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Precision Sterile Neutrino Searches

The age of precision sterile neutrino tests has started in only the last
few years. These precision test include:

* New many new reactor experiments

* One approved source experiment and other interesting source
proposals

* A three baseline liquid argon detector program in Fermilab’s
Booster Neutrinos Beam, and

* A few powerful new concepts that have been proposed.

’ !@;!Virg@piaTech Jonathan Link
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Requirement for Disappearance Experiments

“It don’t mean a thing 1f 1t ain’t got that swing”

Definition:
oscillometry, n., The observation and measurement of oscillations.

Daya Bay, arXiv:1505.03456 [hep/ex]

-----------------------------------------------------------------------

} EH1
t EHZ
¢ EH3
Best fit

f

o2 04 06 o8
L/ (E) [km/MeV]

—American jazz great Duke Ellington

Possible oscillations 1n a short-
baseline reactor experiment

In disappearance experiments the existence of sterile neutrinos can
only be convincingly established through oscillometry.

| ['VirginiaTech
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Reactor Experiments




Reactor Experiments

* Unlike the reactor 0,; experiments, short-baseline
reactor experiments are done
* on the surface
» with smaller detectors
» without space for massive clean shielding
e or gamma catcher

| Also the detector is much closer to the reactor so
you may have non-neutrino reactor correlated
backgrounds.

There are three main types of background:

1. Random coincidence — where two unrelated events happen close together
1s space and time.

2. Fast neutron — where a fast neutron enters the detector, creates a prompt
signal, thermalizes and 1s captured.

3. B+n decays of spallation isotopes — isotopes such as °Li and 8He with f+n
decay modes can be created in a spallation with p on 2C,

| [@VirginiaTech Jonathan Link
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Reactor Experiments

Unhke the reactor 0,; experiments, short-baseline
reactor experiments are done

* on the surface

» with smaller detectors

» without space for massive clean shielding

e or gamma catcher

| Also the detector is much closer to the reactor so
you may have non-neutrino reactor correlated
backgrounds.

There are three main types of background:

1. Random coincidence — where two unrelated events happen close together
1s space and time.

2. Fast neutron — where a fast neutron enters the detector, creates a prompt
signal, thermalizes and 1s captured.

3. If you have to worry about ithiscthackground at the surface
you’re-doing much better than expected onthe other two.

| lelVlrgmlaTech Jonathan Link
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Reactor Experiments

The short-baseline experiment 1s all about backgrounds:

Random Coincident

1. You can always add shielding
But it’s expensive and you don’t have much space

2. Unbiased spatial resolution for a tight spatial cut
Could gain a factor of 2000 over Daya Bay

3. High neutron tagging efficiency and purity
Use °Li (with pulse shape discrimination) or Gd (with containment)

M Viroini :
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Neutron Capture Options

Daya Bay, RENO and Double Chooz tag neutrons with Gd capture, in conjunction
with a large gamma catcher to contain the gammas.

This may not work well in the small short-baseline detectors.

Neutron Capture on Gadolinium Neutron Capture on Lithium-6

‘ E=4.78 MeV

E =8 MeV Electron equivalent
of ~0.5 MeV in

organic scintillator

Poorly contained in small detectors Contained in a few microns

| [VirginiaTech Jonathan Link
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Reactor Experiments

The short-baseline experiment 1s all about backgrounds:

Random Coincident

1. You can always add shielding
But it’s expensive and you don’t have much space

2. Unbiased spatial resolution for a tight spatial cut
Could gain a factor of 2000 over Daya Bay

3. High neutron tagging efficiency and purity
Use °Li (with pulse shape discrimination) or Gd (with containment)

Fast Neutron

1. Add shielding
requires large overburden

2. Use pulse shape discrimination on the recoil protons

L MViroini .
lerg}maTECh Jonathan Link
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Pulse Shape Discrimination

In some organic liquid scintillators highly 1onizing particles give

enhanced delayed light

I

TTTTTTTT]

[TTTT

ADC counts (arbitrary unit)
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log scale
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\

Tail/Total Charge

300
Time (ns)

Particle 1identification 1s formed by
looking at the fraction of charge in the

5
Prompt Energy (MeV)
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| Reactor Experiments

The short-baseline experiment 1s all about backgrounds:

Random Coincident

1. You can always add shielding
But it’s expensive and you don’t have much space

2. Unbiased spatial resolution for a tight spatial cut
Could gain back a factor of as much as 2000 over Daya Bay

3. High neutron capture efficiency and purity
Use °Li (with pulse shape discrimination) or Gd (with containment)

Fast Neutron

1. Add shielding
requires large overburden

2. Use pulse shape discrimination on the recoil protons

3. Use topological selections: Multiple recoil protons, 511 keV v tag...
This requires a highly segmented detector.

| 'sa‘m%!VHg}maTECh Jonathan Link
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Reactor Experiments

In order to have good sensitivity to Am? of 1 ¢V? and above, you
need to maximize the L/E resolution.

This requires:

1. A compact core (<50 cm)
2. A close detector site (5 to 7 m)
3. Good energy resolution (<7% @ 1 MeV)

' L@;!Virg@giaTech Jonathan Link
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Next Generation Reactor Experiments

There are many new reactor experiments:

Experiment | Power | Core Size Mass n Tag Baseline Country
DANSS 3GW 3.7m 1 ton Gd 10.7-12.7 m Russia
NEOS 2.8 GW 3.1m 1.75 tons Gd 23.7m Korea
Neutrino-4 | 90 MW 42 cm 0.4 tons Gd 6-12 m Russia
Stereo 58 MW 40 cm 2 tons Gd 9m France
Prospect 85 MW 50 cm 2.5 tons 6Li 7 m USA
SoLid 60 MW | 50 cm 3tons | °Li/ZnS 55m Belgium

There have been other proposals/concepts from China, Japan...

M VirginiaTech
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Characteristics:

30 m.w.e overburden
* No segmentation

Gd tag
Pulse shape discrimination

Large core

M\ voinis _' .
[fll VirginiaTech Jonathan Link
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RAA allowed

90% C.L.
95% C.L.
99% C.L.

|IIIII| 1; IE.III

Reported as a limit, but Am?s near 2 eV?
seem to fit the data reasonably well.
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Characteristics:

50 m.w.e overburden

oy * Segmentation
= a\ Gd tag

, ®
£__ A part of the DAQ
* Variable baseline (=1 meter)
. -—:Apillaroflhv:-lr{tmggear ° Large Core
’_f__
B
X-Module ,f%
— — o
r -
10 layers |} € el et
=20cm )& ittt | PMT
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| DANSS

No difference seen in the spectrum from different baselines, and
that 1s used to set a limit.

e 10 s
i o B
—~ April 16-May 17 > B
% 400 Up: 261053 events 4900+ 13/ day <E] L bt O L
= 350E Mid: 177777 events 4118+ 13/ day
N 300 Down: 235659 events 3485+ 10 / day ==
? 250 055 Positron Spectrum Ratio Down/Up :
S 150 L e
- 056 ¥ [t 284827 DANSS iminary
& 100 b PO 07084 +0.0025 10'r90%CcL. =
E 50 0'451 é 1|3 4I1 é é ) ‘} 8 E Lodd : R
g . nEem - Compilation of allowed regions
H 2 4 6 8 10 12 14 16 ~ from arxiv:1512.02202
Positron energy, MeV

10-2iiii| i A A O A A A i [ i
ik 10" ginog |

The baseline variation 1s smaller than the core size and the fact

that they don’t see the 5 MeV bump calls their energy resolution

into question.
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. Characteristics:
PMTs

e Some overburden

liquid scintillator ° .
o lume with Gd (~400 1) Course segmentation

active e (3d tag
o shielding
.y . .
* Variable baseline (6 to 12 meters)
* Compact core
passive A -
shielding SM 3
il
23000 -'
T | LR A j
/, ;‘V 7
engine |~ i 7 Y L 1
for detector ) _ il Jh, 7 oo I [ |
movement antineutrino " W e T T
s detector v A |swog| 9o
il'mn“mr core K detector in

passive shield
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Neutrino-4

e ' @ ON - OFF, big detector | Average Spectrum
60 22/DOF 16.83/11 No oscillation
| B 12/DoF = 13.92/9
_ s0- Goodness of fit 0.11 12 GoF 13%
% 40 - o
@, 2
o 4 I
—~ 30 1 : } , l g L
" B I
— =
- 3 -
7 E 0.8—
10 - -
_ £ L
0 | , | | , | - Am?, = 0.75eV? sin(20,,) = 0.14
6 7 8 ) 10 11 12 06— +%/DoF = 5.6319
distance to reactor (m) GoF 78%
0'4 _I 1 ] | 1 1 I 1 1 1 I 1 1 1 L 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000
Energy, (keV)

This analysis 1s consistent with oscillations,
but the statistics are still low.

Ame,, eV
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Tagging with °Li in ZnS:Ag Sheets: SoLid

The SoLid detector tags neutrons in
thin sheets of °Li-loaded, silver

activated zinc sulfide scintillator:
°LiF:ZnS(Ag). SLiF:ZnS scintillator layer

Z/nS(Ag) releases light witha200ns  __

mean emission time, which formsa ~ Ve . n

very pure neutron tag. N _ \
C

WLS shifting
fibre

\ PVT Scintillator

5¢cm

L@!Virg@niaTech Jonathan Link
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The SoLid Signal

AmBe calibration runs

Example neutron waveform
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Tagging with °Li in ZnS:Ag Sheets: SoLid

The SoLid detector tags neutrons in
thin sheets of 6Li-loaded, silver

activated zinc sulfide scintillator:
°LiF:ZnS(Ag). SLiF:ZnS scintillator layer

Z/nS(Ag) releases light witha200ns  __
mean emission time, which formsa ~ Ve . n
very pure neutron tag. N _ \

& WLS shifting
SoL1d achieves unprecedented spatial e
resolution by segmenting its scintillator \
in cubes which are readout in two \ PVT Scintillator
dimensions by wavelength shifting 3cm
fibers.

SoLid’s fiber readout is inefficient and
it limits their energy resolution.

' !@E!Virg%maTECh Jonathan Link

nvent the Future



Technological Convergence

LENS

The Raghavan Optical Lattice
(ROL), invented by the late Virginia
Tech professor, Raju Ragahvan,
divides a totally active volume into
cubical cells that are read-out by
total internal reflection. LENS was
designed for solar neutrino detection
and not optimized for reactor
antineutrino detection.

Solid

8LiF:ZnS scintillator layer

Ve J& <_
o

WLS shifting

fibre
\ PVT Scintillator

5cm

Optically isolated cubes, mated to
SLiF:ZnS(Ag) sheets, are used to tag
IBD. Light is read-out by wavelength
shifting fibers in orthogonal directions.

It has the spatial resolution of the ROL
optimized for reactor antineutrino
detection. The small cross-sectional area
of the fibers limits the light collection,
dilutes the energy resolution and lowers

the efficiency. l

CHANDLER

Sweany et al., NIMA 769, 37

Used SLiF:ZnS(Ag) sheets mated to
a solid bar of wavelength-shifting
plastic scintillator. This prototype
demonstrated the feasibility of
pairing the sheets to wavelength
shifting plastic, but the long bars do
not have the spatial resolution
required for good background
rejection

—

Carbon Hydrogen Anti-Neutrino Detector with a Lithium Enhanced ROL

M VirginiaTech
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The CHANDLER Detector

a\
= 1\ S 0
<
D $ SN
S N
e ) Q% ’% @,
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> Time
10 ns ~50 ps 200 ns
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The CHANDLER Detector

CHANDLER will be constructed of cubes (6x6x6 cm?) of wavelength-shifting plastic
scintillator arrayed in planes, between sheets of ®Li-loaded ZnS(Ag) for neutron tagging.

The light 1s transported to the detector’s edge by total-internal-reflection and
readout by PMTs.

[fl VirginiaTech Jonathan Link
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Research and Development Effort

Cube String Studies have been used to study light
production, light collection, light attenuation, energy
resolution and wavelength shifter concentration.

MicroCHANDLER is a 3x3%3 prototype which we are
using to test our full electronics chain, develop the data
acquisition system, study neutron capture identification
and measure background rates.

= MiniCHANDLER is a full systems test (§x8x5) which
&8 will be deployed at the North Anna Nuclear Power Plant
in the next few weeks, with the goal of demonstrating
neutrino detection.

’ !@;!Virg@niaTech Jonathan Link
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MiniCHANDLER Deployment

My a1 !
M1n1 HAN r(

! deployed‘af ¢ North ",."
P PowerPla June 15%

’._---
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SoLid/CHANDLER at the BR2 Reactor

Phase Il experimental set up 450 Days of Reactor on

Configuration:
- HiRes module CHANDLER in front

- Phase | modules S 8x MARS modules
- 2+1 tonnes total fiducial mass PVT cubes + WLS
fibres

lead wall

50 cm effective @ % /1 m am L

—

- lf.
(%) f# | |
G som d|. |

g

BR2 core

CHANDLER HiRes
module
WLS PVT cubes
PMT read out
1 tonne fiducial

[fll VirginiaTech Jonathan Link
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Source Experiments




The LENS-Sterile Concept

aA0
§ LSUTT 3 1 :
“ " - -
PHYSICAL REVIEW D 75, 093006 (2007) £ & : SOlal Neutrino
. . . . v e . N i3 160} Bacl d
Probing active to sterile neutrino oscillations in the LENS detector Z | & ackgroun

™ : Be : i ;

C. Grieb, J. M. Link, and R. S. Raghavan go}#  Indiuf Bgd L
Institute of Particle, Nuclear and Astronomical Sciences, Virginia Polytechnic Institute and State University,

:hl._,lullu_:lsn, CNO e p&p

Blacksburg, Virginia 24061, USA
(Received 24 December 2006: published 15 May 2007)

Sterile neutrino () conversion in meter scale baselines can be sensitively probed using monoenergetic,

sub-MeV, flavor-pure v, s from an artificial Megacurie source and the unique technology of the LENS low £>10° 51C Plus SICI‘
energy solar v, detector. Active-sterile oscillations can be directly observed in the granular LENS detector 3 - Red r .
itself to critically test and extend results of short baseline accelerator and reactor experiments. %102 L. : Slgnal
(2]
DOI: 10.1103/PhysRevD.75.093006 PACS numbers: 14.60.Pq. 13.15+g. 29.40.Mc 10 '
1 : U i Nold]e 1K i :
0 4 06 08 1 12 14 1.6

Signal Electron E;:ergy (Ev-Q) [M;V]

LENS 1s a proposed pp solar neutrino

detector based on a CC transition in s |
15n to measure the solar v spectrum. o S
ugey |
L |

By inserting a Mega-Curie >!Cr source 61 | 4x10 MCi

05

in the center of the LENS detector one

03

could observe a full wavelength, or
more, of large Am? oscillations in a few aus cL.

04— - - ' —
10 10

meters ° Oscillation Sensitivity Sinzzeee

100 days each
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SOX: Source Oscillations at BoreXino

Combine a radioactive neutrino source with the Borexino detector
to search for v, disappearance.

SOX will use a 4Ce source.

Multiple oscillation wavelengths could
be observed inside the detector for the
sterile Am?.

" sin’(28) =0.15
S Am? =2 eV2

Source
[fll VirginiaTech Jonathan Link
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SOX: Source Oscillations at BoreXino

Combine a radioactive neutrino source with the Borexino detector
to search for v, disappearance.

SOX will use a 4Ce source.

Multiple oscillation wavelengths could
be observed inside the detector for the

sterile Am?.

Source i’
[fll VirginiaTech Jonathan Link
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144Ce Source at Borexino

Decay scheme The source is made from spent nuclear fuel.

n17 mn

ﬁ913kev
1%
B-<2301keV
1% '
185 keV c 100
B- < 2996 keV % s
97.9 % E 80-
696 S 60-
keV 9 ™
' 4 18D thrdshold |- DEZ 40
..... : ”“"RLI: : 8
; ; = 20
i0® 4 1i: 149Nd =
g i £ z ok
=1 H i
g“ ............................ f ........... : g -
 J Yo A ]
£ w0 Ao —
= S = "
S o e ooy | | 5 R (m) ! E, (MeV)
A I SR e : : o
o 05 1 1R, 25 3 100 kCi of '*4Ce gives a similar number

of events as 5 MCi of °ICr.
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Total NC Disappearance: RICOCHET

RICOCHET would combine an array of low energy bolometers
with an electron capture source to look for the baseline dependence
of NC coherent neutrino-nucleus elastic scattering (CEVNS).

| % CEVNS has just been
S observed for the first time
ey © making this proposal more
Baton fslanen feasible than it seemed 6

F years ago.

Res. counts / 2 PE

% But the source recoil . 1 . . ,
3 - ¢ d ; 5 15 25 35 45
E energles arc two ordacrs o Number of photoelectrons (PE)
? magnitude smaller than the T e Bl

. . L - =]
[ discovery experiment, prompt n

which was only 50 keV.

Res. counts / 500 ns

Arrival time (us)
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Combining Sources with Dark Matter Detectors

The LZ detector will have 6 tons of usable liquid xenon embedded
in a very low-background environment.

LZ 1s a two-phase detector
that will be sensitive to both
the primary scintillation in
L Xe and scintillation in the
gas phase from individual
accelerated drift electrons.

It will have a spatial resolution of
better than 1 cm.

Its goal 1s to look for nuclear recoils from
WIMP scattering with a threshold below 1 keV 1n
electron equivalent energy.

| B'VirginiaTech Jonathan Link
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. Possible Source Implementation at LZ

MViroini ]
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LZ Sterile Oscillation Sensitivity

The shape only sensitivity shows the oscillometric sensitivity.

10¢
5t
g
D 1t
~F E .
<]
1) g Liquid Xe (depleted)
------ Liquid Xe (natural)
— SOX (5 MCi)

----

pi 1

=0,
S~ 264

M VirginiaTech

-

Jonathan Link

Event rate [(tonne 1000days keV) I]

Across the full Cr neutrino
energy, the double B-decay
isotope, 139Xe, is a significant

source of background.

= YWIMP 100GeV/c™. o = 10" em? .-
v BB, T, = 21107y
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i

Fortunately, 2B0v experiments
need enriched 3Xe.
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LZ-Source Ultimate Sensitivity

What would the ultimate source experiment look like?

% [eV?]

A m

L@;!Virg@niaTech

95% CL (2 d.o.f)

--- 2% norm. 5x5MCi %
— Shape only. 5x3MCi

1072

v o )
SIN~26;4
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10 1

Five runs with a 5 MCi °!Cr
source and a 2% normalization
uncertainty (as claimed by
GALLEX and SAGE) would
fully cover the Ga anomaly.

With its mono-energetic
neutrinos and high spatial
resolution the oscillometric
sensitivity is limited by the size
of the source which is assumed
to be a 5 cm cylinder.

Jonathan Link
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The Fermilab Short-Baseline Program

Baseline Mass

Oscillation Channe_::l's_'& Detection Mechanism SBND 110m 112t
W Voe & V) — Voo WV CE MicroBooNE ~ 470m 89t -
v, &V, disappearance v, CC " ICARUS 600m 476t

_ T o ;

e -y
K%

R

The liquid argon TPC pattern recognition 1s expected to significantly reduce
misID backgrounds.

The near detector provides an inclusive measure of beam and misID
backgrounds.

The ICARUS T600 at a third baseline significantly boosts the statistics and the
dynamic range in L/E.

@!VirginiaTECh Jonathan Link
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| Liquid Argon Detectors

The primary advantage of a liquid argon TPC 1s pattern recognition.

In particular, neutral current ©° production can fake a v, interaction in
a Cerenkov detector, or even in a lower resolution tracking detector.

0 Candidates

MicroBooNE

NC n° Production:
v+ N - v+ A followedby A > N + r°

LAr TPCs can even identify NC radiative photon events with dE/dx:

NC vy Production: v+ N — v + A followedby A - N +y
0.5% decay fraction

| [[VirginiaTech Jonathan Link
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The Fermilab Short-Baseline Program

Baseline Mass

Oscillation Channe_::l's_'& Detection Mechanism SBND 110m 112t
W Voe & V) — Voo WV CE MicroBooNE ~ 470m 89t -
v, &V, disappearance v, CC " ICARUS 600m 476t

_ T o ;

e -y
K%

R

The liquid argon TPC pattern recognition 1s expected to significantly reduce
misID backgrounds.

The near detector provides an inclusive measure of beam and misID
backgrounds.

The ICARUS T600 at a third baseline significantly boosts the statistics and the
dynamic range in L/E.

@!VirginiaTECh Jonathan Link
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The Fermilab Short-Baseline Program

£ ICARUS, 6.6e+20 POT (600m) [t 2y - MicroBooNE, 1.32e+21 POT (470m) Eu Ve - E_ SBND, 6.6e+20 POT (100m) 1l Ve
a000/— Signal: (Am® =0.43 eV ? sin® 26, = 0.013) = K.oY 00 signal: (Am? =0.43 eV ? sin® 26,, = 0.013) = i E  Signal: (Am® =0.43 eV % sin’ 26, = 0.013) = K= ve
[ Statistical Uncertainty Only EK -y, [ Statistical Uncertainty Only EK -y, 18000 —  statistical Uncertainty Only EK -y,
C == NC Single v 1200 — == NC single vy 16000 == NC single vy
S 2L E=v, cc > - =, ce > E E=v, ce
o C E= Dint 1000 — E= Dirt @ 14000 — E= Dirt
9 2000 — B Cosmics 9__ BB Cosmics 9__ 12000 ; BB Cosmics
0 — Signal 0 800 — Signal D 0000 - — Signal
c c c
a>) CI>J 600 CI>J 8000
Ll IH] L
400
200

: 1 15 2 25 0.5 1 15 2 2.5 3 0.5 1 15 2 25 3
Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV)
w .
ET.- I "Ir — - = : B YR

Lt

e,

The liquid argon TPC pattern recognition is expected to significantly reduce
misID backgrounds.

The near detector provides an inclusive measure of beam and misID
backgrounds.

The ICARUS T600 at a third baseline significantly boosts the statistics and the
dynamic range in L/E.
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The Fermilab Short-Baseline Program

[ LSND 90%: CL
[ LSND 99% CL

+ Global Best Fit (arXiv:1303.3011)
#4454 Global Fit 90% CL (arXiv:1303.3011)
+ Global Best Fit (arXiv:1308.5288)

sz Global Fit 90% CL (arXiv:1308.5288)
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80% v, Efficiency
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Muon Storage Ring: nuSTORM

nuSTORM is a low-energy muon storage ring that produces pure and well-
characterized beams of v, and v,, or v, and v, depending on which sign muons

are stored.

Neutrino Beam Muon Decay Ring

— 226m-

In the v, appearance channel, observing wrong sign muons is all that’s needed
to establish oscillations. So you need a magnetized detector (like Minos).

Golden Mode

| M Vireini
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Cyclotron Produced Isotopes: IsoDAR

The IsoDAR proposal uses an intense beam of protons to produce ®Li in a °Br
target. The ®Li decays producing v, with a B-spectrum (13 MeV endpoint).

Neutrinos are detected via inverse -decay. KamLAND is a possible host
detector.

Oscillations would be observed through the disappearance channel.
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Final Thoughts...

With all of the purpose built sterile neutrino experiments running or
coming online soon we can hope that a resolution of this long
standing problem may soon be at hand.

Until that time there is still plenty to be done and room for more
new 1deas and creativity.

The search for sterile neutrinos covers many scales in experimental
effort, including the some with just a handful of collaborators.

[f a light sterile neutrino 1s discovered or rules out in the next few
years, 1t may be by one of these small groups and you can’t say that
about many other questions in particle physics.
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