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Reactor Neutrino Overview

CEA DSM Irfu T. Lasserre

“
= Electron antineutrinos emitted through Decays 10" .
of Fission Products of 235U, 238, 239py, 241py [ # of fissions 235U
1200 —238U
= Nuclear reactors : 1 GWy, < 2 10%° 7/s [
100 —239Pu
= Neutrino Luminosity : N; = (1 + k) Py, o ey
y: reactor constant i
k : fuel evolution correction up to 10% 6ol
= Common Detection Principle
= Inverse Beta-Decay reaction (0,,.,) 40
Ve +p—e" +n »ol- /
= Threshold 1.8 MeV. E, extend to 10 MeV s /
’-I | llll]lllllllllllll
. - - 00 100 200 300 400 500
= Measure anti-v, of interaction rate Time (days)
1 Pth 47TR2 meas <
n — N cOo meas. __
VT ArR2 (Ey) P T 9 1Pth
= Comparison of o; to prediction pred / qbpred E,)ov.a(E,)dE,
= -



eSS a New Reactor Antineutrino Spectra
= Accurate e- measurements, ILL reactor (1980-89):
= |rradiation of 23°U, 239Pu, ?4'Pu foils in intense n, flux from the ILL core
= High resolution magn. spectrometer, normalization uncertainty of 1.8%

= Thousands of 3-branches involved...

= From electron to neutrino spectra: need a conversion

* Old Method:
= Fit integral e~ spectrum with a sum of 30 effective B-branches
= Conversion of the effective branches to v spectra
= Effective correction on the v-spectra (A y)

= New Method (Phys. Rev. C83, 054615, 2011)
= Conversion with “true” distribution of B-branches reproducing >90%
of ILL e~ data + five effective branches to the remaining 10%

* Net 3% upward shift in energy-averaged neutrino fluxes with
respect to old v-spectrum for 235U, 233py, 241py

= Confirmed by an independent study: Phys. Rev. C 84, 024617 (2011)
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The ILL electron Data Anchorage

Unique reference to be met by any other measurement or calculation

uncertainty

= Accurate e measurements
@ ILL" (1980-89):

= High resolution magn.
spectrometer

» Intense and pure thermal
n spectrum from the core

= Extensive use of
reference internal

conversion electron lines
- Normalization (1.8%)
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- V-A cross section — Detected spectrum

. The pre-factor k (cm2MeV-2)

Computing the expected rate/spectrum

ool — /O Stor (B)ov-a(E)dE, =3 frole
k

- Inverse Beta Decay: v, +p — et +n

IIIII|I|I]6]IIIII
—— Emitted spectrum

—— Cross-section

UV—A(Ee) — ’ipeEe
(1 + 57’66 + 5wm + 5rad)

Arbitrary Units

- Can be related to neutron life time
-PDG 2010 t,, : kK = 0.956 10-42
- Evolution in 2011 k=0.961 1042

<t,> revision +0.5% - not yet included

E, (MeV)
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0 a Off-Equilibrium Effects.

* 10% of fission products have a B-decay life-time long enough to keep
accumulating after several days

= |[LL electron reference spectra : 12 hours to 1.8 days irradiation time

» Neutrino reactor experiments irradiation time >> months

- - Ao _I | T T T | T T T T I T T T T AN Il-T-T-'I'._.T'-.'I_-
= Correction included by default < Ex == e
in our new reference model I | S R o
c - R U K .
E 6 :_+' ....:L.'..'..'..X'.f.‘..'..'.ébr&;m?&‘? ......................................................................... _;
: S gt o ]
= Not included before CHOOZ N .
= _10; ............ il gt e MURE -1e4s | . 1
c i % .
R S -~ MURE - 12 h .
g 2[R ILLB.{| MURE - 36 =
m Re|ative Change Of V'SpeCtrum § 14— .............................. reactor.v...}. —;\E/:;J]Rli-le7s -
e . T . ° - : * -leds .
W.r.t. |nf|n|te irradiation time § 16 g ....................................................................... + B3-3h [ -
S ST S S % X [53]-1e7s | =
:l | ! | 1 | | 1 | | | | | | ] | | 1 | | | I:

20795 2 2.5 3 3.5

v kinetic energy (MeV)

Ve +p — e 4+ n reaction threshold
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The New Cross Section Per Fission "

= v-flux: 235U +2.5%, 23°Pu +3.1%, 24'"Pu +3.7%, 238U +9.8% (o;>¢? &)

= Off-equilibrium corrections included (o/ed &)

= Neutron lifetime decrease by a few % (0 &) ov.a(E,) x1/7,
= Negligible evolution of the phase space factor (o;Fe? =)

= Negligible evolution of the energy per fission per isotope (o°¢? =)

red 'red
= Burnup dependence: p Z fk f ored =)

old [31 new new/old
oY sy 6.39+1.9% 6.61+2.11% +3.4%
“New el 4.19+2.4% 4.34+2.45% +3.6%
Results:  gered 9.21+10% 10.1048.15%  +9.6%
T 5.73::2.1% 5.97+2.15%  +4.2%

= . B
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19 Experimental Results below 100m
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Measured cross sections are taken at their face values
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ey 19 Experimental Results Revisited (L<100m) .
9

Technology Baseline

Tn (8) | *>°U [***Pu| ***U |**'Pu| old | new |err(%) |corr(%) (CTm))

888.710.538|0.328 |0.078| 0.056 |0.987|0.942| 3.0 3.0 15
888.6 10.614|0.274 |0.074| 0.038 |0.985|0.940| 3.9 3.0 18

889 (0.538|0.328 (0.078|0.056 [0.988|0.946| 4.8 4.8 15
889 10.538|0.328 |0.078|0.056 [0.994/0.952| 4.9 4.8 40

Bugey-3-11

Bugey-3-IIT | °Li-LS | 889 |0.538|0.328(0.078|0.056 [0.915(0.876| 14.1 4.8 95
Goesgen-1 || “He+LS | 897 |0.620|0.274{0.074|0.042 [1.018|0.966| 6.5 6.0 38
Goesgen-11 || *He+LS | 897 [0.584|0.298 |0.068|0.050 |1.045|0.992| 6.5 6.0 45
Goesgen-II || He+LS | 897 [0.543|0.329 [0.070|0.058 [0.975|0.925| 7.6 6.0 65

ILL He+LS | 889 | ~1| — | — | — |0.832/0.802| 9.5 6.0 9

"He+PE | 899 | ~1| — | — | — [1.013]0.936| 5.8 4.9 33
He+PE | 899 | ~1| — | — | — [1.031]0.953| 20.3 4.9 92

Krasn. II

Krasn. III 899 | ~21 | — | — | — [0.989(0.947( 4.9 4.9 57
887 | ~1| — | — | — [0.987|0.952| 3.7 3.7 18
887 | ~1 | — | — | — [1.055]1.018| 3.8 3.7 24

898.8 10.607|0.277|0.074| 0.042 |0.969|0.917| 6.9 6.9 18
898.8 10.603|0.276 |0.076 | 0.045 {1.001 |0.948| 6.9 6.9 18
898.8 |0.606 | 0.277 |{0.074(0.043 {1.026 |0.972| 7.8 1.2 18
898.8 |0.557(0.313 |0.076 | 0.054 {1.013|0.959| 7.8 1.2 25
898.8 |0.606 | 0.274 {0.074 | 0.046 {0.990|0.938| 7.2 1.2 18

CEA DSM Irfu T. Lasserre 10 10



xy 19 Experimental Results Revisited (L<100m)
— @
Neutron lifetime, normalized to 885.7 s in our study (PDG2010)
# result Det. type 32U [*¥Pu| **U |**"Pu| old | new |err(%)|corr(%) | L(m)
1| Bugey-4 |*He+H,0|888.7|0.338/0.3280.078/0.056 0.987/0.942] 30 | 30 | 15
2 | ROVNO91 |*He+H,0 |888.6|0.614|0.2740.074/0.038 |0.985/0.940, 39 | 3.0 | 18
3| Bugey-3-1 | °Li-LS 0.538]0.328[0.0780.056 |0.988/0.946] 48 | 48 | 15
4| Bugey-3-II | SLi-LS 0.538|0.328 |0.078 | 0.056 |0.994/0.952] 4.9 | 4.8 | 40
5| Bugey-3-IIT | °Li-LS 0.538|0.328 |0.078|0.056 |0.915/0.876] 14.1 | 4.8 | 95
6 | Goesgen-1 | “He+LS 0.620]0.274(0.074/0.042|1.018/0.966| 6.5 | 6.0 | 38
7| Goesgen-1I | *He+LS 0.584| 0.298 |0.0680.050 |1.045/0.992| 6.5 | 6.0 | 45
8 | Goesgen-1I | “He+LS 0.543| 0.329 |0.070| 0.058 |0.975/0.925| 7.6 | 6.0 | 65
g ILL “He+LS ~1, — | — | — |0.832/0.802 95 6.0 9
10| Krasn. 1 | *He+PE ~1| — | — | — [1.013]/0936] 58 | 49 | 33
11| Krasn. II | *He+PE ~1| — | — | — |1.031/0.953] 203 | 4.9 | 92
12| Krasn. [I1 | *He+PE ~1| — | — | — 10.9830.947 49 49 | 57
13] SRPI Gd-LS ~1| — | — | — |0.987/0952] 37 | 3.7 | 18
14| SRPII Gd-LS ~1| — | — | — 11.055/1.018] 38 | 37 | 24
15| ROVNOS8-11| “He+PE 0.607|0.277/0.074/0.042[0.969/0917| 69 | 69 | 18
16| ROVNOS8-21 | “He+PE 0.603| 0.276 |0.076 | 0.045 |1.001/0.948) 69 | 69 | 18
17|ROVNO88-1S| Gd-LS 0.606| 0.277 |0.0740.043 |1.026/0.972] 7.8 | 7.2 | 18
18| ROVNOS88-2S| Gd-LS 0.557|0.313(0.076|0.054 |1.013/10.959| 7.8 | 7.2 | 25
13|ROVNOS88-3S| Gd-LS 0.606 0.274 (0.074|0.046 |0.990/0938; 7.2 | 7.2 | 18
o 9
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xy 19 Experimental Results Revisited (L<100m)
_— @
Averaged Fuel Composition
# result Det. type |7 (5)|/°U | °Pu| U old | new |err{%) corr(%)|L(m)
1| Bugey-4 |[*He+H,O 888.7[0.538/0.328/0.078/0.056 |0.987/0.942] 3.0 | 30 | 15
2 | ROVNO91 |*He+H,0|888.6|0.614|0.274 0.074|0.038 |0.985/0.940, 39 | 3.0 | 18
3| Bugey-3-1 | °Li-LS | 889 |0.538/0.328 [0.078]0.056 [0.988/0.946] 48 | 48 | 15
4| Bugey-3-1I | °Li-LS | 889 |0.538|0.328 0.078)0.056 [0.994/0.952] 4.9 | 48 | 40
5| Bugey-3-I1I | °Li-LS | 889 |0.538|0.328|0.078 | 0.056 [0.915/0.876| 14.1 | 4.8 | 95
6 | Goesgen-1 | “He+LS | 897 |0.620]0.274 0.074]0.042 [1.018/0.966] 6.5 | 6.0 | 38
7| Goesgen-11 | *He+LS | 897 |0.584|0.298 |0.068|0.050 [1.045/0.992] 6.5 | 6.0 | 45
8 | Goesgen-Il | “He+LS | 897 |0.543|0.329 0.070|0.058 [0.975/0.925| 76 | 6.0 | 65
g ILL *He+LS | 889 | ~1 | — | — | — |0.832/0.802] 9.5 6.0 9
10] Krasn.1 [*He+PE | 899 | ~1| — | — | — [Ji.0i3/0936] 58 | 49 | 33
11| Krasn. II |°He4+PE | 899 | ~1| — | — | — J1.031/0.953] 20.3 | 49 | 92
12| Krasn. IIl |*He+PE | 899 | ~1 | — | — | — |0.989 0.947| 49 49 | 57
13| SRPI Gd-LS [ 887 | ~1| — | — | — |Jo9s7[0.952] 3.7 | 3.7 | 18
14| SRPII Gd-LS | 887 | ~1| — | — | — |1.055/1.018] 38 | 3.7 | 24
15| ROVNOS88-11| “He+PE | 898.8|0.607| 0.277 |0.074]0.042 |0.969/0.917| 69 | 6.9 | 18
16| ROVNOS88-21 | “He+PE | 898.8|0.603| 0.276 |0.076|0.045 |1.001/0.948 69 | 6.9 | 18
17|ROVNOS88-1S| Gd-LS |898.8|0.606|0.277 |0.074|0.043 |1.026 0.972] 7.8 7.2 | 18
18| ROVNO88-2S| Gd-LS |898.8|0.557|0.313 0.076|0.054 J1.013/0.959| 7.8 7.2 | 25
19|ROVNOS88-3S| Gd-LS |898.8 \N606|0.274 0.074 0.Q§ﬁ40.990 0.938{ 7.2 7.2 | 18
= 9
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xy 19 Experimental Results Revisited (L<100m)
—_— wd
OBSERVED/PREDICTED ratios: OIQ NE{Vx (this work)
# result Det. type|m (s)| *°U corr(%) | L(m)
1| Bugey-4 |*He+H,0O | 888.7/0.538 30 | 15
2 | ROVNO91 |*He+H,0 888.6|0.614 30 | 18
3| Bugey-3-1 °Li-LS | 889 |0.538 48 | 15
4| Bugey-3-1II | °Li-LS | 889 |0.538 48 | 40
5| Bugey-3-II1 | °Li-LS | 889 |0.538 48 | 95
6 | Goesgen-1 | “He+LS | 897 |0.620 6.0 38
7 | Goesgen-11 | *He+LS | 897 |0.584 6.0 | 45
8 | Goesgen-11 | “He+LS | 897 |0.543 6.0 65
9 ILL SHe+LS | 889 | ~1 6.0 9
10/ Krasn. I | °*He+PE | 899 | ~1 49 | 33
11| Krasn. II | *He+PE | 899 | ~1 49 | 92
12| Krasn. III | *He+PE | 899 | ~1 49 | 57
13 SRP 1 Gd-LS | 887 [ ~1 3.7 | 18
14, SRPI1I Gd-LS | 887 | ~1 3.7 | 24
15| ROVNOS8R-11 | “He+PE |898.8 |0.607 6.9 | 18
16| ROVNOS8-21 | “He+PE | 898.8 |0.603 6.9 | 18
17|ROVNOS88-1S| Gd-LS |898.8|0.606 7.2 | 18
18| ROVNO88-2S| Gd-LS |898.8|0.557 7.2 | 25
19| ROVNOS88&-3S| Gd-LS |898.8|0.606 7.2 | 18
B x|

CEA DSM Irfu
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xy 19 Experimental Results Revisited (L<100m)
—_— wd
OBSERVED/PREDICTED ratios: OIQ NE{Vx (this work)
# result Det. type|m (s)| *°U corr(%) | L(m)
1| Bugey-4 |*He+H,0O | 888.7/0.538 30 | 15
2 | ROVNO91 |*He+H,0 888.6|0.614 30 | 18
3| Bugey-3-1 °Li-LS | 889 |0.538 48 | 15
4| Bugey-3-1II | °Li-LS | 889 |0.538 48 | 40
5| Bugey-3-II1 | °Li-LS | 889 |0.538 48 | 95
6 | Goesgen-1 | “He+LS | 897 |0.620 6.0 38
7 | Goesgen-11 | *He+LS | 897 |0.584 6.0 | 45
8 | Goesgen-11 | “He+LS | 897 |0.543 6.0 65
9 ILL SHe+LS | 889 | ~1 6.0 9
10/ Krasn. I | °*He+PE | 899 | ~1 49 | 33
11| Krasn. II | *He+PE | 899 | ~1 49 | 92
12| Krasn. III | *He+PE | 899 | ~1 49 | 57
13 SRP 1 Gd-LS | 887 [ ~1 3.7 | 18
14, SRPI1I Gd-LS | 887 | ~1 3.7 | 24
15| ROVNOS8R-11 | “He+PE |898.8 |0.607 6.9 | 18
16| ROVNOS8-21 | “He+PE | 898.8 |0.603 6.9 | 18
17|ROVNOS88-1S| Gd-LS |898.8|0.606 7.2 | 18
18| ROVNO88-2S| Gd-LS |898.8|0.557 7.2 | 25
19| ROVNOS88&-3S| Gd-LS |898.8|0.606 7.2 | 18
B x|
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Experiments correlation matrix

R

* Bugey-4 15m

= Rovno91 18m

* Bugey-3 15m

= Bugey-3 40m

* Bugey-3 92m

= Goesgen 38m

= Goesgen 45m

= Goesgen 65m

= [LL 9m

= Krasno 33m

= Krasno 92m

= Krasno 57m

= SRPI 18m

= SRP II 25m

= Rovno88 11 18m
= Rovno88 21 18 m
= Rovno88 1S 18m
= Rovno88 2S 25m
= Rovno88 3S 18m

o ditot.

2icor.

\ (in %) j
3.0 3.0
3.9 3.0
5.0 5.0
51 5.0
141 5.0
6.5 6.0
7.6 6.0
9.5 6.0
5.1 4.1
51 4.1
20.3 4.1
4.1 4.1
3.7 3.7
3.8 3.7
6.9 6.9
6.9 6.9
7.8 7.2
7.8 7.2
7.2 7.2

T O N P WIS 30 LI G TH CORUEY e |
D W ~ O M L W N - O

|

C (correlation matrix on Ratios)

2 3 4 5 B 7 8 9 10 11 12 13 14 15 16 17 18 19
- | .. D .I:‘. !fl'.l

8 —

0.8

0.8

D PN o A DN =

= Main pink color comes from the 2% systematic on ILL B-spectra normalization uncertainty
= The experiment block correlations come from identical detector, technology or neutrino source

CEA DSM Irfu
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0 The reactor antineutrino anomaly

1.2 1.4

T
0.94 :0.01 =0.07 X2 — ('r — f_{) W_l (’I“ — ﬁ)

0.96 +0.01 +0.07

ROVNOB88_3S
182m

ROVNOB88_2S [ Zi
252m

ROVNOB88_1S
182m

0.97 +0.01 =0.08 .
0.95 =0.01 +0.07 = Best fit for N

IN,,.: p=0.943

1
|
i:
|,
—
|
|
|
|
|
|

--1E-- sssssssnndunnn ennndunnngunnninnnnnsn

ROVNOB88_2| 5 obs’" “exp-"
f;(g\n{NOSS_‘II 0.92 +0.01 +0.06 = Uncertainty . 0.023
283I_:8{|r:]’1-ll P | e 1.02 +0.01 =0.04
SRP-I = =: 0.95 +0.01 +0.04
18.2m I
Krasnoyarsk-1l| { 0.95 +0.01 +0.05 . .
| = Straight-Line % = 19.6/19
gP)(zrsaanoyarsk-ll b : i 0.95 +0.19 =0.05
Krasnoyarsk-| | 0.94 +0.03 :0.06
33.0m I
élﬁlgm H——— I 0.80 +0.06 =+0.05 . D . t' f 't
g%%sgen-lll ! -: 0.93 =0.04 =0.06 eviation from uni y
- : —AJ—l—| + + o H .
aasoent i 0:99 0:02 =0.08 = Naive Gaussian : 99.3% C.L.
Goesgen-| -t i 0.97 +0.02 =0.06
Bugey 0.88 +0.12 +0.04 = Toy MC: 98.6% C.L. (1068 trials)
Bugey3 0.95 +0.01 +0.05

40.0'm
B3

0.95 +0.00 +0.05

RQVNO91 : 0.4 002 =003 | = No hidden covariance
Bugey-3/4 : - : 0.94 :0.00 :0.03
=TI Average : 0643 L0023 = 18% of Toy MC have 2 . <19.6
[ | | | [ | I [ | | [ | |
0.6 0.8 1 1.2 1.4

T. Lasserre
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€= " The reactor neutrino anomaly (rate only) "

= 18/19 Reactor-SBE : 6% deficit wrt the new prediction (CL: 98.6%)

= 3%: Reevaluation of Neutrino Emitted Fluxes

= 3%: Reevaluation of IDB cross section parameters, neutron
lifetime, accounting for off eq. effect

= Three alternatives:

= Improved but still incorrect reactor neutrino flux prediction
= Bias in all short-baseline experiments near reactors ...
= New physics at short baselines

= Mixing with a sterile v : a 4" oscillation mode

. 2
-> new parameters : 0,,,and Am?__,

CEADSM Irfu T. Lasserre 17 17



&

The 4" neutrino hypothesis

= Combine all rate measurements, no spectral-shape information
= Fit to anti-v_, disappearance hypothesis

Ve \ _ COSOpew  SINOnew 1

Vs N —sinbhew €OSOpew Vnew
Am?2_ L

Py (L, B) = |(ve(L)] ve(L = 0))]” = 1 = sin® (20ev,) sin® (%>

1 dof Ay? profile

10 T T T T T TTT T T T T TTTT T T T T TTT
] " [—90.00 %
% 5[ e / - |=——95.00 %
< E B / | |—99.00 %
10° —+——+++HH— IM'/ —-HHEerrpere s
& E 2 dof Ay contours ! ']O = 3
ar o -
. = |
10 A= (_:) =+ 4
~ . © & 12
o o T 18
e i z
=10, = S I3
R & + 12
g] L ded <‘\ 1°
10-:? = =
_;_ \l | Lo [ T

-
o
-
o
ol
sl
ol
E
-
o
Y
N
-
o
L
-
o
=)
a
N
g
o

- Absence of oscillations disfavored at 98.6% C.L.

CEA DSM Irfu T. Lasserre
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€2 . Spectral shape analysis of Bugey-3 .

» Bugey-3 spectral measurements at 15 m, 40 m, 90 m

= No-oscillation results : robust since it does not rely on reactor
spectra

» Best constraint from high statistics R=15m/40m ratio

0.2
015 ,L-_; | S I N T ol _— 1+ + || 0) 40m/15m
P
0.1 |
0.05 _IlIIII]II]III|IJJI|I]!1|IIlllIlJillllJliLlllIlJll
0 1 2 3 4 5 6 7 8 9 10
Epostion [ MeV ]
-> constraint included in our analysis
< o

CEA DSM lIrfu T. Lasserre 19



e " The 1981 ILL neutrino experiment

= Reactor at ILL with almost pure 23°U, with compact core

= Detector 8.76 m from core (possible bias not excluded)

» Reanalysis in 1995 by part of the collaboration to account for
overestimation of flux at ILL reactor by 10%... Affects the rate only

COUNTS | o ——
MeV h

1.0

\ =16V’ sin®26=0.3
0.5¢ \A2=2.4ev2, sin?28=0.3 7

% | 2 3 4 5 6
E+(MeV)

= Large errors, but a striking pattern is seen by eye ?

<
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&

Combined Reactor Rate+Shape contours

1 dof sz profile

CEA DSM Irfu T. Lasserre

10r- | ] T T Illl | ] K | lll| | ] 1T 110 4
- 1 |=—=90.00 %
"2 5 - |——95.00 %
z -~ 4 [==99.00 %
102: I { %;Iilil { = {%Il II/ ’ {{}{{E L I LI I 1
2E 2 dof a2 contoufs ! : ' ;
s X~ contou 5 =
4: ; :
2= Q a
1 =
10 .= 7 E3 E
Gl -1 Y
g = iF T :
L 1= 2
N’ e e
= 1008:— G*C\ud = = :M
~ £ 6F a2 3 = i8
£ g . =
= o 1 Best fit: sin220~0.1 7\
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=9 Reactor Neutrino Oscillation Physics (913).

*U+n, — X+Y — B —decays

1-2 km baseline

+
V.+p—>¢c" +n

Reactor core | Taraet rée H

Am’

atm

evHL )

P(ve —v.) =1-sin’(26,,)

= Straightforward oscillation formula : weak dependence on Am
= MeV electron antineutrinos : only disappearance experiments
= sin?(260,;) measurement independent of 3-CP

= sin?(260,,;) measurement independent of sign(Am2,,)

CEA DSM Irfu T. Lasserre

sin|1.27 +O(—=2L
( E nev) ) (Am2 )]

2)

‘clean’
> information

on 0,
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The conce pt from Lev Mikaelyan (Kurchatov, 20(@

1

0.8

£ 08 [

ar detector

>V

07 0.4 [

ector |

ar det

F

P(v,— v,) = 1-sin%(20,;)sin?(Am?;,L/4E)

Chooz Nuclear PoWer Sta_tidn
2 cores of 4.3 GW,, each

=4
CEADSM Irfu

T. Lasserre

Near detector
400 m

Far detector
1050 m

@
=

N (500 keV bins)

Far/Near Ratio {500 keV bins)
2
3
T
0

x3 e* spectrum
. = Far Detetector
. Stat. Errors
x
2000 x
1000 } ) -
0 i T - e
0 1 2 3 4 5 6 7 8 9 10
Eyis (MeV)
2 = -3 2
AmZ, = 3.0 10" eV

sin?(26,5)=0.12

T [TTTT
T |

HHT\__

Far/Near ratio

1 2 3 4 5 6 7 8 9 10
Eyis MeV)

3

©

@
T

0.85




Similar Detector Design.s

New 4-region large detector concept
from Double Chooz Coll. (2003)

Outer Veto: plastic scintillator strips (400 mm)

/ v-Target: 10,3 m? scintillator doped with 1g/l of Gd
compound in an acryclic vessel (8 mm)

V-Catcher: 22,3 m? scintillator in an acrylic
vessel (12 mm)

Buffer: 110 m3 of mineral oil in a stainless steel
vessel (3 mm) viewed by 390 PMTs

Inner Veto: 90m? of scintillator in a steel vessel
equipped with 78 PMTs

___ Veto Vessel (10mm) & Steel Shielding (150 mm)

@Imag'in IRFU .

CEA DSM lIrfu T. Lasserre 25
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Implication for 0,5 at 1-2 km baselines

= The choice of normalization is crucial for reactor experiments looking
for 6,; without near detector

oprednew : new prediction of the antineutrino fluxes
o2n° or gusey : experimental cross section > CHOOZ & Double Chooz Far

1.15 T T T T T T T I T T T T T T T T ' w I- T El T T T !N
&= & 3 3
b & Ex T ER 8 g
14 7 B 86 55 Eoag -
g% % g %ﬁ‘ &g 3 83
&8 e®E 8 & 358
1.05- T T T -~ -
I \
g 1 — A / N
z + 1 I
H 3 ‘ I o 1
o * )
%095 ¥ Ll e 7 1
z 4 - | e |
%’ | E - -— o
8 o9 i + - 4 : NEAR 7
T = blind analysis?  “
0.85_ = D - N
—— g2 FAR
Sty o 887 0..-zone
0.8~ 3 neutrino oscillation illustration 22 13 “
—— 4 neutrino oscillation illustration 207 S —
0‘75_ 1 1 L Il i ’1 i | 1 L I i Lot 'f'i Daya Bay’ Dlouble phOPZ’ lReno .
10° Nucifer (2012) .~ 10' 10° 10°
Distance to Reactor (m)

= A deficit observed at 1-2 km can either be induced by 0,, induced
oscillation BUT also by other explanations (experimental, biased-¢, ...)

CEA DSM Irfu T. Lasserre 26 26



Double Chooz Sites (France).

CEA DSM Irfu T. Lasserre 27



BiI France Germany Japan Russia _Spain UK USA

CBPF EKU Tlbingen INR RAS CIEMAT- Susse x U.Alabama
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First Double Chooz Results

Double Chooz

_— 700 I | I I I | | | 1 | | I | | | | I | | | I
> : Double Chooz preliminary :
= C —— Data N
- 1 | meeeee- No Oscillation s
o 6001 + — BestFit: sin?(20, ) = 0.085 -
= n ; N @ A m?, = 2.4e-3 eV? o
@ = # : | Lithium-9 s
= 200 _+_ . | Fastn -
u>J - - v, Accidentals s
400— —+— 100 days of data, 4121 candidates —
i + -
300 4= 4 =
200 - —
= '_Q" No neutrinos above 8 MeV  —
;# Constraint on fast-n & °Li  _|
i i £ FOOOPIARAIIHRX KA 1 p—. (s -
4 6 8 10 12

Energy [MeV]
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e .Next: Near Detector at 400 m from 2013 .

Towards a precise determination of 0,,
» 2 Reactors (Bkg Measurement)

= Comprehensive Calibration Devices

= Simple Site Configuration

Simulation: sin?26,, = 0.08

——

\

-

[e—
o
o

e —

rees)
N
o

S

Double Chooz

CEADSM Irfu
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) —
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0.1
sm3 2633
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Double Chooz / T2K Synergy

CEA DSM Irfu

0.,>0 ata 30 CL

Fr T T T T RNT T[T T g
) 1 ©
'\‘69%, 95%{3L (2doh ]

\ \ 1

| ] __ 3

/ // 15

/ p 18

/ / __ %

o/ 18

/ s

/ - E

I\ curves: T2K | %

shaded T2K+DCH 2

L P o :

01 02 03 04 05

.2

S1n 2913



The Gallium Neutrino
Anomaly

Based on PRD82 053005 (2010)

C. Giunti & M. Laveder



¢Sy The Gallium anomaly
@ 7

= 4 calibration runs with intense MCi neutrino sources:
= 2 runs at Gallex with a *'Cr source (750 keV v, emitter)
= 1 run at SAGE with a ®'Cr source
= 1 run at SAGE with a 3’Ar source ( 810 keV v_ emitter)

= All observed a deficit of neutrino interactions compared
to the expected activity. Hint of mixing with sterile neutrino?

= Our analysis for Gallex & Sage:

= Monte Carlo computing mean path lengths of neutrinos in Gallium tanks
= NEW : Correlate the 2 Gallex runs together & the 2 SAGE runs together

11851777

T
1.1+ —

yo! I ]

D .. | data ‘ i = Gallex-I

O

g+

()]

= 0.95 , b = Gallex-l|

~ 0.9— I —

o L _

o "t / - ﬁ = Sage-Cr

a O.BT :

M o075 |

& ~ Best fit T

S o —| u Sage'Ar

065 ‘G‘AILLéX1‘ — :GXALJLE*ZI ‘ ‘SlAleE-CrI - SA‘GXE‘-I‘\I' Correlation matrix

4 -
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The Gallium anomaly
» Effect reported in C. Giunti & M. Laveder in PRD82 053005 (2010)

1 dof Ay? profile

10r m
L ] |==90.00 % o
N s T 1 |—95.00 % PGOF: 27%
< = | —
N [ . 99.00 % 10 ————— ST T T T T T T Tl
) ] H — Gallex & Sage % , s
107, H gH — Reactor rates & Bugey-3 54 —
o[ 2 dof Ay contours H{ = = = Combined v -
4 a__ ‘\ sl
2 [ ’ =
\
10"} = &
oF = |
o 6— |
o o sl i@
= 10° = 7
) 8
c 6 4.— —
2F \ 3 el
-1 [~ ==1
107 ol ]
] 5 :
-2 i 1 1 ||||||| 1 Y Y I ||t||—
10 T e eTE T s eTE FR R 0 2 1 0
10'3 10'2 .y 10'1 100 52 10 10 0 o 10 10
sin (2enew) Ay sin’(29,.,)

= Significance reduced by additional correlations in our analysis
= No-oscillation hypothesis disfavored at 97.7% C.L.

= No significant tension between neutrino and antineutrino anomalies
o i
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Combination: reactor rates + shape + Galliu

m

10 ! | LA A | [ | ¥ LB ] | \ | I
- \ | |—190.00 %
N%e 5| \ 2| [=——95.00 %
- - - : 99.00 %
2| “ ;
10° F———————— R
sf- 2 dof Ay" contours :
4 -
1 Y o - -1
10 .= £ £ =
& ~] T ok
D - excl . 1a
- - a\'ea 18
Q at- 18
~ g 00 - "
N § :5 ] E 4<% g
5 H Experiment(s) sin’ (26uew) [|[Amiew| (eV?)|C.L. (%) T 1 &
Reactors (no ILL-S,R*)| 0.02-0.23 >0.2 98.6 &
s Gallium (G) 0.06-0.4 >0.3 97.7 M )
«1|  *MiniBooNE (M) — — 72.4
10 . ILL-S — — 68.2 = =
P R +G 0.05-0.22 >15 99.7 = 3
. R* +M 0.035-0.20 >0.4 98.5 o ]
R + ILL-S 0.02-0.20 >0.2 97.6 H -
al ALL 0.06-0.21 >15 99.8 i ]
-2 ‘
10 ;l_l :l5 iéé.{"l‘ll é 1 i;g;él.l iiéiél Lillg M TSR IENERE!
-3 a2 -1 o 0
10 107 50 10 100 5, 10
sin
(26 __.) AY
The no-oscillation hypothesis is disfavored at 99.8% CL
=

CEA DSM Irfu

T. Lasserre

* Miniboone re-analysis of : C. Giunti, M. Laveder, Phys. Rev. D82 (2010) 053005
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Need for new exp

erimental inputs !

1-1 LR | LI | - - T TEITTH : : ST ITEETTH L] | LR |
New reactor v flux
arXiv:1101.2663
I L =
g
0.9 R
I Lse [m] / \;hoscﬂlatlonl
tim — : T 6, mixing angle
optim 9 § < 12 g ang -
_ o v—oscillation ?
10 Eg, [MeV]2 s 6,, mixing angle
Am2 . [eV] o 08 1 Double Chooz
L
Z =3
“w _
@
O o7L% >
< Terra Incognita Reactor
4™ neutrino 222 Antineutrino
Anomaly
arXiv:1101.2755
06|
Physics scenarios
3 active v + 1 sterile v (new)
05|~ = —3active v :
= Data :
IIIII l|lll 1 1 lIV'|l 1 Illl III Ili 131
107 10° 10' 10° 10° 10' 10° 10

¢l

CULEA DOV ITIU

T. Lasserre

Distance to Reactor (m)
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A proposed search for a
fourth neutrino with a
PBqg anti-neutrino source

M. Cribier, M. Fechner, T. Lasserre*,
D. Lhuillier, A. Letourneau, G. Mention
D. Franco, S. Schoenert, V. Kornoukhov

Phys. Rev. Lett. 107, 201801 (2011)
arXiv:1107.2335



The Concept




The Concept
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G0 " A Unambiguous Proof of v, & v, Oscillation "

2
d—N(R,t) o —A(t)2 x<0>xN x 47R xP__ _AmR
dR 4nR” P (E)

950 e —————

| L no-oscillation|
-~ no oscillation " s |
m : — Am=2 eV H
- \‘ - = A m=4 eV? [
, -=-Am=Bev’ |

900!

850
sin2(26,,,)=0.1

144Ce (50 kCi—1y)
Neutrino Generator

IDB interactions in 10cm radius bins

AnallyS|s Egergy Region

| 17 ] [ 1 | Ll 11 ] [ [ 1 ] 1 |
1m 2 3 4 5 6
Detector .
Center Radius R (m)
/J.
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= o Why not a neutrino source ?

P
= A strong 3’Ar 1 Mci v source at the center of a large LS detector
» Elastic scattering on e~ (few 10000 evts, 150 days, E>250 keV)
= Ultimate Backgrounds: ’Be Solar Neutrinos !
2 P e e e - T N — T T T T T T
~ Simulated Data with osc | ] ! |
— Simulated Data without osc . .
== vand Be-7 solar v backgrounds no-oscillation
= = =1 MCI source signal with osc
Y oscillation
i i I (1 Mci
a00 signal (1 Mci)
I
v —— r’,~~
> 3007 Am2,. =2 eV? &sin?(28,,,)=0.1 iy
T :~~_—"¢__~s\~-“"—--\\ f'-/’/“N/“'
source induced 200|— :‘\
backgrounds I -
(internal \:\)\\f\. o 7Be solar
breemstrahlung, 100/ \\\f e neutrino
no impurities) S } background
0_1.1 [ |\TT'~1~<4,_]_J_|_| IJ [ N | l I | | |
1 1.5 2 25 3 3.5 4
Radius R (m)
v source Need >5 Mci 3’Ar source — Feasibility in question
o o
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Nuclear Spent Fuel Induced anti-v,

= Antineutrino detection via the inverse beta-decay
= High cross section (1043 cm?) - from MCi to kCi !
= Antineutrino must have E >1.8 MeV
» Long Lifetime for production, transport and measurement

= V Source must involve a long-lived low-Q nucleus that decays
to a short-lived high-Q nucleus

» 90Gr_90Y , 144Ce-144Pr , 106Ry-106Rb ’ 42 A r42K

= Detection : anti-v, + p 2 e* + n (KamLAND, Double Chooz)
e*-n delayed coincidence - background free experiment

CEA DSM Irfu T. Lasserre
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Best Candidate: 144Ce-144Pr

CEADSM Irfu

1 %
R-<2301keV

1 %

R- < 2996 keV
97.9 %

144N4

43



& o Neutrino Signal of 144Pr (50 kCi ) .

= Antineutrino emitter :44Pr (Half-life : 0.78 y)

= 48.75 % of antineutrinos emitted above IBD threshold

| | | ¢ | | useful part of
o5+ ,,,,,,,,,,,,,, ,,,,,,,,,,,, NN ............ thespectrum
oaf e e D -
: . . o
: : ‘ <
()
| ; E | |
" 03F TRy £ TR R T S BN e _
a : : ‘ 8 t : :
o a
: . . 1]
02F .............. ............... S g ...................................... .
. . Q
o
: : z : :
o1+ /- SRERTEREERTRRRY SRR ERRRREY L - 7 R R LSV IIREERTRES R
0 |
0 3

Neutrino Energy (MeV)
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The Cerium Compact Source

= 50 kCi source (1.85 PBq)

= Assuming a spent fuel cooling time of 3 years

= Composition (material in form of CeQ,)
= 144Ce: 0.010%
= 142Ce: 49.995%
= 140Ce: 49.995%

= p(Ce0,) =6.7 glcm*> R =3.8cm

source
= 15 g #4Ce > about 1.5 kg of CeO,
» Heat release = 380 Watt - Passive Cooling Only

= Suitable for meter scale neutrino oscillation length search

CEA DSM Irfu T. Lasserre
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G o Nuclear Spent Fuel

»= Fuel in N4-reactors (EDF N4-Type) R
= 120 tons of UO, Py,
= 235U = 3.45% : 3.60 tons e

= 205 fuel assembly
= 264 rods per assembly
m 272 "pellets” per rods

= 1 ton of VVR-440 spent fuel
» Burnup of 40 GW*days/t
= Fission Products: 44 kg
= 15 kg of Rare Earth (RE)
" Ce~25% -2 ~4 kg

= 15 g of 144Ce =1.5 kg of Ce
- 400 kg spent fuel need

- 1 fuel assembly needed !

CEA DSM Irfu T. Lasserre 46




144Ce-144Pr: Production

~ 400 kg of Spent Nuclear Fuel
U

Purex process (removal of U, Np and Pu)

U

Evaporation

J

Concentration of Ce with oxalate precipitation
(REE and TPE concentrate)

U

Extraction procedure

(recovery of light REE: La, Ce, Pr, Nd (partly))

U
Chromatography purification (recovery of 15 g Ce)

!
precipitation : CeO,

CEA DSM Irfu T. Lasserre
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=9 . 144Ce-144Pr: Purification

= Technology & Productivity:
= Complexing agent displacement chromatography
= 10 +12 kg of Rare Earth per cycle
= Content of Ce element ~ 25%

= Ratio of *4Ce/Ce element is strongly depended on:
= Cooling time
= Fuel burning
= 1:100 for 3 years old fuel

= Purification
= Content of any others RE (y-emitters) in Ce < 10°
= Content of Pu and any TPE (n emitters) in Ce < 1010

J

CEA DSM Irfu T. Lasserre
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0 o _Gamma Backgrounds of 144Ce-14Pr (i) .
= v rays produced by the decay through excited states of 14Pr

= Intensity y>1 MeV = Intensity y>2 MeV
= 1380 keV - 0.007 % = 2185 keV - 0.7 %

= 1489 keV - 0.3 % (1079 y/sec for 50 kCi source)

17.286 m
Iq— D)
144 ~ S
5G PF 5335\’%?'?
Q, =2997.5 AR &
ares o v » & 14
o ':90 rEe, & 9 Q Dt
0.0003% 52, 00 SUSIS X SQon o YT 274285
0.000=7% B0 0RO TSNS LY enonl,Y  an. /267533
0.00015% EXD ) -«c;'»—:'i:\_—.ggg‘&:.g_—,{v,@ — 265478
- AT e M o = 0
w ", P o )
-0.000054% _ <104° {24+ 0 SHSl N ag QF @ 238823
- o - FEFFL - — o
1.05% EDGE RAAEF I AT N 2185682
D007 % g7, UF - o 7 ka 208445
0. 0008 2% o (A= ASAS ~ é?— W 207274
) .
S S
0.0014% 10.90, 2+ | oo LOF 1580.91
> = A = 151053
= S - N RE; & 131488 540
1 .9 -
| °
LS
1 R
1.04% g2 2% Jlw ] ! ~ BIB.513 4= oo
v i Elps
i
1
1
1
|
27.5% A5 0% Y ) ] 229"10’5‘:‘}
144
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= 144Ce Electron — Nucleus Bremsstrahlung in the cerium

—>emission of gamma photons

* Bremsstrahlung Modelization
Thick Cerium Target
» Semi-analytical approach

~—

using Koch & Motz (1959) %
= Full GEANT4 Simulation ;{7
» #photons escaping the Ce : §

= E>0.9 MeV : 6.5 10-3 /decay
= E>2.0 MeV : 10 /decay

= Background less Critical witt.

1

Rremmeactrahliinn Gamma Snectriim in Ma\/™' erm™

1

Rremmeactrahliinn Gamma Snectriim in Ma\/™' erm™

1

1

Bremmsstrahlung Gamma Spectrum in MeV~"' cm™

1

0 o _Gamma Backgrounds of '**Ce-'*Pr (ii) o

10 E\ B

\‘\1

\\}\\[\‘t*

-3

\\1\\I\‘t\\

f

1 1111111‘ 1 1111111‘ 1 1111111‘ 1 1111111‘ [

10
0 0.5 1 1.5 2

Electron Energy (MeV)

IV\JP\IVU L 4 x l“’o .Jl W W

by the decay through excited states of 144Pr
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0 o _Gamma Backgrounds of '**Ce-'*Pr (ii) o

= 144Ce Electron — Nucleus Bremsstrahlung in the cerium
—>emission of gamma photons

> i 3
© 1
S ST SO —
z ' 3 = Bremsstrahlung Modelization in
- S I _| Thick Cerium Target
> | > = Semi-analytical approach
2 o N using Koch & Motz (1959)
g i E = GEANT4 Simulation (Franco)
E :
e S EE T ST EOSST S ]
o : =
© 1 = #photons escaping the Ce

rialayed srergy i — = E>0.9 MeV : <6.5 103 /decay

| E>20MeV S = E>2.0 MeV : <10+ /decay

___________________________________________________________________ A
| . . E:
2000 7500 3000
Energy [keV]

= Background less Critical with respect to y rays produced
by the decay through excited states of 144Pr

CEA DSM Irfu T. Lasserre o1
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Neutron Background: 244Cm

= 18.1 y half-life

= in Spent Fuel 5 g of 24Cm
for 100 g of #4Ce

= Spontaneous fission
- branching fraction: 1.3 106
- 3.5 MBq for 1.85 Pbq #4Ce

= Mayak Facility in Russia

- Rare Earth Recovery Chain

- Content of Pu and any Trans-
Plutonians (n emitters) in Ce < 10-10
->Bkg <3104 Bq ...

» Different w.r.t with http://arxiv.org/pdf/
1109.6036 estimation

=4

CEA DSM Irfu T. Lasserre

Half-life

Yield of isotope,

»

Half-life (spontaneous g/ton,
Isotope (a - decay), fission), cooling time of
years years spent nuclear fuel -
3 years
Plutonium
[ Bpy 87.34 4771010 75
289py 2.41-104 7.810% 5.510°
uopy 6.57-103 115101 1.98-103
Aipy 14.4 >3:10% 1.25.109
Wipy 3.75-10% 6.84-10'0 37102
Americium
UiAm 433 - 101 240
WA 152 8.8-101 0.26
[ Am 737103 335108 70
Curium
ACm 162.8 days - 6.1.106 ~ 4109
#43Cm 28.5 5.37-10" -0.15
2MCm 18.11 1.37107 21.3
A5Cm 8.5:10% 1.39-107 ~
WCm 4710° 18107 =01
#5Cm 34108 4.1.100 1.7.10°%
Californium
[ Bgr EX L7100 2.210%
Bt 2.638 85.38 40108

Thanks to V. Kornoukhov

52



0 " The Shielding (asin PRL 107, 201801, 2011) "

Designed to shield gamma rays only

Holder &
Cold Finger

R=4 cm
1.5 kg of Cerium

R=33 cm
Tungstene

R=2 cm
Ultrapure Copper

mass = 3.7 tons
diameter = 82 cm

CEA DSM Irfu T. Lasserre
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Shielding For Gamma Ray Attenuatlon.
» GEANT4 simulation of the 50 kCi Ce source + shielding
Name Radius Material Density
Source R<4cm CeO2 7.65 g/cm3
144Ce: 0.010%

— 142Ce: 49.995% AN
S 140Ce: 49.995%
C
© | Densimet 4cm<R<37cm | W: 98.50% 18.8 g/cm3
- Fe: 0.75% (A= 1.25 cm for <7
o Ni: 0.75% 2.185 MeV v)

Copper 37cm<R<39cm |Cu 8.94 g/cm3 &

Scintillator 39 cm <R <300 cm | CgH12 0.882 g/cm3 <

= v suppression factor S for one '#4Pr beta decay:
33 cm Densimet : S;=2.10-13 & 2 cm Copper : S.=0.66

= Total rate in LS is 260 Hz (160 Hz for E>900 keV)

= After 1 m of LS: 3 Hz for E>900 keV & 0.75 Hz for E>2 MeV

/4.

CEA DSM Irfu

T. Lasserre
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= Expected Signal : 40 000 evts/year 2> 1 mHz

* Inverse Beta Decay Delayed Coincidence Signature
= Cuts: Ejrompt > 0.9 MeV, Eygppyeq > 2.0 MeV, At<772 s
= A cut on AV<10 m3 could further decrease backgrounds

= Any of the #4Pr exited states photons, or Bremsstrahlung photons or
shielding backgrounds can account for either the prompt or delayed
event, depending on their energy

= After 1 m of LS
= R =25HzR

= 0.6 Hz & R, = 1 mHz (S/B=1)

prompt delayed

= After 1.5 m of LS & R,__ = 2 102 mHz (S/B=100)

= Note: 3 cm W leads - Source backgrounds divided by 10

o

CEA DSM Irfu T. Lasserre

50 kCi '**Ce-'**Pr Source Background _
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The Shielding Intrinsic Background

= Background induced by intrinsic contamination in Densimet (W)
* The contamination in measured by the GERDA collaboration:

= 2381J: 180+£20 mBqg/kg 232Th: 7020 mBag/kg

= 60Co: 7+2 mBq/kg 40K: <57mBqg/kg

» GEANT4 simulation: Isotopes generated uniformly in the W volume

Isotope Rate Rate Rate
[Hz] E > 900 keV E > 900 Hz
[Hz] R>139cm
[Hz]
238 126 +2.1 53+09 (7.4 £1.2)x102
S | 221h 6.2+1.8 2.6+0.7 (6.0 +1.7)x102
c
L‘LE 60Co 0.8+0.2 0.4+0.1 (3.3 +0.9)x103
d 40K <0.44 <0.23 <2.5x103
187Cs <0.01 0 0
Total 196 2.8 83+1.2 (13.7 £ 2.1)x102

1 order magnitude less than the #*Pr induced background

CEA DSM Irfu T. Lasserre

56



G o Other Backgrounds

» Detector Backgrounds
» Accidentals, Fast neutrons, y-induced isotopes °Li & 8He
» Measured in situ in KamLAND and Borexino:
* 0.14+0.02 counts/ day/100 tons
» WWe increase it to 10 counts/day/100 tons in our simulation

» Geologic neutrinos
» Decay of radioactive isotopes of uranium or thorium in Earth
= Few events per year in 100 ton in KamLAND and Borexino

= Reactor neutrinos
» Decays of the fission products in the nuclear cores
» Measured in KamLAND : 10 events per 100 ton (E<3 MeV)

= Qur Simulation: Detector + Geoneutrinos + Reactors
- 20 events per 100 ton per year
- Scales with R2 in concentric AR bins

CEA DSM Irfu T. Lasserre
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G0 Background Summary

| | [ [ | | I T T T T T T T T T T T T T T
= |BD Signal

Backgrounds (33cm W, 2cm Cu)

Event rate (in 10 cm radius bins)

A
Oo
A

Radius R (m)
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A Neutrino Picture in the (R,E) Plane !

>
d>N(R,E,)
dRdE,

le
:Ao-n-o(EL,)-S(E,,)-P(R,EU)/ e_t/Tdt,
0 o

-t
= o (o] o
o o o o
/ / / /

N
o
/

N in [10cm R, 100keV] bin

oo
y
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Expected Sensitivity

* Inputs:
= 50 kCi %4Ce-144Pr source running for 1 yr
(decrease in the source activity over 1 year : 66%)
» 33cm W + 2 cm Cu Shield
» Using events between 1.5 and 6 m - background free

» Detector Parameters:
» 15 cm vertex resolution & 5% energy resolution

= ¥2 analysis using R (i) & E (j) information:

2_22[ _(1 )exp“+(i)

eXp ( 1+ o exp ON

= gy, : Normalization error of 1% for the source activity uncertainty
= 0y, : Fully uncorrelated systematic error of 2% for:
» fiducial volume uncertainty (1%) in a calibrated detector

= analysis detection efficiencies uncertainties (sub-%)

2

CEA DSM Irfu T. Lasserre
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G0 " Decisive Test Of the Reactor Anomaly

= S ame as. solld curve but shape only ......... RUUUUE T ..... » . ‘ _
_:l Reactor v anomaly, PRD 83 073006 (2011), 95% CL .~~~ |

,| (] Reactor v anomaly, PRD 83 073|006 (2011), 90% CL
- | 1 1 | |

IR

-2 -1 0

10 10 sin?20__ ) 10
new

10
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144Ce-144Pr Proposal "

3 Suitable Detectors (may necessitate some upgrades)

Inner Detector

Liquid
Scintilaltor

Plastic
Balloon ™———

Mineral
Oil

~

PMT —]

+ internal initiative
by BorexinolCoIIaboration

7 l Strumento ey | e
200 fotomeltplicaton

(w0 J'outemol
Corow povtantt

......

= & >X4) 2]

CEA DSM Irfu

a 50 kCi 44Ce-"44Pr source

Another recent proposal : a 500 kCi 144Ce-'44Pr source in Daya Bay

(D.A. Dwyer et al., http://arxiv.org/pdf/1109.6036 )
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e=9 . Conclusion and perspectives .

= Reactor Antineutrino Anomaly + Gallium Anomaly
= Phys. Rev. C83 054615 (2011) & Phys. Rev. D 83, 073006 (2011)
= Still some unknown in reactor neutrino spectra
= 4t v hypothesis (Am? = eV?): no-oscillation disfavored at 3o

= Other Anomalies : LSND & Cosmology
= A strong physics case : New experiments are needed !
= Already several project (CERN, Fermilab, Sources, Reactors, ...)

= A proposed search for a 4t neutrino with a 50 kCi anti-v source

=15 g of 144Ce-144Pr encapsulated in a W/Cu shield deployed in a
large liquid scintillator detector (PRL 107, 201801, 2011)

* The best discovery potential testing the reactor antineutrino
anomaly range of parameters

= KamLAND would be perfectly suited for such an experiment!

CEA DSM Irfu T. Lasserre 63 63
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0 . ILL data: conversion to v spectra .

» Fit e- spectrum with a sum of 30 effective branches
= Conversion of the effective branches to v spectra

FER" i

ik
10 w';
0% w‘;

10%E 10";

104k 104

7 8 39
Kinefic energy (MaV)

7T 8 O
Kinetic energy (M2V)

~10
S
= All theory included in these effective branches but: = sf
utJ 6 :_ - Conversion
. - Normalization
- What Z? : Mean fit on nuclear data Z=f(EO0) 4 B Normatzae
Z(E,)~49.5-0.7E, -009E;, Z=34 2
0
. . 2
- What A, ? : effective correction on the v-spectra W
DNSY(E )=~0.65x (E, -4MeV) % N .
: Stack of quadratic
8 sum of 235U errors

= Conversion error from envelop of numerical studies b0 ... ........;00i0000)

v Kinetic E (Mev)
o i
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eS9

The Full Ab Initio Attempt (electron data)

- MURE evolution code: core composition and off equilibrium effects
- BESTIOLE code: build up database of ~800 nuclei and 10000 3-branches

(abinitio - ILL ref) / ILL ref

Residues w.r.t. reference ILL e- data

o
w

o
\e}
T

o
—_

______

6 7 8
Kinetic energy (MeV)

particle / fission / MeV

—
Q
— —
|||”|| T IIIIIIII T |||||||| T |||||||| TTTTTTH

—
o
N

—
(@)
&

New 238U spectrum prediction

[N

II1Ill| | IIIIIII| 1 IIIIIII| 1 IIIIIII|

Vv
Cc
1 I 1 l 11 ] 11 | l L1 1 I | T I | I T - I
1 2 3 4 5 6 7 8
Kinetic energy (MeV)

- 95+/-5% of the spectrum reproduced but still not meeting required precision
- Useful estimate of 238U spectrum which couldn’t be measured @ ILL
- Measurement at FRMII ongoing (N. Haag & K Schreckenbach)

CEADSM Irfu

T. Lasserre



=9 . The New Mixed Conversion Approach .

1. SAME ILL e- data Anchorage
2. Ab-Initio: “true” distribution of B-branches reproduces >90% of ILL e- data.
3. Old-procedure: five effective anchorage-branches to the remaining 10%.

th_) _l T i "@ 0.1_| T T T 7T T T T 7 T T T 7 T T T T T I2I3lS| T T T T
= . [ i U |1
il AN Fltted_ EI 008_ .......................................................................................................................................... -
=~ f y = 008 ]
S 0.8 - % -
— » N 9 L
3 1 I o008}
o 1 2 1
o 0.6 N - i
- i initi \ S 0.04
- Built ab initio 1 g 00%
0.4 1 & 7
B 1 & 0.02-
02 285 \ of
0_[ 1 1 1 l 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I_ } —I L | L | L | L | L | L |—'
2 3 4 5 6 7 8 0.022 3 4 5 6 7 8

Kinetiz energy (Ma} v kinetic energy (MeV)

» +3% normalization shift with respect to old v spectrum
= Similar result for all isotopes (23°U, 23%Pu, 241Pu)
= Stringent Test Performed — Origin of the bias identified
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ROVNO-88 (5 measurements, Sov Phys JETP67, 1988)

top view

Rovno, Russia, VVER, 1983-1986
Technology

» [ntegral detector with PE target containing
3He counters, only neutrons are detected

= Liquid Scintillator detector

Baselines
= 18m&25m
Typical fuel composition:
60.7% 23°U, 27.7% 23%Pu, 7.4% 238U, 4.2% 2*'Pu,
Uncertainties:
= gtatistics: < 0.9%
= gsystematics: 7- 8%

//////’/////////////

%“«Lx‘h “““ ‘

Correlated with:
= Rovno91 (integral measurement only), ’ \
= Bugey-4

= with each other
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ROVNO-91 (JETP Lett., 54, 1991, 253) "

top view
Rovno, Russia, VVER, late 80’s

Technology:

= Upgraded integral detector : water target

containing *He counters, only neutrons are
detected

Baselines
= 18 m
Fuel composition:
61.4% 235U, 27.4% 23%Pu, 7.4% 238U, 3.8% **'Pu
Uncertainties:

= statistics: <1%

= systematics: 3.8%
Correlated with:

= Bugey-4 (same detector)
= Rovno-88

INTTTTLY

Distilled water
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Bugey-4 (phys. Lett. B338, 383, 1994)

Bugey, France, PWR, early 1990s
Technology:

» Integral detector : water target containing
3He counters, only neutrons are detected

Baseline
= 15m
Fuel composition:

53.8% 2°U, 32.8% %*°Pu, 7.8% 238U, 5.6% 2*'Pu

Uncertainties:

= statistics: 0.04%

= systematics: 3% (most precise exp.)
Correlated with:

= ROVNO-91 (same detector)

= ROVNO-88 (50% arb.)

Experimental cross section used to
normalize the CHOOZ experiment result

CEA DSM Irfu

NETTTTLE

Distilled water
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" Bugey-3 (3 measurements, Nucl Phys B434, 504, 1995) "

Bugey, France, PWR, 80’s
Technology

= 6Lj-LS segmented 2
Fuel composition typical of PWR il e
53.8% 235U, 32.8% ' —
239Pu, 7.8% 228U 5.6% 2*'Pu
Baselines

* 14 m,42 mand 95 m:
Uncertainties:

= statistics: 0.4%, 1.0%, 13.2%

= systematics: 5.0%

Correlated with
= each other

Stringent shape distortion analysis
disfavoring sub-eV? oscillations
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Goesgen (3 measurements, Phys Rev D34, 2621, 1986)

GoOsgen PWR, Switzerland, 1981-1984

Technology:

liquid scintillator segmented detector + |
3He counters for neutron capture

Baselines:

37.9m, 45.9m, 64.7m
3 fuel compositions. Typical:

NN

lllll
"

i %

CONCRETE STEEL EZ3 ;0

61.9% 23%U, 27.2% 239Pu, 6.7% 238U, 4.2% %*'Pu
Uncertainties:

Correlated with

statistics: 2.4%, 2.4%, 4.7%
systematics: 6.0%

ILL (same detector)

each other

CEA DSM Irfu

Detection principle Detector assembly

30 liguid scintillator cells
1N\

n
ﬂ e

NE 235C 3he

-
;
A

~N N
Liquid  Multiwire 4 3He MWPC
Scintillator cells Proportional
Chamber
-
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=9 ILL-v (Phys Rev D24, 1981, 1097)

= |LL, Research Reactor, Grenoble, 80-81
= Technology:

= Liquid scintillator segmented detector +
3He counters for neutron capture

= Baselines
= 8.76 (15) m
= Fuel composition:

= almost pure 235U [ fmbrele —

= Uncertainties: A

» N RN aeY)

= statistics: 3.5% %\ Velo N\ 7%

= systematics: 8.9% : \\\/

= Correlated with: e —] i%
= Goesgen e &/ |

Chambers g

= Data reanalyzed in 1995 by sub-group of 7 i\/

collaboration to correct +10% upward shifto  osm / \%

in reactor power (underestimated for 10 y) ///// 0 /////

- o
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el .Krasnoyarsk (3 measurements, G.S. Vidyakin et al., JETP. 93, 198;)

= Krasnoyarsk research reactor, Russia
= Technology:

= Integral detector filled with PE+ 3He
counters

= Baselines:
= 33 m, 92 m from 2 reactors (1987)
= 57.3 mfrom 2 reactors (1994)
= Fuel composition:
=  mainly 23°U
= Uncertainties (33 m, 57 m, 92 m):
= gtatistics: 3.6%, 1%, 19.9%
» systematics: 4.8% to 5.5% (corr)

= Correlated with:

= each other
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Savannah River Plant (2 measurements, PRD53, 6054, 1996)

Savannah River, USA, long standing program

initiated by F. Reines. Only the last two results

are included in our work.
Technology:

= Liquid scintillator doped with 0.5% Gd
Baseline

= 18.2mand 23.8 m
Fuel composition:

= Difference with pure 23°U below 1.5%
Uncertainties:

= statistics: 0.6% and 1.0%: 3.7%

= systematics:
Correlated with:

= each other,

= but the two results are is slight tension

CEA DSM Irfu
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The Baksan Proposal (arxiv:1006.2103)

= New Gallium Experiment |
(well known technology) - rE L1
=Zone 1:8t — m’““m’f“g—‘c
=Zone 2:42t B o
8
= Source '8
= %1Cr - 3 Mci [l
= 50 days irradiation in :
research reactor SM3 )
= Well known Backgounds _ T
= Solar neutrinos TN NS
= Partial sensitivity to the =i
reactor anomaly I I P
< '
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. The Daya Bay Proposal

= D. Dwyer et al. Arxiv:1109.6036

* Proposal based on M. Cribier et al., Arxiv:1107.2335

= 500 kCi '*4Ce-1*Pr source in the Daya Bay FD Pool
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" The Borexino Proposal

» Significant Effort

= Sources
« 31Cr - >5 MCi
= 0§y — Spent Fuel
= 144Ce — Spent Fuel

= Gallex >'Cr still
available in Saclay

= 3 Locations

= A - Pit
= B — Water Buffer
= C — Center
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