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Detection Process

Inverse Beta Decay
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* Selective prompt-delayed signal sequence E, (MeV)
* Discriminant n-capture on H, Gd (high E y’s) E..=E,—0.8 MeV

or Li (o+t)
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The ILL electron Data “Anchor point”

Total electron spectra from the $-decays of 23°U, 23°Pu and 24!Pu fission products.
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Accurate fission b-spectra measured in the 80’s

converted into v-spectra.
ILL research reactor

Key improvement in the quest for oscillations (Grenoble, France)
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Oscillations of Reactor Antineutrinos

Py, 5. = 1—sin®(26,3) sin*(AmisL/4E ) —cos®(613)sin®(2045) sin*(Am3,L/4F)
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Reactor Antineutrino Anomaly
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Am2Z~ 1 eV?

Mixing ~ 10%
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0,, Measurements
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Detector Concept

2 reactors
2x4.25 GW,, < , -
21021 Ve /S 2015 ‘ '_:l* 2 ‘i DISTANT DETECTOR
Near Detector \
~120 m.w.e.

Far Detector
~300 m.w.e.

ALOSE DETECTOR
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Backgrounds

_ L T = Correlated BG, induced by muons
Buffer Qil 1 / \
\ / AWR .
7 Cosmogenic isotopes
—— US> +as+n

y-Catcher\l { Fast neutron

= S Recoil p + n capture
=
Target - Stopping p

Gd-LS - u = Michel e +Vv's

= Accidental coincidence

V/ Y +y ory + n-capture
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Data Sets and Analysis

( N\ N

no ND Single-detector ND Multi-detector

phase phase
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April 201 | i FD-I (455.207 days) FD-11 (362.974 days)
<
FD start

January 2015
ND start

Gd+H analysis:

“
ND (257.959 days)
) R

= use delayed n-capture on both Gd and H atoms in TG+GC

volume
= ~3 X more events

= Dominant systematic from GC proton number

= |ncrease in accidental BG (rejected by neural-network)
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Simple config: 2 cores,
2 det. close to isoflux
curve.

Anchor point of Bugey4
rate.

7.5 Days with both
reactors OFF.
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= Compare FD and ND data simultaneously to predictions
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All correlation of systematic uncertainties are taken into account

(common n flux uncertainty between FD-Il and ND).

Background rate and shape are estimated from specific data

selection; simulation of 3-n emitters.
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Observation / No-oscillation prediction

[ Suppressed systermatic uncertalnty
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Large x*> due to a common difference of spectral model to data
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Reactor Antineutrino Anomaly
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All experiments measure the same mean neutrino flux to high precision
DC record for fission cross section: <o;>,,= 0.564x10*?cm?/fission +1.1%

5 MeV bump questions the validity of the predictions

Recent DB separation of 23°U and 23°Pu spectra kills the sterile neutrino hypothesis?
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All experiments measure the same mean neutrino flux to high precision

DC record for fission cross section: <o;>,,= 0.564x10*?cm?/fission +1.1%
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5 MeV bump questions the validity of the predictions

Recent DB separation of 23°U and 23°Pu spectra kills the sterile neutrino hypothesis?
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5 MeV Bump

DATA/MC ratio comparison

U neutrino flux spectra different in DC (Haag) and DB/Reno (Huber)
» different reactor fuels
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* can slightly differ from one experiment to another due to detector effects

e Similar structure seen by several experiments.

* Triggered lot of activities about possible biases in the predicted spectra.
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Biases in Predictions

A. Hayes and P. Vogel, arXiv:1605.02047

1) Forbidden transitions = Not likely to explain the bump
_ = Extra systematics in the
2) Corrections to Fermi theory predictions, to be quantified

C. Buck et al, arXiv:1512.06656

3) 238U spectrum: R i R B B
- excess appears in latest ab g 1asE e e _e
o ope R . N C:
initio calculation using the S 1AF 4 exessinallisotopes T
JEFF |Ibral"y . . g 1052_ --<--- noexcessin U™ _
* Enhanced contributionof [ ¢
238 in the 5 MeV range. 2
o 0.95F
8 -
- L
4) Reference beta spectra g 09 , | |
measurgd at ILL with a highly e S S
thermalized neutron spectrum _| antineutrino energy [MeV]

To be tested by Research reactor experiments
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Spectrum Evolution vs Burnup

Daya Bay, PRL118, 251801 (2017)

Fyss 9
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'E 6.05 ~~\ T T T T T A\-
2 6.00 $. 4
£ 5.95 | 1 4 9
= 5.5
“‘E AU e A Daya Bay
O 5.85 k g - —e— Huber model w/ 68% C.L.
T 580} w
= 575 — Best fit - =+ Model (Rescaled) R =
7 - -+ Average ¢ Daya Bay 45
(e} 5.70 I I I I I E A /
0.24 0.26 028 0.30 0.32 0.34 0.36 O
I = 4.0
239 |
= cL
. ; . <35 68%
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o935 [107%% cm? / fission]

Global measured deficit seems to be
carried by the 23°U only (8% lower rate)
while 23°Pu is consistent with prediction.

LAUNCH 2017 - Heidelberg

Equal deficit hypothesis, from oscillation
toward a sterile v, is disfavored at 2.8 o
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Sterile v Hypothesis

Still Alive

Hayes et al., arXiv 1707.07728

= Summation (ab initio) calculation compatible
with DB result and still showing shared deficit

Giunti et al., arXiv 1708.01133

= Combined analysis of DB and short baseline
data favors the oscillation scenario

(Am? = 0.48 eV?, sin%(20) = 0.15)

= Best fit obtain with a slight increase of 23°Pu

normalization.
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Normalization of ILL spectra

= Fission cross section of U and Pu isotopes: |
* Computation with updated nuclear ) 2, © 1 I
data recovers the 23°U cros-section L\ 4 .
but leads to a 1.8% increase of the W )/
239py prediction .
o X Zw
= Neutron flux and detection efficiency: =€ ohengrin tube
* Reference electron conversion lines VW =

with know n-capture cross sections.

105
* Different lines were used for the €, 100
energy part of the electron spect

095
0S0H

1 2 3 l. -5 6 1 8 9 10
115|n(n, Y)116m|n 113Cd(n,y)114Cd 207pp(n, Y)208pb

Courtesy of A. Letourneau 151n(n,y)16In  197Au(n,e-)'%8Au
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Normalization of ILL spectra

235 O

1) K. Schreckenbach et al., PLB99 (1981) 251
Normalized on: ®7Au(n,e-)'*8Au

o | va
2| 8°30' inclined

2) K. Schreckenbach et al., PLB160 (1985) 325 F) ,
Normalized on: 2°’Pb(n,e-)?°®Pb and l..’ﬂ
1510 (n,e-)11%Mn reactions
vv“ =\ Z[Ho
239Pu _, ’4)’ Lohengrin tube
3) F. Feilitzch et al., PLB118 (1982) 162 l, ==\
N

Normalized as 1) on: */Au(n,e-)*8Au and
5In(n,y)**®In electron spectra

105
erel Loo

241|:)u
4) A.A Hahn et al., PLB218 (1989) 365 s
Normalized as 2) i

1 2 3 l. -5 6 1 8 9 10
115|n(n, Y)116m|n 113Cd(n,y)114Cd 207pp(n, Y)208pb

Courtesy of A. Letourneau 11510 (n,y)6ln  197Au(n,e-)1%8Au
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Normalization of ILL spectra

= Fission cross section of U and Pu isotopes:

* 1.8% of 239Pu prediction ) 22 - N——
= Neutron flux and detection efficiency: )l.)ﬂ%% et
‘-\Q&&!
* Reference electron conversion lines “%@\: e  —
. . i ; j - & .
with know n-capture cross sections. e Lohengrin tube

,‘?:S\\\xl\%’ G:: ‘
* Different lines were used for the high % </L L

energy part of the electron spectrum

105 . .
The normalization of the ILL beta Erel 100 e B B0 & S
spectra include uncorrelated inputs that 095 T "f' .
could allow independent variations of 0S0H -
#*Uand #**Pu. 2 3 4 5 6 71 8 9 10
115|n(n’ ,Y)116m|n 113Cd(n,y)114Cd 207Pb(n, Y)208Pb
Courtesy of A. Letourneau 151n(n,y)16In  197Au(n,e-)'%8Au
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5 MeV Bump

» Still some experiments don’t see any bump

Positron energy, MeV

* Compatibility p-value between DB and Reno is below 7.107% (with free norm)
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Gamma calibration
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G. Mention et al., Phys.Lett. B773 (2017) 307-312
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Quest for Sterile Neutrinos

‘Solis ¥ DANSS

it -3 .
Prospect” ' - Neutrino4
B ﬁ ¥ Stereo ; o W4

> R
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[8.9-11.1] m from the ILL reactor core (France).
Compact (2 = 37 cm), with a 93% 23°U fuel, and
58.3 MW,, nominal power

Under a water channel (~*15 mwe overburden from

cosmics)

Look for spectra distortion in 6 identical target cells

filed with Gd-doped LS.

Gamma-catcher
outer crown filled
with liquid scintillator

(no Gd) 15m

Target

6 cells filled
with Gd-loaded
liquid scintillator

observed/expected events
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0.95

visible energy (MeV)
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Extensive shielding

' .l\ \ll Muon \IetO b

)
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Accurate monitoring of the detector
response via regular calibration runs

Counts (A.U.)

Data Calibration Coeff cell 5 (p.e / MeV)

MC-Data comparison for Mn@Cell6/z45 : BG removed
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— 20170222_135704
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nck
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e
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STEREO

= 75 of reactor ON acquired so far + ~25 days OFF

= About 20 000 v on disk

= Long reactor shutdown this year + detector maintenance
= Resuming data taking next month, more reactor OFF data to come
= Completion of the 300 days reactor ON expected in 2018-2019

:%3200 :___; ................... —— Correlated |
& | Rate of v candldates — Accidental

EE o
Sooiﬁlwﬂl']"lh?M'IW'I'{IMWI'"*I"W |
R

B ON OFF : ON
200 e E: -----------------------------------------------------------
B .~\o-o“~"

B ‘ : bowtou! e
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* Best Fit :
Exp. contour @ 95 % - Shape :
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I I 1 [T T 171 1 1
10" 1
sin?(26,,,,)
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NEOS

F ' ! g e 25 mfrom a 2.8 GW core, Hanbit-Korea
60 3 - .
I =0 e 350 kv, confirms the bump at 5 MeV
3 T 25 j  Comparison between one spectrum and
~ L = 4t -
S 40 5 % o one prediction in a narrow E band.
S | o 2f i
8 a0l N * 0.5% syst on E scale
n "l Neutrino Energy [MeV]
‘g "4 —+— Data signal (ON-OFF)
20 -
@ p —i— :)Aagz Se:;lii;?\tlx)nd (OFF) light guide Pb bricks .____ovzrﬂow buffer  plastic
1O —— MC3v (DayaBay) B ik [ Borated PE = gglibration access sciptilator
-.o-— :( VA
e e s
I (b) —+ NEOSH-M-V /i
& 1.1 Systematic total H+ +++ -
s i X PMT
3 ++ b gt H* ‘ | N I 5 mm PTFE reflector "
S 00 Yttt i { —TENE - >~
© | + ‘ | Mineral oil ——__
a d D
091 ‘ 3 l 0.5% Gd-LS
N 1 N 1 i 1 ! R - % 5
T T ¥ T y T T t ml ] 5
B (c) — NEOS/ayaBay N |
.g Systematic total / A | PMMA window\ \
k5
E 1.0 e L | P=
®
o — (1.73 V%, 0.050) \ /
----- (2.32 eV*, 0.142)
°-91' TR " . TR N Phys.Rev.Lett. 118 (2017) no.12, 121802
14-15/09/2017 Prompt Energy [MeV] LAUNCH 2017 - Heidelberg 31




NEOS

o2}
(=]
T I L]

= Prompt Energy [MeV]

Events /day/100 keV
w
o
|

-
o

—— Data signal (ON-OFF)

T e 25mfroma 2.8 GW core, Hanbit-Korea

- N W s OO~
T ™ T T T
1

Neutrino Energy [MeV]

e 350 kv, confirms the bump at 5 MeV

_ e Comparison between one spectrum and
. one prediction in a narrow E band.

| + 0.5%syston E scale

- 4= Data background (OFF) - < [ L ) e e L
..... MC 3v (H-M-V) [} | RAA allowed |
10~ —— MC 3v (Daya Bay) - ~5 90% CL |
- g 95% CL
il e e ! et 1 . -
: t T t T 1 T f T t t - 99% CL B

) (b) —— NEOS/H-M-V

'y
—

++{ 4 ho# ++++
T H *mﬂ#p* Hh

Data/Prediction
o

Systematic total “H{» +*+ +

Excluded _:
—— NEOS 90% CL -

— — Bugey-3 90% CL
....... Daya Bay 90% CLS

0.9~ 1 1 1 1 1 1 | i )
114C t T + T t T T T T ul
’ (C) —4— NEOS/Daya Bay B 7
g Systematic total |
k5 i -1
E 1.0 1"“-“.:'7'.7'-“.': 107°F [ 111 Loh ol 1 Lol
3 107 107 1
L ) sin’20
a — (1.73 eV, 0.050) 14
----- (2.32 eV*, 0.142)

osp O L T Phys.Rev.Lett. 118 (2017) no.12, 121802

14-15/09/2017 Prompt Energy [MeV] LAUNCH 2017 - Heidelberg 32



LA part of the DAQ
electronics

v
N
h= \L_—‘ne movabidiplatform

A pillar of the lifting gear

P _— Steol plates —__

Movable detector platform with 10.5-13 m baseline

5777 [ e e i Underneath the Kalinin 3GW WWER core
i b o
o //»;i ] * Highly segmented PS detector
| Xillodul ’//»‘/7’ * Ratio of spectra at # positions mitigating detector
E 7/ fjf/ systematics and being prediction free.
7 * Huge statistics (~5000/day) compensate for damped
S v signal at low E
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DANSS

DANSS preliminary
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n-capture on Li

Highly segmented detectors
Very discriminant n-capture: n + Li = o +t PROSPECT

LiF:ZnS |

SOLID
Data taking

Tyvek —» g expected by the
oo end of the year

Li-loaded LS

PSD for Cf in LIE)-309
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Non proliferation

* Synergy with the sterile search for the development of detection technics
close to surface.

* Rate and shape evolution of the detected neutrino spectrum nicely
confirmed by recent Daya Bay results.

2

S 105

-
Niche application: verification of 3 1.00
the disposition of military ¢
plutonium surplus in nuclear E 095
reactors by looking at the relative &
evolution of detected rates. 0.90

0.85— arXiv:1612.00540
| 1 1 1 1 1 |

1 1 1 1
0 100 200 300 400 500
Full Power Days
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Nucifer

Experimental nuclear reactor: Pth = 70 MW, enriched 235U fuel (20%)
12 m.w.e. overburden against cosmic rays, 7m from core

Large comic-rays and reactor induced backgrounds$
1m?3 of Gd-loaded LS from MPIK
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Neutrino Rate [/day]

Nucifer
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Use this quasi-pure 23°U run as an
anchor point

Simulate the operation of a MOx fuel
Nucifer would detect the presence of
1.5 kg of Pu with 95% C.L.
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Conclusion

0,5 as big as it could be, most precisely measured
mixing angle.

Paves the way for 0., and mass hierarchy
measurements

High precision physics of reactor neutrinos is
challenging nuclear databases!

Alive sterile v hypothesis is still alive in the context
of the observed rate deficit and spectral
distortions.

Running/Upcoming experiments should be able to
settle the important topic of eV sterile neutrino.



