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Neutrinos matter!
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Fundamental 
particles and 
interactions

Astrophysical systems

Cosmology and 
early Universe Nuclear reactors

Neutrinos 
(0.1-2%)

The Earth

for many reasons....
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Two kinds: wild and tame ν's
Kate Scholberg 

Zurich Physics 
Colloquium 2022



XLZD: a wild neutrino observatory
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Physics case for a large liquid xenon detector: 
JoPG and arXiv:2203.02309 (600 authors)

Dark matter

Atmospheric 
neutrinos

Solar 
neutrinos 
(pp + 8B)

Supernova 
neutrinos

Neutrino 
nature

JCAP 10, 016 (2015)

Eur. Phys. J. C 
80, 9 (2020) 

Eur. Phys. J. C 80, 12 (2020) 
Phys.Rev.D 106 (2022)

PRD 94, 103009 (2016) 
Phys.Rev.D 105 (2022) 

PRD 104 (2021)

Wild

Wild Wild



(Wild) Neutrino interactions
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Elastic neutrino-
electron scattering

⌫x + e� ! ⌫x + e�
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CC NC

๏ νe  interactions: CC & NC  

๏ νµ and ντ interactions: only via NC 
( , solar ν have low energies and the 
CC reactions involving νμ and ντ are kinematically not 
allowed )

σtot ≈ 10−43 cm2

νe

νe

ντνe νµ ντνe νµ



(Wild) Neutrino interactions
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CEvNS:
๏A neutrino hits a 

nucleus via Z-
exchange 

๏ The nucleus 
recoils as a whole 

๏ The process is 
coherent up to 
neutrino energies 
of ~50 MeVZ0

A A

ν ν

Nucleon wavefunctions 
in the target nucleus in 
phase with each other 
at low momentum 
transfer

Image: J. Link Science 
Perspectives
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Low-energy solar neutrinos
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Flux scale

dΦ
dEν

= Φi(Qi + me − Eν)[(Qi + me − Eν)2 − m2
e ]1

2 E2
ν

Maximum energy

±30 %

±0.6 %

±6 %

±6 %

±1 %

±12 %

dR
dT

= Ne ∫
dΦ
dEν (Pee

dσe

dT
+ (1 − Pee)

dσν,τ

dT ) dEν



Low-energy solar neutrinos
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Survival probability Pee

???

๏What is the  survival probability (Pee) below 200 keV? 

๏What is the value of the weak mixing angle ( ) at low energies?

νe

sin2 θw

PDG 2022

PRD 92, 055005, 2015

2.4 MeV



Low-energy solar neutrinos
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๏ Signals: five solar  components +  capture on 131Xe (Q-value = 0.355 MeV)  

๏ Backgrounds: five components up to 3 MeV; 1 keV energy threshold for ERs 

๏ Multivariate spectra fit of all 11 components (30 t fiducial mass)

ν ν

pp ν materials
7Be ν

222Rn

136Xe

pep ν
15O ν

ν capture on 131Xe

124Xe

DARWIN collaboration, EPJ-C 80 12 (2020) high-Z SSM



Low-energy solar neutrinos
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๏ Determined relative uncertainty of each solar  component vs exposure 

๏ Solid: natural xenon target; dashed: target depleted in 136Xe

ν

300 t y 300 t y

1% precision in 7Be flux with 300 ty 0.15 % precision on pp flux with 300 ty

DARWIN collaboration, EPJ-C 80 12 (2020)



Low-energy solar neutrinos
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300 t y 

using pp neutrinos

๏ Rates: 365 events/(t y) from pp ν and 140 events/(t y)  from 7Be ν; 13N: 6.5/(t y), 
15O: 7.1/(t y) 

๏ pp-flux: 0.15% statistical precision with 300 t y exposure (sub-percent after 10 t y) 

๏ νe survival probability & weak mixing angle < 300 keV 

๏ Pee: ~4% relative uncertainty;  sin2θW: ~5% relative uncertainty

68% confidence 
regions

DARWIN collaboration, EPJ-C 80 12 (2020)



Some challenges for XLZD
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๏ Achieve a 222Rn concentration of ~ 0.1 µBq/kg (distillation column, "radon-free" 
circulation pumps, coating techniques to avoid radon emanation, radio-pure materials) 

๏ Achieve a low energy threshold (background from 123Xe  decay)2νββ

XLZD goal 
(*current value 
in XENONT is 
~0.8 µBq/kg)

Example: Rn 
distillation column 
for XENONnT 
(reduce 222Rn - 
hence also 214Bi - 
from pipes, cables, 
cryogenic system)



CEvNS
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๏Proposed almost 50 years ago (Daniel Z. Freedman PRD 9, March 1974) 

๏Observed by COHERENT (CsI & LAr detectors), 43 y later, with ν's from πDAR 

๏Never observed on xenon & never observed using wild neutrinos 

๏For 8B solar neutrinos, the process is fully coherent (even for heavy nuclei)

Figure by Kate 
Scholberg

πDAR ν energies

solar ν energies

σ ∝ N2



CEvNS in XLZD
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๏ Sources: solar 8B and hep ν's; core-collapse SN; DSNB and atmospheric ν's

FLUKA

X. Xiang et al., 2304.06142

dσ
dT

≃
G2

FM
2π

Q2
W

4
F2(Q)(2 −

MT
E2

ν )

QW = (1 − 4 sin2 θW) Z − N

weak nuclear 
charge

form factor F = 1 full 
coherence

sin2 θW = 0.231

⇒
dσ
dT

∝ N2

Tmax ∝
2E2

ν

M kinematics



๏ ~99% of CEvENS-induced events expected < 3 keVnr  

๏ ~ 104 events/(200t y) for 2-fold S1 and 5 ne S2  (see X. Xiang et al., 2304.06142)

CEvNS with 8B neutrinos
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Signal integrated from [0, 7] s

Rates in 4 - 50 keVnr 
energy range
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How a signal in XLZD would look 
like, for 200 t x y exposure
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๏XENON1T, PandaX-4T 

๏Searches ongoing in LZ, PandaX-4T, XENONnT

Existing 8B v constraints
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8B flux prediction and constraints from 
XENON1T and PandaX-4T

PandaX-4T, PRL 130, 2023

PandaX-4T, PRL 130, 2023

1 t y10 t y

ν-floor: probability for an ideal xenon 
detector to see < 3-σ DM signal



๏New physics specific to ν-nucleon interactions poorly constrained 

๏ In general: model-independent parametrisation of non-standard contributions to ν-q 
interaction cross sections (with vector and axial-vector couplings) 

๏Presence of NSI results in enhancement or suppression of CEvENS rate 

Non-standard ν interactions
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XENON1T, PRL 126, 2021

New νe-d quark interaction
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If we see additional or fewer CEvNS 
than expected in XLZD: could be BSM 

physics!

At different 
energies & 
different 
systematics 
than 
COHERENT

N2 prediction

Ratio wrt SM

excess

excess



๏Collapse of a star: ~99% of gravitational binding energy of proto-neutron star 
goes into ν's of all flavours, ~ 10s of MeV ν energies  

๏XLZD: sensitivity to all neutrino flavours from a core-collapse SN 

๏ few events/tonne expected for SN at 10 kpc 

๏ 700 events (in 40 t) from SN with 27  at 10 kpcM⊙

CEvNS with SN neutrinos
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PRD D 89, 013011 (2014)



๏Collapse of a star: ~99% of gravitational binding energy of proto-neutron star goes into ν's of all 
flavours, ~ 10s of MeV ν energies  

๏XLZD: sensitivity to all neutrino flavours 

๏ few events/tonne expected for SN at 10 kpc 

๏ 700 events (in 40 t) from SN with 27  at 10 kpcM⊙

CEvNS with SN neutrinos
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Plots by Ricardo Peres

Interactions in xenon target Detection significance for a 27  progenitorM⊙



๏SN close to Earth (d < kpc, e.g., Betelgeuse) 

๏XLZD: sensitivity to neutrinos emitted prior to core collapse, in Si-burning stage  

๏ "pre-SN" neutrinos have lower energies (~ 10 MeV), lower threshold necessary 

๏O(100) pre-SN neutrinos expected in 12 h window, 0.1 keV energy threshold 

CEvNS with SN neutrinos
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J. Phys. G 50, 2023, 01300150 t LXe

Also: planned participation in supernova 
early warning system 

(SNEWS) network (https://snews.bnl.gov) 

SNEWS: prepares and provides early 
warning system for galactic SN  => early 
alert to facilitate observation of optical 

counterpart



๏Understanding of core-collapse SN depends on probing DSNB with all flavours 

๏So far, only upper limits in  and  flux by SNO and SuperK (19 cm-2s-1, 2.7 cm-2s-1) 

๏ limits on in  and  fluxes much weaker (per flavour, ~103 cm-2s-1) 

๏XLZD could probe these down to ~ 10 cm-2s-1 or better, depending on fiducial mass

νe ν̄e

νμ,τ ν̄μ,τ

CEvNS with DSNB

21Suliga, Beacom, Tambora, PRD 105, 2022

Ideal xenon detector 



๏Understanding of core-collapse SN depends on probing DSNB with all flavours 

๏So far, only upper limits in  and  flux by SNO and SuperK (19 cm-2s-1, 2.7 cm-2s-1) 

๏ limits on in  and  fluxes much weaker (per flavour, ~103 cm-2s-1) 

๏XLZD could probe these down to ~ 10 cm-2s-1 or better, depending on fiducial mass

νe ν̄e

νμ,τ ν̄μ,τ

CEvNS with DSNB
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Sensitivity to νx  
in emitted 
energy versus 
average energy

ROI: 4 - 15 keV 

Suliga, Beacom, Tambora, PRD 105, 2022



Some challenges
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๏ Light and charge yields at lowest energies & their uncertainties: dominate systematics 
(especially in constraining NSI); in situ and special calibrations needed 

๏ Accidental coincidence rate (due to isolated S1 and isolated S2 signals; R&D programme 
and modelling (semi-empirical code) in place for XLZD

X. Xiang et al., 2304.06142
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Mock data for 15.3 t y exposure

Bands: no constraints 
on Qy, Ly 

Contours: Qy, LY 
constrained to calib 
data

50 t y with Qy, 
Ly uncertainties 
reduced by 1/2



The end



Additional slides
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Neutrino capture

26Slide by Shayne Reichard



Neutrino capture

27Slide by Shayne Reichard



SN ν luminosity and energy
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Plot by Ricardo Peres, model from the Garching SN archive

For a  progenitor, as a function of time after bounce 27 M⊙



SN ν events
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Event rates from S2-only analysis
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Event rates based on S2-only analysis



• The process was first proposed almost 50 years ago (Daniel Z. 
Freedman PRD volume 9, number 5, March 1974)

CEvNS



AC studies
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๏ Light and charge yields at lowest energies and their uncertainties 

๏ Accidental coincidences rate 

๏


