First observation of reactor
antineutrinos by coherent
scattering with CONUS+
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Coherent elastic neutrino nucleus scattering
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Full coherence for E < 1/2R, (in Ge ~20 MeV ).

CEVNS cross section is “large”. Small, potentially
mobile neutrino detectors feasible. All flavors, no
reaction threshold.

Experimental signature is a low energy nuclear recoil:
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Possible CEvNS applications
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Neutrinos sources
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v, from B-decays of fissile isotopes. v from 1T-DAR. Different neutrino flavors.
Pure flux of ¢ . E, ~ 20-50 MeV (F < 1).
E, ~ 0-10 MeV (fully coherent — F ~ 1). Observation with CslI[Na] in 2017, with Ar
in 2020 and with Ge in 2024.




CEVNS detection worldwide
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Larger effort worldwide to measure CEvNS with reactor antineutrinos!!



The CONUS collaboration
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CONUS+ location: KKL power plant

CONUS+ experiment is operating at the KKL
power plant (Leibstadt, Switzerland) since
November 2023.

BWR with high duty-cycle, about 1 month/year
of reactor-off.

CONUSH+ is placed inside the reactor building.

20.7 m from 3.6 GW reactor core. This
corresponds to a high antineutrino flux
of about 1.45 x 10°V_s'cm

Average overburden of 7.4 m w.e.



CONUS+ detector

4 p-type point contact HPGe:

- Total crystal/active mass: 4 kg /3.74kag.
- Pulser resolution (FWHM) ~50eVee.

- New liquid cooling system for cryocooler

1.2 m

Preamplifier

Pumping port EFS plus

Stainless steel flange
CP5 Controller

Copper cryostat |
CP5 cable 3.5m

Active + passive shielding:
- Low ?'°Pp lead.

- Borated and pure PE.
- Active p-veto (plastic scintillator).

- Flushing against airborne radon.



HPGe detector upgrade

Trigger efficiency
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Energy threshold improved from 210 eV (CONUS) to ~160 eV!

Trigger efficiency from 50% @300 eV to 50% @100 eV




Background characterization

Reactor
neutrons

Muons

Counts/ h /100 keV

=100

L

G I reactor on

401

10°10°10710°10°10%10°10210™" 1
Energy [MeV]

262 n/GW/cm?/h

10 10% 10°

10*E
E — CONUS+ site at KKL
- — MPIK above ground
10° E" | iy
E XA
E e i
Tmu.."nw*.ouh,..:qi.o : 'M.“ bt M"h’
A AT a1
Fi"fl Wy t’"-:""'" L t "4'.“*'. :H"‘{
10 i

T

T
——

10

l
- 107 muons/s/m? ’ w‘l‘

police we B o Binp geog My g leg g-:0 M |
4000 6000 8000 10000 12000 14000 16000

Energy [keV]

ee’

Rate / (4.0 keV_ )'dg*

l@, 10* ;~ « Cosmogenic neutrons surface
H % = Total neutrons ZA28R027
C OS m og e n Ic 9o 103; » Cosmogenic neutrons ZA28R027
ne tro ns g B p-induced neutrons ZA28R027
=
u L%: 1027 My o e
10%_ e s sese e
B .35'5,' s
1= o . Pl
E v ",vg,w,!""g!g!;“!ﬂ:,'vn oy [ :
1071 ;7.: l.v 'E:
Fet .
2 ; v
0 28 n/cm?/d
0l vl oo v cond vrond ol vl o ool il
10°10°10710°10°10%10°10210" 1 10 10% 10°
G Energy [MeV]
amma-rays
10° %Si 6Fg

o
)

10

1L 1

CONUS, EPJC 85 (2025) 465

3 counts/s/kg

4000 5000 6000

7000

8000

L | L L
9000 10000 9
Energy [keV_]



Full background model
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Full background understanding above CEvNS energy region!!
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Signal prediction

Signal prediction based on DayaBay measured spectra including neutrinos over 8 MeV.
Summation method for neutrinos below 1.8 MeV.

Lindhard quenching factor with k=0.162+0.004.

Considering an exposure of 327 kg d and the different energy thresholds, a CEvNS
signal prediction of 347+59 is estimated for Run-1.

% 0.3 F .08 12
£ o2 Lindhard model, k = 0.162 + 0.004 Ge (88K) > Er=160 eV -
-_% r Correlated systematic uncertainties E 0.7 1 10 oF
S o026F = =
] C =
8 o2af 0.6 :
S o24f ' 5 >
2 C | 3 = L 8 2
8 o022 S @
LA - ;
02F 204 6 O
18F 3 <
0. -
E —e— E,= (790 11) keV 0.3 4 &
0.16F E, = (644 4) keV o ©
o —e— E,= (490 3) keV = =
0.14 S =
E E, = (249 2) keV b Lo =
0.12 90% G.L. = 0.1 1 E
E g —
0.1 L L L L L 1 J 0
0 1 2 3 4 5 6 .
nuclear recoil energy (keV. ) 3 4 5 6 7 8 9 10 11

neutrino energy E, [MeV]

A. Bonhomme et al. , Eur. Phys. J. C 82, 815 (2022)




First CEvNS detection at reactor
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Exposure: 327 (kg d) reactor on and 60 (kg d) reactor off
Signal events from combined fit 395+106
Data/SM prediction: 1.14+£0.36
CONUS, Nature 643,(2025)
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https://www.nature.com/

Comparison other experiments

Source Target v energy [MeV] flux [cm—2s71] data data/SM prediction
Accelerator Cs ~ 10 — 50 5-107 306 + 20 0.90 £ 0.15
Accelerator Ar ~ 10 — 50 2-107 140 £+ 40 1.22 +0.37
Accelerator Ge ~ 10 — 50 5-107 2l=F 0.59 £0.21
Sun (XENONNT) Xe <15 5-106 114 0.90 £0.45
Sun (PandaX-4T) Xe <15 5-106 411 1.25 £ 0.52
Reactor Ge < 10 15410 395 + 106 1.14 +£0.36

CONUS+ has detected the lowest
energy neutrinos via the CEvNS
channel (down to 4 MeV).

CONUS+ has accumulated the highest
number of CEvNS counts in one single
isotope (low threshold + high flux).

Figure by Kate Scholberg
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CONUS+ phase 2

3 new 2.45 kg detectors — total mass 8.4 kg.

Threshold at least as low as in previous run. Better
background and improved stability.

Probed feasibility of scaling technology to larger Ge
diodes — upscaling to O(100 kq) possible (>10= ev/year)
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Summary

High cross-section of CEVNS ==> compact neutrino detectors
CONUS+: HPGe detectors at 20.7 m from reactor core
Mainly cosmic background events: reactor power uncorrelated!

First CEvNSdetection at nuclear reactor (null hypothesis rejected at
3.7 sigma C.L.)

Result consistent with theoretical models and predictions

CONUS+ phase 2 with increased mass has started. Physics data taking
ongoing. Stay tuned for more results! 15



Thank you for your attention!

COVUS+

esanchez@mpi-hd.mpg.de



Stability during Run1

Good stability reached during the data taking.

Cryocooler-noise correlation strongly reduced with
liquid-cooling system respect to CONUS.

Crycooler power variation due to problem with coolant
liquid. However, no impact of microphonics events in
ROI Conus-2, bkg in [0.4, 1] keV
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Energy reconstruction

Energy calibration with X-rays from binding energies of the K
and L shells from "'Ge.

Irradiation with a 2°2Cf source at the end of the physics run to
increase statistics in these lines. Energy calibration
uncertainty below 5 eV achieved.

Energy calibration at high energy with ?2Th source and Ge
metastable states.

Stability energy scale below 2% variations.

Non-linearity at low energies due to DAQ energy
reconstruction limitations and lost of trigger efficiency.

Estimated with pulser scan from 2 keV down to few eV.
Maximum deviation from linearity 15 eV.
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Determination of "'Ge M-shell
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Measured position for M-shell X-ray line
16214 eV. Literature 158.1+0.5 (nuDat3)
and 1622 (CDMS).

Ratio to M/K shells 0.021+0.002.
Literature 0.027+0.01.



CONUS+ background: Radon

Radon can diffuse into the detector
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Background model decomposition

[0.4-1.0] keVee

Detector C5 02 C3

Rector period On Off On Off On Off
Cosmogenic neutrons 21:6:x:3:1 A7 26 216 £ 31 AT X286 261631 IAIT7T £25
Cosmogenic muons 174 +03 169+03 174+03 169+03 174+ 03 16.9+ 0.3
Radon 1.9+ 0.1 03k 0.1 2.8:=4).1 0.7 == D:1 2.6 £ 0.1 0= 0]
Other 2.0+ 0.2 1.2k 6.4 + 0.5 5.6 &+ 0.5 5.6 &£ 0.5 4.8 &+ 0.5
Leakage test component - - 3,005 3.0 0.5 0.8 0.2 0.8 + 0.2
Total (Model) 429+ 3.1 35825 523+33 45127 49331 422%2.7
Total (Data) 435 +1.1 334+1.8 50:7x1.2 45313 48.8x12 425 X 2.0

Full background understanding above CEvNS energy region!!
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Background model in CEvNS region
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A. Bonhomme et al. , Eur.

Quenching measurement

Phys. J. C 82, 815 (2022)

CONUS and PTB collaboration for a direct,
model-independent (purely kinematics)
measurement using neutrons (nuclear recoils).
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Comparison with other result —- CONUS

e Constraints fromm CONNIE, TEXONO, vGen
* Colaresietal, PRL 129, 211802 (2022)
-“..wvery strong preference... for the presence of ... CEVNS ..”
- Signal prefers low energy excess of quenching factor as compared to Lindhard quenching to be consistent

with SM
10 . 0.45
=== Collar curve Fef (ext)
Ge (77 K) Collar curve YBe (ext)
15 - 2l el —— 1) Lindhard k=0.162
2) Lindhard + linear (Fef)
- 0.35 —— 3) Lindhard + cubic (YBe)
£ 30l + ] 3 RH Collar Fef + YBe
g £ 0.30
g !
S BF ++ + ] 3
b 4 2 0.2
= &
s S
c 20 4 0.20 ===
=
T
0.15
15 ® thermal capture
® iron filter
— photo-neutron 0.10
N 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 1.0
10 1 10 Nuclear recoil energy E,, [keV
recoil energy (keV, )
900
prediction C3C5 C2
600 CONUS limit (90% C.L.) 800 n Data
R\ g Lindhard k = 0.162 +0.004
500 s | Lindhard + linear
o |- . .
o 600 [ Lindhard + cubic
400 < E »x Estimation from [17]
& o 500 \
- X -
5 £ F
@ 300 g 400E
? =
o 300F-
200 a o
S 200
w F \
100 100
E NT-I.
s ) | . =il T o e el
Lindhard (k=0.162) linear incr. cubic incr. 150 200 250 300 350

Quenching description lonization energy [eV]



Uncertainty overview

Prediction uncertainties

Uncertainty Contribution
Energy threshold 14.1%
Quenching Ge 7.3%
. ) ) Reactor neutrino flux 4.6%
Dominant uncertainty over signal Cross-section 3.2%
T Active mass Ge 1.1%
prediction energy scale. Trigger officiency s
All combined 17%
legllhood fit uncertalnty dominated by T S——
statistics. Second dominant term Uncertainty Contribution
uncertainty energy scale over Likelihood fit + 86
. . Fit method +7
non-hneal’lty Background model + 40
Non-linearity implementation =47

All combined + 106




