Manfred Lindner
MAX-PLANCK-INSTITUT
NN

FUR KERNPHYSIK
@G €@© B HEIDELBERG

AN

Conference on Neutrino and Nuclear Physics
(CNNP2017)

15-21 October 2017 Monastero dei Benedettini, University of Catania,



Coherent Neutrino Scattering

The Standard Model has six different interactions of neutrinos with matter:

. 5 have already been detected

VI\/I v\/v V\/p v\/v V\/p
-n-O
. /\Ve . /\e n/\p n/<n o /éhadrons
inverse muon (tau) elastic electron (quasi) - elastic nuclear excitation and Deep inelastic scattering
decay scattering nucleon scattering resonant production and jet production
. 1 has so far not been detected:
Vi Vi ] ]
N~ Coherent neutrino-nucleus scattering: CEVNS
A/\A = conceptually important
= useful method to test new physics

D.Z. Freedman, Phys.Rev. 9 (1974) 5
A. Drukier, Leo Stodolsky, Phys.Rev. D30 (1984) 2295 (1984), DOI: 10.1103/PhysRevD.30.2295
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Z-exchange of a neutrino with nucleus
=» nucleus recoils as a whole

=> coherent up to E~ 50 MeV

Quw = N — (1 —4sin?0,)Z ~N

neutrino

neutrino
do(E,,T) G7 , MT 2\2 2
- o OuM (1- 35 | F(QY ~ N

N~40=> N2=1600 =» detector mass 10t = few kg

Important: Coherence length ~ 1/E

-> need neutrinos below O(50) MeV for typical nuclei
= low energy E €= lower cross sections €= flux!




The Neutrino

Spectrum

Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v /

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN

Cosmogenic

/ 10 GW at a distance of 150 km

close to power reactors:

ca. 4% of the thermal power P
3.9GW > ca. 150 MW in v’s
dilution by distance R

flux ® ~ P/R?

ca. 150 kW/m? at 10m distance

Cross section grows with
neutrino energy
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Neutrino energy
source lux
reactor neutrinos (3 GW, at 10m distance) 5x 10M3 /cm”2/s
solar neutrinos (on Earth) 6 x10M0 /cm”2/s
supernova (50 kpc Abstand, for O(10) seconds) ~ 1079 /cmA2/s
geo-neutrinos (on the Earth’s continental surface) 6 x 1076 /lcm”?2/s
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First Observation of CEVNS
COHERENT experiment (stopped © beam 30-50 MeV neutrinos)

» 4 different detector technologies
- 14 kg of Csl scintillating crystals

- 35 kg single phase LAr detector First COHERENT result July 2017
- 185 kg Nal scintillating crystal o
« 15 month of live-time accumulated
- 10 kg HPGe PPC detectors with CslI[Na]
« SNS source with v flux of 4.3 - 107 « 6.7 o significance for excess in
v/icmz/s @ 20m events, with 1 o consistency with
the SM prediction

30 + Beam OFF 1t Beam ON

+ +
é 1.5 2‘5 3‘5 4‘5 5 115 2‘5 3‘5 4‘5
Number of photoelectrons (PE) D. Akimov et al., Science 10.1126/science.aa00990 (2017)
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see talk by K. Scholberg
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Combine:
- highest neutrino flux =» close to power reactor

- lowest detection threshold = R&D
- best background supression = “virtual depth” SC‘ V U S(

=» COherent NeUtrino Scattering experiment

C. Buck, J. Hakenmiiller, G._Heusser, M. Lindner, W. Maneschg, T. Rink, H. Strecker,
T. Schierhuber and V. Wagner
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* measure nuclear recoil energy T

for E,=10 MeV 2 T, ,, ~ 3 keV (in Ge)

max —

I

« energy loss due to quenching (Lindhard) §: d
= Quenching Factor (QF) =t =
QF down to 0.2 in Ge — 600 eV ==
=» include systematic uncertainty EFlomMey E

D. Barker, D.M. Mei, 2012 [1]

detection of CEVNS signal:
— detector threshold . high v ﬂuX
CEVNS signal * low threshold (sub keV)

* low background
- radio-pure materials
- “virtual depth” shielding

dN/dE

background




Event Rates for a conceivable Experiment

1kg detector: BEGE or SAGE type germanium diode
Distance D=15 m; 3.9GW &= flux = 3.12*10"3/cm?/s

Background ~ 1/kg/keV/day

S[1/yr] / B[1/ye] / R=S/B

Pulser/Threshold [eV] |QF =0.15 QF = best fit QF =0.25

60 /180 971/61/15.8 2173/85/25.6 9194/127/72.3
65 /195 588/58/10.1 1488/81/18.4 6962 /123/56.4
70 /210 352/55/6.4 1014/78/13.0 5272/120/44/0
75 /225 207 /52/4.0 686 /75/9.2 3989/117/34.2
80 /240 120/49/2.5 460/71/6.5 3012/113/26.7
85 /255 69/46/1.5 306 /68 /4.5 2 269/110/20.7

= Not trivial, but doable
on a short time scale!
= Even a 1kg detector
can detect CEVNS
= Upscaling...

Maneschg, Rink, Salathe, ML
M. Lindner, MPIK
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The Brokdorf (Germany) power plant:

thermal power 3.9GW,
detector @ d=17m

= v flux: 10'4/cm?/s

ca. 50 KW/m? in v‘s https: / /de.wikipedia.org /wiki/Kernkraftwerk_Brokdorf
very high duty cycle

102 Reactor spectrum - data and parametrization
10!

=» most intense integral neutrino flux 3
E, up to ~ 8 MeV — fully coherent i
K10
[ o 0-6
access during operation &0 |[-
104H ...

overburden 10-45 m.w.e 10 e
Neutrino energy [MeV]

measurements Of neutron baCkground Parametr./Data: from P.Huber [2] and N.Haag [3]
ON/OFF periods =» backgd. measurement




The GIOVE active Shield

coaxial HPGe detector (m, = 1.8 kg)
radio-pure passive shielding:

- Pb and Cu against external radioactivity

- borated PE to capture and moderate neutrons

active veto:
- plastic scintillators with PMTs
- 99% muon veto efficiency (dead time ~2%)

main purpose: material screening

detector depth p flux Bkg rate [45,50] keV
[m w.e.] reduction [kg—1d—lkeV—!]
Gemma-I|[5] 70 ~ 10 2.1+0.7
Texono[6] 25 ~ 4 1.31+0.5
GIOVE[7] 15 ~23 0.4+£0.1

= GIOVE: "virtual depth*¢ of several hundred meter

M. Lindner, MPIK . 11



The CONUS Shield

Active muon veto: Shield against nat. radioactivity:
Plastic scintillator plates Pb, inner layers low *'°Pb content
with PMTs . =
_* o fasl. scinully=t 4
| -~ a7 74
/
)
)
ye
| DOL
|_plast._scinull =
; Ui

- Steel cage

Moderate and capture neutrons:

Polyethylene plates with boron

from boron acid,

boron acid enriched in '’B (equivalent to 3% nat. boron)

* inner layer: Pb = suppress p-induced bremsstrahlung continuum
* careful material selection (screening @MPIK & GeMPIs@LNGS)

* testing at Low Level Laboratory at MPIK (15 m w.e.):
- mechanical tests
- muon veto performance (with coaxial high-purity detector CONRAD)
- radiopurity of shield (with CONRAD)

M. Lindner, MPIK . 12



Low background - low threshold Ge detectors
BEGe R&D @MPIK: Asterix & Obelix....

= kg-size SAGe detectors
PT-cooled (no LN; optimally adjustable T)
pulser resolution 70-85 eV, E,, ~ 240 eV

thread-——___ |

CONUS: 4kg = 4x 1kg

headless screw Mé—]




The CONUS Detector

Components: < about1.2m >

- active/passive shielding
- 4 Germanium detectors
- 4kg = smallest v detector
- PT coolers

=» all ultra low background
- electronics and DAQ rack

steel cage
active muon veto

shielding
Ge detector borated PE
PT cryocool
steel plate

Successful combination of three essential improvements:

- new (best) active/passive shielding (GIOVE @ MPIK = “virtual depth”)
- new detectors with very low thresholds

- site with highest neutrino flux

Start of the project summer 2016
Data taking starts 2017 (6 months delay due to unexpected reactor stop)

M. Lindner, MPIK . 14



M. Lindner,




M. Lindner, MPIK




—  ——Measurements WITHQUL muogveto
£ —Giove demscior mGiove smed | Continuum of bremsstrahlung:
2 « Pb has more bremsstrahlung
s | than Cu (~Z2)
£ * but better self-shielding in Pb (~2Z>)
8 10} = in total:
: lower count rate at low energies

- N T R B
500 1000 1500 2000 2500
energy [keV]

Energy GIOVE CONRAD
Mt 1.84+0.1kg ~2.2kg*

[45,100] keV, cts in d—1kg~?! 2146 4+ 13 1162+ 8 *
[100,500] keV, cts in d"lkg—! 18177 438 9799 + 23*
45,2700  keV, cts in d—lkg—! 30952450 20407 + 33*
[ g

511keV, cts in d! 1113 + 17 1203 + 12

* detector characterization in progress, only stat. uncertainty on meas. data given




Muon veto efficiency:
« around 99% (comparible to GIOVE)
almost no line background
of radioactive contaminations
« in ROI [45,50] keV: < 1kg1d -1 keV-

—CONRAD detector in CONUS shield

counts [(1.06keV)'d kg

= design goals achieved

1500 2000 2500
energy [keV]

detector depth i flux Bkg rate [45,50] keV
[m w.e.] reduction [kg~ld~lkeV1]
Gemma-I1[5] 70 ~ 10 2.1+0.7
Texono|[6] 25 ~ 4 1.34+0.5
GIOVE[7] 15 ~2-3 0.4+0.1
CONRAD 15 ~2-3 0.7%0.1

= "virtual depth” of several 100 m w.e. achieved!



Neutron background at reactorsite (10-45 m.w.e. overburden)

« Cosmic ray background: a bit more overburden than at MPIK
- similar conditions: p-induced neutrons in shield dominate
- background understood and acceptable
* Neutrons from reactor
- measured by PTB Braunschweig
(German National Metrology Institute)
- MC simulations from reactor core to

experimental site in progress Neutron flux from MC at CONRAD diode in CONUS shield
- outcome: :.;' 0'1I__ —all lneutronsI enteringI the dioclle | | ]
E
> mostly thermal neutrons £ _
arrive at experimental site £ 0.06F- N
> U.Ubp
> thermal neutrons are 5 |
shielded well y 009 B
> within shield: mostly 0 I
. . 50.02— _
muon-induced neutrons inlead & |
§ I S S —



Upscaling to 100kg =» very interesting Potential

high statistics =» precision = various interesting topics...

assume:
100kg detector

4GW @ 15m

flux ~3*1013/cm?/s
background 1/kg/day

BSMsens=AS/S

Maneschg, Rink, Salathe, ML

Puler/Thresh |QF=0.15 BSMsens QF=BF BSMsens QF=0.25 BSMsens

[eV]

40/120 647 474/ 1*10'3 965 999/ 1*10'3 2.9*106/ 6*10-4
8291/78.1 10 775/89.7 15 158 / 189

45 /135 407 092/ 2*10'3 664 316/ 1*10'3 2.1*106/ 7*10'4
8 036 /50.7 10 519/63.2 14 866 / 144

50/150 254 745/ 2*10'3 458 072/ 1*10‘3 1.6*106/ 8*10.4
7780/ 32.7 1 0264/44.6 14574 / 84.9

55/165 158 109/ 3*10'3 315 843/ 2*10'3 1.2*106/ 9*10’4

60 /180 97 066/ 3*10'3 217 277/ 2*10‘3 919 435/ 1*10‘3
7 305/13.3 9716/22.4 13026/ 65.6

65/195 58 827/ 4*10‘3 148 848/ 3*10'3 696 196/ 1*10‘3
7049/8.3 9 460/15.7 13770/ 50.6

70/210 35 154/ 5*10'3 101 386/ 3*10'3 527 204/ 1*10‘3
6830/5.1 9 204/11.0 13514/ 39.0

757225 20 711/ 7*10'3 68 573/ 4*10'3 398 867/ 2*10’3
6575/3.2 8 949/7.7 13222 /30.2

80 /240 12 042/ 9*10'3 46 008/ 5*10'3 301 231/ 2*10'3
6355/1.9 8 730/5.27 12966/ 23.2

85 /255 6 924/ 1*10‘2 30 598/ 6*10-3 226 910/ 2*10‘3
6136/1.1 8 474/3.6 12 711/179

BSMsens=AS/S S[1/yr] / B[1/yr] / R=S/B




DM connection:
1) DM experiments assume coherent DM scattering - test of CvS
2) Neutrino floor of direct DM experiments *IS* due to CvS

pordDMSgwdmCOM¢ho

SuperCOMS fdnn Low Threchold
10—39 . :- 1On G:&mmmacom 10—3
10-40} \, 11074
10-41 10-5

10-43 3

1

10-45 L
10-%61

10—47 F (Green ovals) Asymmetric DM ‘ ’
(Violet oval) Magnetic DM
1 0_48 | (Blue oval) Extra dimensions ‘

WIMP-nucleon cross section [cm?]
WIMP-nucleon cross section [pb]

110712

(Red circle) SUSY MSSM

A MSSM: Pure Higgsino

10‘49 L @ MSSM: A funnel

#® MSSM: Bino-stop coannihilation

* MSSM: Bino-squark coannihilation ) ) 0_1 4
10L

| 10 100 1000

_ WIMP Mass [GeV/c?] -

10~



Magnetic moment for minimal v masses are very tiny:
. v 3.2%1071° ( )
Dirac: Mk ov ) B

2
Majorana: pujf <4x10%up (AZ\‘;.' ) (TeV)

m2

m? —

New physics =» detectable enhancements
due to new physics:
SUSY, extra dimensions, ...
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At least new best limits:
e-scattering (GEMMA) and astrophysics:
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Ly < 3x 1071y,

1
102 10 1(L>° 101
Electron recoil T (MeV)

o
&

(do/dT) (10-% cm2 MeV-! fission!)
3
|

Scattering on protons coherently
enhanced: =» detectable at low energy

(Vogel & Engel 1989)
do

B 7T0z2,u12,|:1—TR/E,, + TR

2 2
. m2 Tr 4E7



Neutrino Magnetic Momement CEvNS Limits for 2:1 "*Ge, %%Si

1."10-10_ T T T T ] v v T ] v v LA LR
5 5.x10°"11- g
[ i 4
o
w . .
4 Present limit
§ /

@

:‘5 o

Q

© 1.x10""}

[ — i 4

- | 4

@ - 10° kg-year

32 12 |

91 WET . — 10" kg-year

§ — 10% kg-year -

3 — 10° kg-year -

— 10* kg-year
-12 M . a0 o o s ol A A P YRS | a . a0 . s 2 0
Ll 5 10 50 100 500 1000

Detector Recoil Energy Threshold [eV]

100kg * 5y = 500 kg-year ; low threshold =» one order of magnitude better



NSI’s €-> new physics at high scales
Which are integrated out 4
7’, new scalars, ... =P g; f

LnsT ™ €a2V2Gp(Trg VP via)(FLpfL)

~ M [%[/ = Competitive method to test TeV scales
€=0.01 €~ TeV scales




NSI-Potential

100kg detector, 5 years operation @ 4GW ML, W. Rodejohann, X.Xu

I 1Tl | Il [TT7T | [ ITT | T 1T | L Tl ‘ |

d
|&%e]

e | .
) @ v-Gecons.
el e
He . v—Ge,opti.
latest bound
el o
He ¢ DUNE
2! | o
|&ce| o
| [ [ [ | L1 | |1 111 |
1074 1073 1072 107! 10°

~10 TeV ~TeV

M. Lindner, MPIK



Clean SM prediction for the rate =» measure sin26, eff ;
deviation probes

G?‘E ’ .2 2 new physics
o~ (N — (1 —45sin” 0w )2)
41
e
0.242 rXiv: .
Qweak-l- other PVES arXiv: 1411.4088
0.24
v-DIS
0.238
S
.9
.50.236
0.234
0232 BSMsens =
023 Mggar z= 150 MeV SLAC 10-3 =» Asin?0,, = 0.006
ettt es ] 1074 > Asin?0y,= 0.0006
_ . 10° 10° 10 10°
Example: hypothetical MeV
dark Z mediator CEVNS sensitivity is @ low Q;
(explanation for g-2 need sub-percent precision to compete w/
anomaly) electron scattering & APV, but new channel

slide adopted from K. Scholberg



* Various indications / hints for sterile neutrinos
* Tensions with cosmology?

- eV hints with small mixing

- keV warm dark matter with tiny mixing < 10-8x
- ...different mass ranges

- any sterile state would motivate more... X" Significance, 100Kg, 3yr, Sm, Unbinned, E>10 ¢V

10

1.0
Nuclear Kinetic Recoil Binning [eV] 5
— 10-20
0.8
— 20-35

-
g 35-55 /'
’,‘g 55-80 AN 4
4 0.6 —— 80-110 0
H — 110-155 10
= 7
\S — 155-220 - o
= —— 220-350 > ]
1 04 e} I
= — 350-1000 et
T e Unbinned o

0.2

2 107!
0.0 ~ o -
0.1 0.5 1 5 10 50 100

Amiy [eV]? x L[m]

Dutta et al. 1511.02834

P(vo = Vg) = 4|Una|?(1 — |Una|?) sin®(1.27Am2, L/ E)

=> test if / how flux deviates from 1/R?
=> time scales compared to other projects

1073 1072 107!
sin? 26,4

B. Dutta et al, arXiv:1511.02834

™ 4 ‘l‘r
0, B
100 kg F
Ge @ reactor g™
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Nuclear Physics with coherent Scattering

Remember: DAR sources close to decoherence €= combine with reactor measurements

we can start to explore nuclear form factors

P. S. Amanik and G. C. McLaughlin, J. Phys. G 36:015105
K. Patton et al., PRC86 (2012) 024612

| Form factor: encodes information
ij F2(Q?) about nuclear (primarily neutron)
distributions

do G%
i BT =5 M

) 2T+T2 MT
E E E?

Fit recoil spectral shape to determine the F(Q?) moments
(requires very good energy resolution,good systematics control)

4.50 | Ar-C scattering [ 7 7
"= 4.00 - .
Example: é
~— |
tonne-scale = 3500 +: model
experiment = 7 predictions
at tDAR source & 300 -
-~ 10% uncertainty
L /7 on flux
2.50 & i =

M. Lindner, MPIK . 28



Nuclear Sateguarding

P. Huber, talk at NA/NT workshop, Manchester, May 2015

Presence of plutonium breeder blanket
in a reactor has v spectral signature

238(J 4 g — 2397 ﬁ) 239Np ﬁ) 239p,,

10kg %Si

Upper: core+blanket

> |
£ 239Np g S ann! Lower: core onl
= 3 > = 300; : y
I :
o % Fy :
< 239U @ $ 200
(] w [
> >
£ |
100}
0.0 0.5 1.0 15 2.0 ol . |
0 50 100 150 200
E, (MeV] Recoil energy [eV]

v spectrum is below IBD threshold
=>» accessible with CEVNS, but require low recoil energy threshold

a) Of interest to IAEA
b) Could be used as an extra “sensor” in reactors (close to core €-> 1/R?)
=» safety, optimal burn-up = neutrino technology

M. Lindner, MPIK 29



* CEVNS recently observed by COHERENT at E, ~30-50 MeV
* CONUS will see CEVNS of reactor neutrinos (few MeV)

- detector ready and tested ; reactor re-started
- final approval for operation of CONUS @ Brokdorf
- move detector in place - data taking in 2017

* CEnNS will become an interesting tool
- discussed upscaling of existing technology to O(100kg)
- will contribute / make use of better B-spectra
- coherent v scattering €-> DM & WIMP scattering, neutrino floor
- search / limits for magnetic Moments
- search for new physics: NSIs, steriles, sin%0,,, sterile oscillation searches
- nuclear form factors with neutrinos F(q?)
- supernova physics
- reactor v spectrum & anomalies
- reactor monitoring: safe-guarding, optimization

=» very interesting potential of CEVNS



