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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 m-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:

Upper limit on neutrino energy: i
« Coherence = enhancement ~ N2 Cross section ¢
B < =A==l i0d MeV VS.
= o 2.5\3/2[ eVl nuclear recoil T,
« Observable = nuclear recoil energy T,
do  Gimy 2 maTa
— 1 —4sin?0w)Z — N 1— F2(T [TR, 10.11588/heidok.00031274, 2022]

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

* Very low energy threshold needed:

________________________

Cross section do/dTy [10~* cm?/eV]
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« Quenching: T, —» “detectable” energy 10— Ge, B=50MeV
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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 | ‘. |
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- 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 e
— weakly-coupled light vector boson: o2 i [ls;;g
dark parity violation / dark 2’ f } o
Hoxms 1 yme
0.230

10-3 102 10! 1 10 102 10°
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Assume a COvUS-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! |

* v flux: ~1.5* 1013 /cm?/s with 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! 101 !
» Background levels: 0.1
- 10 cnts/keV/d/kg for Eion< 1lkeV
- 0.5 cnts/keV/d/kg for Eien >1keV g0
% 0.4
Detectors:
« Data collection: torr= 0.5 * ton: " | — DL,D2
i — D3
0.0 t !
R1 - expon = 5 kg*yr 0 100 200 300 400 500
R2 - eXpPon = 50 kg*yr Energy [eV]
R3 - expon = 500 kg*yr [Bonhomme et al., 10.1140/epjc/s10052-022-10768-1, 2022]
o ) . Detector Threshold E,
* COvUS HPGe detectors with improved trigger efficiency:
Einr ~ 3 * FWHMuiser D1 (conservative) 180 eV
« Quenching according to Lindhard model DA (P Eaeice) lsuey
y D3 (optimistic) 100 eV

0 _0 .,
' [particlezoo.net, 2023]
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Reactor antineutrino spectrum: data-driven approach

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

— U235
- — U238
“ — Pu239

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

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): e oS et — By et — 5D i
- unfolded IBD spectra of U235, (Pu239+ Pu241), total o b wy | Pucombo | Tol
- method to construct data-based predictions E L - -
S'totar R=( L | Aol | AfasoTos | AfassTos | (Afou =018 x Afas) T ) 06 ! _
S?; 4 . i i i I S R 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]
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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
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Spectra also used in current COvUS analysis!

[An et al., 10.1103/PhysRevLett.129.041801, 2022]
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Sensitivity determination

(Binned log-) Likelihood function:

® ON and OFF data are fitted together:
log £ =log Lon + log Lorr + pull term
With log Lon(sin® 0w, gz, mz/; beEuNs, DEves, o, k)
log Lorr(bcEuns, bEves)
® Parameter list:
- Weinberg angle sin®6w
- Z' model parameters 9z, mz
- bkg normalizations bceuns, bEves

- reactor neutrino flux (~3%) &,
- parameter of Lindhard model (~1%) &

e profile LH ratio for limits + x2?-distribution of test
statistic

® Sensitivity estimates via two methods:

* Asimov data set
« MC sampling + median average of limits

- ™

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

_ Y,

— gz =107 my = lkeV
= gy =107 my = 1keV
— gz =10"% my =1GeV
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Sensitivity to a light vector boson:
CEVNS - Eion< 1keV
EveS - Eixn<100kev

\\\17 ///,/




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
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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
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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: ~4-7% relative
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Future light vector sensitivity

Simplified mediator model -» contribution to CEVNS / EveS
1
Ly = Z//L (g%YDL’)/MVL + geZYEv“e + Q%YCTYMC]) + §m2Z’ Z;Zl'u [Cerdefio et al., 10.1007/JHEP05(2016)118, 2016]

« Assume universal coupling to quarks / electron / neutrinos: (myz/, gz/)
« EveS more sensitive towards lowest mediator masses: Me VS. Mge  [Bonet et al., 10.1007/JHEP05(2022)085, 2022]
« COvUS benchmark points (keV, GeV): EveS - (5.2:107, 1.1:102); CEVNS - (8.1:10>, 5.4:103)

107! 10! 10!
(CEvNS + EveS) limits @ 90% C.L. y e (CEwNS + EveS) limits @ 90% C.L. P (CEwNS + EveS) limits @ 90% C.L. o
102 Bk level = 10;0.5 cnts/ke/keV/d 5 | | Bkg level = 10;0.5 cnts/kg/keV /d 1021 Bkg level = 10;0.5 cnts /kg/keV /d
Eqn = 1800V 10721 | By = 150V Egy = 100eV
1o~ 104 10
104 = 10~ 4 o 104 -
N ~ 5 >
L‘10 5 // = '/ = 5 /»,/
= ¥ 1054 \ ¥ 105 5
— Skg-“tr . // Skgyr /// 5kgyr
106 % MC limits 10-6 ] < x  MC limits 106 % MC limits
— S0kgyr | 50 kgyr 50kg-yr
5 —— 500kgyr —— 500kgyr , —— 500kgyr
10 —— CONUS Eves. 10774 — CONUS EveS 10~ —— CONUS EveS
. —— CONUS CEvNS —— CONUS CEvNS —— CONUS CEwNS
107 T — T T+ _8 -8
10° 10! 106 10° 101 1075 o o 10 I 075 o 0 0 o0

s [eV] my [eV] mgz [eV]
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Future light vector sensitivity

Simplified mediator model -» contribution to CEVNS / EveS
= _ vV _ 1
Ly = Z/Z (g%YVL’YMVL + geZ\/IG’YMG + g%/ C]’Y“Q) + §m2Z’ Z;LZ/'u [Cerdefio et al., 10.1007/JHEP05(2016)118, 2016]

« Assume universal coupling to quarks / electron / neutrinos: (myz/, gz/)
* EveS more sensitive towards lowest mediator masses: me VS. Mge [Bonet et al., 10.1007/JHEP05(2022)085, 2022]
« COvUS benchmark points (keV, GeV): EveS - (5.2:107, 1.1:102); CEVNS - (8.1:10>, 5.4:103)
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1074 By, = 1806V 1072 9l By — 150V 1079 |Eq, = 1006V
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Future light vector sensitivity

Simplified mediator model -» contribution to CEVNS / EveS

/ . — V — 1 2 / /
['Z’ = ZM (g%YI/L’}/MVL + geZYew“e -+ g%, C_[’Y“C_[) + §mZ’ ZUZ H cerdeno et al. 10.1007/JHEP05(2016)118, 2016]

« Assume universal coupling to quarks / electron / neutrinos: (myz/, gz/)
* EveS more sensitive towards lowest mediator masses: me VS. Mge [Bonet et al., 10.1007/JHEP05(2022)085, 2022]
« COvUS benchmark points (keV, GeV): EveS - (5.2:107, 1.1:102); CEVNS - (8.1:10>, 5.4:103)

“Realistic” improvements: CEVNS~25-30%, EveS~20-22%

10! = 10! _ 10!

(CEUNS + EveS) limits @ 90 % C.L. (CEWNS + EveS) limits @ 90% C.L.

(CEwNS + EveS) limits @ 90% C.L.
Bkg level = 10:0.5 cnts/kg/keV /d
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10779 1By, = 1806V 102415 % Sisoev 102415 % o0y
1o~ 104 10
1o 10744 10
1o 10 10-°
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CEVNS~20-25%
5 kg*yr 6.7-108 3.0-10* 5 kg*yr 6.3-10® 2.8:10* 5 kg*yr 5.4:10® 2.1-10*
50 kg*yr 4.0-108 2.3-10* 50 kg*yr 3.7-10° 2.1-10* 50 kg*yr 3.1-10°® 1.7-10#
500 kghyr 2.3.10° 1.6-10 500 kg*yr 2.1-10°® 1.4-10* 500 kg*yr 1.8:10°® 1.2:10*

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,user * Energy threshold and exposure are key for a
- improves Ewnr ~ 3 + FWHMpyser ! 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]




Conclusion

« CEVNS opens new path to high-statistics neutrino physics
- beams and reactors go hand in hand!
- full spectrum of modern detection technologies
- “car-size” neutrino detectors!

* Sensitivity estimates for the next-generation of Ge-based reactor experiments
- Weinberg angle:
- ~5% improved relative uncertainty for improved threshold or increased exposure
- limitation by systematics!

- Light vector bosons (universal coupling): — More to appear soon!
- improved threshold: EveS~20%, CEVNS~25-30%

- higher exposure: EveS~41%, CEVNS~20-25%

* HPPC Ge detectors offer a scalable technology also in critical environments
- diode level: energy threshold and trigger efficiency are crucial!
- experiment level: exposure via multiple diodes?
- deviasions in Ge quenching (description) needs to be resolved for reliable signal prediction!

- Brace yourselves, CONUS RUN-5 SM & BSM analyses are coming!

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 " e
<08} !
* Nuclear form factors: \O’ég;'reaﬁo‘f TN
Model-independent extraction of neutron density distributions S
- Beam-reactor complementarity L .
0.0 20.0  40.0 _ 60,0 ~ 80.0 100.0
Q (MeV)
? 1.4 k=0.12, events=0.2 3K
E\ 12 k=0.16, events=3.2 30%
* Measuring reactor antineutrino spectrum: aof o
. . . . E i 5 [TR,
CEVNS sensitive to high-E part where uncertainty is largest | S 1011588
sf feiiol
20-4 ’ ’ mg 2022]
BSM investigations: [Chang & Liao, 10.1103/PhysRevD.102.075004, 2022] ey B i A2 L
o IIL . Wi .II'_ Pua—wa =1 — sin® 2000 sin® ( 451 >
- Light sterile neutrinos: T Ll u | ’
Use CEVNS for v flux measurements 27 ) _§
> A |
- _.--"F i""--.._ // l‘*-\x 10 E 1
* New fermion searches: “q q “q q :. :
Test further v interactions _ < convs <]
- v mass, DM, ... 3 =t =
- :_‘,.---' v I '._\__\--(\
* Probing portals: <<
ALPs, dark photons, etc. it = SEESS
]1]"1'-E] e 1‘(;’ o ,\JIUI S .......‘,.-.-.1

sin? 26,

[Berryman, 10.1103/PhysRevD.100.023540, 2019]
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CEVNS signal-to-noise

Pth:.‘%.ﬁ GW @ d=20 m, B=40 cnts/kg

D i 107
I B
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Caution: No direct comparison to above possible!
(E.g. exp. specifications, different detector resolution)




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
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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:

max E
Reco

maxE.
oan

10MeV
. 3keV

: ~600eV

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

10°F .
i lower detection
4 threshold

]0

10°) k /
[l
e increase CEVNS
4 \\ "/'SHQnaI

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

EleV_]

Reduce
background
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Rate [cts/(kg-eV-d)]
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[Bonhomme et al., arXiv:2202.03754, 2022]
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[Lindner, Maneschg, TR, 2016]
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https://inspirehep.net/literature/2029578

Impact of quenching at low energy

Overview of quenching measurements: T. Saab \ EXCESS 2022 \ February 16, 2022

lonization Yield Values in Ge
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[TR, PhD thesis, 2022]



https://indico.scc.kit.edu/event/2575/contributions/9684/attachments/4817/7278/Saab_SuperCDMS_Yield_EXCESS2022.pdf
https://inspirehep.net/literature/1847646
https://inspirehep.net/literature/2035575

Two complementary approaches

'~
w Y H H L
n-decay-at-rest neutrinos: & .. e Reactor antineutrinos:
1-26>A.v ’

B decays in nuclear reaction chains - only v

e

* Pulsed GeV-proton beam hitting heavy target

— multiple v flavors - Strongest artificial v source on earth:

— 20 yy !
* Time correlation of events 102 v, 's/GW/s

— background suppression x(103-10%) * 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]
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Beam-reactor complementarity:
CEvVNS at reactor site as high statistic baseline for multi-target and multi-flavored beam investigations!



https://inspirehep.net/literature/1121039
https://inspirehep.net/literature/1761501
https://inspirehep.net/literature/1395251
https://inspirehep.net/literature/1395251

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
g |/~ Na E,=50MeV b ‘: Xe 75/77/78 6.4 15.5 3.93
7 1077 -——- Ge, E,=50MeV o '
3 R iy to1 Cs 78 6.4 15.4 3.85
S ]|---- Cs, E,=50MeV .
IU—J : : : i ) 1 =
102 107! 10" 10! 10?
Bslearco e tebie K] [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
+ | ., /’]1 (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 / 20.1 / 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 s g 4047603 /807

fully coherent
[W. Maneschg, 2017]



https://inspirehep.net/literature/2049444
https://inspirehep.net/literature/2049444

Antineutrinos from nuclear reaction products

©—» Neutron 149pr 1@
- - - - - - ectron 14Ce N
Antineutrino emission in B decays of fuel reaction products s v, @ s
8
Gamma *“Ba P 4 0\;
e Mainly from 23>U, 238U, 23°Pu, 4'Pu = >99% iy P S i

, . . 351 238y @o,» et B35y By @O)
® ~ 6-/ v's/fission up to 10MeV orFoF—> o0 — o BoG—> o

. LR °
® Spectral distribution Isotope  Fission Effission [MeV] N\
fraction a [Ma et al 2013] . 0\1@%
(PWR) g
S(B,) 1 Wi, N dN; ; \@f%
v) = i 235U 57% 202.36 + 0.26 R De *
47TR2 Z'L O{'LEZ . dEU - i@ i) @S”QD
v 238U 8% 205.99 + 0.52 e o\
239Pu 30% 211.12 +0.34 '@ @
Knowledge about a reactors emission spectra 241Pu 506 214.96 + 0.33
e Summation methods [Kopeikin et al. 10.1134/1.1825513, 2004] [TR, 10.11588/heidok.00031274, 2022]
- summing B branches of all fission fragments 30 uncertainty (toyMC)
N | 710 —— CiRI
. aag et al., S
* ConverS|0n methOdS 10.1%03/PhysRevLett.112.122501, E »
— measure B decay electron spectrum 2014 = il
and convert into v spectrum 10.1103/PhysRevC.85.029901, 2011, g
Mueller et al., =107?
10.1103/PhysRevC.83.054615, 2011] »Eii
* Direct measurements (IBD) (anetal, z
10.1088/1674-1137/41/1/013002, 2017] 3
= 100
Reality much more complicated... R e B B B I RS B N
» Varying reactor power -» P(t) T 0
« Changing fuel composition - a(t) 2 e e o e P S S T S
= 1 2 3 1 5 6 7 8



https://inspirehep.net/literature/1272925
https://inspirehep.net/literature/912553
https://inspirehep.net/literature/884183
https://inspirehep.net/literature/626155
https://inspirehep.net/literature/1477024
https://inspirehep.net/literature/2049444

Reminder: Reactor antineutrino spectra for CEvVNS

“Weight CEVNS cross section with neutrinos per energy”:

E_.. ~10MeV, depending on assumptions

ma

dﬁ- Emax dﬂ,'." d-ﬂ'
E(TA} — / dﬂ!f (ﬂ!__EL.[:EL—)> (E{TA!E“})

AN

CEVNS cross section

Ey,th:%(\/mmh) ~\/ % T Full reactor antineutrino spectrum:
(Summation method,
E,.. determined by conversion method,

target, quenching and energy threshold direct IBD measurement)
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