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I CEVNS at reactor site

Figure courtesy of A. Bonhomme

Reactor neutrinos Accelerator neutrinos
— only one flavor: v_ - several flavors: VoV, and v_
\
—0 — 20 30 20 50 —
coherency energy (MeV)
energy <10 MeV energy 10-5_0 MeV _
* tiny recoll Signal expectation in high-purity * recoil at higher energies
* nuclear form factor ~1 Germanium spectrometers: * nuclear form factor <1
o 107'g
higher flux for >° ok — SNS, 20m lower flux:
GW thermal power: T - feactor, 3.9GW,, 17m e.g. 4.7*10" cm?s* at 20 m
e.g. 1.5%10" cm?s? o 0 for 1.4 MW (SNS)
at 20 m for 3.6 GW 2 0
3 100k : backgrounds:
backgrounds: 3 ot ﬁn. shield (shallow depth): )
shield (shallow depth): ok ! analysis suppression up to O(10)
suppression up to O(10%) F o\ itweshod  Pulsedbeam: -
OFF data during outage 10500 400 600 600 1000 1200 1400 1ea0 18002000 additional factor of 10°-10
(limited at commercial plants) energy/eV,,  comparable ON and

OFF statistics
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I @Xi(% experiment - reactor & detectors

Neutrino source: (2018-2022)

commercial nuclear power plant Brokdorf, Germany
* maximum thermal power: 3.9 GW P
« distance to core: 17.1 m } 2*10™ vicm’s

Eur. Phys. J. C (2019) 79:699

Detectors with low energy threshold:

4 x high-purity point-contact Germanium spectrometer:
 crystal / active mass: total: 4.0kg / 3.74kg

- Preamplifier
- pulserresolution <80eV_ o S _ CP5-plus
3 0.18F — GIOVE (semi-coaxial) 241 E ) <
energy threshold <250eV & .. —con 1AM | Stainless steelflange
. ee g i E CP5 Controller

* electrical cryocooler o12f

* screening for radiopurity voak
0.06F- | = |

Eur. Phys. J. C 81, 267 (2021) oodf L_ —_—
e l | CP5cable3sm

94 9 98 100 102 104 106 108
energy/keV
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experiment - backgrounds

Eur. Phys. J. C 83, 195 (2023)

_Location:

e overburden to shield
muons

e potential reactor-correlated
background:
neutrons, gamma-rays
— Site characterization

Shield:

(11]) Cryostat:

 2%Pp related to soldering
e cosmic activation of Cu

e suppression of
external radiation

 target for U's to create
secondary radiation |

* intrinsic radiopurity:
Pb layers

Passi\iation layer

B-implanted*p+ contact

T L A AL B L I B
g - :m%a?:l:;m;n;u contributions) Conus-2 .
S| Thnctastanic cosmes |
. Active volume e 10 r 3

D I Od e : ( I V ) ) et % : g'%::l?s?hei::g + cryostat)

° aCtIVE Volume I 5 i—Rn detector chamber ;
and transition o " Complete il TR f|
layer - partial w——— background i
energy depositions e e S model! 10

« cosmic activation W““W L
of Ge => ~10cts/d/kg in [0.5,1]keV B S S S R

ee energy/keV
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Data collection and operation

Begin of
experiment

A

RUN-1

Environment
and DAQ
optimisation

B Reactor OFF

RUN-2/3 RUN-4
Environment DAQ and
optimisation, electronic
mobile setup upgrade
Reactor shut down

[0 Reactor ON

RUN-5

End of
experiment

BN
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Run-1/Run-2 CONUS results

Phys. Rev. Lett. 126, 041804

| | | Extensive cuts of exposure:
* increased noise (related to
_— — _— —_— fluctuating room temperature)
Begin of Environment — DAQ and End of * time difference between events
experiment and DAQ optimisation, electronic experiment
optimisation mobile setup upgrade \
g 100
> C1, RUN-1
g —data reactor ON
% 80 —data reactor OFF (scaled)
Raacior shidk o g : — —CEVNS U.L. k=0.18
B Reactor OFF O Reactor ON ‘307 / nOise
eactor eactor B . .
: - contribution
= | | exposure: i
140 41 78 — 88 K Ge temp. | i U
GRL s ] | /| ON: 248.7 kgd 1
20 i OFF: 58.8 kgd i
£100- energy threshold: | }hﬂj{
X p >296eV U
C£ f t 17 ee (0] T AT o e e e
S 601 ; — lactor =107 _ result: upper limit & & 1 |
i above stangdard k=016 £ ost T TN g
) ' modell " e 5 offyly M T
201 5 7 — 0% C.L. limit <0.4 cts/d/kg (90% C.L.) o
0 : — theory pred. K> 027 and 0T OB 04 04 05 05 08 ogs 07
0.15; 0.20 0.25 030 above disfavored A

k (mod. Lindhard theory)



I Quenching In Ge

Signal expectation:

Direct measurement of ionization quenching
after Run-1/Run-2 analysis (results 2022):
k= O 162+-0.004 compatible with Lindhard

0.28

0.26

0.24

0.22

0.2

0.18

0.16

0.14

0.12

0.1

Lindhard model, k = 0.164 + 0.004

Correlated systematic uncertainties

Preliminary

—e— E,= (794 8) keV
E, = (620 + 20) keV

—e— E,= (4922 4) keV
E, = (249 + 2) keV

Eur. Phys. J. C 82, 815 (2022) ****

g\ 3 _WIthOUt quen(:hing Emeas =Enuclear recoil
& 10°E . .
= = — Lindhard quenching, k=0.162 (CONUS meas.)
g rl g
§2 = 5
= ~ [7]
10" s
1E-
107
:I 1 11 | 1111 | 1111 | 1111 | 1111 | 1 111 | 1 111 | 1 11 | L1 11 | | |
0 50 100 150 200 250 300 350 400 450 500
energy/eV
0.6
Quenching: detectable with HPGe

recoill _>\|on|zat|on energy/

=> often not (yet) ‘well known
at low recolil energies for CEVNS

=> quenching measurement highly important

Quenching factor

0.1+

0.0

=
i
.

=
195
L

=
bo
|

—— Lindhard: k=0.162

mod. Lindhard: i

k=0.153, q=-22-10""

Lennard-Jones Pot.

-- CONUS sensitivity [Lindhard)

-- CONUS sensitivity (mod. Lindhard)
-- CONUS sensitivity (JLP)

Collar: iron-filtered

 0.9keV_
1 1.0keV_
1.1keV_
s +

Collar: photo-neutron

- CONUS Run-5
. nuclear recoil threshold

1 2 3 1
, [keV]

Nuclear recoil energy £,

6 7
nuclear recoil energy (keV )

11 el

SNS
Ge-Mini
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I Run-5 upgrades

E 12 F LI — =]
3’) L
S | g S
> - g 1T conuse B
g 10 £ ROI
@ i 5 08 4
- = (] O ¢
S g New DAQ!
Q E - i
S 0.6 P
L 0_4; ","
- 6 N B '
noise | S G
4 O_HM»i“.‘T‘.l‘H.m..w.uw.u.lu.w...w
B 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
energy (kevea)
2 |

— optimize trigger efficiency vs. noise reduction

+ pulse shape discri

* lower noise: improved power supply/grounding,

1.5 2 25 3
energ y;’ke\r‘ee

mination

stable/lower air temperature
* more exposure, especially OFF

ON/kg*d
OFF/kg*d
th reshoIdIeVee

Run-1/Run-2 Run-5

248.7 426
58.8 272
296-348 210

noise FWHM [eV ]

temperature [C]

TRPrate [Hz] cryocooler power [W]

10.4 keV FWHM [eV ]

trigger efficiency
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I Pulse-shape discrimination

amplitude (a.u.)
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E=0.31keV - 1=2.11

1 1 1 1
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time (ns)

(c)
Li-diffused dead layer (n+ contact)

Transition layer
O<e<1

Active volume
£=1

B-implanted p+ contact

Passivation layer

slow pulse

S1100F

1050f

amplitude (a
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950f
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Eur. Phys. J. C (2024) 84: 139

Fit of all pulses:
fit parameter 1 describes rise
— cut on value of T
Signal acceptance: 97%
- Slow pulse rejection
in [0.21,1]keV_: ~57%

— Background reduction
in [0.21,1]keV_: 5-10%
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I CONUS Run-5 results

I I %8250— C2, RUN-5
§ —data reactor ON
% —data reactor OFF (scaled)
RUN-1 RUN-2/3 RUN-4 RUN-5 £ 200~ —CEVNS U.L. k=0.162
Begin of Environment Environment DAQ and End of 8
experiment and DAQ optimisation, electroni experiment
' optimisation mobile setup upgrade L
150 i
100
Reactor shut down B
B Reactor OFF [0 Reactor ON 50'
Run-1/Run-2  Run-5 _
ON/kg*d 248.7 426 z q
* i osf
z 0}...._|._..+ " A T +'|'_H_|_+_|_ i 1
threShOIdIevee 296-348 210 - 05:_ ................ ++ ..................... + ............................................... H ......
Limit (k=0.162) factor 17 >SM factor 2 > SM e i S;?k -

signal prediction: 92+-10,
upper limit: <163 (90% C.L.) arXiv:2308.12105
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Comparison with other experiments

Current results from reactor CEVNS Test NCC-1701 signal with CONUS data:

such as the Migdal effect, and on the impact of our measurements on upcoming searches.

Lindhard

300

200
< tension with CONUS quenching factor <+

measurement 100

L}
1
L}
" L}
experiments: ' 06 e
’ , T 0.9 keV —— Lindhard: k=0.162
1 R . mod. Lindhard:
» constraints from vGen, CONNIE,... ] R
. . ' i i i . —_— Lcunard—.-Iau‘cs. Pot.
* strong signal preference with NCC-1701 at ; = TP (VAR s daind wop
- : ‘ i i i ' nr ---- CONUS SCuSl(iVlt:' (JLP)
D reSd e n - I I re aCtOr U S " : -.C; E E i + Collar: 1rou-ﬁltcrctl
: E 0.3 E i E +  Collar: photo-neutron
. RH
[@)) T+ |
Abstract of Phys. Rev. Lett. 129, 211802 (2022) : < ., N —
< o ™
The 96 .4 day exposure of a 3 kg ultralow noise germanium detector to the high flux of antineutrinos from " (&) P
a power nuclear reactor is described. A very strong preference (p < 1.2 x 107%) for the presence of a . GC) 0.14 i
coherent elastic neutrino-nucleus scattering (CEvNS) component in the data is found, when compared toa | S e
background-only model. No such effect is visible in 25 days of operation during reactor outages. The best- 1 O w Eji ! ‘
tit CEvNS signal is in good agreement with expectations based on a recent characterization of germanium ! 0 ! 2 3 4 5
response to sub-keV nuclear recoils. Deviations of order 60% from the standard model CEv/NS prediction  » N uclear reco” energy E [keV]
can be excluded using present data. Standing uncertainties in models of germanium quenching factor, . nr
neutrino energy spectrum, and background are examined. ' L
' +CONUS data limit
' . . .
; esignal prediction (quenching dep.)
Abstract of Phys. Rev. D 103, 122003 (2021) ' ® - =
[] C:?(NJ_ 4
Germanium is the detector material of choice in many rare-event searches looking for low-energy E 8 u .
nuclear recoils induced by dark matter particles or neutrinos. We perform a systematic exploration of its ! [&) 6 0 0 =
quenching factor for sub-keV nuclear recoils, using muitiple techniques: photoneutron sources. recoils ' wn r
i . s zZ -
from gamma-emission following thermal neutron capture, and a monochromatic flltt.ered.neutron beam. ! = 500k CONUS
Our results point to a marked deviation from the predictions of the Lindhard model in this mostly ' 1] N .
Al . ' O : guenching
unexplored energy range. We comment on the compatibility of our data with low-energy processes : u
; 400 meas./
'
L}
L}
1
L}
1
L}
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- Figure courtesy of K. Scholberg
T I CONUS Run-5
JRCIT 4 AN S S S — accessible reactor spectrum:
% = ;0.8 25
= 10 B N = 0.7 Ein=210 6V S
2 F = 20 £
g - : ; : : : : : © °°] Get all 3
: : . : : : : : = .
o N i R e S e 205 . of the neutrinos! 152
S - ; 2 0.4 / i
o - : 7] =
° : 0.3 103
Q . : | # coHERENT 0 5
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CIU1 T — 1 DAR ¥ PANDA-X -'E 0.1 g
> : o [
= : . |— Solar | Y CONUS (Ge) =2 5 & 7 & 9 10 i
1073 ]| ........ — Reactor | ¥ CONNIE (Si) |- neutrino energy E, [MeV]
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gap:

e ne

\

Neutron number

~ COvUS+

3.6GW reactor Leibstadt, Switzerland
detector upgrade - lower threshold!

Talk by Kaixuan Ni on 13" of June
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I Summary & Outlook

CONUS: reactor experiment at Brokdorf nuclear power plant, Germany
— 5 years of successful operation, end of data taking with Run-5 end of 2022
* main upgrades during Run-5:

* improved environmental control - more stable and lower noise

- lower energy threshold due to new trigger algorithm - 210 eV _!

* more exposure due to long off period

e Background reduction with pulse shape discrimination
* results

* RUN-1: factor of 17 above standard model

* RUN-5: factor of 2 above standard model (arXiv:2308.12105)
* updated magnetic moment and milli charge results with full exposure on the way
* CONUS+ in Switzerland — even lower energy threshold!

Thank you for your attention!
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BACKUP
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Quenching factor measurement
« lonization queching: Q=E_ (meas)/E | ¢ coincidence detector
ion nuclear recoil N
 direct measurement at collimated .
neutron beam at PTB Braunschweig 0 meas Ebeam
: : lab n
- scan over recoil energies [0.4,7]keV = ;
» data compatible with Lindhard model for: n | Litarget
k = 0.162+0.004 (stat+syst) 6mm thick
Ge crystal
s 0.3
%0.23- Lindhard model, k = 0.164 + 0.004
% 0.26 I Correlated systematic uncertainties
‘é-’_ 0.24 + $
§ 022
2 0.2 1
0.18 +
E, = (794 + 8) keV
0.16 1 E, = (620 = 20) keV
0.14 E, = (492 + 4) keV
' E, = (249 + 2) keV
0.12 H I 90% C.L.
01 —r—TTTTTT T T —T——
0 1 2 3 4 6

7
nuclear recoil energy (keV_)



17/18

I Likelihood analysis

Binned likelihood fit: combined fit of all detectors and runs
* Poisson distribution in each bin
* simultaneous fit of reactor ON and OFF data

active mass (determined from
radioactive source measurements)

-~ energy scale calibration

L = YL(ON)L(OFF) —
— E»C S + b thga actvol s AE Qquench)ﬁ(b; Qtfriga AE: Qcalib) + puu terms
hi CONUS hi
scan over S|gnal \ trigger efficiency: ?;cetgrc rrl1r;gaéurement)quenC "

parameter (reduction within
region of interest)

background : ||, t{,gopa}arﬁeté'rg distance to reactor core
description I || . Jrificial pulse thermal power
{|  generator meas. fission fractions

25
en ergy/kevee



I Energy scale stability

rel. peak position of 10.4keV line ("*Ge):

1003 -
g Cl :
> 1.002— :
v - [
% 1.00|;— i %
z :
g et {. . @
= - # ]
Z o999 + + ) +
5 b8 "}H * t
g {}.998:— :
u - 1
2 0997 .
3 - reactor ON : reactor OFF

= L L | . L

099t + v | v v v v | 1 PR TN TN T S N TN TN N N NN
( 100 20010 300 400 500

Time / days
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