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Coherent elastic neutrino-nucleus scattering (CEvNS)

CEVNS chronology:
 Daniel Freedman (1974): weak (SM) NC, flavor-blind, threshold-free!
* First detection with -DAR v’s: COHERENT Csl (2017) & LAr (2021)

» Reactor experiments (2019 - ...):
CONNIE (Si), CONUS (Ge), NCC-1701 (Ge), vGEN (Ge)

« Additional running and future experiments:
CCM (Ar), Miver (Ge/Si), NEON (Nal[Tl]), v-cleus (CawO,, AL O,),
RED100 (Xe), Ricochet (Ge/Zn), Texono (Ge), CONUS+ (Ge)

The Channel:

* Coherence = enhancement ~ N2

Upper limit on neutrino energy: Cross section o

S oE eI 0 = VS.
V= 9oRA 2_5\3/2[ eVl nuclear recoil T,
« Observable = nuclear recoil energy T,
do G%mA 9 2 mala
— 1 —4sin“0w )2 — N 1— F2(T [TR, 10.11588/heidok.00031274, 2022]
i, = an L w) } 252 (T4) y

- detector material = neutrino source
- energy threshold / neutrino source

* Very low energy threshold needed:
« T,~N*

________________________

Na, E,=10MeV
Ge, E,=10MeV
Cs, E,=10 MeV
-- Na, E,=50MeV
-= Ge, E,=50MeV
-- Cs, E,=50MeV

Cross section do/dTy [10~* cm?/eV]
=

« Quenching: T, —» “detectable” energy

102 107! 100 10! 102
Nuclear recoil energy T4 [keV]
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https://inspirehep.net/literature/2049444

The weak mixing angle at low energy

« SM: SU(2)xU(1)y + Higgs + renormalizability: : :
sin® Oy =:e; /gt :l—fz‘ﬂ}f;,/muz2 ' :

[Kumar et al., 10.1146/annurev-nucl-102212-170556, 2013]

- respected by renorm. parameters (finite corrections) s :
« test SM @ quantum level / probe BSM physics "
- precision of O(x0.1%) desired! S ol AW}
« At low energy y-Z interference introduces small degree
of parity violation | ‘. |

0.0001 0.01 1 100 10,000
Q(GeV)

- current experimental precision O(x1%)

) i
A sin? 8 (Q?) ~ —0.42 £8 % a_
mzd A

» Best precision achieved at Z pole: O(£0.1%)

COHERENT [Cadeddu et al.,10.1103/PhysRevD.102.015030,

« BUT low-Q? measurements probe kinematic regions (Cs+an) 2020; Corona et al., 2303.09360, 2023]
where Z pole measurements are insensitive to NP =
— weakly-coupled light vector boson: o2 i [ls;;g
dark parity violation / dark Z’ f } =
7 0.235
0.230

10-3 102 10! 1 10 102 10°
Q [GeV]



https://inspirehep.net/literature/1794089
https://inspirehep.net/literature/2643018
https://inspirehep.net/literature/1221244

Assume a CONUS-like experiment

. [Bonet et al., 10.1007/JHEP05(2022)085, 2022]
Reactor: commercial nuclear power plant

. Experimental site ~20 m to 3.5 GW,, 4 | reactor containment! |

o v flux: ~1.5 * 10*3/cm?/s (3% uncertainty)

» Typical PWR fuel composition:
56.1% U235, 7.6% U238, 30.7% Pu239, 5.6% Pu241

Background \ 4

* No critical reactor-correlated bkg!

1.0+ :
» Background levels: 0.1
- 10 cnts/keV/d/kg for Eion< 1keV
- 0.5 cnts/keV/d/kg for Eisn >1keV g0
ES 0.4
Detectors: =
* Data collection: torr= 0.5 * ton: " | — DL,D2
i — D3
0.0 t !
R1 - expon = 5 kg*yr 0 00 200 300 400 500
R2 - eXpPon = 50 kg*yr Energy [eV]
[Bonhomme et al., 10.1140/epjc/s10052-022-10768-1, 2022]
* CONUS HPGe detectors with improved trigger efficiency: Detector Threshold E..,
Ethr ~ 3- FWHMpuIser
D1 (conservative) 180 eV
* Quenching according to Lindhard model (1% uncertainty)
D2 (expected) 150 eV
D3 (optimistic) 100 eV

0 _0 .,
' [particlezoo.net, 2023]
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https://inspirehep.net/literature/1938781
https://www.particlezoo.net/
https://inspirehep.net/literature/2029578

Reactor antineutrino spectrum: data-driven approach

[Estienne et al., 10.1103/PhysRevlett.123.022502, 2019]

— U235
- — U238
“ — Pu239

1) Low energy region E<1.8 MeV: o N | iron

Summation spectra of Estienne et al. (2019)

Antineutrino spectrum dN/dE [1/MeV /fission]

2) Intermediate energy 1.8 MeV=E<7 MeV R R R B
eutrino energy E, [MeV
Daya Bay (2021): . enerSVDmethod —— Bayesian fraon method | 5D method
- unfolded IBD spectra of U235, (Pu239+ Pu241), total o b my Pucombo | Totl
- method to construct data-based predictions E L - -
Soeal R=( L | Afasslos | Afosoos | Afassos | (Afou—0.183% Afos) Iz ) ; _
S'); 4 T S
- Difference in fission fractions i = 3 i
Sptt'd = R' S;-utnhn g 88211@_5;55 Hw'ﬁjjr |_
SZHH Mueller Extend with bin-to-bin * 0:022 3456789234567 892 34567809
S uncorrelated uncertainties: Antineutrino energy [MeV]
241 — Huber 10% Huber, 15%Mueller [An etal., 10.1088/1674-1137/abfc38, 2021]

w
—_
2]

2.5

3) High energy E=7 MeV:

Daya Bay measurement of combined high energy spectrum (2022)

dN/dExo [10# cm?/fission/MeV]

- Application of Daya Bay data-based method with Estienne et al. spectra

SM2018 0 Extrapolated HM

=

&

E —o— —0—¢—=+=

< E —o—. ]
Q05

H
- o
T
_

D

o

7 8 10 il
Prompt energy fMeV]

Spectrum also used in current CONUS analysis!

[An et al., 10.1103/PhysRevLett.129.041801, 2022]
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https://inspirehep.net/literature/1730487
https://inspirehep.net/literature/1845578
https://inspirehep.net/literature/2050850

Sensitivity determination

(Binned log-) Likelihood function: w ——
. - gz/:l(]’ﬁ; my = 1keV
® ON and OFF data are fitted together: ch EER I N o
log L =log Lon + log Lopr + pull term £ ] T S oRa
i - 2 P K=0.}4:
With log Lon (sin® 0w, gz, mz; bewNs, DEves, P, k) = €2
log Lorr (bcEuNs,; bEves) R
® Parameter list: 210}
- Weinberg angle sin®w SN N N
= Z’ mOdeI pa rameters gZ’) mZ' . - 40(1)011'12;210011811660&37Ihig(\)f] . e
- bkg normalizations bceuns, bEves
- reactor neutrino flux (~3%) &, .
- parameter of Lindhard model (~1%) & O e
= 1014 — gz =102 mz =1GeV
e profile LH ratio for limits + x2?-distribution of test = T e s e
statistic Eae
® Sensitivity estimates via two methods: ”w\\e}
- Asimov data set 7
« MC sampling + median average of limits 10" - - - - 4
Tonization energy I [keV]
4 N - ™~

| Sensitivity to a light vector boson:
CEVNS - Eion< 1lkeV
EveS - Eion<100kev

\\\17 ///,/

6

Sensitivity to the Weinberg angle
CE\)NS = Ei0n< 1keV

_ Y,




Future Weinberg angle sensitivity

AY? contours for different mass and threshold configurations:

e EveS alone is generally not competitive

e Combined analysis dominated by contributions below 1keV - CEVNS only

e Sensitivity limited by systematics: ~5% relative uncertainty

8 T T
N - S nH 8 T T T T F 8 L
Slsunloy cllffalzet tC{ﬂv\l S\?ucll} Asimov data set - CEvNS only| i Asimov data set - CEvNS only | !
- || Bke level = 10¢cnts/kg/keV/d |} _ || Bkg level = 10cnts/ke/keV/d | o _ || Bkg level = 10ents/kg/keV/d
Eyy, = 180eV H 7 , + 3 : 4 S o
thr H B = 150 eV H : : | B = 100V

2] — sk 27 Skgryr AN Y 24 Skeyr
-------- MC limit e MO Fomit doeer MO it
11— 50kgyr ; 19 —— 50keg-yr 17 — 50kgyr
-=-= 90% C.L. --—- 90% C.L. -—-= 90% C.L.
0 T T } H - - ; H } } H H H H e s
016 018 020 022 2'024 020 028 040 03 "ol 018 0.20 0.22 0.24 0.26 0.28 0.30 03 "0Te 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32
sin” Oy sin® 6y sin® By
Exposure  Rel. uncertainty Exposure  Rel. uncertainty Exposure  Rel. uncertainty
5 kg*yr (-14; +15) % 5 kg*yr (-11; +12) % 5 kg*yr (-6; +7) %
50 kg*yr (-8; +9) % 50 kg*yr +7% 50 kg*yr (-5; +6) %



Future Weinberg angle sensitivity

AY? contours for different mass and threshold configurations:

e EveS alone is generally not competitive

e Combined analysis dominated by contributions below 1keV - CEVNS only

e Sensitivity limited by systematics: ~5% relative uncertainty

“Realistic” improvement: ~3-8% relative

8 \ 1 : 8 T T T 8 T
Asimoy data set - CEvNS ?uly Asimov data set - CEvNS only Asimov data set - CE¢NS only
-] g}:i-:‘fslu:e\}ﬁcms/ kg/keV/d 7] g:ifl:e‘iegoze\}ﬂcuts/kg/ke\"/d i 7] E}Tfl:eVieDlD:e\}Dcnt.s/kg/ke\"/d i
64 64 64
i % ‘::
;::4 Zy Z4
7] 73] 7
24 — 5kg-vr i i ; i 2 5ke-yr 24 Skeyr
-------- MC limit e MO limit o MO it
1 — kew : ] : 19— B0kgyr . o 1{ — 50kgyr
== 90% C.L. : : P -~ 90% C.L. -—-= 90% C.L.
0 T } } - - - ; - } } H H H H : HH
016 018 0200 022 024026 028 030 03 0l ol om0z ox om0z o o3 o ol 0w 0m  om  0m  0n  om 0w
“Realistic”
improvement:
~1-6% relative : . :
Exposure  Rel. uncertainty Exposure  Rel. uncertainty Exposure  Rel. uncertainty
5 kg*yr (-14; +15) % 5 kg*yr (-11; +12) % 5 kg*yr (-6; +7) %
50 kg*yr (-8; +9) % 50 kg*yr +7% 50 kg*yr (-5; +6) %
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Future light vector sensitivity

Simplified mediator model » contribution to CEVNS / EveS  [Cerdefioetal, 10.1007/HEP05(2016)118, 2016]
der 392, Z+ N
= o | Qsnt + Al T
dT V2GE |q]? +m3,

« Assume universal coupling to quarks / electron / neutrinos: (myz/, gz/) [cededduetal, 10.1007/HEPOL(2021)116, 2021]

2

1
Ly = ZIQ <g§YDL'y“VL + g&V eyte + g?ﬁw“’q) + §m2Z,Z;Z’“

* EveS more sensitive to lower mediator masses: me VS. Mge [Bonet et al., 10.1007/JHEP05(2022)085, 2022]
« CONUS benchmark points (keV, GeV): EveS - (5.2:107, 1.1:102); CEVNS - (2.7-10>, 1.8:103)

10! 10-! 107!
Universal coupling, sin’6y free Universal coupling, sin®fy- free Universal coupling, sin’@y free
5 | |(CENS + EveS) limits @ 90% C.L. 1 [(CEvNS + EveS) limits @ 90% C.L. 1 [(CEvNS + EveS) limits @ 90% C.L.
1073 | Bkg level = 10; 0.5 ents/ke/keV /d 10779 | Big lovel = 10 0.5 ents /kg/keV /d 107 4| Bkg level = 10;0.5 cnts/kg/keV /d
Eqy = 180eV Eyy = 150V Eyy = 1006V
103 10°° 1073
10! 10744 10~
s R s s
1075 10-° 10-°
e g —ih ke 6 5kg-yr 5 Skg-yr
10 — 50kgyr 10 50kg-yr 10 — 50kg-yr
—— CONUS EveS CONUS EveS CONUS EveS
-7 -7 -7
10 —— CONUS CEvNS 10774 —— CONUS CEvNS 1074 —— CONUS CEvNS
------ degenerate region ----++ degenerate region --+==- degenerate region
103 . — - - 10°% - 10-% -
10? 10* 10° 10° 10% 10% 10* 100 108 101" 10 10 100 10° 1010
my [eV] mz, [eV] my [eV]
Exposure Limit @ keV Limit @ GeV Exposure Limit @ keV Limit @ GeV Exposure Limit @ keV Limit @ GeV
5 kg*yr 8.6-108 3.4-104 5 kg*yr 8.2:10¢ 3.1-104 5 kg*yr 7.6-108 2.4:104
50 kg*yr 6.6-108 2.9-10+4 50 kg*yr 6.4:108 2.7-10% 50 kg*yr 6.2:108 2.7-10%

o


https://inspirehep.net/literature/1442365
https://inspirehep.net/literature/1938781
https://inspirehep.net/literature/1811403

Future light vector sensitivity

Simplified mediator model -» contribution to CEVNS / EveS  (Cerdefioetal, 10.1007/HEP05(2016)118, 2016]
der 392, Z+ N
— X [ Qs + g 5, .3
dT V2GE |q]? +m3,

« Assume universal coupling to quarks / electron / neutrinos: (mgz:, gz) [cededduetal, 10.1007]HEPOL(2021)116, 20211

2

1
Ly = ZIQ <g§YDL'y“VL + g&V eyte + g%\,/@y“’q> + §m2Z,Z;Z’“

* EveS more sensitive to lower mediator masses: me VS. Mge [Bonet et al., 10.1007/JHEP05(2022)085, 2022]
« CONUS benchmark points (keV, GeV): EveS - (5.2:107, 1.1:102); CEVNS - (2.7-10>, 1.8:103)

“Realistic” improvements: CEVNS~7-29%, EveS~3-12%

10 107! 107!
Universal coupling, sin’6y free Universal coupling, sin®fy- free Universal coupling, sin’@y free
5 | |(CENS + EveS) limits @ 90% C.L. 1 [(CEvNS + EveS) limits @ 90% C.L. 1 [(CEvNS + EveS) limits @ 90% C.L.
1073 | Bkg level = 10; 0.5 ents/ke/keV /d 10779 | Big lovel = 10 0.5 ents /kg/keV /d 107 4| Bkg level = 10;0.5 cnts/kg/keV /d
Eq = 180eV. Eyy = 150V Eg, = 100eV
103 10794 10734
104 10-*
s N R ——..
=Y B e~ L PR O e e e e T = = = =
1079 10-5
e g Skg-yr 6 5kg-yr 5 Skg-yr
10 50kg-yr 10 50kg-yr 10 50kg-yr
- CONUS EveS CONUS EveS CONUS EveS
7 - .
10775 —— CONUS CEvNS 10774 —— CONUS CEvNS 1074 —— CONUS CEvNS
------ degenerate region ----++ degenerate region --+==- degenerate region
108 ! — ; ; 1075 + - 107 1= -
10? 10* 10° 10° 10% 10% 10* 100 108 101" 10° 10 100 10° 1010
my [eV] mz, [eV] my [eV]
“Real.” improv.:
EveS~18-23% o o _— _— _ _
CEVUNS~15% Exposure Limit @ keV Limit @ GeV Exposure Limit @ keV Limit @ GeV Exposure Limit @ keV Limit @ GeV
~ (]
5 kg*yr 8.6-108 3.4-104 5 kg*yr 8.2:10¢ 3.1-104 5 kg*yr 7.6-108 2.4:104
50 kg*yr 6.6-108 2.9-10+4 50 kg*yr 6.4:108 2.7-10% 50 kg*yr 6.2:108 2.7-10%

Reactor neutrinos for low masses < n-DAR neutrinos for higher masses
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https://inspirehep.net/literature/1442365
https://inspirehep.net/literature/1938781
https://inspirehep.net/literature/1811403

Future light vector sensitivity

THE benchmark (mediator) model » U(1)s.

= 3 = 1 i 2, Z+N ]’

v e \Y% [£e) (]

Lz =2, (95 mr v + g5 exe + g% av'a) + sm% 2,2 o Qs —
dT V2Gr |al? +m3

° Assume gauged B_L Charge: (mZ'a QZ’) [Cadeddu et al., 10.1007/JHEP01(2021)116, 2021]

* EveS more sensitive to lower mediator masses: me VS. Mge
« CONUS benchmark points (keV, GeV): EveS - (5.2:107, 1.1:102); CEVNS - (3.3:10>, 2.3-103)

107! 5 107! _ 10!
B- L coupling, sin’#y free o B- L coupling, sin® @y free o B- L coupling, sin28y, free
s (CEwNS + EwveS) limits @ 90% C.L. s (CEvNS + EveS) limits @ 90% C.L. , | |(CEUNS + EveS) limits @ 90% C.L. P
10 Bkg level = 10;0.5 cnts/kg/keV/d 10774 Bkg level = 10;0.5 ents/kg/keV/d L Bkg level = 10; 0.5 ents/kg/keV/d
Euw = 1806V Eu = 1506V Eu, = 1006V
103 10-° 10°*
10! 10~ 10-4
i 1079 10-°
-6 -6 106
10 = — Skgyr 1 = Skg-yr — ——
— 50kg-yr 50 kg yr g — ;0 igjfr
10774 —— CONUS EveS 10774 —— CONUS EveS 10 CONUS Eres
—— CONUS CEvNS —— CONUS CEvNS —— CONUS CEvNS
= . ) ; ! 8 . . | N 10-¢ f ; ' .
10 102 101 105 108 1010 10 10? 101 100 10% 110 107 10t 10° 10° 0
mz [eV] myz [eV] my, [eV]
Exposure Limit @ keV ~ Limit @ GeV Exposure Limit @ keV  Limit @ GeV Exposure Limit @ keV  Limit @ GeV
5 B - -4 d A o -
5 kg*yr 8.0-10® 5.4-10 5 kg*yr 7.7-10® 4.8-10* 5 kg*yr 7.2:10% 3.5-10*
*i o & . -4 o = < =
50 kg*yr 6.3-10® 3.9:10 50 kg*yr 6.2:10 3.1-10* 50 kg*yr 6.1-10® 2.0-10*

Reactor neutrinos for low masses < n-DAR neutrinos for higher masses

Ere


https://inspirehep.net/literature/1811403

Future light vector sensitivity

THE benchmark (mediator) model » U(1)s.

1 1 2 Z+N 77
= _ V — LT (] s ’ i
Ly = Zl/i <Q%YVL’)/'U’VL + geZYe’y“e + g%, Q’Y'uq> + §m2Z/ ZI/LZ/'LL _fT o {25‘.1,1 — JZ - 2 | .2
il \@(Ir |!_'!r| + "”‘Ef’
. Assume gauged B_L Charge. (mZ/ gZ/) [Cadeddu et al., 10.1007/JHEP01(2021)116, 2021]

* EveS more sensitive to lower mediator masses: me VS. Mge
« CONUS benchmark points (keV, GeV): EveS - (5.2:107, 1.1:102); CEVNS - (3.3:10>, 2.3-103)

“Realistic” improvements: CEWVNS~12-35%, EveS~2-10%

107! 5 107! _ 10!
B- L coupling, sin®@y free s 4

_5 | |(CEYNS + EveS) limits @ 90% C.L.

10 Bkg level = 10;0.5 ents/kg/keV /d

B- L coupling, sin? 6y free
_, | |(CEvNS + EveS) limits @ 90% C.L.
10754 Blkg level = 10;0.5 ents/kg/keV /d

B- L coupling, sin® 8y free
5 | |(CEVNS + EveS) limits @ 90% C.L.
Bkg level = 10; 0.5 ents/kg/keV/d

Eipe = 180V Epy = 150 eV Ee = 100 eV
103 10-3 108
10! 104 10-4
1073 108 10
106 106 1076

Skg-yr Skg-yr

—— Skey
50kg-yr 50kg-yr —_— :0 i . r'
= . =4 . 10-7 20 kg yT
10774 —— CONUS EveS 1074 —— CONUS EveS CONUS Eve$
—— CONUS CEvNS —— CONUS CEvNS —— CONUS CEVNS
10-" y : : ; 10-* L 4 : i 107 % i i ) o
102 104 106 108 1010 102 108 106 108 1010 10 10" 10 10 10
maz [eV] mz [eV] myz [eV]

“Real.” improv.:

EveS5~15-21% ' Exposure Limit @ keV ~ Limit @ GeV Exposure Limit @ keV  Limit @ GeV Exposure Limit @ keV  Limit @ GeV
CEVNS~27-43%

5 kg*yr 8.0-10® 5.4-10* 5 kg*yr 7.7-108 4.8:10* 5 kg*yr 7.2:10% 3.5-10*
50 kg*yr 6.3-10% 3.9-10* 50 kg*yr 6.2:108 3.1-10* 50 kg*yr 6.1-108 2.0-10*

Reactor neutrinos for low masses < n-DAR neutrinos for higher masses
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Outlook: Future Ge detectors at reactor sites

Progress for kg-size Ge detectors @ reactor sites

Experimental perspective (single diode): Theoretical perspective (whole set-up):
* Improve pulser width FWHM,yiser * Energy threshold and exposure are key for a
- improves Ewr ~ 3 - FWHMpuiser ! strong CEVNS signal / BSM reach
* Improve trigger efficiency » Trade-off between reactor flux and
- record more events in critical region! background
« Background and environmental stability at * Incorporate major uncertainties in SM and
experimental site BSM studies!

- increases exposure

P,,=3.5GW @ d=20m

100 — _ 108
1.04 I 50% efficiency @ 100 eV
' Etpr = 3-FWHMpyser
0.8 - 80+ B
" ~ 10* =
206 Z 60 =
s = G,
o] [ 90
o
£ 0.4 £ 40 )5
+ 10° =
a @)
0.2 1 i
—— D1, D2 20
— D3
0.0 : = 10"
0 100 200 300 400 500 100 200 300 400 500

Energy [eV] Threshold energy E,, [eV]




New experiment at new site: CONUS+

Aim: First CEVNS detection @ rector-site!

* |nstallation in Leibstadt (Switzerland) this summer
- @ 20 m distance to the 3.5 GW, reactor core

* Refurbishment of existing COvUS Ge detectors
- energy threshold < 200 eV!

* Increased muon rejection efficiency via additional
plastic scintillator layer

* Full background characterization at
experimental site already performed
- array of Bonner spheres + liquid scintillator cell

Future: Results from / upgrades of NCC-1701 (Ge), vGEN (Ge) and Texono (Ge)?

ET3



Conclusion

« CEVNS opens new path to high-statistics neutrino physics

— beams and reactors go hand in hand! Large playground for BSM pheno:
- full spectrum of modern detection technologies see talks by
Valentina De Romeri 29/8 16:00
- “car-size” neutrino detectors! Mariam Tortola 29/8 17:45
Gonzalo Sanchez Garcia 30/8 17:30

» Sensitivity for the next-gen. of Ge-based reactor experiments
- Weinberg angle:
- relative uncertainty <10%

- systematics become crucial! Paper to
appear soon!

- Light vector bosons (universal coupling & B-L):
- probing the next order of magnitude
- improved threshold critical for CEVNS-dominated limit regions

* HPPC Ge detectors offer a scalable technology also in critical environments
- energy threshold and trigger efficiency are crucial! exposure via multiple diodes?
- guenching (description) strongly affects CEVNS prediction

) See talk by Edgar
- CONUS RUN-5 SM results presented on this conference! Sanchez Garcia

i Tue 29/8 16:45
- BSM analyses are coming! ue 29/

Thank You!
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Opportunities for CEVNS experiments

[Patton et al., 10.1103/PhysRevC.86.024612, 2012]

1.0
SM investigations with enhanced precision: _ 05 " "
< 08},
« Nuclear form factors: %E‘Z'rem‘r DR,
Model-independent extraction of neutron density distributions Sy
- Beam-reactor complementarity L P T
0.0 20.0  40.0 _ 60,0 ~ 80.0 100.0
Q (MeV)
? 1.4 k=0.12, events=0.2 3K
E\ 19 k=0.16, events=3.2 30;5
* Measuring reactor antineutrino spectrum: aof o
- . . . = 5 [TR,
CEVNS sensitive to high-E part where uncertainty is largest »% 1011588
g |72 031274,
§0-4 ’ ’ mé 2022]
BSM investigations: [Chang & Liao, 10.1103/PhysRevD.102.075004, 2022] ey B i A2 L
o IIL - . .II'_ Pua—wa =1- Sin2 2000 Sil’l2 ( 451 >
- Light sterile neutrinos: e | gl v ! ‘
Use CEVNS for v flux measurements <7 ) _§
= I
- T . /_/ H*H 10 H
* New fermion searches: 4 q “q q :. :
Test further v interactions _ convs <]
- v mass, DM, ... 5 ! K
4 {

* Probing portals:
ALPs, dark photons, etc.

Wl T
- o 10! 1

sin? 26,

[Berryman, 10.1103/PhysRevD.100.023540, 2019]
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CEVNS observations and constraints

Observations:

COHERENT CslI[Na] (2017): 5 * 10%° POT
obs. 134+-22, pred. 173+-48

COHERENT LAr (2021): 13.7 *1022POT

[Akimov et al.,

obs. 159+-43, pred. 128+-17 10.1103/PhysRevLett.126.012002,

[Akimov et al., 10.1126/science.aa00990, 2017] o 50 100" 5" E  ang e
w 30| Beam OFF Beam ON 1 o Data £ e
S v, . vy Ev, ?o 102 ;"+cs
@ 15} + ) 1t 2
TN 157 &F
Lf 0 o B 0 18 L . ] % r HEREN.T Measurements
: O W IR 1 e -
o l o i N Klein-Nystrand FF
5 15 25 35 45 5 15 25 35 45 [ ORI N
Number of photoelectrons (PE) “Reconstructed Energy (kevee) © % 00 S T L
Limits: % ol “Measurement [...] 0
: £ b - Reactor Antineutrinos” g "
CONNIE Si (2019): S0 | ; { k H + [Colaresi et al., ERl
Rp<40*R,, @ 95% C.L. £ H“Hﬁ ﬂm MM HHHHH w Mﬂ 110.1103/PhysRevlett.129.211802 , 2022] % °
2.1kg*d ON + 1.6kg*d OFF mw H ; w H H %H W
[Aguilar-Arevalo et al., 0] }[ + & »] ]
10.1103/PhysRevD.100.092005, 2019] SMJ } "NCC-1701 Ge: EI l S
_800; L 289 kg*d ON + 75 kg*d OFF lg 0 llhﬂ##ﬂﬂ'“ ;erFF(;&D
Energy (keV) ' 0.2 0.3 o ener(;; (ke\éeg.
1404| 78 — 88 K Ge temp.

CONUS Ge (2020): £ | k0179
_— VGEN Ge (2022): :.

RSM<04/kg/d @ QO%CL E 80-/ no excess, (:%:02 ww‘y‘ # H Hﬁ

(x17 lower then prediction) £ k<0.177 @ 90% C.L. i HT } i i T

249kg*d ON + 59kg*OFF S ) 133kg*d ON + 66kg*d OFF | | 1' I

&B()??ng/tPahli;sRevLett-126-041804, 2020] 22‘ | — ?SZ;S}ELC?.M aA()liklsgg/\é’E;:FI{.e'vD.106.L051101 , 2022] ~ E%%jy’kev‘

0.20 0.25
k (mod. Lindhard theory)

0.15 0.30
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CEVNS signal-to-noise

Pth:.‘%.ﬁ GW @ d=20 m, B=40 cnts/kg

D i 107
I B
'} Realistic Efficiency! [
- ,_l — : omme——asee
o
o <
oo
% 3 o
: 0
g 2
Z20 5
= o
S
l g

200 300 400

Threshold energy Eiy,; [eV]

Caution: No direct comparison to above possible!
(E.g. exp. specifications, different detector resolution)




Future Weinberg angle sensitivity

AY? contours for different mass and threshold configurations:

e EveS only is generally not competitive

e Combined analyses dominated by sensitivity below 1keV - CEVNS only

e Sensitivity for current experimental configuration limited by systematics: ~5% relative uncertainty

“Realistic” improvement: ~3-8% relative

X 1 1T
Asimov data set - CEvNS only

1 ¢

T
Asimov data set - CEvNS only
Bkg level = 10cnts/kg/keV/d ||
0eV HE

. || Bkg level = 10cents/kg/keV/d |i
1| g = 180 6V . 1| B = 1500V
64 64
— bkgyr — bSkgyr
2| MC limit 29 e MC limit
— 50kgyr — 50kgyr
11 — 500kgyr 14 —— 500kg-yr
- gu%‘ CL N H : H 3 - QD%I CL HE ) :
RRT: 018 020 0.22 0.24 0.26 028 030 0.3 AT 018 0.20 022 004 0% 0% o0k
sin? Oy sin? By
“Realistic”
improvement: | ' Exposure  Rel. uncertain
~59% relative Exposure  Rel. uncertainty p : ty
5 kg*yr (-14; +15) % 5 kg*yr (-11; +12) %
50 kg*yr (-8; +9) % 50 kg*yr +7 %
500 kg*yr +6 % 500 kg*yr (-5 +6) %

8

-1

T T
Asimov data set - CEvNS only
Bkg level = 10cents/kg/keV/d || i

1| By = 1000V
— bkgyr
""" MC limit
— 50ke-yr
1 — B500kg-yr
-- 9% C.L. i HE
0.16 018 020 022 024 026 028 030
Sin29u'
Exposure  Rel. uncertainty
5 kg*yr (-6; +7) %
50 kg*yr (-5; +6) %
500 kg*yr (-5; + 6) %

0.32



Simplified models: light vector mediator

Aim: Test specific but simple mediator models that contribute to CEVNS / EveS
1 [Cerdefio et al., 10.1007/JHEP05(2016)118, 2016]

/ V V qV — 2l 7l
Lz =27, (g%, viytvr + g7 evte + g5 qv“q) -+ §mZ,ZMZ H
» Assume: universal coupling to quarks / neutrinos: (Mg, gz’)

» Spectral distortions for small recoil energies

5 10! [Bonet et al., 10.1007/JHEP05(2022)085, 2022]
: ! ! . 1072 77
_ gz = 10_4'0, Mz — 1 MeV gz — lﬂ_!"”, Mz = 1 keV ---— COHERENT ((1h1) :
—mm= gz =103, iy = 1 MeV gz = 107%% mz = 1keV —— COHERENT (Ar)
— gz =102 my =1GeV — gr =107 my = 10 MeV CONNIE (8i)
AT [ewss gz = 107, my = 1GeV b gz = 10743, mz = 10 MeV 1073 § —— NCC-1701 (Ge)
. | — SMCEwNS o W0 M weak CONUS (toy MC):
= %
A ~ — k=012
= ] ) - —— k=016
~ 3 > 21074f — k=020
= 2 //7},'_‘: —— Electron
™y o (410792 F
8 21 8 £ 107
E 2 e
2D b
0 2 ’
1072
1 10°°4
5.1007)  b—m———
_________________________________ 90% C.L.
0 ; ; + 1073 ; . {11 - — ;
300 350 400 450 500 2000 1000 6000 8000 10? 10t 10° 10° 101
lonization energy I [¢V] Ionization energy I [éV] Vector mass mz: [eV]

Reactor neutrinos for low masses < n-DAR neutrinos for higher masses
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Experimental requirements at reactor site

Goal: Detecting CEVNS with high accuracy!

Several obstacles to overcome:

1) Beat 1/R? factor

— strong (= commercial) power plant,

close to reactor core

2) Compensate quenching (E - E

recoil

ion)

— lowest possible detection threshold

ionization quenching factor

EU:

maxE.
oan

max E
Reco
: ~600eV

10MeV
. 3keV

3) Low background outside lab condition
— moderate overburden & limited shielding capacities

10°F .
g lower detection
4 threshold

]0

10°) k /
[l
e increase CEVNS
4 \ "":ﬂgnal

10{) 7{}(} 300 400 500 600 700 800 900 1000

EleV_]

Reduce
background
level

Rate [cts/(kg-eV-d)]

0.3
0.283
ozef
0.243

0.22F

0.18F

0.16F

0.12

0.15

[Bonhomme et al., arXiv:2202.03754, 2022]

0.2F

0.14F

Lindhard model, k = 0.162 + 0.004 Ge (88K)

Correlated systematic uncertainties

—e— E,=(790+ 11) keV

(644 + 4) keV

(490 3) keV

E, = (249+ 2) keV
90% C.L.

—o— E,=

—— E,=

1
1 2 3 4 5 6 7
nuclear recoil energy (keV, )

102 L

QF=0.15
QF=0.2
QF=025 [
QF=05

QF(E)

- - 2/(kgeV-d)
- 0.5/(kg-eV-d) ]

T T
Flux ¢, = 1.8 x 10" cm s~
(3 GW thermal power; 17 m distance)

[Lindner, Maneschg, TR, 2016]

400
Recoil energy [eV..]

200 600 800 1000
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Impact of quenching at low energy

0.45 T T
i —-=-- Collar curve Fef (ext})
- N R R S Collar curve YBe (ext)
0.40 ~ ! .
! —— 1) Lindhard k=0.162
i 2} mod. Lindhard
0.35 1 L k=0.158, q=-0.00011
. ! —— 3} Lennard-Jones Pot.
*g i —— 4} Lindhard + linear (Fef)
"20 0.307 H —— 5) Lindhard + cubic (YBe)
k= i F  Collar Fef + YBe
= i
= 0.254 !
z ]
5 i
0.20 1 : .
S o b S !
|
0.15 1 !
|
|
|
0.10 T T . . . ‘ f
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Nuclear recoil energy E,,. [keV]

Quenching according to mod. Lindhard model:

10 0.4 103
_ — k=012 - .
1 8 — k=0.16 ; 102 —L
ol — k=020 g iz
= — k=024 =03 100 1y,
g 6 —— k=028 = B
= o= 10° &
] C1R1 = =
£ 4 = 8
é i ()2 1 =T
3 = 10 z
< ol = S
) L 1072 €3]
O Y. o

- : - - - 0.1 103
* 25 : 35 5 :
0 2 q(]))()etectim'l {j’lzgrg;\ E [eé‘"(])o o 0 ) 200 300 400 500
[TR, PhD thesis, 2022] Threshold energy Eq,, [eV]




Two complementary approaches

o
p.* oV, - - .
n-decay-at-rest neutrinos: = W &= Reactor antineutrinos:
1-26}‘.\;‘ ’

« Pulsed GeV-proton beam hitting heavy target B decays in nuclear reaction chains - only v,

~ multiple v flavors » Strongest artificial v source on earth:

 Time correlation of events ~1020 v, 's/GW/s

— background suppression x(10°-10°) * v energies up to 10 MeV - coherent regime!

* Higher v energies - Close to reactor core: no lab conditions!
— larger cross section, but reduced coherence - no cryogenic liquids, no remote control
— COHERENT, CCM, “CEVNS@ESS”... - CONNIE, CONUS, NCC-1701, VGEN ...
[Akimov et al., arXiv:1509.08702, 2015] [Patton et al., 10.1103/PhysRevC.86.024612, 2012] [Vitagliano et al., 10.1103/RevModPhys.92.045006, 2020]
S . — 1.0 ' ' ' ' ' — 3.5
% 09} § a0
3 T-lc} L]
Y o ’ =28
; E — 3 20
s l C” 0.7 [reactor 22
; \_5 0.6 ‘M—b % 1.5
05} g 10
! 04} n §>
S N ) L. L 00 200 400 _ 60.0_ 80.0 1000 % 00
8
& = 1r?gutrin0 Jr?é}rgy{l\;‘lez\fo}o - - Q (I\/TOV E / MeV

Beam-reactor complementarity:
CEVNS at reactor site as high statistic baseline for multi-target and multi-flavored beam investigations!
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CEVNS with different sources and targets

[TR, 10.11588/heidok.00031274, 2022]

’;‘
5
S \ Element N ra [fm] Emax [MeV] T2 [keV]
= T
L A Na 12 3.6 27.7 71.5
= by Si 14 3.8 25.9 51.3
<100
5 10 Na, E,—10MeV i Ar 22 44 23.1 28.5
‘% =] Ge, E,=10MeV i E \‘\ Ge 38/40/42 5.2 18.9 10.5
EUTY — oo Bmt0Mev B I 74 6.3 15.7 4.16
R 5| Na, E,=50MeV P ‘: Xe 75/77/78 6.4 155 3.93
% 107°1 ———- Ge, B,=50MeV b '
S TRne Sy e b Cs 78 6.4 15.4 3.85
S ]|---- Cs, E,=50MeV .
IU—J : : : i ) 1 =
10~2 107! 10 10! 10°
e [TR, 10.11588/heidok.00031274, 2022]
Loss of coherency i )
> Neutrino source Target T [keV] E(QF € {0.1,0.15,0.2}) [keV]
IS B B N B B Nuelear reactor Na 9.33 0.93 /140 / 1.87
+ | ., /’]' (10 MeV) Si 7.64 0.76 / 1.15 / 1.53
Vil Ar 5.37 0.54 / 0.81 / 1.07
’ / Y] Ge 2.96 0.30 / 0.44 / 0.59
7z % _j‘ I 1.69 0.17 / 0.25 / 0.34
4 J/ L] Xe 1.64 0.16 / 0.25 / 0.33
p 4] Cs 1.62 0.16 / 0.24 / 0.32
P st {1 7-DAR source Na 232.4 23.2 / 34.9 / 46.5
: 1 — pARxy, i B MV . - ; SR R
L # 2 = crraid/ gl (50 MeV) Si 190.4 19.0 / 286 / 38.1
| T —- DARV, Ar 134.0 13.4 /201 / 26.8
10 20 30 40 50 Ge 73.8 7.38 / 11.1 / 14.8
\__Ev (MeV)\/ / I 42.3 4.23 / 6.34 / 8.45
— . Xe 40.9 4.09 / 6.13 / 8.17
Reactorv:  Pion decay at rest4 . g 404 /6,03 /8,07

fully coherent
[W. Maneschg, 2017]
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Antineutrinos from nuclear reaction products

Antineutrino emission in 8 decays of fuel reaction products

® Mainly from 23°U, 238U, 239Pu, **'Pu = >99%

® — ©-/ v's/fission up to 10MeV

® Spectral distribution Isotope
S(B,) 1 Wi, dN;
= o% 235U
Y ATR? Y oy B "\dE,
238U
239Pu
Knowledge about a reactors emission spectra 241Pu

e Summation methods [Kopeikin et al. 10.1134/1.1825513, 2004]
- summing B branches of all fission fragments

. I [H t al.,
ConverS|On methOdS 10?1algO%/I§hysRevLett.112.122501,
— measure B decay electron spectrum 2014
and convert into v spectrum 10.1103/PhysRevC.85.029901, 2011,
Mueller et al.,

10.1103/PhysRevC.83.054615, 2011]

* Direct measurements (IBD) ianetal,
10.1088/1674-1137/41/1/013002, 2017]

Reality much more complicated...
» Varying reactor power - P(t)
* Changing fuel composition - a(t)

©—» Neutron 144pr 1@
O, Electron Hice Ao
\‘At t Hia WG e o
» Anti-neutrino
D Yot
Gamma el

144p 4 » (some loss)
235 236, @ " 235) 238 @ »

@G OC;C;:—-»O—""@—P@—P Og»
LA »
4

Fission E/fission [MeV] \
fraction a [Ma et al 2013] - 0\1 238
(PWR) “ @o-s
¥ \ 2391y
57% 202.36 + 0.26 "Wi‘j @ .
¢ 239Np
8% 205.99 + 0.52 Vs @ o ¥
$ u
30% 211.12+0.34 Y@ &
5% 214.26 + 0.33

_.
<

_
S
&

dN/dE [MeV ! fission !

H
S
L

(Mean-Dev) /Mean [%]

10{) 4

[TR, 10.11588/heidok.00031274, 2022]

3o uncertainty (toyMC)

—— C1R1
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