Reactor Neutrinos:
a status of predicted spectra and
review of sterile neutrino searches
at very short baselines
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Ratio of Observed To Predicted Events

The Reactor v, Anomaly

See T. Lasserre’s talk
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Observed/predicted averaged event ratio: R=0.936+0.024 (2.7 o)
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Increased Expected v Rate

1) Vemission: Improved reactor neutrino spectra
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ILL data

Emitted 3 spectra per fission of each isotope

Magnetic BILL
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Phys. Let. B218,365 (1989)+ refs therein
ILL research reactor Reference electron data converted to v, spectra for
(Grenoble, France) the prediction of all past reactor experiments
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Dominant Uncertainties

= Normalization of electron data

= Shape distortions induced by the nuclear
corrections to Fermi Theory in the conversion
process.



Normalization of ILL data

* Absolute calibration via specific target foils emitting internal conversion electron
lines of known partial cross section per neutron capture. Error =1.8 % (1 o).

KINETIC ENERGY OF BETAS IN MEV

105 Absolute normalization :
el'.l 1.00
115|n(n’ ,Y)116m|n & 207Pb(n, ’Y)ZOSPb
085 . L
Relative normalization :
0S0H

113Cd(n,Y)114Cd

 Correlated across all energy bins of all isotopes
+ directly propagates into all predicted reactor antineutrino spectra.

* But cancelling the reactor anomaly with this only syst effect would require a
4G deviation ...
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Corrections to Fermi theory

Example of a single branch with Z=46, A=117, E,=10 MeV

L,: finite size of nuclear
charge

G: QED radiative
correction

S: screening of atomic e-

C: finite size distrib. of
decaying neutron

Oy Weak magnetism

Size of correction [%]

Size of correction [%]

10,

v spectrum corrections

L 1\0

E, [MeV]

B spectrum corrections

E, [MeV]

* Very large uncertainty on 9,,,,, difficult to assess
* Larger than expected effect would show up as an extra global slope factor in
the predicted fission spectra.
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Converted antineutrino spectra

2 independent works predict an increase of the fission antineutrino spectra

| T T T T | T T T T | T T T T | T T T T | T T T T | T T T TT
----- Mueller et al., Phys. Rev. C83, 054615 (2011)
Huber, Phys. Rev. C84, 024617 (2011)
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The difference between the two published predictions is now understood:

e LO correction not correctly implemented in Mueller et al. re-evaluation.
« Different expressions of C(Z,W) term.



Weak Magnetism

» Some nuclei exhibit very large WM
corrections (P. Huber).
Representative of fission products?

» A factor 4 increase of 9,,,, would
compensate the +4% deviation
from ILL spectra, but also induce a
large negative filt.

» Upcoming data from DayBay, Reno
and Double Chooz near detectors
have the potential to confirm the
current shape uncertainty!

» First constraints from Rovno,
Bugey3 data.
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Estimated shape uncertainty with DC near
detector: ~3.5 10° accumulated neutrinos,
) =0.5% and ~4% °Li background.

Escale
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Relative units
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New complementary results



New 238U data

* ~10% correction of spectrum shape as
predicted by ab-initio calculations

* Improved error budget by more than a factor
two (total error <6% up to 6 MeV).

o
)

|HH‘HHMHI‘\HWI\ I‘HI\‘I

o I N. Haag et al.

T. Mueller et al.

0.8

0.7

* New measurement
performed by Nils Haag et al.

0.6

Normalised Interaction Rate

with the fast-n flux of FRM Il 0.5
reactor (Munich). 0

* Absolute normalization . ﬁ;ggthesis
anchored on ILL data.
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Energy [keV]

WITT

= Modest impact on anomaly (?33U fission rate 0-10% of total fission rate).
= Should be included for accurate shape prediction of reactor spectra.
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Ab-initio approach

10 =
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M. Fallot et al, Phys.Rev.Lett. 109 (2012) 202504

= Sizeable correction induced by the replacement of only 7 nuclei pointing
to large remaining systematic effects in nuclear databases.

= Ongoing experimental program to measure a short list of remaining
“pandemonium candidates”.
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Sterile Neutrino Search at Reactors



Sterile Neutrino Contour
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J. Kopp et al.,
hep/ph:1303.3011

* Combined Gallium and Reactor anomalies: non-oscill hypothesis disfavored at 3.3 o level.
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Experimental Strategy

= @Goal: direct test, beyond the current mean
deviation from predicted rate
—> Search for a new oscillation patternin E & L

= Sensitivity to few m scale oscillations:
=  Compact source
= Good position and energy resolutions
= High statistics

" Few % stat + syst measurements to cover the
anomaly contour

- Measurement of relative shape distortion,
completed by norm information.
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Neutrino Interaction

Inverse Beta Decay
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Background rejection

= Accidental y-neutron coincidence

Shielding

Segmentation

Neutron discrimination

R&D on positron discrimination

= Fast-n correlated background

— Rejection of recoil protons with PSD
— Cosmic rays induced:

Reactor OFF
Overburden

— Reactor induced: must be negligible.

17



Challenging Background Subtraction

Large reactor induced background at very short
baseline. Requires massive passive shielding
and discrimination technics.

> 10°F
;

n-captures

High energy y induced by capture of reactor />10
neutrons on metals |
— possible contamination of neutron capture e e lINNR

signal from neutrino events. E (MeV)
M\
Shallow depth experiment, exposed to significant e e et
fast neutron flux induced by cosmic rays. = r"l\\ """"" e
N



Sensitivity

Source Detector
& E & F
ol s F —
- [ - [ efficiency,
e L ‘€ | X-section,
< - T S
< e,
live-time bkgd <
13 ) IE
S - - Year scale
i [ stability
fuel type: minor effect | background shape: minor effect
10-1; ———— Default Arrangement, 3c CL 10°15 ———— Default Arrangement, 3o CL
| [ ] Reactor Anomaly, 95% CL I [ | Reactor Anomaly, 95% CL
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sin”20, sin*260,,
K.M. Heeger et al., arXiv:1212.2182v1
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New Short Baseline Reactor Experiments

US Short Baseline Neutrino4 @ SM-3
Interest Group SOLID @ BRZ,\BeIgium Dimitrovgrad
\ pd

CARR site
Beijing

'Nucifer @ teréo @ ILL.ANSS @ KNPP | Hanaro,orea
CEA Saclay Grenoble Udolmya
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Mature technology of Gd-Doped
liquid scintillators

Validated by many experiments at reactors. Signature of n-capture by
an 8 MeV y-cascade.

Large light yield, fast n background rejected by PSD capability
Sensitive to high-E gammas =2 large passive shielding
Projects:

— Nucifer

— Stereo
— Neutrino4



MAX-PLANCK-INSTITUT

\\\\\ FUR KERNPHYSIK
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\\\\\

60 cm core size

“inverse B-decay”
process

= +
V,+p—>e +n

Prompt e* signal -
+

Delayed neutron
signal (At~30 us)

Designed for non-proliferation studies

7m from 70 MW compact core of OSIRIS reactor
Very simple design based on Gd-loaded LS
(Double Chooz R&D)

» High-E y background (~1 MHz/m? above 2 MeV)
= Heavy passive shielding + active u-veto.

Contact: T. Lasserre, CEA-Saclay
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Rate (Hz)

PSD

Nucifer @ OSIRIS
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U -
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@ sf onal ! .
¢ [ Volena ] = No reactor induced fast n.
“;(acc. subtracted) E
ol ” H m#ﬁ : = Efficient rejection of cosmic background.
T
20 - .
: h{{* ;* ] » Need further y attenuation to reach S/B~1. Extra
o *” 1, ] 3.75 cm of lead to be implemented this year.
- b, ]
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Ste reo @ I LL Contacrt“.:”B:— Lhuillier, CEA-Saclay

Outer crown for improved
€40t and veto of external
background

Good overburden from water channel,
factor 4 attenuation of vertical flux

v and n shielding

Relative measurement in 6 cells

— 1st cell
'|— 5th cell

50 MW core
h=80cm, ®=40cm

Detector based on Double
Chooz and Nucifer
[8.5-11] m baseline range developments.

Expected / observed ratio
o
=]

Visible Energy (MeV)
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Background Rejection

* Extensive on site measurements of
muon, thermal n, fast nand y
background

* Massive deployment of shielding during
the upcoming long reactor shutdown.
30 cm of lead in front hot y spots +
hermetic B4C coating.

* Dedicated plug of the neutron

line already designed.

L e N L B L DL By

/.
¥
y

2MeV !
1

Qtail / Qtot
T

Liquid R&D for
optimal light
yield and PSD

L
Qtot

e b v o b by v s v Ly v v w Lyus
-30000 -25000 -20000 -15000 -10000 -5000
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2

Stereo Sensitivity

102 6 ILLcycles (1.5 year running)
95%CL | | ] L=98m

e S/B=15
* E,.>2 MeV, Neutron cut =5 MeV
 Complete det response
 3L=20cm, dE/E~10%@ 1MeV
Qe e SN R * OEscale =2%
.................. e All syst. of 235 spectrum

* 3.5% total norm error
* 480 v/day expected

(eV?)

new

T T TTTT

Am

10

I llllllll

LI Illllll

107

— Shape only e Funded by ANR grant

LI Illllll

—Norm+Shape |
10-2 i i i i I N N A
107 107

* Time schedule:
2013-2014: design and construction
Mid-late 2014: installation
2015-2016: data taking
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Highly Segmented Detectors

* Improved background rejection:

— Distance between prompt and delayed E
deposition

— Topology of E depositions (compact e track versus
large interaction length of ys)

* Projects:
— DANSS
— Solid.



DANSS @ KNPP

50 MPPC

Y-Module
X-Modul

50 MPPC /Iﬂ /
Plastic strips with Gd-loaded —
interlayer, read out by WLS g
fibers. =

"

PMT 100 WLS fibers
E resol ~20% at 1 MeV. (2 per strip)
WWER-1000

Vertical motion of the detector
from 9.7 to 12.2 m baseline.

reactor

10 evt/day expected at 11m.

Good overburden from core
structure. Extended source.

...........

= oey
.....
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1/25™ of DANSS

DANSSINO Prototype

20 cm

—_—
ZW 100 cm
NN
< Yol

prd 3He gas-based neutron counter

10 cm Cu-Lead + 10 cm CH, shelding
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Tested for
~20 days
@ KNPP

X-bundle

N, (ON)—N,,(OFF), events / 0.5 MeV / day

Simulation

run: KNPP
# 043+044

N W B O O N 0
“
N
_}."_
ra

I."'l'l'l'l

* Accidentals well suppressed
* S/B™~1, limited by cosmic fast neutrons.
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Improved Neutron Discrimination

* Unique signature of neutron capture using Li-
doped liquid or plastic scintillator:

°Li+n— o+t

* Projects:

— Hanaro
— Solid



D. Lhuillier- CEA Saclay

SoL10 Antineutrino detection

Assembly of |
5cm cubic cells oLi 5L /
- 6|
Ve .
Y o 6 j

Very discriminant neutron signal in

®LiF:ZnS. High neutron-y rejection factor

3D reconstruction close to interaction
point : high background rejection

capability using topological information

of IBD.

High light yield and good energy
resolution (~17% at 1 MeV)
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T SoLid O JKCR

contact : antonin.vacheret@physics.ox.ac.uk

UNIV

OXFORD

¢
e
< 10|
| | s
10_1?7 -::Sdgg;/:/féL
BR2 REACTOR, Mol, Belgium St SO &
- Core: 45-80 MW, ~ 50cm diameter 0? 10" .

e 300 days (~ two years running)
* 45% IBD efficiency, 1200 n/day expected
e S/B=6

Normalization 4.1%, total ~5%

 Overburden 10 m.w.e.
DETECTOR
« 2.88t fiducial volume
* 1920 channels read out by MPPCs
* Prototype testing this fall
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Extended Baseline Range

* |mproved sensitivity to lower Am?
Larger fiducial volume and/or longer running time

" Moving detector:
— DANSS
— NEUTRINOA4

" Multi detector setup:
— US project
— China Advanced Research Reactor site



Neutrino-4 @ SM3

5 section movable detector [6-12] m, 2.5 m3 target

PD snielaing

Contact: A. Sereborv, Gatchina

borated
polyethylene

hall walls shielding 16 cm

reactor
antineutrino
detector

combined shielding

fromyandn one detector

cable channels section with anticoincidence
motor for detector movement scintillator plastic shielding
with PMT
Eprompt>2-2 MeV, No background

10 Ongoing background meas. on site
T TI | [ 1T | TT?S

oF 2dof Ay® contours ! ! 3

100 MW 10,
compact core < | - W P

(35x42x42 cm?3) 30

5

10 =

F Reactor (Rate+Shape) + Gallium (Rate) -
- No-oscillation hypothesis disfavored at 3.60 -

10-2 2 3 ‘$;7lll‘ 2 3 ‘:5'!i 2 3 ;Sl;l
107 o 107 10’
sin (26mw)
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1
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10 : 1 Detector, 1 Year Livetime, 30 CL
2 Detectors, 1 Year Livetime, 30 CL
| —===mm-- Goal LBL Flux Measurement, 30 CL
| [ ] Reactor Anomaly, 95% CL
02 [ ] Allv,Disappearance Exps, 95% CL
1 -, X X X X X T - —— X - X
10 10!

§in20, )

= 3 potential sites under
investigation in the US:
NIST, ATR, HFIR

A 2-Detector Oscillation Experiment

Discovery Potential

30in 1year

50in 3 years
reactor core

detector 1 \

~dm

-~.
™

~15m reactors under consideration:
x10 det1 vol. NIST, ATR, HFIR

‘ detector 2

Mumm, Littlejohn, K.M.Heeger, arXiv:1307.2859 (2013)
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US Research Reactors

Ongoing site characterization

Site | Power Duty Cycle | Near Detector | Average Vv Far Detector | Average V
Baseline Flux (Near) | Baseline Flux (Far)

NIST | 20 MWy | 68% 3.9m 1 15.5 1

HFIR | 85 MWy, | 41% 6.7m 0.96 18 1.93

ATR | 120 MWy, | 68% 9.5m 1.31 18.5 4.30

Technically Limited Schedule:

FY13-14 - R&D
FY14-15 -

design&construction
FY 2016 - first data?

i

| lfl NBSR, NIST

&
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Conclusions

m Reactor flux calculations

Bias of original ILL analysis confirmed by 2 independent works.

Significant uncertainties remains but cancelling the anomaly requires either
large deviation from expectation or conspiracy of several systematics.

Shape to be constrained soon by near detectors of 0,5 reactor experiments.

= Reactor experiments

Offer direct tests of the 4th neutrino hypothesis with sensitivity nicely
covering the anomaly contour > Discovery potential within the next 5 years.

Challenging background suppression. Site characterization is crucial.

Nice combination of mature and new technologies; Synergies with reactor
monitoring efforts; Complementarity with source experiments.
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B--> v Conversion

1- Need to break down the total e  spectrum into single B-branches
- fit the data with 30 virtual branches:

107

102 ¢

10°
104 :_ measured [ spectrum B spectrum after the 1* step @ spectrum after the 2™ step
E —— 1" @ branch ——— 2™ branch ———— 3" branch
0% v b b b b b Ll
2 3 4 5 6 7 8 9 9 8 9
Kinetic energy (MeV) Kinetic energy (MeV) Kinetic energy(MeV)

2- Convert each virtual e branches to v branches

3- Sum all converted v branches to get total v spectrum
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Theory of p-decay

Fermi theory:

W =total energy

F 2 2 :
N;,(W)=K p"(W-W;)" lF(Z,W}lCShape (W) « W, = end-point
' r . sh 'f " * p=momentum
Phase ermi ape factor Z = Nuclear charge
space function of forbidden

Corrections:

N,(W)=N,(W)L,(Z,W)S(Z,W)C(Z,W)G,(Z,W)(1+6,,,W)

s/ N N

Finite size of nuclear  Screening of  Finite size distrib. QED Weak
electric charge Atomic e- of decaying radiative magnetism
neutron correction

v branch obtained by replacing: W>W,,-W, Gﬁ%GV
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Ab initio

Study of relative spectrum variations to reach equilibrium

" |LL reference data are photos of f3
decays after 12-36h irradiation time.

= Long-lived isotopes, dominant at low
energy, keep accumulating over

several weeks.

- Sizeable correction to ILL data in
below 3 MeV; +1% total detected flux

Off-eq. correction as computed by the MURE

;\? 0 T T '\_4';:—_?_— ________ %._.:
® O e RS i S =
£ L Yo
g | E— o L e S, s st -]
E -6 d\t\ ........................................................................ ,.E
e - : 5 .
R — LT -
[) ! : ’
s -10 -1eds ]
€ F -12h ’
o 12¢ MURE - 36 h =
g _14} — MURE - 1e7 s {
£ F % [53]-leds -
@ 161y e i .
5 SR [53] = Chooz paper + [53]-36h ]
[ S 1 - | OO SO X [63]-1e7s ]

18} 7]

DY) FE P R 1

15 2 2.5 3 3.5

v kinetic energy (MeV)

See poster 146, A., Reactor and antineutrino spectrum calculation for the Double

Chooz first phase result

C. Jones et al. arXiv:nucl-ex/1109.5379v1
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Ratio = N°bs/Npred

Low Am? Solution
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The Sterile Neutrino Hypothesis

J. Kopp et al., hep/ph:1303.3011
White paper, arXiv:1204.5379 PP /p
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Nucifer expected contour
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Neutrino-4 Prototype

* Good suppression of y background
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