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Fundamental properties of v’s

= 3 flavors of neutrinos

= |nteract only via the weak
force and gravitation

" 0,,~10%cm? @ 1 MeV

- Very penetrating particles

= Challenging detection technics

= Remote observation of intense sources (possibly inaccessible otherwise)
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Neutrino footprints

Missing energy in B decays

Measurements: Electron energy

Ellis & Wooster, 1927

Radium sample raises
E water temperature

Electrons bombard water
creating heat

Ionisation

Radium atoms

emitt electrons
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Neutrino footprints

Discovery at nuclear reactors

= Discovery in 1956
Savannah River = Nobel prize 1995
Nuclear Reactor
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Inverse  decay process 1 m3 liquid scintillator

~3 v/hour correlated to reactor operation
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Neutrino footprints

Observation of a neutrino weak neutral current

= Evidence of the weak neutral
current in the Gargamelle bubble
chamber at CERN — 1972

30/10/2015 David Lhuillier - Trieste 2015 5



Neutrino footprints

Solar neutrinos

= Kamiokande can detect the Cerenkov light
emitted by recoiling electrons struck by the
most energetic solar neutrinos (2B).

= The reconstructed direction of incoming

Homestake

neutrinos builds up the first neutrino photo of
bkt the sun, from deep underground (SK data)
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Neutrino footprints

Supernova neutrinos

Remnant 1987A s

40

= The neutrino flux of SN1987A i -
was detected by the large 01
neutrino detectors
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Neutrino footprints
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Width of the Z boson decay
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[ 13 6 = Z —vv decays contribute to the
OPAL observed total width of the Z boson
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= N, =2.9840 = 0.0082

- 3 neutrino flavors couple to the Z°
boson
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Neutrino footprints

Cosmic neutrinos 7000
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from the Planck satellite

Neutrinos are the most abundant matter particles in the universe
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Neutrino oscillations
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Propagation of coherent states

. . V=3 A hY
= 3 neutrino states carrying the same conserved n

quantum numbers f X
—> Coherent superposition of the 3 eigen states could W L

lead to an oscillation phenomenon along the V¥
propagation of the neutrinos.

VGN%_IL/ Vi

= Requires different masses hence at least two non zero.
= The coherence of the wave packets over macroscopic length scales requires
Small mass splitting (prevents the oscillations of charged leptons)

B. Pontecorvo
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Formalism

Vi) Var V3
Propagation / Mass Interaction / Flavor
— — N — -1
f’Ve a rv1 B Vl f\,e\
v, | = e v, e V2 6 = | Vu
vV
\Vt y — — \\/3 V3 — - v

y Amz ~ 7 .

. , o Am2 2
3 mixing angles: 0,,, 0,5, 0,5 2 non-zero square mass splitting : Am<,, , Am=+;,
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Mixing parameters

V1 V2, V3
\ (o / RVttt :
(Ve :1 0) 0) E\ Ci3 0 51365 \/: Co Sz O:V 1 \
v, [=]10 ¢y spfll 0 1 0 li-s, ¢, O v,
' : i |
Ve ) L0 o8 o | e 0 G ,\l_()___(_)__l_:/\ Vs )

Large 0,,=33.5+1.5°
mixing 0,3 =40.4£5°
angles  0,;=8.4210.26°

2mass Am?,, =7.6%+0.210°eV?
sectors |Am?, | =2.5+0.1103 eV?
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" Super- PR R .
. Kamiokande . AL ) Muon neutrino
— 4 O Tau neutrino |

Solar v Problem
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Oscillations

Awarded the Nobel prize 2015
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Reactor neutrinos
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Neutrinos from fission

H44Nd
O—» Neutron 144& -~
Per fission: - o
o, FElectron o, @/ %
.o Anti-neutrino a O\:
= 200 MeV Gamma % P
" 6 neutrinos A0
1444 O/' (some loss)
. 235 236 @O/' — 235 236 @O/'
ntense source o—»+@—>@—> O —> o—»+@—>@—> o>
2 102 v/s/GW,, o @ X
Chain Reaction —»

Neutron rich FPs undergo - decays \’ a,
— Pure source of V., up to ~10 MeV a9 @% Y

xo \ 239
Complex total spectrum 2Rb o, e

O N zson
Sk (E) —_ 2 all FPs 895!‘%@0\‘ * @ op
\’ ON i,
~ 800 nuclei o @ &8

~ 10 000 pB-branches
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The guts of S, (E)

Sum of all fission Neo
products’ activities Sk(E) = Z App(T) X Sp(E)
fp=1
Sum of all B-branches b b
of each fission product Sfp Z BR X Sfp(pr’ Afp’ EOf’p’ E)

S, = Kpy x F(Zgp, Agp, B) x pE(E — Ef,)’
Theory of B- Norm. Fermi function Phas;rspace
decay ;
b
x Cho(B) x (14 85,(Zsp Agy, B))
Hf—/ N ~ V]
Shape factor Correction
b
5 v(QED) + LO(coulomb size) + C(weak size )+ S (screening) + (SWM (weak magnetism)
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The ILL electron data

Total electron spectra from the -decays of 23°U, 23°Pu and 24!Pu fission products.
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N

B kinetic energy (MeV)

Unique reference of § fission spectra
ILL research reactor q p p

(Grenoble, France) K. Schreckenbach et al., Phys. Let. B218,365 (1989)+ refs therein
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e=> v conversion

* Exact conversion requires complete knowledge of all contributing p-transitions

B-branch level Fission product level
0.6 T T T I T T T l T T T [ T T T I T T T I T T I- g 1_[ T T T ] T T T T I T T T Y I T T T T I T T T T l T T ':
i single p branch - el = =
- .g P ’ > 0'95 v spectrum of *°*Mn =
0.5¢ —— single v branch ] 2 o8k ]
i ) =) ' —— B spectrum of **Mn ]
04 s s C7E E
- Q 0.6 =
[ ke - .
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: \ 8 04f —;
0.2F . S 03E E
i \ | £ 02 . E
0.1 N ok L ]
|1E10/21\4EO 0:lllll E
% 02 04 06 08 1 1.2 0 05 1 15 2 2.5 3
Kinetic energy (MeV)

Kinetic energy (MeV)

* Lot of relevant quantities: Z, A, End-points, J¥, nuclear matrix elements, branching
ratios, fission yields, life time... but scarce data as E, increases
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au.

104 E

107
102

10°E

10%

Conversion of reference e spectra

1- Fit total e- spectrum with a sum of 30 effective f§ branches
determined by iterative method (instead of ~10,000+ real branches)

-_ measured § spectrum p spectrum after the 1* step 8 spectrum after the 2™ step
—— g branch ———— 2™ branch ——— 3“@branch
Br o oo by o b b by by g byw o
3 4 5 6 7 8 9 8 9 8 9
Kinetic energy (MeV) Kinetic energy (MeV) Kinetic energy(MeV)

2- Convert each effective e- branches to v branches

3- Sum all converted v branches to get total v spectrum

K. Schreckenbach et al., Phys. Lett. 99B, 251 (1981).
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Reference fission v spectra
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v kinetic energy (MeV)

= Antineutrino spectra
converted from the [ spectra
measured at ILL

= Reference spectra over the
last 25 years
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Inverse Beta Decay

vV +p—e +n

1.8 MeV reaction threshold

30/10/2015

Detection

A neutral current process would have
to compete with any single e- recoil
induced by natural radioactivity

IBD process provides a selective signal
sequence

Few 10 ps
—p Time

VPrompt e’ i : V
, s delayed

signal

n-capture

An organic scintillator doped with a
neutron absorber efficiently combines a
proton target with the detection of
prompt and delayed signals

David Lhuillier - Trieste 2015
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Prediction of detected reactor
neutrino spectra

—— Cross-section (')/\ 2.5 L\ L I L L L L IR ]

—— Emitted spectrum 2 - 1

He i —241Pu ]

—— Detected spectrum S L0 n ]
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" Error matrix determined from uncertainties of ILL measurements and conversion
procedure.
= 239Pyu fissions lead to less detected neutrinos than 235U fissions?
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Below u*,t+ production threshold - look for Ve disappearance

v oscillations at reactors

P(v.,—v,) =1 - sin?(20) sin(Am2L/4E)

30/10/2015

David Lhuillier - Trieste 2015
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KamLAND
= Large liquid scintillator detector at \f;

~180 km of many Japanese reactors

=  Confirmation of the solar oscillation
and accurate measurement of Am?,,

o ( N
"« Data-BG-GeoV. Shika & 180km,) { o
- — Expectation based on osci. parameters . o Q Lz :‘:L\ N
IF determined by KamLAND .3 . B - ) "[:g
2 N + - m*i MM Hamaoka
Z 08 1 '”'f"/’j\’“ [\ ("0—-’ ' Effective
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& 0.6_—+ + == i
s f N — — > iy <8
= - —_— - A . N
5 04r & %455 ’ 7 Reactor v, flux ~ 6 106 cm-2s™!
) _ + &
0.2F Qi
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Last mixing angle measured: 6,

Experimental Layout- .

sin2 20,, = 0.084 + 0.005

— Era of neutrino precision measurements

3 underground
Experimental Halls

18

* Surface Ass,emb'ly

E 4 Buildipe Ling Ao | NPP
—~ 16 = uEF R > ———
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Application of neutrinos to the
surveillance of nuclear reactor

= Monitor the operation of a reactor using a small (1m3 scale)
neutrino detector at short distance (few 10 m) from the core

i~
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0.2r Kamland ‘| ]
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10
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Nuclear Fuel Evolution

0 (%5U) = 6.39x1043 cm?ffiss.

" 3000 —

c 1_0 C T T T T T T T T T T T ] T T 1 0‘(238U) = 890
P — 2y ] 2500 — u o O(FPu)=4.18
n 0.8 Z%py, | ] 0241

iI C 238 7 7] ("' Pu)=5.76
— 241 o 2000

£0.6 — "Pu - = 3

o r o 1500

- - 2 =

|,|6 0-4 :_ i % ]

c = 1000

(o) 0.2 C ] 7]

° - — ——— ] 500 —

E 0.0 T o0 v o Lo by Ly E

w0 150 300 450 600 S

Days into Cycle

1 2 3 4 5 6 7 8
Visible energy, MeV

= Antineutrinos encode information about fissile production and
consumption in reactors through the burnup effect
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Sensitivity to Pu content

235| 239P,
E/fission | 201.7 MeV | 210.0 MeV
<E> 294 MeV | 2.84 MeV
(E.>1.8 MeV)
# v / fission
15 e) 1.92 1.45
3.2 1043 | =2.76 1043
< 0\’ Int cm2 cm2

#vint (U) 2100 192 32
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#vint(mPu) 2017 145276

3 1's
L4 [T ]
E _—3 g
20000 1° =
Removal of 239Pu oo —— 1 &
I 25
—2
15000 —1.5
—1
-vfromz3su .
I v from 239Pu —:0 B
m  Totalv rate ] )
10000 10 20 30 40 50 | 60 70 80 °
Days
/
Replace 1/3 of spent fuel
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Control of Fissile Material

IAEA goal: detect diversion of fissile material from peaceful to military programs

Uranium

Highly Enriched

U30g Ut anium .
4% | B "

Mining and M‘"lng P{Ocessinq Enﬂchmeﬂl
. Parts
‘ Fabrication
Natural or 238y
Low Enriched
Uranium
LT ?ea'ctor
ue b
Fabrication i b .
wanen - eapon
Plutonium Assembily
Fuel Rods
' Contain
Plutonium
Plutonium
ﬂﬂﬂ |||“’ﬂ '
Uranium Reptocessmg Parts
Fuel Rods Reactor Fabrication
Ufamum Radioactive
Waste
SO504011 1

v, measurements could monitor the fissile inventories in operating reactors
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Specifications of a neutrino monitor

- Compact, portable (easy installation, operate
close to surface)

« Safe (no connection with the core or the primary
circuit, no impact on reactor operation and safety)

«Sim ple (operated by non-experts)

. Remotely controlled (no on site inspection, little
maintenance)

" Challenging simplification w.r.t state of the art neutrino detectors
= Challenging mitigation of external background
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Background

Accidental [y-n,] coinc
Inverse Beta Decay

_ Y = Natural radioactivity + reactor
vV, +p— e +n leakage
= High E¥y’s from n-capture on metals,
16N production in primary circuit, ...

n-captures

)

10 12
E (MeV)

= On site measurements + heavy
shielding design
= Online measurement and subtraction
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Background

Inverse Beta Decay ! Correlated background from
! fast n

vV +p—e +n

-<
-

Cosmic rays - induced

Online rejection:
* Minimal overburden
P * Active nu veto around target
P « PSD

Offline:
e Subtraction of reactor OFF data

.
KO0
.
KU

Must suppress all fast n from reactor

30/10/2015 David Lhuillier - Trieste 2015 34



Rovno experiment

Detector vessel

REACTOR CORE
25mx28m

1m3 of liquid scintillator + 0.5 g/I Gd
84 PMT

Eget 0%

Favorable signal/noise configuration:
3GW Rovno NPP — Ukraine e 18 m from the core

e 30 m.w.e. oberburden
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Rovno experiment

Rate 1988 data
- O0F " M 4 Pl
¢ = e fd + ¢ T
105, 2000 - #Mﬁ %ﬁ%y % H W% L , + it
1500 g on 4 OFF ﬂw ¢
1000 F + ON
= ¢
200 e
= | | | | | | | |
0 50 100 150 200
april july october
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Arb. units

-43

cross section in units 10 cm
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Rovno experiment
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8
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9

v rate decreases as Pu

accumulates in the core
v spectrum gets harder
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SONGS

SONGS detector deployed at the San
Onofre Nuclear Generating Station

water/polyethylene shielding

Muon veto paddiles

Liquid scintillator filled cells

3.4 GW, = ~102v/s
e 3800 int. expected per day
in 1m?3 lig. scint. target

e Low cost and robust detector
e Very simple design and light shielding
e Automated, non intrusive measurement
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Remarkable monitoring
of the reactor operation

Good signal/noise ratio

Sensitivity limited by the
low detection efficiency

30/10/2015
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SONGS

Removal of 250 kg 23°Pu, replacement with

1.5 tons of fresh 23°U fuel

[T 77T —"——1;—————”1 _____________ rr T
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NUCIFER

Photomultipliers

Acrylic buffer

850 | Lig. Scint.
+0.2% Gd

=  OSIRIS: 70 MW research reactor at CEA-Saclay, France
= Nucifer is only 7.2 m away from the core!

= Aiming at demonstrating the concept of “neutrinometry" at the pre-industrialized stage.
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Nucifer shielding

Very challenging background induced by the reactor and the cosmic rays

Core l —> primary loop

Pool
New lead wall i

3m

[ Q-

|
|
|
|
|
|
|
{
|

- - - - - -

Polyethylene

o
Muon veto Barycenters of the PMT’s charges
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Background

= Contamination of high gammas
from the reactor in the prompt
and delayed energy window

= Large accidental background
scaling with (P,.,.ior)?

= 4733+6 candidate pairs /day

3332.8+0.5 accidentals/days,
accurately measured online
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Cosmic rays induced background

- OFF
- ON

and the
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A clear correlation between P
u rate in Nucifer is observed
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Nucifer results
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Nucifer results
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Sensitivity study

Osiris uses highly enriched 235U fuel with short cycles
—> The evolution of the fuel composition is undetectable (<1% change in the neutrino rate)

102‘_.....---...2.:::- SR S SR e nn e e e N R e e e e e e el e e @ S e

* Uranium 235

: ¢ Plutonium 239
B e Uranium?238 | ___.

e Plutonium 241
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Sensitivity study

Various levels of Pu were
simulated in the core

Within the current background
conditions Nucifer would have
seen the effect of ~1.5 kg of Pu
in Osiris at 95% C.L., that is
~10% of the total fissile mass.

30/10/2015

340 I I I I I I I I I I I I I I | I I I I l |
B 95% Cl ]
B ¢ Data ]
320— - = -458 g 2%y |
B - * -1370 g 2%pu _
N * -+ -2390 g ®°Pu ]
= 300— 3530 g *°Pu—]
& - *4460 g **°Pu -
= B ¢ ¢ * 6090 g **Pu |
[ 280 P S - —
© N i
o B —-x---x-:-«---«-—«*- - - 7
o - - —
£ 260— 4 | t —
] B I I S R SR | [EEUR R SR Sy ]
= | ]
o B i
i il ol ol il Sl ol o 2R 2 ]
200 *-¢-4-4--4--4--4--¢--¢< _
200 | | | | l | | l | | | | l | | | | l | | | | l ]
0 50 100 150 200 250
Burnup [days]
David Lhuillier - Trieste 2015 47



Reactor surveillance with neutrinos

= Antineutrino monitoring can assess the plutonium content in water-cooled
nuclear reactors for nonproliferation applications.

= Need to demonstrate further sensitivity and deployment capacities before
competing with the current tools of reactor surveillance.

= Direct information on the fission processes in the core is an asset for the
surveillance of online refueling/reprocessing reactors. But the lever arm on
the neutrino signal is small.

= Disposal of weapon-grade plutonium by irradiation in fast reactors
(Plutonium Management and Disposition Agreement) could be monitored by

neutrinos with simple observables like total burnup and <N,>/GW

= New detection technics are being developed in synergy with fundamental
research activities.
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Accurate prediction of neutrino
fission spectra
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Conversion of the ILL spectra with
virtual B-Branches

Fitted on ILL B-spectrum

F Sty = >< T @A B) < pEE A(Eiy,)”

3 3 5 3 7 8 9 Norm. FeI'l’l’ll fU_nCthIl Phase space

Kinetic energy (MeV)
Shape factor Correct1on
The mean Z(EO) /
from nuclear

Effective 9,,,, and 0,, corrections
applied after the conversion process

databases Setto1l

30/10/2015 David Lhuillier - Trieste 2015 50



Conversion of ILL Spectra
Revisited

| I I I I | I I I I | I I I I I I I I I I I
----- Mueller et al., Phys. Rev. C83, 054615 (2011)
Huber, Phys. Rev. C84, 024617 (2011)
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= Confirms global increase of predicted spectrum

= Fixes remaining oscillations of mixed-approach prediction

= Extra deviation at high energy from more complete correction to Fermi theory
(weak interaction in the finite volume of the parent nucleus).
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New Prediction

IIIIIIIIIIIIIIII
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G. Mention et al,
Phys. Rev. D83, 073006, 2011

- Predicted flux increases by ~5.5 %
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Reactor Antineutrino Anomaly
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Sterile Neutrino ?

J. Kopp et al, JHEP 1305 (2013) 050
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Puzzling convergence of
several v, disappearances
toward the same oscillation
parameters.

Tension with nm
disappearance data and
cosmology fits

Triggered a worldwide
experimental program for a
direct search of a new
oscillation pattern.
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... Or bias in the converted spectra?
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Double Chooz, Daya Bay, Reno

3 experiments point to the
same deviation

— Biased prediction?

— Biased reactor anomaly?

~ (Data - MC) / Data

1 2 3 4 5 6 7
E prompt (MeV)

30/10/2015 David Lhuillier - Trieste 2015 56



Potential Biases

A.C. Hayes et al, Phys. Rev. D92 (2015) 3, 033015

e Differences between ILL and commercial reactors:

" neutron energy spectrum and fission yields
= Off-equilibrium effects (under control, impact at low energy only,

<3 MeV)
= non-fission sources of antineutrinos (not likely)

* Errorin the ILL electron spectra (?)
= Would need a complementary experiment with similar accuracy

 Forbidden transitions

* Corrections to Fermi theory
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Contribution of Forbidden Decays

= Relative contribution of different transition types in each
energy bins of the total fission spectrum
= Only well known decays computed, quite few after 6 MeV.

o
2 —e— Allowed
> 0.9 —=— First Forbidden DeltaJ=0
First Forbidden DeltaJ=1
0.8 — First Forbidden DeltaJ=2
Second Forbidden
0.7 -z First Forbidden DeltaJ=0 (0->0)
0.6
0.5
p
0.4
0.3
0.2}
0.1~
o | A. Letourneau
0 (s R R A A A e TS '.d
0 1 2 3 4 5 6 7 8 9

Ee (MeV)
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Tool for numerical studies of the
conversion process

235 T
Numerical studies of the impact of forbidden ENSDF based **U fission spectra

decays using calculated fission spectra based on
all decays indexed in the ENSDF nuclear
database.

Each decay shape is determined from spin-
parity data.

Despite all systematics of such calculation,
electron and neutrino spectra are true images

of each other. — electron

Although they do not match perfectly the ILL : — neutrino

spectra they contain a good approximation of

the physical distribution of B-decays with full T e T
control of the forbidden shapes we put in. E (MeV)
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Validation with allowed B-branches

= Consistency cross-check: when all ENSDF branches are forced to be
of allowed type and the effective branches are allowed as well, both
electron and neutrino residuals are zeroed.

0.04 v residuals (50 keV) |

0.03 | e residuals (50 keV) 1
I v residuals (250 keV) I

0.02 L. | S | USSR e o -

0.011-

(True-Converted) / True

J

o T4l
0.01 _1
-0.02 L et sss s e sss s sessessssesasnssssssssessssnenans| [rresee ] dons pl
| 1 X ] 5 e S i - s B L__
0.04- '
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Forbidden Decays

Nuclear operators

ALLOWED FIrsT FORBIDDEN SECOND FORBIDDEN
~ Matrix 1 Jr, fa R:;, Ai; faxXr
Polar V. AT 0 0, 41 (no 0—0) +1, £2 (no 1 <> 0) +1
Parity no ves no no
Change
) Matrix Jo Jo-r, [vy [oXr Bi; T.; B Siik
Axial V. AJ 0, =1 (no 0—0) 0 0, %=1 0, +1, +2 =+2 42, +3
(no 0—0) (no 0—0 (no 2« 0)
. I—=il1le0)
Parity no yes yes yes no no
Change
B — — — ]
I I

* Onesingle nuclear
operator.
* No E dependence.

e Several nuclear operators with
basically unknown relative
contributions.

 Complex E dependence.
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pNnQRPA Strength Distributions with
Gogny (D1M and D1S) force

= Calculation of all pair-pair nuclei available

= Deformation of the nuclei included in the prediction of B-strengths

= Current effort to extend it to all fission products

= Should bring valuable new inputs to study the shape of 15t forbidden
decays and the weak magnetism corrections

: [32:0
L B=0.15

r — Ex
1.5 P

-1
Sy [MeV']

5 | | | | L | | | | 5 | . ) i s [ ! ! : ! | | A\ ! >| ! ‘\ | A\ ! >| ! | | ]
E_ [MeV] 54 56 58 60 62 N64 66 68 70 72
S. Peru et al.
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Summation Method
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TAGS measurements wm < =

Pandemonium effect: experimental bias giving too much

apparent feeding

weigth to high energy transitions > Total Absorption y-ray 2 )
Spectrometry. i '
Short list of main contributor fission products A7

4-5MeV  5-6MeV 6-T7MeV 7-8MeV

“2Rb 4.74% 11.49% 24.27% 37.98%
9%y 5.56% 10.75% 14.10% -
120 3.35% 6.02% 7.93% 3.52%
100N 5.52% 6.03% - -
“Rb 2.34% 4.17% 6.78% 4.21%
98my 2.43% 3.16% 4.57% 4.95%
135 4.01% 3.58% - -
104m N 0.72% 1.82% 4.15% 7.76%
“Rb 1.90% 2.59% 1.40% -
958 2.65% 2.96% - -
%Rb 1.32% 2.06% 2.84% 3.96%

A. Algora et al., Phys. Rev. Lett. 105, 202501 (2010)

30/10/2015 David Lhuillier - Trieste 2015 64



1[%]

TAGS MEASUREMENTS

arXiv:1504.05812 -
K LELE I L B B | I L B B I LN B B | I LI B A I LI [ LA B B I LU B B I 1_ 1 .2 ? mQPlJ :".‘ 24 1Plj
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08 [ — g 1 1 : 1
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B ] g 1.15)
0.4 B —] 1.1F
B y Q(t 1,08}
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= More and more complete data set reducing the impact of pandemonium
= |mprovement of the shape uncertainty and impact of unknown nuclei
= Estimation of the final uncertainty at the few % level remains difficult
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Sensitivity to Evaluated Fission Yield

IHaylles et al.

Huber-Mueller uncert.
+~—— JEFF-3.1.1
i «——- ENDF/B-VII.1
115~ | e—e Daya Bay

—
-

1.05

[

0.95

Normalized Ratio to Huber-Mueller

. - \%

. (Mev) 5

e
=)

N —
(9]

4
EPromp

= The predicted neutrino spectrum is quite sensitive to the choice of the nuclear
database of evaluated fission yields.

= TAGS data don’t provide information on the shape of forbidden decays

- synergy with the ongoing studies on the conversion method
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Search for a sterile neutrino

David Lhuillier - Trieste 2015
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Worldwide Overview

S o Nucifer@Osiris, X * el by
Prospect@HFQ;ORNL* Saclay ** ) N _ mitrovgrad

A\ Stereo@ILL

Grenoble % Korean project

DANSS@KNPP
Udomlya .
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Research Reactors

= Compact sources
= No oscill. smearing. Typical reactor core sizes
= High statistics, typically few 100 evts/day/t
= |ntense source
= Very short baselines available (5-50 m)

= Alternation of reactor ON/OFF periods
= moderate overburden compensated by accurate measurement of
the cosmogenic component.

= Highly enriched fuel
=  Well known 23°U fisison spectrum.

= But challenging reactor-induced backgrounds (y and n)
- Requires comprehensive site characterization.
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Key experimental parameters

Detector
& E & E
: s 2 F w—
— [ 2 - [ efficiency,
e L o “€ [ X-section,
4 N g [
« S| [head -0 = 3
live-time £ bkgd <
| =g :} | |y 5,
S S [} C e
N < C
- 5 C Year scale
i & - stability
T
fuel type: minor effect 3 background shape: minor effect
10-15 ———— Default Arrangement, 3c CL 10'15 ———— Default Arrangement, 3c CL
| [ ] Reactor Anomaly, 95% CL I [ ] Reactor Anomaly, 95% CL
I :| Reactor Anomaly, 90% CL H :] Reactor Anomaly, 90% CL
| -——— Global 3+1 Fit, 95% CL —— Global 3+1 Fit, 95% CL
- - -2 -1
10 10" 1 10 10 .
sin20,, sin26,,
K.M. Heeger et al., arXiv:1212.2182v1
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Reactor Proposals

Gd Pl Se:rir?:rzed dl\(/elfevci?ogr 2 det.
Nucifer (FRA) :
Poseidon (RU) :
Stéréo (FRA) (] 8
Neutrino 4 (RU) : i
Hanaro (KO) N ‘ . :
DANSS (RU) () [
Prospect (USA) o ‘ . D .
SoLid (UK) [ ] )
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ILL site:

57 MW, compact core<1m
[8.9-11.1] m from core,

possible extension to 12.3 m.

15 mwe overburden

High level of reactor background

30/10/2015

nombre d'evenements

No oscillation
First cell
— Last cell

Look for relative distortions
in identical cells

David Lhuillier - Trieste 2015

E [MeV1
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Comprehensive on site measurements
performed last year: u, n and y backgrounds.

Sequential installation/validation of external
shielding before detector installation early
2015.

# of events
[\*]
(6]
o
I

N

o

S
T

Muon induced:
* QOverburden
* Active outer-crown and u-veto
* Liquid scintilator optimized for mof—
PSD capability and light yield I

150 —

50—

| P, 101251 L1
Qtail/Qtot
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STEREO Sensitivity

300 days, L, =10 m

Epromp>2 MV, Eggneq>S MeV

prompt

~410v_/day

OE. .. =2%

scale
All syst. of predicted spectra

S/B =1.5, 1/E+flat model

Norm 4%

Start data taking mid-2016
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PROSPECT Experlment

far det @ ~18 m
1.2
1.00
0.98
0.96
0.94
0.92
0.90
0.88
0.86

Compact core
85 MW, HEU

Physics Goals

Search for sterile ve oscillations at short-
baseline.

Probe and resolve “reactor anomaly”.

Precision measurement of reactor ve
spectrum for physics and safeguards.

Map out L/E Oscillations
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6Li-doped liquid scintillator

- . . . _ 06
| SLi-capture, Pulse Shape Discrimination, and
topology from segmentation "
ISR
. . . @ f
= Strong rejection of accidental and correlated § ..l
backgrounds g
73] 0.2
e et B 01 . .
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e p ‘ 00 “n
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SoLi10 Experiment

BR2 REACTOR, Mol, Belgium
* Core: 45-80 MW, HEU fuel

* Favorable reactor background level

DETECTOR

* Novel type of composite solid scintillator
detector (PVT + °LiF:ZnS)

Expected sensitivity

 2.88t fiducial volume, highly segmented.

* 288 kg prototype under test

— Phase |, 1yr - 2t@14%

— Phasae Il, 3yr - 2t@14% + 1@6%

Soliad PRELIMINARY 1

y -2l okar oo coneponde 150 dep of ectr-on .
10-2 10 10°

sin’26

http://arxiv.org/abs/1510.07835
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SoL10 dectection

— IBD candidate: positron + neutron
Wavelength l H
— SLiF:ZnS(Ag) 250 um shifting fibre 6 .
Ve / 3mmx 3 mm Ll+nea+t
.. section 3

PVT Scintillator
5cmx5cmx5cm

h

— Read out by WLS - ==
5cm fibers and MPPC u — e
8. ey £ B
o= o =f
= Very discriminant neutron signal in ;;f: %
®LiF:ZnS. High neutron-y rejection factor E = .

= 3D reconstruction close to interaction St (ABo

point : high background rejection

capability using topological information § ¢ e )
eoof- preliminary P
of IBD. gt H
= Limited resolution due to light collection 7
c
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g
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Conclusion

Neutrinos connect a wide range of physics, from nuclear decays to cosmology.

Modern experiments at reactors perform precision measurements, becoming
sensitive to few percent effects on the neutrino flux and spectrum shape. The last
mixing angle 0,5 has been measured and a new “anomaly” has been revealed,
pointing to a possible new sterile neutrino state.

A mature detection technology allows the development of the first application of
neutrino to non-proliferation. Common effort of all short baseline experiment is
ongoing to improve the background rejection in small detectors. Lithium doped
scintillator should allow an efficient online rejection of the cosmic-rays induced
background, which is the ultimate limitation of the sensitivity of neutrino
measurements close to surface.

Reactor neutrino benefit from the huge information available in nuclear databases.
The comparison of measurements and absolute predictions is now reaching a
highlevel of accuracy providing a sensitive probe of the quality of the nuclear data.
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taux de production par fission
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Forbidden Decays

Konopinsky and Ulenbeck Phys. Rev. vol. 60, June 1941.

Shape factor C(E) = Nuclear matrix element x Lepton matrix element

AJ" Nuclear matrix Lepton matrix
Vector
0=, 1 [x|” 1q2Lo + 2Ly + Mo — 2qNo
0, 1~ [ | Lo
0-, 1~ (Ja).(f7) 3qLo — No
Axial
0~ [ox| Lq2Lo + My — 2gNy
0~ f75 ’ Lo
0~ ([o.r).([s) 2qLo — No
0, 1™ |f0' ><'r"2 %q2L0+%L1—|—]\Jo—I—%qNo
0=, 17 2~ |Bsj|* L2q®Lo + 31y

7
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Daya Bay
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Prompt Energy (MeV)
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Antineutrino Energy (MeV)
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Open questions

Absolute Mass

Tritium source Transport section  Pre spectrometer  Spectrometer  Detector

Katrin experiment

= Direct measurement
= Looking at the end of the tritium -spectrum
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Open questions

Absolute Mass

All combined cosmology data

SM, <0.12 eV (95% C.L.)

http://arxiv.org/abs/1506.05976



Open questions

Mass hierarchy

CURRENT UNDERSTANDING OF NEUTRINO
PARAMETERS

S. K. Verma
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Neutrino Astronomy
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w
z

PeV neutrino event



Geo-Neutrinos

Kamland
40
~ —®— Data - BG - best-fit osci.
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