2.83 kg detectors tude

- 160-180 eV thresholds

Copper cryostat

CP5 cable 3.5m



Reactor experiments
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CONUS+ Results Ratio to SM:
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Reactor C

VNS Status

[ 102 CONNIE
g I
=
<
S
S
7))
o 10
9O
S

1

2021

NuGeN

2022

CONUS

2023

CONNIE
i RED-100

TEXONO
; NuGeN

2024

CONUS+

2025

® HPGe
¢ SiCCDs
m Xe TPC



PG CEVNDS at Reactors

Typical regime:
ON: 18 months
OFF: 2 months

RECODE

Sanmen, China

different distances to the

. reactor core (11 m, 22 m, (7 m))

Containment Ground lev Start of data taking: Oct 2025
j— Current achieved threshold:

uo-Sheng Reackc Reactor Ct 210/220 eVee
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CCDs at Reactors
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Bolometers at Reactors

lonization and phonon channel — bkg rejection
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Nobple Liquids at Reactors
RELZCS

REactor neutrino Llquid xenon
Coherent elastic Scattering

RS E&D

RUSSIAN EMISSHON DETECTOR

2 F
S 10° k L=19m
§ E
>‘ b
Top § 10" |
PMT array "
gg -
107 =
Electrodes and .
field shaping 10 = Ar
rings - Xe
E
Bottom 2
PMT array 10" - 1 SIT 1 1
011A105A1L111 A1I51L11211A125




Scintillators at Reactors

6 Nal crystals
with PMT readout
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Solar Neutrinos
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oupernova Neutrinos
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supernova Detectors: Bolometers

RES-Nova:

« Pb-based cryogenic calorimeters

from ancient lead
o threshold: ~1keVnr

 detector production started

. first prototype operating at end of
2026 at LNGS
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Signal significance [0o]

ansitivity to core collapse supernovae
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Counts

Counts

Conerence at .

Large sSca.

£

- As the size of the target increases, the deBroglie wavelength no longer probes entire nucleus

103

107

10

Can extract neutron radius
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Coherence at Large Scales

- As the size of the target increases, the deBroglie wavelength no longer probes entire nucleus
- BUT! It can probe objects at larger scales: Atoms, molecules, crystals, macroscopic objects...
- Question: For what energy would the table in front of you become reflecting to neutrinos?

- Hint: Cross section drops like E2, but number of nucleons explodes



Neutrino Capture on Radioactive Nucl
Ordinary Beta Decay A]ZV = A]ZVJill +e 4+ v,
Neutrino Capture Ve T AZ me S0 g AZ+1

Cross section related to beta decay amplitude

Reaction exothermic: no threshold

(dependent on and guantum numbers of daughter)
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Neutrino Capture on Radioactive Nuclel

Tritium - More from Diana Parno on Katrin
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Tradeoils

. Low Backgrounds (0.1 - 100 counts /keV / kg / day)
- Timing signatures (pulsing or on/oft)

 High Fluxes (107 - 1018 Jcm?2 / s)

- keV-scale energy thresholds

» Kg-scale Masses

- Rarely characteristic signatures



THE TRADEOFFS OF LOW-ENERGY NEUTRINO DETECTION

To see the weakest neutrino signals, every advantage matters—and
iImprovements in one area often come at the cost of another.

1. LOW BACKGROUNDS

Essential to see rare
neutrino interactions

» Deep underground
» Radiopure materials
» Shielding & cleanliness

\

[ TRADEOFFS:
Higher cost, complex construction,
longer commissioning times,
limited material choices

)

More neutrinos increase
V4 a -
' the chance of detection

Mx

» Reactors

» Spallation sources
* Supernovae

» Solar neutrinos

v, 3.HIGH NEUTRINO FLUXES

\

f
TRADEOFFS:
Not all sources are available everywhere;
higher flux often comes with more

backgrounds or larger facilities

\\

>

8¢

Detect tiny nuclear recoils

Vi from low-energy neutrinos

(~ eV-keV)

t

N\

& 4. keV THRESHOLDS

Rate
to more physics
» Access to CEVNS

» Solar pp neutrinos
» Supernova neutrinos

- Lower\ >
Threshold Recoil Energy  keV

Lower thresholds open the door

~

/TRADEOFFS:

Lower thresholds increase susceptibility
to noise and backgrounds; require
excellent detector performance

\

KL

),

g 2. TIMING SIGNATURES

Precise timing helps distinguish
neutrinos from background

* Prompt signals
* Time correlations
* Directional information

/TRADEOFFS: b

Requires fast sensors & electronics,
shorter time windows reduce
exposure and statistics

& =)

I

s =
5. kg DETECTOR MASSES

/O/ Larger mass yields more
interactions

* More target nuclei
| * Better statistics
e =W * Sensitivity to rarer signals

ﬁ
TRADEOFFS:
More mass = more cost,
more background, more complexity

in materials and shielding

\\

OPTIMIZING A DETECTOR IS BALANCING THESE TRADEOFFS TO ACHIEVE THE BEST OVERALL SENSITIVITY.
There is no single solution—only the right balance for the physics goal.



Signatures challenging to detect
. Start with Thresholdless

- Neutrino-electron Elastic Scattering

- Coherent Elastic Neutrino-Nucleus Scattering (CEVNS)

- Neutrino Capture on radioactive Nuclei
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