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Solar Neutrino Experiments – by detection method

• Elastic Scattering, neutrino-electron
• Charged-Current reactions
• CEνNS, coherent neutrino-nucleus 

Solar Neutrino Physics

• I’ll return to discussing the physics after setting the 
stage with the current experimental status…



Solar 𝜈𝑒 + 𝑒− → 𝜈𝑒 + 𝑒−
Past experiments:
- Super-Kamiokande
- Borexino
- also SNO and KamLAND

Talk by Marco Giammarchi
on Wednesday reviewing
the results from Borexino
- complete spectroscopy of
solar neutrinos (pp chain 
and CNO neutrinos)
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• Questions ? 
• HZ or LZ ? 
• time variations/ 

correlations with 
solar events ? 

• still missing hep flux

2% (SNO, SK)

2.7% (BX)

18% (BX)

10% (BX)

+42% 
-10% (BX)

limits

• Solar neutrino observations 
• Sun burns via pp chain (99%), CNO cycle (1%) ✓ 

• Sun’s composition still uncertain. Two classes of  solar models 
high or low metallicity Z [abundances X: H, Y: He, Z: Li, …] 

• HighZ favored by helioseismology
REF.  1

Current experiments:
- Super-Kamiokande
- SNO+
- PandaX-4T (and Xe DM expts)

Future experiments:
- JUNO
- Hyper-K
- Jinping Neutrino Experiment
- THEIA

figure from J. Maneira



Super-Kamiokande

22.5 kton fiducial volume water Čerenkov detector
15.9 live-time years of data SK-I to IV
Threshold as low as 3.49 MeV (electron recoil, kinetic)

K. Abe et al., PRD 109, 092001 (2024)



Super-Kamiokande

Threshold as low as 3.49 MeV (electron recoil, kinetic)
8B neutrino spectrum sees hint of “low energy upturn” at 1.2σ (2.1σ if combined with SNO)

K. Abe et al., PRD 109, 092001 (2024)

Green SK
Blue SNO
Red SK+SNO

Solar+KamLAND
Solar only

∆𝑚21
2  and 𝜃12



Super-Kamiokande

Day/Night asymmetry fit to zenith distribution:
3σ significance non-zero asymmetry for SK-I to IV combined

K. Abe et al., PRD 109, 092001 (2024)

DAY NIGHT



Super-Kamiokande

Oscillation parameters from global solar fit (by SK)

1.5σ tension between solar (neutrino) and
KamLAND (antineutrino) values for ∆𝑚21

2

K. Abe et al., PRD 109, 092001 (2024)



SK-Gd continues solar neutrino measurements

SK-VI (0.01% Gd, 2020-2022)
SK-VII (has 0.03% Gd, since July 2022) – thresholds are higher than SK-IV because backgrounds are higher

from M. Smy
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Higher backgrounds as 
expected, but 4 /4.5 MeV 
threshold is clearly possible !
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CNO solar neutrinos and metallicity

N. Vinyoles et al., ApJ  835, 202 (2017)

GS98 High-Z models predict sound speeds
in agreement with helioseismology
AGS09 Low-Z models find photosphere 
(surface) solar composition has lower 
metallicity than from GS98 (worse for
helioseismology agreement)

Solar neutrino fluxes are affected by core composition (metallicity) 



Borexino CNO solar
100 ton fiducial volume liquid scintillator detector
9.9 live-time years of data Phase I, II + III

Solar neutrino detection in a liquid scintillator requires
very low radioactivity backgrounds; Čerenkov detectors
reconstruct the direction of recoil e–, point to the Sun

Borexino developed “Correlated Integrated Directionality”
uses a priori knowledge of solar direction to identify
early Čerenkov hits in the forward direction, and fit for 
solar ν fluxes over background using those distributions

D. Basilico et al., PRD 108, 102005 (2023) talk by M. Giammarchi tomorrow!



Solar Neutrino Physics – a few comments
Matter effects – probe of potential new physics – we understand oscillations and have measured the oscillation 
parameters, but evidence for the “MSW low-energy upturn” is not completely strong, nor are all observables from the 
Day/Night asymmetry (hard!) convincingly in place; plus, persistent tension between ∆𝑚21

2  from solar 𝜈𝑒 and reactor ҧ𝜈𝑒

Borexino’s CNO solar neutrino measurement agrees with High-Z solar composition neutrino flux predictions…but, 

Solar neutrinos are still interesting; this sets 
the stage for new ways to look at
solar neutrinos and/or new measurements!

pp solar neutrino flux is a known source (±0.6%)
for potential “precision” future measurements

M. Maltoni and A. Yu. Smirnov, 
EPJ A 52, 87 (2016)



SNO+ Water Phase solar
SNO+ is the follow-up to the Sudbury Neutrino Observatory
2017-2019: Water Phase, 905 tonnes, 282 live-time days
2020-2022: Filling with scintillator (paused by COVID) but 
    including Partial-Fill Phase
2022-present: Scintillator Phase, 780 tonnes
2025/6- : Tellurium Double Beta Decay Phase (3.9+ tonnes)

A. Allega et al., accepted by PRD, arXiv:2407.17595 (2024)

In SNO+ Water Phase, we published “Measurement of the 8B solar 
neutrino flux in SNO+ with very low backgrounds” M. Anderson et al.,
PRD 99, 012012 (2019), then added an extended Water Phase data set, 
with even lower backgrounds!

with extended water
data set, lower Rn



SNO+ Water Phase 8B solar
SNO+
2017-2019: Water Phase, 905 tonnes, 282 live-time days
Energy threshold down to 3.5 MeV kinetic
Lowest backgrounds – deep location, radiopurity, Rn exclusion

A. Allega et al., accepted by PRD, arXiv:2407.17595 (2024)

NEW



SNO+ Water Phase 8B solar
SNO+
2017-2019: Water Phase, 905 tonnes, 282 live-time days
Energy threshold down to 3.5 MeV kinetic
Lowest backgrounds – deep location, radiopurity, Rn exclusion

A. Allega et al., accepted by PRD, arXiv:2407.17595 (2024)



SNO+ Scintillator Phase 8B solar
2022-present: Scintillator Phase, 780 tonnes, 140 live-time days analyzed so far
Scintillator radiopurity: U and Th at 5 × 10–17 g/g level
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• Analysis of  8B ES interactions in 
138.9 live days of  scint. data 

• Fitted oscillation parameters 
compatible with global fits

PO STER 2 5 5  / A .  I N Á C I O ,  R.  H U N T- STO KES

PO STER 5 4 4  /  D .  C O O KM A N

• Strict fiducial volume cut opens prospects for 
future sensitivity < 3 MeV ! 

• 232Th still dominates 3-5 MeV regions, but 
multisite discriminant will help
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138.9 live days of  scint. data 

• Fitted oscillation parameters 
compatible with global fits

PO STER 2 5 5  / A .  I N Á C I O ,  R.  H U N T- STO K ES

PO STER 5 4 4  /  D .  C O O K M A N

• Strict fiducial volume cut opens prospects for 
future sensitivity < 3 MeV ! 

• 232Th still dominates 3-5 MeV regions, but 
multisite discriminant will help

In the small fiducial volume, external backgrounds are negligible and below 3.0 MeV internal 208Tl backgrounds are also
small, enabling SNO+ Scintillator Phase to see 8B solar neutrinos clearly below 3.0 MeV

Internal Th-chain backgrounds between 3-5 MeV can be constrained with multisite discriminator and possibly using 
Borexino-style Correlated Integrated Directionality



SNO+ Scintillator Phase Directionality
In SNO+ scintillator with low PPO concentration (0.6 g/L), we were able to perform 
event-by-event directionality – recoil-electron direction reconstructed without 
a priori knowledge of the Sun direction (a first at MeV energies in liquid scintillator)

A. Allega et al., PRD 109, 072002 (2024)

Uses Cherenkov-Scintillation angle and time residual as 2D-pdf to reconstruct the recoil-electron direction

Now SNO+ scintillator has 2.2 g/L PPO
and 2.2 mg/L bis-MSB, no more event-by
event directionality



Solar 𝜈𝑒-𝑒− Scattering in Xe DM Detectors

X. Lu et al., arXiv:2401.07045v2 (2024)

PandaX-4T

Note: current/future Xe and Ar DM detectors (e.g. ARGO,
300 tonnes LAr) will be able to use electron scattering 
for pp and CNO solar neutrino measurements 
(depending on backgrounds)
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the nuisance parameter of this component , and all other

nuisance parameters fixed to their best -fit values. The

result ing fit uncertainty is then subtracted by σst at in

quadrature. Individual cont ribut ions thus evaluated are

also summarized in Table I I . Among all const rained back-

grounds, 85Kr, 214Pb and 212Pb dominate the cont ribu-

t ion toσsys1 with an uncertainty of 202, 87, and 69 events,

respect ively. The uncertaint ies of data select ion, includ-

ing the FV, quality cuts, and the SS fract ion, a↵ect the

signal number proport ionally with an est imated uncer-

tainty of 29 events.

Addit ional systemat ic uncertaint iesσsys2 are evaluated

manually. Theuncertainty from thereconst ructed energy

scale is determined by comparing the baseline fit result

with new fit results, obtained by shift ing the data energy

spect rum by ± 1 keV. The larger di↵erence led by the

shifts is142, which isused as theuncertainty. To evaluate

thecont ribut ion due to theenergy resolut ion uncertainty,

weperform thefit by imposing di↵erent background spec-

t ra with di↵erent energy resolut ion. A ± 1σ di↵erence in

the energy resolut ion funct ion propagates into an uncer-

tainty of 19 events. Thefit range uncertainty is evaluated

to be 29 events by varying the ROI to 25 – 143 keV and

23 – 145 keV. The uncertainty int roduced by the 214Pb

spectrum shape est imated to be 84 events, by comparing

the theoret ical spect rum in the baseline fit to the shape

direct ly measured in the calibrat ion data. Similarly, the

spectral shape di↵erences between the Geant4 [30] pre-

dict ion and a recent theoret ical calculat ion of 212Pb and
85Kr [26] are also considered, and the systemat ic uncer-

taint ies are found to be 18 and 5, respect ively. We also

fit the data by taking the half-life of 136Xe 2⌫ββ from

EXO-200 [32], the most precise result so far, as the in-

put value. This results in a di↵erence of 16 events in

comparison to our baseline fit , which is also taken as a

component of systemat ic uncertainty. In total, σsys2 is

170 events.

Therefore, the final detected number of pp + 7Be neu-

t rinos is 231 ± 113(stat ) ± 287(syst ) events from our

analysis. The corresponding solar pp neutrino flux is

(8.0 ± 3.9(stat ) ± 10.0(syst )) ⇥1010 s− 1cm− 2, using the

expected rat io of the pp to 7Be fluxes from SSM and

their cont ribut ions to the ROI. The result is consistent

with the SSM expectat ion [4] and the Borexino measure-

ment [9], as shown in Fig. 5. Based on this, we obtain

a pp neut rino flux upper limit of 23.3⇥1010 s− 1cm− 2 at

90% C.L..

This analysis represents thefirst result to direct ly mea-

sure the solar pp neut rinos at an elect ron recoil energy

below 150 keV. It demonst rates the potent ial of mult i-

tonne-scale LXe detectors for solar neut rino studies in

a completely new energy window. With an opt imized

online cryogenic dist illat ion system, we expect to reduce

the radon and krypton concent rat ion by a factor of 1.8 or

more [33]. Addit ional e↵orts, such as replacing TPC ma-

terials and circulat ion pumps, are being implemented for

TABLE I I. Summary of cont ribut ions to the pp + 7Be neu-

t rino signal uncertaint ies. The cont ribut ion of each con-
st rained parameter is ext racted by turning on/ o↵ the corre-

sponding penalty term in the fit ter, assuming no correlat ion
with other const raints. As a result , the quadrature combina-
t ion of those rows is slight ly di↵erent from the subtotal σsy s1

obtained direct ly by the fit ter with all correlat ions properly
built in.

Components Counts

σst at - 113
85K r 202

214Pb 87
212Pb 69

σsy s1 Material 21
136Xe 19

Data select ion 29

Subt ot al 231

Energy scale 142

Energy resolut ion 19

Fit range 29

σsy s2
214Pb spect rum 84
212Pb spect rum 18
85K r spect rum 5

136Xe 2⌫ββ half-life 16

Subt ot al 170

Tot al 287

Data Material (constrained)

 / NDF = 108.1 / 1152cTotal fit: Kr (constrained)
85

Be neutrino7 + ppsolar Pb (constrained)214

Xe127 (free) Pb (constrained)212

Xe124 (free) Xe (constrained)
136

I125 (free) Xe (free)
133
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FIG. 4. (Color online) Result of the spect rum fit and the
corresponding residual plot in the bot tom panel. The solar

pp+ 7Be neut rino is shown as the red line. The const rained
and free-float ing backgrounds are shown in solid and dashed

lines, respect ively.

background reduct ion. Addit ional 222Rn calibrat ion data

and improved detector response with upgraded PMT

readout circuit boards are expected to significant ly re-

duce systemat ic uncertaint ies. Assuming a 222Rn level

of 3.5 µBq/ kg, a krypton-to-xenon mole concentrat ion of

0.25 ppt , and no short -lived xenon isotopes being act i-

vated, and imposing a 5% constraint on all backgrounds,

PandaX-4T can measure the solar pp neut rinos with an

PandaX-4T commissioning data 0.63 tonne-year exposure
electron recoils 24-144 keV from pp solar neutrinos



Future Solar 𝜈𝑒 + 𝑒− → 𝜈𝑒 + 𝑒−
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• Largest ever (solar) neutrino detector, starting 2027 
• Less deep than SK: higher cosmogenic backgrounds, but 

have several methods to tag the showers 

• Huge statistics: ~5 8B ν/hour  
• If            is that of  solar best fit, 5 σ on day-night effect.  
• If  the threshold is 3.5 MeV, 5 σ on low energy upturn 
• 2-3 σ measurement of  hep νs as well

TA LK  6 4 6 /  S.  M O RI YA M A

260 kton 
water Δm2

21

Day-Night Upturn

>4.5 MeV

>3.5 MeV

REF.  1 2
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No asymmetry

Expectation from KamLAND

Day/Night Asymmetry Sensitivity

Hyper-Kamiokande (water Čerenkov detector)
3σ sensitivity to upturn after 10 yrs (threshold 4.5 MeV)
5σ observation of non-zero Day/Night asymmetry; 2σ test of ∆𝑚21

2  for 𝜈𝑒/ ҧ𝜈𝑒

JUNO (20 kton liquid scintillator)
…more on the next slide
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• China Jinping Underground Laboratory 
(CJPL), deepest UG lab in the world 

• Cavity ready, construction soon 
• Acrylic vessel ~10 m diameter 500 m3 
• Target density +/- 20% (w/r to water). Start 

with water, then possibly slow-LS, LiCl-LS or 
TeLS or NdLS 

• Currently testing new PMTs and electronics at 
1 ton prototype

PO STERS 6 6 ,  1 1 4 ,  2 8 7 ,  3 0 7 ,  3 8 5 ,  4 9 1

Possible Li loading

Sensitivity to  
reject no upturn

3000 kT.day, 500 PE/MeV

TH A N K S TO  S.  C H EN

Data: end of  2026

REF.  1 4 ,  1 5

Text

Jinping Neutrino 
Experiment (500 m3 
detector, cavity has been 
constructed)
possible slow liquid 
scintillator or LiCl-LS

THEIA (50 kton hybrid 
Čerenkov-scintillator
concept)
CNO uncertainty <10%
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• Hybrid Cherenkov+scintilation detection 
combines high light yield and directionality 

• R&D on Cherenkov/scintillation separation: 
fast sensors, slow scintillator, dichroicon 
(ANNIE, EOS, BUTTON) 

• Targeting precision CNO and sensitive probe 
of  vacuum/matter transition region. 
 Directionality provides powerful discriminantTheia-25@DUNE

CNO precision 
well below 10%

PO STERS 5 7 8 /  L .  LEBA N O W SKI ,  5 9 6  /  T.  KA PTA N O G LU

TH A N KS TO   

G .  O REBI  G A N N

REF.  1 6 , 1 7

from S. Moriyama,
S. Chen, G. Orebi Gann

  

THEIA

THEIA as DUNE 
Module 4

THEIA is ideally located at SURF as DUNE 

module 4

EPJC 80 416 (2020)

T. Kaptanoglu, UC Berkeley P5 Town Hall (3/21/2023)



JUNO Solar 𝜈𝑒 + 𝑒− → 𝜈𝑒 + 𝑒−

A. Abusleme et al., JCAP 10, 022 (2023) and
A. Abusleme et al., Chin. Phys. C 45, 023004 (2021)

Solar neutrino measurements at low energy depend
on radiopurity achieved (baseline radiopurity shown in 
lower two plots) and on three-fold coincidence rejection 
of cosmogenic backgrounds (11C, 10C, 6He) shown in
left plots (with) and right plots (without)
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• Largest liquid scintillator detector, starting this year 
• Radiopurity control: materials 15% better than spec. 
• Scintillator purification similar to Borexino, goal to 

achieve 10-17 g/g in U/Th 
• High rate of  cosmogenics (~7× more than Borexino): 

assuming similar tagging efficiencies 

•

20 kton

75% PE coverage

600 m overburden

Assumed U/Th 
suppression

Assumed 
cosmogenics 
suppression

TA LK  6 0 9 /  J .  C A O

TH A N KS TO   

G .  RA N U C C I

REF.  1 3

Cosmogenic backgrounds
~7× higher than Borexino 
but can be tagged
(important for 8B solar also)

after muon tag cuts

Impressive rates for 7Be, pep, CNO, 8B from its large target volume

talk by S. Dusini earlier today; E. Percalli on Thursday



Solar Neutrinos with Charged-Current Reactions
Past experiments:
- radiochemical Cl, Ga
- SNO (𝜈𝑒-𝑑)

Current experiments:
- SNO+

Future experiments:
- DUNE
- JUNO (possibly)
- Jinping Neutrino Experiment
w/Li or Cl
- CLOUD (LiquidO)

CC reactions:
𝜈𝑒 +

13𝐶 → 𝑒− + 13𝑁, Q-value 2.2 MeV
𝜈𝑒 +

40𝐴𝑟 → 𝑒− + 40𝐾*, Q-value ~1.5gs+4.4 MeV
…for detecting 8B solar neutrinos

Other CC targets such as 7Li and 37Cl and 115In have 
lower (much lower) reaction thresholds



SNO+ Scintillator Phase 𝜈𝑒  CC on 13C
SNO+
2022-present: Scintillator Phase, 780 tonnes, 150.5 live-time days so far
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• As yet unobserved reaction of  electron 
neutrinos on Carbon-13 

• Only 1.1% isotopic abundance, but cross 

section ~12× higher than ES at 8B ν energies 
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νe +13 C → e− +13 N
13N → e+ + νe +13 C

• Cosmogenic backgrounds from 11Be: 
negligible at SNOLAB depth 

• Dominant accidental backgrounds 
determined by data-driven method 

• Randomly pick fake prompt , then search 
for delayed signal candidates

Prompt e- energy = E (νe) - 2.2 MeV

Delayed 
e+  annihilation 
[1.01, 2.2] MeVτ = 862.6 s

PO STER 4 1 6  /  G .  M I LTO N

"# 13#

$$

13%

"#

$%

13#

$$

!

!

Delayed e+ 
annihilation  
[1.01,2.20] MeV 

Prompt e- energy = !

! = 862.6 s

8B solar neutrino 
energy =	E($! )

REF.  1 0

Delayed coincidence helps reject
backgrounds but τ = 14.4 min is long!

Cosmogenic backgrounds (e.g. 11Be) are 
also a challenge that have prevented 
this from being observed…until ~now

only 1.1%
isotopic
abundance

Cuts optimized before blind box opening:
- Fiducial volume R < 5.3 m
- Prompt energy 5.0 < E(e–) < 15.0 MeV
- Delayed energy 1.14 < E(e+) < 2.2 MeV
- ΔR < 0.36 m
- 0.01 < ΔT < 24 min
- Likelihood Ratio discriminant > 4
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• Cuts optimised prior to “blind box” opening: 
• Fiducial volume: R< 5.3 m 
• Prompt energy:  5.0 < E (e-) < 15.0 MeV 
• Delayed energy: 1.14 < E (e+) < 2.2 MeV 

• ΔR < 0.36 m 

• 0.01 < ΔT < 24 min  
• Likelihood ratio analysis 

• Wider cuts on Delayed energy, ΔR, ΔT 
• Likelihood ratio discriminant> 4
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EXPEC TED BO X LI KELI H O O D

BA C KG RO UN D 0. 31 0. 17

SI G N A L 1. 83 1 . 79

150.51 live days

2 events found !

Indicative of  a signal from  
13C CC interactions !
PO STER 4 1 6  /  G .  M I LTO N
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• Delayed energy: 1.14 < E (e+) < 2.2 MeV 

• ΔR < 0.36 m 

• 0.01 < ΔT < 24 min  
• Likelihood ratio analysis 

• Wider cuts on Delayed energy, ΔR, ΔT 
• Likelihood ratio discriminant> 4
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p-value: 1%

EXPECTED BO X LIKELIH O O D

BA CKG RO UN D 0.31 0.17

SIG N A L 1.83 1.79

150.51 live days

2 events found !

Indicative of  a signal from  
13C CC interactions !
PO STER 4 1 6  /  G .  M I LTO N

2 events were found after
opening the box, consistent
with expectations

With more statistics (already
accumulated) this will be
only the 2nd real-time detection
of solar neutrinos using a pure
CC reaction (after SNO)!



Future Solar 𝜈𝑒  CC on 40Ar in DUNE

J. Maneira (LIP)                                                  So lar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano
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• Phase-I, starting 2029 
• Two largest LAr TPCs ever built: ~27 kton active vol. (comb.) 
• Recent progress in low energy reconstruction: ~16% resolution 

• High 8B stats ® 3 σ solar/reactor         discrimination  
• High x-section on Ar, kinematics favorable for hep discovery 

• Phase-II  
• very active R&D to improve LE performance

PO STER 8 7 /  S.  C O RC H A D O

TA LK  6 4 5 /  C .  M A RSH A LL

Δm2
21

DUNE work-in-progress

DUNE work-in-progress

DUNE work-in-progress exp.: 400 kT.yr

TH A N K S TO   

I .  BO TELLA ,  C .  C U ESTA

Phase-I with 27 kton active volume, LAr TPCs

from C. Cuesta

From Capozzi et al., PRL 123, 
131803 (2019)

In the case the discrepancy
between solar 𝜈𝑒 and reactor ҧ𝜈𝑒
is real; 100 kton-yr each

Possible first observation of hep solar neutrinos
by DUNE (benefits from higher CC cross section)
“low-energy” backgrounds are important



Future Solar CC on 115In in CLOUD (LiquidO)
CLOUD is a planned/proposed 10-tonne detector with opaque liquid scintillator
and WLS fibre readout (LiquidO technique) – CLOUD-II with 10% In loading

from A. Cabrera, D. Navas

J. Maneira (LIP)                                                  So lar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

C L O U D / S U P E R C H O O Z
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• LiquidO technology: opaque 
scintillator + optical fibers 
• < 1cm resolution 
• strong topology discrimination 
• no need for depth

100 PE/MeV 
10 years

e+ e- γ

• CLOUD-II: 5 tons, 200 PE/MeV, at surface, 35 
m from reactor (Chooz-B), ≲2029 

• Super-Chooz: 10 kton, depth 100 m (Chooz-A)

LiquidO + 10% Indium loading

Super-Chooz

TH A N KS TO   

A .  C A BRERA

CLOUD-II

REF.  1 8

CLOUD

PO STER 6 3 5  /   R.  G A Z Z I N I
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• < 1cm resolution 
• strong topology discrimination 
• no need for depth

100 PE/MeV 
10 years
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• CLOUD-II: 5 tons, 200 PE/MeV, at surface, 35 
m from reactor (Chooz-B), ≲2029 
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CLOUD-II

REF.  1 8

CLOUD
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Can achieve what R. Raghavan
proposed (for LENS) because of 
better spatial resolution and 
event topology from LiquidO



Solar Neutrinos with CEνNS in DM Detectors
Current experiments:
- XENONnT
- PandaX-4T
- LZ perhaps?

Future experiments:
- XLZD
- DarkSide-20k; ARGO

WIMP
WIMP

Recoiling 
Nucleus

5
D. Akimov et  al, Science 357 (2017)  

Elastic Scattering of Dark Matter and Neutrinos

figure from D. Akimov et al., 
Science 357, 1123 (2017)

Rate: ~600 events/(tonne-year Xe)

YBe Calibration

XENONnT as a Solar Neutrino Detector via CEvNS

6

Nature 562, 505–510 (2018)
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FIG. 1. Acceptance for detect ing low-energy NRs in
XENONnT (top) and 8B CE⌫NS energy spect rum (bot tom).

The light (dark) blue curve denotes the acceptance of de-
tect ing S1 (S2) signals, and the black curve represents the

combined acceptance. The expected CE⌫NS signal spect rum
induced by solar 8B neut rinos in XENONnT with (without )

acceptance loss is shown by the dark (light ) red line. The
green line shows a scaled spect rum of all energy deposit ions

from 88YBe calibrat ion.

and are not part of the dataset for the search. Three-

fold events were unblinded in the SR0 WIMP search [13],

which cont ributes to 3% of total 8B CE⌫NS rate since

twofold events dominates and SR1 has more exposure.

Cuts based on the features of S1 and S2 peaks, inher-

ited from [17], are employed to ensure the quality of the

reconst ructed events. S1 signals composed of at least two

hits are required to be larger than 1PE. S1 signals up to

4PE areaccepted in sizeper PMT. S2 signalsmust bede-

tected by both PMT arrays with a reasonable signal frac-

t ion in the top array. S2 signals detected on the top array

are also required to follow the expected pat tern from the

opt ical response of XENONnT. Events with mult iple S2

signals are rejected to suppress the neutron background.

As in [17], events found in coincidence with either MV or

NV are rejected.

Backgrounds — This analysis considers accidental co-

incidence(AC), surface, neut ron, and ER background

components, as in the search for solar 8B CE⌫NS sig-

nals with the XENON1T detector [6, 26]. The AC is

the dominant background, formed by accidentally paired

“ isolated” S1 and S2 signals. The accidental pile-up rate

of these isolated S1 and S2 signals within the maximum

drift t ime is significant , reaching several hundred events

per day with no mit igat ion measures applied.

The primary source of the isolated S1 and S2 signals

in the 8B CE⌫NS search ROI are delayed signals after

high-energy (HE) interact ions. Those interact ions, with

characterist ic S2 areas larger than 10000PE induced pre-

dominant ly by γ -rays, are known to contaminate their

subsequent t ime interval with single photoelect ron PMT

hits and small S2 signals. This phenomenon has been ob-

served in many LXe detectors [6, 7, 31]. While the phys-

ical mechanism is st ill under invest igat ion [32, 33], the

AC background can be modeled by data-driven simula-

t ion, after applying dedicated cuts to remove the isolated

peaks correlated with their preceding HE peaks.

The impact on an isolated signal by a preceding HE

event is quant ified by the rat io of S2pre to ∆ tpre, where

S2pre is the S2 area of the HE event and ∆ tpre is the

t ime between the HE event and the isolated signal. All

the HE events one second before the isolated signal are

considered and the event with the largest rat io of S2pre

to ∆ tpre (defined as S2pre/ ∆ tpre) is ident ified as the most

influent ial one on the isolated signal rate. Cuts are then

applied on S2pre/ ∆ tpre to minimize the isolated signal

rate. A t ime window of 2.2ms (one maximum drift t ime)

is vetoed after any HE interact ion in SR0. In SR1, due to

the increased photoionizat ion rate, theveto window isex-

tended to 4.4ms. The cut on S2pre/ ∆ tpre for 2 (3)-hit S1

signals is less than 10.1 (38.2) PE/ µs, e↵ect ively reducing

isolated S1 rates by more than 80% (50%) while accept -

ing 87% (96%) of 8B CE⌫NS signals. Localized bursts of

intense single-elect ron (SE) emission observed in SR0 [28]

appear more frequent ly in SR1, cont ribut ing also to the

isolated S2 signals. For isolated S2 signals, correlat ions

with preceding HE events and the localized SE burst in

(X , Y )-posit ion are ut ilized, account ing for the uncer-

tainty in posit ion reconstruct ion. Two-dimensional cuts

in t ime and posit ion are developed, e↵ect ively reject ing

over 50% of isolated S2 signals while accept ing around

96% of 8B CE⌫NS signals.

After all the cuts, the average isolated S1 and S2 signal

rates in SR0 (SR1) are 2.3 (2.2) Hz and 18 (26) mHz, re-

spect ively. By inject ing simulated 8B CE⌫NS signals at

random t imes and posit ions into the real data, the over-

all acceptance of these cuts is evaluated to be 75% (85%)

for 2 (3)-hit signals. The isolated S1 and S2 waveforms

are then sampled and assigned a random drift t ime be-

fore being merged into art ificial AC events. Facilitated

by [34], the simulat ion improved compared to [6] in pre-

serving the S2pre/ ∆ tpre spect rum and modeling the t ime

dependence to minimize the systemat ic uncertaint ies of

the AC model.

Two boosted decision t ree(BDT) classifiers are devel-

oped to dist inguish between 8B CE⌫NS signals and the

AC background events. The output scores from these

classifiers areused as analysisdimensions in thefinal like-

lihood. The dist ribut ions of S1 photons of 8B CE⌫NS

signals in t ime and across the PMT arrays di↵er from

those of the isolated S1 signals induced by a random

pileup of PMT hits. Features from these dist ribut ions

These figures and numbers are
from XENONnT but are meant to
be representative of the technique…

talk by M. Lindner in 1.5 hours!



8B Solar Neutrinos with
CEνNS in XENONnT
5.9 tonne LXe dual-phase TPC
July-November 2021; May 2022-August 2023 datasets
3.51 tonne-year exposure (316.5 live-time days)

37 events above 0.5 keV with 26.4−1.3
+1,4 expected backgroundVisualization of Events — Piechart plots

24

The pie plots show which events occur in a more signal- or background-dominated 

region from our expectation.

from F. Gao, IDM Workshop, July 2024
E. Aprile et al., arXiv:2408.02877 (2024)
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to the search for 8B CE⌫NS signals in terms of the signal

dependence on the light and charge yields, the dominant

background, and the energy region. Using approaches on

the signal and background modeling comparable to the
8B CE⌫NS search, the best -fit of the 37Ar signal model

and the AC background is consistent with the data in all

of the four analysis dimensions. More informat ion about

this validat ion is described in Appendix B.

Results — After unblinding, 9 and 28 events are ob-

served in SR0 and SR1, respect ively. The observed num-

ber of events is consistent with the expected 8B CE⌫NS

signal on top of the background. The best -fit values of

background components and 8B CE⌫NS signal from the

unconst rained fit are also shown in Tab. I. The best -fit

nuisance parameters ~✓are all within ± 0.3σ constrained

by the external measurements. The background-only hy-

pothesis, with no 8B CE⌫NS signals, is disfavored with

a p-value of 0.003, corresponding to a stat ist ical signifi-

cance of 2.73σ.

The dist ribut ions of the observed 37 events and the

best-fit model projected to each analysis dimension are

shown in Fig. 2. The p-values in cS2, S1 BDT score, and

S2 BDT score show a good match between the uncon-

st rained best-fit model and observat ions. The p-value

in the S2pre/ ∆ tpre is 0.008, indicat ing a potent ial mis-

modeling. No other indicat ion of possible mis-modeling

is found by inspect ing the individual events in thedataset

or the AC sideband data. Abandoning S2pre/ ∆ tpre in

the stat ist ical inference would lead to a larger best -fit
8B CE⌫NS signal of 13.1 events with a stat ist ical signif-

icance of 3.22σ.

Assuming the flux-weighted CE⌫NS cross-sect ion

σCE⌫NS predicted by the SM, Fig. 3 shows the

XENONnT const raint on the solar 8B neutrino flux of

(4.7+ 3.6
− 2.3) ⇥ 106 cm− 2s− 1 at 68% CL. With the solar 8B

neut rino flux being constrained by SNO [22], Fig. 4 shows

the first measurement of the flux-weighted CE⌫NS cross-

sect ion σCE⌫NS on Xe as (1.1+ 0.8
− 0.5)⇥10− 39 cm2, consistent

with the SM predict ion of 1.2⇥10− 39cm2. Since the mo-

mentum transferred from a solar 8B neut rino to a Xe

nucleus is 20MeV/ c, this measurement is less sensi-

t ive to uncertaint ies in the nuclear form factor compared

to CE⌫NS measurements made by the COHERENT col-

laborat ion with neut rinos produced by the SNS [42]. The

measurements of the flux-weighted CE⌫NS cross-sect ion

on CsI [42], Ar [4], and Ge[43] nuclei by theCOHERENT

Collaborat ion are shown in Fig. 4 for comparison. Due to

the lower average energy, solar 8B neut rino flux-weighted

CE⌫NS cross-sect ion is the lowest one measured to date.

Summary — We performed a blind search for NR sig-

nals from solar 8B neut rinos via CE⌫NS with XENONnT

using data from two science runs with a combined expo-

sure of 3.51 t⇥y. By lowering the S1 and S2 thresholds,

we are able to include NR signals as low as 0.5keV. Vari-

ous techniques are developed to reduce the dominant AC

background. Various calibrat ions, including 88YBe and

FIG. 3. Const raints on solar 8B neut rino flux. Top: the
68% (90%) measurement of solar 8B neut rino flux from this

work is shown in black (gray). The 68% CL measurement from
SNO [22], and 90% CL upper limit s from XENON1T [6] and

PandaX-4T [7] are also shown. Bot tom: the solid red line
shows theprofi le likelihood rat io test stat ist ics qµ as a funct ion

of solar 8B neut rino flux. The const raints are derived with
Feldman-Cousins const ruct ion at 68% (90%) CL, indicated by
the black (gray) curve.

FIG. 4. Measurements of the flux-weighted CE⌫NS cross-
sect ion σC E⌫N S. The measurement using Xe nuclei solar 8B

neut rinos from this work is shown in black. The 90% CL up-
per limit from XENON1T [6] is shown in blue. The measure-

ments with neut rinos from the SNS by the COHERENT col-
laborat ion using CsI [42] (red), Ar [4] (green) and Ge [43] (or-

ange) nuclei are also shown. For comparison, the SM predic-
t ions are shown by vert ical dashed lines, assuming the nuclear

form factors from [44].

37Ar, are performed to understand the detector response,

signal, and background modeling. The data disfavors

the background-only hypothesis at 2.73σ. The uncon-

st rained best -fit number of 8B CE⌫NS signals is 10.7+ 3.7
− 4.2,

consistent with the expectat ion of 11.9+ 4.5
− 4.2 events, based

on the measured solar 8B neutrino flux from SNO [22],

the theoret ical CE⌫NS cross-sect ion with Xe nuclei [23],

and the calibrated detector response to low-energy NRs

2.73σ observation of
8B solar neutrinos



8B Solar Neutrinos with
CEνNS in PandaX-4T
3.7 tonne LXe dual-phase TPC
259 calendar days with 2.24 tonne-year exposure
S1-S2 paired 1.1 keVnr threshold; unpaired S2 0.33 keVnr
332 events (unpaired S2) observed with expected
background of 251±32

Z. Bo et al., arXiv:2407.10892 (2024)

2.64σ observation of
8B solar neutrinos



Geo Neutrinos

Antineutrinos emitted by natural radioactivity in the Earth

Images of elements from the Internet and may not accurately represent reality…

Goals:
1) Measure Earth’s radiogenic
heat – energetics responsible for mantle 
convection, plate tectonics, volcanism,
the geodynamo – by detecting its neutrino glow
2) Test fundamental ideas (models) of bulk
Earth chemical composition (and Earth’s origin)
including U/Th ratio
3) Explore the distribution of radioactive elements in 
the deep Earth – mantle heterogeneity



Earth’s Heat Flow

figures from L. Ludhova

THE EARTH’S HEAT BUDGET

1 – 27 TW
BSE models

7 - 9 TW

9 – 17 TW

4 – 27 TW

Mantle

big uncertainty

Lithosphere

“well” known

Integrated surface heat flux:

From measured T-gradients along bore-holes

Htot = 47 + 2 TW

Core-mantle boundary heat flux

Inner core

Outer core

Mantle

Lithosphere

U, Th ??

Primordial heat:
core cooling

Primordial heat:
mantle cooling
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Earth’s Bulk Chemical Composition

figure from W. McDonough

The model is that since
chondritic abundances are
similar to the solar photosphere,
this represents the solar system’s
primordial material from which
the Earth formed

Bulk Silicate Earth (BSE)

Silicate primitive mantle became
the present-day  crust and mantle
after differentiatiation



Distribution of Radiogenic Elements

table values from F. Mantovani, taken from L. Ludhova

The model is that since
chondritic abundances are
similar to the solar photosphere,
this represents the solar system’s
primordial material from which
the Earth formed

Bulk Silicate Earth (BSE)

Silicate primitive mantle became
the present-day  crust and mantle
after differentiatiation

THE EARTH TODAY 
7

Typical concentration for 238U 
(Mantovani et al. 2004)

upper continental crust:       2.5   ppm

middle continental crust:      1.6   ppm

lower continental crust:        0.63 ppm

oceanic crust:                       0.1   ppm

upper mantle:                       6.5   ppb 

core (metallic)                    NOTHING

U/Th distribution in the mantle (3 scenario)

Low Intermediate High 

Geoneutrino flux from the mantle
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Refractory (high condensation T)  & Lithophile (silicate loving)

www.e-education.psu.edu

Compositional layers Mechanical layers

Dynamics

www.quora.com

www.e-education.psu.edu/

PHYS. REV. D 101, 012009 (2020)
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U and Th distribution

Lithophile elements have an affinity with oxygen,
enriches the crust in U and Th

In constrast, siderophile elements like iron
are not chemically compatible with U and Th;
no geoneutrinos from the core! 



Different BSE models
Core - not a significant source 
of geoneutrinos

Crust – U and Th composition 
can be sampled (but less well-
known the deeper you go)

Mantle – subtracting local crust
contribution gives the “deep 
Earth” component, i.e. from the 
mantle, to compare with BSE 
models

BULK SILICATE EARTH (BSE) MODELS

Modeling the composition of the Earth primitive mantle
Various inputs: composition of rock samples from the crust and
upper mantle, energy needed to run the mantle and core
convections, composition of chondritic meteorites and its
correlations with the composition of the solar photosphere…

Abundance relative to Si

C1 carbonaceous chondritic meteorites 
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crust + mantle 

BSE model M (U)

[1016 kg]

M (Th)

[1016 kg]

M (K)

[1019 kg]

Hrad (U + Th + K)

[TW]

Cosmochemical (CC) 5 ± 1 17 ± 2 59 ± 12 11.3 ± 1.6 Low-Q

Geochemical (CC) 8 ± 2 32 ± 5 113 ± 24 20.2 ± 3.8 Mid-Q

Geodynamical (GD) 14 ± 2 57 ± 6 142 ± 14 33.5 ± 3.6 High-Q

„Fully radiogenic“ (FR) 20 ± 1 77 ± 3 224 ± 10 47 ± 2

=silicate 
primitive mantle

present-day

• Mantle composition is inferred from the BSE models by 
subtracting the relatively well-known crustal composition.

• Ratios of different elements, including U and Th, are much 
better known than their absolute abundances:
mass ratio of Th/U = 3.9 (chondrites)  

PHYS. REV. D 101, 012009 (2020)

(Ross & Aller, 1976)

11

Was it the same
in primitive mantle?

extracted from M. Agostini et al., PRF 101, 012009 (2020), which compiled from numerous references



Geo Neutrino Detection via IBD      ҧ𝜈𝑒 + 𝑝 → 𝑒+ + 𝑛
GEONEUTRINO SPECTRAL SHAPE @ LNGS

• We are able to detect geoneutrinos only from the decay chains of 238U and 232Th above 1.8 MeV.

• 238U and 232Th have different end points: the key how to spectrally distinguish them.

• 40K geoneutrinos cannot be detected.

• Effect of neutrino oscillations: for 3 MeV antineutrino, the oscillation length is ~100 km; considering the Earth’s 
dimensions and continuous distribution of U and Th:  for the precision of current experiments – suppression of the 
visible signal without spectral deformation.
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Total

238U

238U

232Th

Total No oscillation

Oscillated

14

500 p.e. ~ 1 MeV

Geoneutrino flux Geoneutrinos detected via IBD Effect of neutrino oscillations

figures from L. Ludhova

Potassium geoneutrinos can’t be detected by IBD on protons; but see
A. Cabrera, M. Chen, F. Mantovani, A. Serafini, V. Strati et al., arXiv:2308.04154



Geo Neutrino Experiments: KamLAND

Two liquid scintillator (LS) experiments have measured geoneutrinos.

KamLAND (Japan, 2002~) Borexino (Italy, 2007~)

*LS : 1000 t 
*Depth : 2700 m.w.e. 
*expected event ratio 

    reactor/geo ~6.7 (up to 2010) 

                        ~0.4 (2011~)

*LS : 278 t 
*Depth : 3800 m.w.e. 
*expected event ratio 

    reactor/geo ~0.3 (2007~)

w/o Japanese reactors

4/15

#talks_react_geo_nus

KamLAND & Borexino

6.39 × 1032 proton-years, 14.3 live-time years
1178 candidate events (in the geo-ν region)
183−28

+29 geoneutrinos

S. Abe et al., Geophys. Res. Lett. 49, e2022GL099566 (2022)



KamLAND Geology Interpretation
Confidential manuscript submitted to Geophysical Research Letters

(a)

(b)

(c)

Figure 2. j 2-profiles of observed geoneutrino flux with mantle models. (a) C.L. contours and best fit

point for 238U and 232Th geoneutrino flux from KamLAND’sdata (blue lines and point) with crustal predic-

tion (brown ellipse), radiogenic heat from the mantle (three red lines and bands) and different mantle models

(blue, green and red asdepicted in (c)). (b) Projection on the gray dashed lines rising to the right in (a) of

mantle mass ratio Th/U=3.9 for Middle-Q and High-Q models (blue line) and Th/U=2.8 for Low-Q model

(blue dash-dotted line) starting projection from the center of the crustal contribution. (c) Comparison of the

measured data and the mantle models on each mantle mass ratio.

–10–

KAMLAND: RADIOGENIC HEAT
Geophys. Res. Lett. 49 e2022GL099566 & courtesy H. Watanabe

Radiogenic heat measurement by KamLAND

central value : Enomoto 2007

uncertainty : Rudnick&Gao 2014

Th/U ratio : Wipperfurth et al 2018

QU = 3.3+ 3.2
− 0.8 TW

QT h = 12.1+ 8.3
− 8.6 TW

QU + QT h = 15.4+ 8.3
− 7.9 TW

Q
U ,T h
mant le = (ΦU ,T h − Φ

U ,T h
crust )

dQ
U ,T h
mant le

dΦ
U ,T h
mant le

Conversion coefficients 
between flux andradiogenic 

heat in homogeneous mantle

measured flux 
at the surface

flux estimate in 
crustal model

Adding heat estimate from crust, 
238U : 3.4 TW, 232Th : 3.6 TW

U, Th heat separated 
measurement achieved

10

High-Q BSE model is rejected at

99.76 % C.L. (homogeneous mantle)

97.9% C.L. (concentrated at CMB)

Homogeneous mantle

C
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s
t 

+
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n
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1s lower limit 

allows unphysical Qmantle < 0 
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KamLAND
prefers Low-Q and
Mid-Q mantle;
disfavours High-Q
at 99.76% CL
(homogeneous
mantle; Th/U = 3.9)

S. Abe et al., Geophys. Res. Lett. 49, e2022GL099566 (2022)

crustal contribution



Geo Neutrino Experiments: Borexino

M. Agostini et al., PRF 101, 012009 (2020)

1.29 × 1032 proton-years,
   8.7 live-time years
154 IBD candidate events
   (~90 in the geo-ν region)
52.6−8.6

+9.4 geoneutrinos

Two liquid scintillator (LS) experiments have measured geoneutrinos.

KamLAND (Japan, 2002~) Borexino (Italy, 2007~)

*LS : 1000 t 
*Depth : 2700 m.w.e. 
*expected event ratio 

    reactor/geo ~6.7 (up to 2010) 

                        ~0.4 (2011~)

*LS : 278 t 
*Depth : 3800 m.w.e. 
*expected event ratio 

    reactor/geo ~0.3 (2007~)

w/o Japanese reactors

4/15

#talks_react_geo_nus

KamLAND & Borexino



Borexino Geology Interpretation

M. Agostini et al., PRF 101, 012009 (2020)
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MANTLE SIGNAL: IMPORTANCE OF LOCAL GEOLOGY

• In order to measure the Mantle signal, lithospheric signal 
must be subtracted.

• Local Crust (LOC) - the area of a few hundreds km around 
the experiment contributes up to 40-50% of the total 

geoneutrino signal and must be known rather precisely. 

• Far Field Lithosphere (FFL) – complementary part of the 
crust to LOC + the continental lithospheric mantle, more 
approximations are allowed.

Courtesy: H. Watanabe

PRD101 (2020) 012009

Contribution of different Earth’s regions 

to total KamLAND’s signal 

LOC – Local Crust
FFL – Far Field Lithosphere
Mantle

Mantle

LOC 

FFL

Borexino signal composition

To
ta

lUsing LOC from M. Coltorti et al.
and FFL from Y. Huang et al.
and subtracting, Borexino finds
non-zero mantle contribution at
99.0% CL

Mantle signal: 21.2−9.1
+9.6 TNU

TNU (terrestrial neutrino unit) = 1 event per 1032 proton-year (100% eff.)

High-Q favoured
by Borexino

Borexino prefers
High-Q model; large
radiogenic contribution
to mantle “geo dynamics”



Geo Neutrino Experiments: SNO+ Scintillator 
(ultra preliminary)

0.18 × 1032 proton-years exposure, 286 tonne-year
59 IBD candidate events (36 in the geo-ν region)
9.9 ± 6.9 geoneutrinos

  

Reactor ν oscillations and 

Geoneutrinos in

oscillated reactor ν  (α,n) background

U+Th geoneutrinos 

future prospects

Photo of the SNO+ detector in 2020. Liquid scintillator is 
fed from the top of the 6-m radius sphere, replacing the 
pure water. 9362 PMTs sit at 9 m from the center. 

   S. Andringa¹, L. Lebanowski², J. Page³, A. Zummo⁴ , for the SNO+ Collaboration

¹LIP, Portugal; ²U. California, Berkley, USA; ³U. Sussex, UK; ⁴U. Pennsylvania, USA

In 3 years, SNO+ is expected match KamLAND precision on Δm²12 

Geoneutrino sensitivity strongly impacted by improved (α,n) rejection

(poster #483) Event-by-event classification of (α,n) and IBD interactions at SNO+ 

SNO+ measures oscillations from reactor and solar neutrinos together

(poster #544) Measuring solar neutrino oscillations in the SNO+ detector

The SNO+ detector is located 2 km deep at SNOLAB, in Canada

Around half of the expected antineutrino flux is from
nuclear power plants at 240 km and 350 to 355 km away 

Antineutrino inverse beta decay (ν + p → e
+
 + n) analysed, 

with increasing sensitivity to oscillations and geoneutrinos

60% of reactor ν flux from PHWR canadian reactors,
   constant refueling and hourly power info

40% of reactor ν flux from PWR/BWR around the world
   average over 100 reactor with monthly power info

All reactors are assigned the same conservative uncertainty

Three neutrino mixing framework including matter effects 
over a constant density along the North American crust 

Δm²12 sensitivity similar to measurement by KamLAND 
(easy to distinguish from solar neutrino data only result)  

SNO+ will make the first measurement of geoneutrinos 
 from the North American continental crust 

The sensitivity is limited by statistics and (α,n) background

Geoneutrino with average survival probability at all energies
 and 70 TNU flux (U: 55 TNU; Th: 15 TNU) 

SNO+ ν only 
SNO+ with 
PDG2021

mixing angle, θ12 53º 
+ 9º

mass difference, Δm²12 
 (10 ⁵ eV²) ⁻ 7.96 

+0.48 
7.59 

+0.18        

geoneutrino flux 
@SNOLAB 

70 ± 48 TNU 64 ± 44 TNU

Contact:

sofia@lip.pt

      PTDC/FIS-PAR/2679/2021 

-0.41  -0.17

SNO+ data compatible with global oscillation parameters

1.5 σ tension between reactor ν and solar ν oscillations

Ontario’s Ministry of Northern Development and Mines,https://mndm.maps.arcgis.com

 α + ¹³C  → ¹⁶O* + n (low E)  BR~9% with O* de-excitation

 α + ¹³C → ¹⁶O  + n (high E) BR~91% with neutron scatter

   on protons and C

large uncertainty in modeling (α,n) differential cross-section

main source of α are ²¹ Po decays, directly measured in data, ⁰
specific activity decreased with time from partial to full fill 

https://snoplus.ca/

Partial-fill event pairs Full-scintillator-fill event pairs

   -25º 33.6º ± 0.8º

Initial measurement of 
reactor antineutrino oscillation, 
submitted to PRD (2024)

Measurement of reactor  
antineutrino oscillation and 
geoneutrino flux (2024)

Evidence of antineutrinos from 
distant reactors using pure water, 
PRL 130, 09180 (2023) 

Water phase data from 2018/19 Partial fill phase data from 2020 Full fill phase data from 2022/23

SNO+ presents a new measurement of Δm²12 from long baseline reactor ν oscillations

SNO+ Preliminary: spectral fits for oscillation and geoneutrinos 

The geoneutrino flux at SNOLAB is fit from the same data but still with low sensitivity

spectral fit results

Reactor
IBD

Geo
IBD

(α,n) 
bkg.

Data 
(*sum)

Partial Fill
114 ton-yr 9.5 ± 0.3

 
2.5 ± 2.1 32.4 ± 5.6

45
(44.6)

Full LS fill
286 ton-yr 28.0 ± 0.8 9.9 ± 6.9 18.4 ± 4.7

59
(57.5)

400 ton-yr
Total exposure 37.5 12.4 50.8 104

external 
constraints

± 3% ± 30% 
U / Th

  30% O 
100% O*

*sum of expectations includes O(1 event) from other backgrounds
 
 

SNO+ Preliminary: event numbers from oscillation fit 

Solar-only

PRD109(2024) 092001

Large uncertainty comes from 
(𝛼, 𝑛) backgrounds and their 
uncertain
cross section

expected event
ratio geo/reactor
1.0 (in geo-nu region)



Comparing Borexino and KamLAND and SNO+

TNU (terrestrial neutrino unit) = 1 event per 
1032 proton-year (100% eff.)

High-Q favoured
by Borexino

SNO+ ultra-preliminary flux:
64 ± 44 TNU

being evalutated…

SNO+ (ultra preliminary)

Note: this analysis (rightly or wrongly)
erases the difference between 
Borexino and KamLAND mantle rates

figure comparing KamLAND and Borexino from H. Watanabe



SNO+ Reactor Neutrino Oscillations
(preliminary) – first time ∆𝑚21

2 is being tested 

  

Reactor ν oscillations and 

Geoneutrinos in

oscillated reactor ν  (α,n) background

U+Th geoneutrinos 

future prospects

Photo of the SNO+ detector in 2020. Liquid scintillator is 
fed from the top of the 6-m radius sphere, replacing the 
pure water. 9362 PMTs sit at 9 m from the center. 

   S. Andringa¹, L. Lebanowski², J. Page³, A. Zummo⁴ , for the SNO+ Collaboration

¹LIP, Portugal; ²U. California, Berkley, USA; ³U. Sussex, UK; ⁴U. Pennsylvania, USA

In 3 years, SNO+ is expected match KamLAND precision on Δm²12 

Geoneutrino sensitivity strongly impacted by improved (α,n) rejection

(poster #483) Event-by-event classification of (α,n) and IBD interactions at SNO+ 

SNO+ measures oscillations from reactor and solar neutrinos together

(poster #544) Measuring solar neutrino oscillations in the SNO+ detector

The SNO+ detector is located 2 km deep at SNOLAB, in Canada

Around half of the expected antineutrino flux is from
nuclear power plants at 240 km and 350 to 355 km away 

Antineutrino inverse beta decay (ν + p → e
+
 + n) analysed, 

with increasing sensitivity to oscillations and geoneutrinos

60% of reactor ν flux from PHWR canadian reactors,
   constant refueling and hourly power info

40% of reactor ν flux from PWR/BWR around the world
   average over 100 reactor with monthly power info

All reactors are assigned the same conservative uncertainty

Three neutrino mixing framework including matter effects 
over a constant density along the North American crust 

Δm²12 sensitivity similar to measurement by KamLAND 
(easy to distinguish from solar neutrino data only result)  

SNO+ will make the first measurement of geoneutrinos 
 from the North American continental crust 

The sensitivity is limited by statistics and (α,n) background

Geoneutrino with average survival probability at all energies
 and 70 TNU flux (U: 55 TNU; Th: 15 TNU) 

SNO+ ν only 
SNO+ with 
PDG2021

mixing angle, θ12 53º 
+ 9º

mass difference, Δm²12 
 (10 ⁵ eV²) ⁻ 7.96 

+0.48 
7.59 

+0.18        

geoneutrino flux 
@SNOLAB 

70 ± 48 TNU 64 ± 44 TNU

Contact:

sofia@lip.pt

      PTDC/FIS-PAR/2679/2021 

-0.41  -0.17

SNO+ data compatible with global oscillation parameters

1.5 σ tension between reactor ν and solar ν oscillations

Ontario’s Ministry of Northern Development and Mines,https://mndm.maps.arcgis.com

 α + ¹³C  → ¹⁶O* + n (low E)  BR~9% with O* de-excitation

 α + ¹³C → ¹⁶O  + n (high E) BR~91% with neutron scatter

   on protons and C

large uncertainty in modeling (α,n) differential cross-section

main source of α are ²¹ Po decays, directly measured in data, ⁰
specific activity decreased with time from partial to full fill 

https://snoplus.ca/

Partial-fill event pairs Full-scintillator-fill event pairs

   -25º 33.6º ± 0.8º

Initial measurement of 
reactor antineutrino oscillation, 
submitted to PRD (2024)

Measurement of reactor  
antineutrino oscillation and 
geoneutrino flux (2024)

Evidence of antineutrinos from 
distant reactors using pure water, 
PRL 130, 09180 (2023) 

Water phase data from 2018/19 Partial fill phase data from 2020 Full fill phase data from 2022/23

SNO+ presents a new measurement of Δm²12 from long baseline reactor ν oscillations

SNO+ Preliminary: spectral fits for oscillation and geoneutrinos 

The geoneutrino flux at SNOLAB is fit from the same data but still with low sensitivity

spectral fit results

Reactor
IBD

Geo
IBD

(α,n) 
bkg.

Data 
(*sum)

Partial Fill
114 ton-yr 9.5 ± 0.3

 
2.5 ± 2.1 32.4 ± 5.6

45
(44.6)

Full LS fill
286 ton-yr 28.0 ± 0.8 9.9 ± 6.9 18.4 ± 4.7

59
(57.5)

400 ton-yr
Total exposure 37.5 12.4 50.8 104

external 
constraints

± 3% ± 30% 
U / Th

  30% O 
100% O*

*sum of expectations includes O(1 event) from other backgrounds
 
 

SNO+ Preliminary: event numbers from oscillation fit 

Solar-only

PRD109(2024) 092001

∆𝑚21
2 = 7.96−0.41

+0.48 × 10−5 eV2 from SNO+ Scintillator Phase, 286 tonne-year exposure
∆𝑚21

2 = 7.54−0.18
+0.19 × 10−5 eV2 from KamLAND

∆𝑚21
2 = 6.10−0.85

+0.91 × 10−5 eV2 from global solar 𝜈𝑒

J. Maneira (LIP)                                                  So lar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano
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REACTOR ANTINEUTRINOS RESULTS
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• Still stats limited, but lower (α ,n) background 
• Geo-nu 64+/- 44 TNU, will improve soon with 

(α ,n) classifier 
• Unconstrained oscillation fit

Solar  
w/ new SK

Scint. phase: 
286 t.y 

exposure, 
38 Hz 210Po 

Δm2
21 = 7.96+0.48

−0.41
× 10−5eV2

• ~1.3σ from solar only,  <1σ from KL

POSTER 483/  J. PAGE

POSTER 525 /  S. ANDRINGA



Future SNO+ Geo Neutrino Measurements

Newly developed classifier based on difference in
time residuals for prompt proton recoils versus
positron scintillation will greatly improve
the SNO+ geoneutrino flux measurement (signal
extraction), also improving reactor neutrino 
oscillation analysis too



Future Geo Neutrino 
Experiment: JUNO

Preliminary expected sensitivity [%]

JUNO – 20 kTON DETECTOR UNDER COMPLETION

10 years expectation

JUNO’s main goal: NMO with reactor neutrinos, that 
represent an irreducible background to geoneutrinos.

JUNO will collect the world‘s largest dataset :

~400 geoneutrinos / year

Th/U ratio fixed

Time U+ Th

1 year ~22

6 years ~10

10 years ~8

Th and U free

Time U Th U+Th U/Th

6 years ~35 ~40 ~18 ~70

10 years ~30 ~35 ~15 ~55

Poster #333 on Friday
by C. Morales 

Plenary talk J. Cao (Friday)

Nevertheless, the large collected statistics will 

allow to reach so far unprecedented precision. 
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Rad i o g en i c  

Man t l e

0  - 31 T W

Rad i o g en i c  

Li t ho spher e

6 - 11 T WCo r e

Heat  

F l o w

5 - 17 T W

Secu l ar  

Co o l i n g  

Man t l e

1 - 29 T W

JUNO’s Sensitivity to Geoneutrinos
Cristobal Morales Reveco* on behalf of the JUNO Collaboration
GSI Helmholtzzentrum für Schwerionenforschung, RWTH Aachen, and Forschungzentrum Jülich, Germany
*cimoralesreveco@gsi.de

40K → 40Ca + 1𝑒− + 1 ҧ𝜈𝑒 + 1.32 MeV
238U → 206Pb + 8𝛼 + 8𝑒− + 6 ҧ𝜈𝑒 + 51.7 MeV

232Th → 208Pb + 6𝛼 + 4𝑒− + 4 ҧ𝜈𝑒 + 42.8 MeV

Geoneutrino flux is very small; therefore, kiloton-mass detectors are needed

References

• Dynamical processes must correspond to
the measured budget

Geoneutrinos enable us to access the Mantle and constrain geo-models

• Total Earth’s heat loss measured at 41 –47 TW [1] 

• Radiogenic Heat can be constrained
if element abundances are known

BSE = Li t ho spher e + Man t l e

Di r ect l y  

St u d i ed

Not  ea sy 

t o  access

• Bulk Silicate Earth Models provides 
estimation of elements abundances 
and radiogenic heat

Heat  

Pr o d uc i n g  

El em en t s

G eo n eut r i n o s Rad i o gen i c  

Heat

Flux Models
• Global: geophysical and 

geochemical data from 
compiled database

• Local: site-specific 
geophysical and geochemical 
data for the local crust 
surrounding the detector

Inverse Beta Decay (IBD): ҧ𝜈𝑒 + 𝑝 →𝑒+ + 𝑛

Selection is based on the pairing of time correlated events

• Expected spectral shape of 
background and signals are 
generated through analytical and 
Monte Carlo approach

• Detector response are applied to all 
spectra

• Shape and rate uncertainties are 
considered as nuisance 
parameters in the pull terms

Si g n al  an d  

Back g r o u n d s

𝜒2 =
𝑦−𝑛 2

𝑦+ 𝜎𝑠ℎ𝑎𝑝𝑒⋅𝑦
2 + Pull Terms

JUNO Exper i m en t

• Jiangmen Underground Neutrino 
Observatory

• To be completed this year
• Main objective: determine the 

Neutrino Mass Ordering with reactor 
anti-neutrinos. Precise measurement 
of oscillation parameters with sub-
percent precision 

• Great potential in other topics as 
Geoneutrinos

Ho w to  d et ect  t hem …

Why G eo n eut r i n o s?

Neut r o n  

t her m al i zes 

~20 0  µ s 

(d el ayed )

Qu i ck  

an n i hi l at i o n  

(pr o m pt )

• Positron deposited Energy
Edep ≈ Ev–0.782 MeV

• Only possible for തvesince is a 
charged interaction

• Time coincidence essential for 
background suppression

• Energy threshold @ 1.806 MeV

Rate 

[day
-1

]

Rate 

unc.

Shape 

unc.

Geoneutrinos 1.2 - 5%

Reactor Neutrinos 43.175 - Daya Bay

Accidentals 0.8 1% -

9Li8He 0.8 10% 10%

13C(𝜶,n)16O 0.05 50% 50%

Fast Neutron 0.1 100% 20%

World Reactor 1 5% 5%

Atmospheric 

Neutrinos
0.16 50% 5%

• Oscillation parameters  are not 
constrained on the fitting

𝜃12 , 𝜃13 ,Δ𝑚21
2 ,Δ𝑚32

2

• Reactor neutrinos shape unc. 
provided by Daya Bay 
measurements

• World reactors consider all those 
reactors located further than 300 
km from JUNO [4]

• •

•

•

••

e+
(511 k eV )(511 k eV)

ഥve

p

n

(2.2 MeV )

Expected geoneutrino precision
(assuming Th/U mass ratio fixed to 3.9)

1 year ~22%
6 years ~10%
10 years ~8%

Expected geoneutrino precision
6 years 10 years

232Th ~40% ~35%
238U ~35% ~30%
232Th+238U ~18% ~15%
232Th/238U ratio ~70% ~55%

Tot al  G eo n eut r i n o  Si g n al

I n d epen d en t  T h an d  U co n t r i bu t i o n

Anti-correlation 
nature of U and Th 
enables a better 
precision when both 
signals are 
combined

Two measuring schemes:
• Fixed Th/U: total geoneutrino signal is fitted by 

assuming a fixed ratio between the abundances 
of Th and U, corresponding to the chondritic ratio 
of 3.9

• Free Th/U: no assumption is made in the 
contributions of Th and U, thus each is fitted 
independently of each other

Exam pl e o f  10  year s o f  

expo su r e u si n g  f i xed  T h/ U to  

m o d el  geo n eut r i n o  spect r um

• In just 6 years, we could achieve better 
precision than KamLand [5] and Borexino
[1] measurements, which uses more than 
10 years of data

• Individual measurement of U and Th 
contribution with high statistical 
significance

• Third complementary geological location

Source [1]Credit to [2] and [3]

1. M. Agostini, et al. (Borexino Collaboration). “Comprehensive geoneutrino analysis 
with Borexino”.Phys. Rev. D 101, 012009

2. O. Smirnov.“Experimental aspects of geoneutrino detection: Status and 
perspectives”.Progress in Particle and Nuclear Physics 109 (2019) 103712

3. G. Bellini, etal. “Geoneutrinos and geoscience: an intriguing joint-venture”. Riv. Nuovo 
Cim. 45, 1–105 (2022)

4. A. Abusleme, et al. “Sub-percent precision measurement of neutrino oscillation 
parameters with JUNO”.Chinese Phys. C 46 (2022) 123001

5. S. Abe, et al. “Abundances of uranium and thorium elements in Earth estimated by 
geoneutrino spectroscopy”. Geophysical Research Letters 49 (2022) e2022GL099566

from C. Morales, L. Ludhova

400 geoneutrino events/year!
Despite the large reactor neutrino signal in the geo-nu region,
the statistics are good to make a good measurement.

10 years expectation

Preliminary expected sensitivity [%]

JUNO – 20 kTON DETECTOR UNDER COMPLETION

10 years expectation

JUNO’s main goal: NMO with reactor neutrinos, that 
represent an irreducible background to geoneutrinos.

JUNO will collect the world‘s largest dataset :

~400 geoneutrinos / year

Th/U ratio fixed

Time U+ Th

1 year ~22

6 years ~10

10 years ~8

Th and U free

Time U Th U+Th U/Th

6 years ~35 ~40 ~18 ~70

10 years ~30 ~35 ~15 ~55

Poster #333 on Friday
by C. Morales 

Plenary talk J. Cao (Friday)

Nevertheless, the large collected statistics will 

allow to reach so far unprecedented precision. 
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KL 16%
BX 18%
SNO+ 5-yr 18%

talk by S. Dusini earlier today; 
E. Percalli on Thursday



Combining results in the future

figure from W. McDonough

Using all geo neutrino
results to determine
the mantle contribution
(homogeneity assumption)

figure from O. Šrámek, W. McDonough, J. 
Learned, Adv. High Energy Phys. 2012, 
235686 (2012)



The “old” field of solar neutrino experiments sees 
new entrants to the game. Large experiments in the 
future will help scrutinize our understanding of the 
details of solar neutrino oscillations (and solar 
physics), with novelty and precision.

The “new” field of geo neutrino experiments is 
expanding with new measurements by SNO+ and 
JUNO. These add to the already interesting results 
and interpretations from KamLAND and Borexino.

Thank you! ΕΥΧΑΡΙΣΤΩ!

Conclusion
Helios

Gaia
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