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Motivation	for sterile	neutrino searches

All	evidence from SM	in	favor of just	3	light	neutrinos.
Why should there be more?

Fundamental	(from theory)

§ arguably,	the most simple	extension of the SM
à addition of inactive singlet state(s)	

§ excellent Dark	Matter	candidate

§ required for See-Saw mechanism
à light	active neutrino masses
à leptogenesis for M/AM	asymmetry
à vMSM ...

Agnostic (from experiments)

§ short-baseline oscillation anomalies (eV)

§ unexplained X-ray lines:	
from keV-DM	annihilation?
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Mixing	of sterile	and active states
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§ no	interactions	with	SM	particles,	but	mixing with	active	neutrinos:
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§ in	See-Saw:	Natural	scale
for active-sterile	mixing

arXiv:1602.0481



Active-to-sterile	neutrino oscillations
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§ Active	states	only:
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Active-to-sterile	neutrino oscillations
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§ Active	states	only:
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neutrino source:
only νe created

neutrino detector:
only νe interact

_ _

§ Adding	sterile	states
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New	mass states &	ordering schemes
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§ As	a	necessity,	new	neutrino	flavor	states
imply	new	neutrino	mass	states,
e.g.	one	further	sterile	state	ns àmass	state	n4

§ Different	mass ordering schemes might be realized:

More	complicated
schemes possible:
§ 3+2,	3+3	...
§ 1+3+1	etc.



Active-sterile	oscillation modes
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§ Active-sterile	mixing	matrix	à new	mixing	amplitudes

§ new	masses	à new	Dm2 values:

à occurrence	of	oscillation	phenomena	at	new	(shorter)	baselines,	e.g.
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Short-baseline oscillation anomalies 1/2
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(Long-standing)	electron neutrino appearance anomalies

§ LSND	result
ve appearance signal
in	a	low-energy vµ beam	
from stopped pions

§ MiniBooNE result
ve appearance signal
in	a	GeV vµ/vµ beam	
at similar L/E	ratio

à interpretation as vµ	à ve appearance oscillations
via	a	new Dm2 on	eV2 scale

__

LSN
D	result

M
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Short-baseline oscillation anomalies 2/2
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(3+0)

(3+1)

(More	recent)	electron neutrino disappearance anomalies

§ reactor experiments
(7.3±2.3)%	deficit in	ve-rate
at short distances (<100m)

§ Gallium	calibration data
(14±5)%	rate	deficit close
to a	radioactive ve-source

_

o possible interpretation as
short-baseline disappearance veàvs

oMeV energies,	oscillation length Losc ≤	10m
„sterile“	 Δm2

new ≥ 1eV2

o Required oscillation amplitude:	
sin22qnew ≥ 0.1

Gallium	anomaly

Reactor short-baseline data vs.	new rate	prediction (2011)



Parameter	space favored by anomalies
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Kopp,M
achado,	M

altoni,	Schw
etz(2013)

veàvs disappearance vµàve appearance

§ reactor antineutrino anomaly
§ gallium anomaly

§ All	anomalies can be described by a	(3+1)	scheme adding a	single eV-mass sterile	neutrino

§ LSND
§ MiniBooNE



Results on	vµàvs disappearance 1/2
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missing vµàvsvµàve anomalies

§ In	2011,	already some tension between vµàve and vµàvs results:	

§ Note:	 Disappearance and appearance amplitudes are interlinked
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Recent IceCube result
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§ Probe:	Atmospheric	v’s	crossing	the	Earth
§ matter	potential	affects	only	active	v’s
§ No	resonant	conversion	of	vµàvs found

at	TeV energies,	i.e.	Dm2
41 ~	1eV2

arXiv:1605.01990
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Results on	vµàvs disappearance 2/2

Michael	Wurm	(Mainz) Sterile	neutrinos 13

missing vµàvsvµàve anomalies

§ Now,	new results byMINOS+/IceCube on	vµàvs further increased the tension:

§ Note:	 Disappearance and appearance amplitudes are interlinked

Dentler,	Kopp,M
achado,	M

altoni,	
M
artinez,	Schw

etz(2017)
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The	open	issue:	veàvs disappearance
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§ Note:	No oscillation data directly contradicts the reactor/Ga anomalies!

Dentler,	Kopp,M
achado,	M

altoni,	
M
artinez,	Schw

etz(2017)

à need for dedicated experiments

2011 2017



Testing the ve disappearance anomalies

New	experimental	approaches

§ very-short baseline experiments
for observing neàns oscillation
disappearance pattern

§ b-decay v	mass experiments
to find	spectral deformation
from eV-mass eigenstate n4

§ cosmological limits on	Neff &	Smv
(CMB,	BBN,	BAO	...)

Michael	Wurm eV-mass	sterile	neutrino	searches 15

Pee

tritium-decay endpoint
in	KATRIN

Form
aggio,	Barret(2011)



Reactor vs.	Radioactive Sources
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§ search for veàvs disappearance oscillations
§ Intrinsically pure	beam:	only ve or ve
§ oscillometry:	oscillation waves inside the detector
§ energy range:	1-10	MeVà distance 1-10	m
§ well-known cross-sections at	MeV energies

Cu	discs

CeO2
powder

Basic	approach:

Reactor experiments
§ intense,	stable source of antineutrinos
§ extended reactor coreà research reactor
§ large	intrinsic background levels

Radioactive source
§ low-background	levels (nearly background-free)
§ well-defined and well-localized source activity
§ decaying sourceà limited	measuring time
§ bureaucratic challenge



Short-baseline reactor experiments
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from	N.	Bowden’s	talk	at	Nu16

n



Short-baseline source experiment:	SOX

Michael	Wurm	(Mainz) Sterile	neutrinos 18

  

Borexino @ Gran	Sasso	Laboratories
§ low-energy solar	neutrino experiment
§ organic liquid-scintillator detector
§ since 2007:	7Be,	pep,	pp,	geo-neutrinos
§ ultra-low background conditions:
o rock	shielding:	1.4	km
o intrinsic radiopurity:	10-18 g/g U/Th

Schematic of Borexino

Start:	May	2007	



Short-baseline source experiment:	SOX
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Start:	Spring	2018	– duration:	1.5	yrs

neutrino target
§ diameter:	8.5	m
§ pseudocumene+PPO:	300	tons

buffer volume
§ shielding from external radioactivity

steel sphere with 2212	PMTs
§ diameter:	13.7	m

water Cherenkov	muon	veto

Schematic of Borexino

Pit	for neutrino source
§ 8.5m	from center



SOX	Pit	below Borexino
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Antineutrino	source:	144Ce/144Pr
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b-spectrum &	cross-section

144Ce-144Pr	decay scheme Inverse	Beta	Decay (IBD)	cross section:
�IBD ⇡ 9.5 · 10�45 cm2

�
E � 1.8MeV

�2life time

Initial	activity: 100-150	kCi
4-6	PBq

heat power: 0.9	– 1.3	kW



144Ce	source production
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Source	transport
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3	weeks of transport



Tungsten	shielding
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Source	shielding: reduces 4PBq	to 200Bq	surface activity

internal
temperature:	~500°C



SOX	experimental	layout

Michael	Wurm	(Mainz) Sterile	neutrinos 25



SOX	source insertion system
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Antineutrino	detection in	Borexino
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Antineutrino	detection
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Prompt	signal:	Evis =	1	– 3	MeV
Kinetic energy of positron: E(ν)	– Q
+	annihilation:		 +	2m(e±)	
à precise energy measurement

Threshold:	
Q	=	m(n)+m(e+)-m(p)
=	1.8	MeV

Delayed signal:	Evis =	2	MeV
coincidence tag	(Δt,	distance)
à background rejection

t ~	250µs



Event	reconstruction in	Borexino
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0 ns 40
0 ns 40

§ Scintillator light	yield:
~10k	photons per	MeV
à 5%	detected by PMTs

§ Energy resolution
~500	p.e.	per	MeV
à ΔE/E	~	5%	@	1	MeV

§ Energy threshold
instrumental: ~50	keV
solar	analysis:	 ~150	keV

§ Spatial reconstruction
from photon time-of-flight
à Δx ~	10	cm	@ 1	MeV

PMTs



Event	reconstruction in	Borexino
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0 ns 40

§ Scintillator light	yield:
~10k	photons per	MeV
à 5%	detected by PMTs

§ Energy resolution
~500	p.e.	per	MeV
à ΔE/E	~	5%	@	1	MeV

§ Energy threshold
instrumental: ~50	keV
solar	analysis:	 ~150	keV

§ Spatial reconstruction
from photon time-of-flight
à Δx ~	10	cm	@ 1	MeV

§ Calibration campaign with sources
inside IV	planned for autumn.

PMTs



Expected antineutrino signal
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antineutrino
spectrum

+
experimental
geometry

source

scintillator
target

L-E	distribution
without	oscillations



Expected antineutrino signal
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antineutrino
spectrum

+
experimental
geometry

source

scintillator
target

L-E	distribution
with	oscillations:	sin22q=0.14,	Dm2=2.5eV2

signature	of	disappearance	oscillations
§ rate	deficit	(source	activity)
§ oscillation	waves	(statistics:	104 IBDs)



Expected sensitivity vs.	rate
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P (⌫e ! ⌫s) = 1� sin2(2✓14) sin
2

✓
�m2

41L
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◆
Experimental	parameters
§ activity: 100à150	kCi
§ exposure: 1.5	yrs
§ fiducial radius: 4	m
§ uncertainties
- on	activity:	 1%
- on	fiducial volume: 1%
- on	spectral shape b: 3%

§ no background

à maximum sensitivity for
oscillation waves in	
region of the anomalies

rate-onlyrate+waves

global
best fit



Expected sensitivity vs.	spectral shape
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Experimental	parameters
§ activity: 125	kCi
§ exposure: 1.5	yrs
§ fiducial radius: 4	m
§ uncertainties
- on	activity:	 1%
- on	fiducial volume: 1%
- on	spectral shape b: 0%à∞

§ no background

à maximum sensitivity for
oscillation waves in
region of the anomalies

à shape uncertainty matters
but	is under control

perfect
shape

global
best fit

no constraint
on	shape

144Pr	b-spectrum	with	shape	correction	factor:



Expected sensitivity vs.	spectral shape
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Experimental	parameters
§ activity: 125	kCi
§ exposure: 1.5	yrs
§ fiducial radius: 4	m
§ uncertainties
- on	activity:	 0%à∞
- on	fiducial volume: 1%
- on	spectral shape b: 3%

§ no background

à maximum sensitivity for
oscillation waves in	
region of the anomalies

à shape uncertainty matters
but	is under control

à error on	activity matters!
better 5%	needed for gain
over wave-only analysis

perfect
activity

global
best fit

no constraint
on	activity

Activity	closely	linked	to	heat	
power	released	by	b-decays

expected
event	rateà



Source	heat power	measurement

Michael	Wurm SOX 36

Two calorimeters for independent
measurements of thermal	power (~1%)
§ Calorimeter inside SOX-Pit
German	groups/Genova

§ Calorimeter outside	PIT/in	Mayak
CEA	Saclay

Measurement	strategy
§ insulate source from surroundings
§ circulate water through loop
around W	shielding

§ measure mass flow F and
temperature increase DT

§ sub-%	accuracy reached
in test measurements

Mounting
mock-up source
in	 TUM/Genova

calorimeter

vacuum tank
+	insulation

source +
W	shielding

copper jacket
+	water lines

support plate
+	Kevlar ropes



Mv=

Complementary information on	sterile	neutrinos
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mv = 0 mv = 1.9 eV



Effect of steriles	on	b-decay spectra
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Measuring	the	electron	neutrino	mass

§ Effect	of	mass	is	a	shift	of	the
endpoint/spectral	deformation

§ Effective	mass	is	incoherent	sum

§ 3	known	mass	eigenstates	could
in	principle	be	resolved
but	mass differences	very	small				
Δm31 < 50 meV

§ sterile	mass	splitting	much	larger
Δm41 ~ 1eV for	light	steriles

§ Size	of	effect	depends	on
v4 admixture	to	ve flavor	state:	|Ue4|2

à observable	in	upcoming	experiments?

J.	A.	Formaggio,	J.	Barret,	PLB	706	(2011)	68
Spectral deformation of tritium decay spectrum
(3-year	measurement in	KATRIN)
Sterile	ν parameters:	Δm2 =	2	eV2,	|Us|2 =	0.067



eV-mass sterile	neutrinos in	KATRIN
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§ search	for	eV-mass	sterile	neutrinos	can
be	performed	based	on	regular	setup	

talk	by	K.	Valerius @	PhysStat-v	16



Constraints on	light	sterile	neutrinos
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§ Cosmological	observations	able	
to	place	stringent	bounds	on	the
number	Neff andmass	sum	Smn of
light (i.e.	thermalizing) sterile	neutrinos

§ Most	important	observables
¨ Cosmic	Microwave	Background
¨ Big	Bang	Nucleosynthesis
¨ Large-scale	structure

§ Bounds	from	PLANCK	(+BAO):
¨ Neff = 2.99 ± 0.20
¨ Smn < 0.49 (0.17) eV (95% C.L.)

§ These	limits	can	be	avoided	by
introducing	additional	physics,
e.g.	sterile	neutrino	self-interactions
Dasgupta,	Kopp	[arXiv:1310.6337]



Conclusions
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SOX	is getting ready:
§ Contract with Mayak for the

144Ce	source has been signed.
§ Experimental	site is ready

(Borexino,	clean	room ...)
§ Tungsten	shield has arrived at	LNGS.
§ Source	calorimeters are in	

commissioning phase.
§ Summer:	Complete test of

procedures with mock-up source.
§ Autumn:	Calibration run with

radioactive source inside the target.

Start	of data taking in	early 2018.
§ Most	of statistics acquired in	½	year

à stay tuned for first results
  



Thank you for listening!
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