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Reactor (anti)neutrinos anomalies

In nuclear reactors, v, emitted from the 8 decay of fission fragments
» Research reactors Highly Enriched in Uranium (HEU) : pure 235U fuel
» Commercial reactors Lowly Enriched in Uranium (LEU) : mixed 23>U, 238U, 23°Pu, 241Puy fuel
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~10% spectral disortion w.r.t. Huber-Mueller prediction.  ~6% global rate deficit at short-baseline w.r.t. Huber-Mueller prediction.
Nature Physics 16, pp. 558-564 (2020) Progress in Particle and Nuclear Physics 111, 103736 (2020)

Biased prediction or new physics ? 2



Rate anomaly and sterile neutrino

Short-baseline deficit < Signature of a new oscillation ?
PRD 83, 073006 (2011)

Ve V1
v“ = 3+ 1 . vz 10 T T T TTT I1ITOf \/zlprolfllel T TTTT | T T T TTTTT
v, PMNS * | v, : [ | [—90.00 %
N B 1 —
Vg vy % 5 N / L 95.00 %
= N\ f - 99.00 %
UL LLIL LR AL B B R R R LL B R URRRLLL I R L AL 1025; e Bl AN RS LR a E
-3 i 2 - . . . ] ef 2 dof Ay? contours =+ ]
B L — 0\()1 l [ RAA oscillation best fit — F 3
o2 - L R
- I IS AmZ, = 2.3eVZ ] oL T )
s 3 sin2(20,4) = 0.14 - I -
< 09— 3+1v AN — o ar i — ]
| - model > —| Q 02— - .
5 0.8_ J ] 3 10 = — === e
£ . i R : :
5 07 ] S i :
= 0.6 B 107 4 i
Zz L Reactor Atmospheric Solar | :F s ;
0.5 anomaly anomaly anomaly —| ‘F i
& ] f il
0.4 cod vl vl el s 10 = — ;;;;;"_2 L ;;g;;"q A e o IREETEEEEE
107 10° 10' 10° 10° 10° 10° 10° 10 107 , 10 10 5, 10
Reactor To Detector Distance (m) sin“(29,,) Ax.

STEREO provides a complete study of all anomalies for a pure 23U antineutrino spectrum
(HEU experiment).

a|yoad %XV yop |



STEREQO experiment goals

O Insights on the pure contribution of 23U to the
reactor anomalies.

(d Test of sterile hypothesis, with a model-
independent oscillation analysis.

J Precision measurement of the absolute

antineutrino rate.

(J Precision measurement of the antineutrino
spectrum shape.

Photo: ILL

» Antineutrino source HEU research reactor of
Institut Laue-Langevin (Grenoble, France).

» Very short-baseline (9-11m) & Compact core +
Segmented detector, with 6 identical cells.

» Py, =58 MW,, known with 1.4% accuracy.

» Accurate determination of the detector response.



STEREQO detector

diffusion

Gd(n,y)
~ 8MeV y cascade e+ n_Gd

e
Y 8 MeV
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3 years of STEREO Data taking
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<S:B>~1«< 274 days-ON and 520 days-OFF for background subtraction.
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normalized entries

events (a.u.)

Counts [a.u.]
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Detector calibration and response

Energy scale derived from a global fit of :

O Calibration data taken with point-like radioactive sources in each cell, at
different heights.

[ Cosmogenic 2B beta spectrum (Qp = 13.4 MeV).

Data-MC residuals contained within a 1% band for all cells.
Phys. Rev. D, 102:052002, 2020

Improvement of the MC gamma cascade after a n-capture in Gd with the
FIFRELIN code.
Cf. Achment Chalil’s talk this afternoon



Sterile neutrino search
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STEREOQO oscillation analysis
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Non-oscillated model,
common to all cells, let free
in the fit
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Prediction-free analysis



STEREOQO oscillation analysis

101

Non-standard Ay? distributions from MC pseudo-experiments.

2D Feldman-Cousins and CLs approaches vyield compatible
results.

% RAA:Bestfit
* Neutrino-4: Best fit

No-oscillation hypothesis not rejected (p-value = 0.52).

Amzz11 (eV?)

RAA best fit point excluded at about 40 level / Neutrino-4 best

fit point excluded at about 3.3c level. STEREO 95% CL
----- CLs Sensitivity

CLs Exclusion
----- 2D Sensitivity
2D Exclusion
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. 0
Sterile neutrino hypothesis disfavored with high sin“(26,)

confidence level.
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Reference %3°U v, spectrum
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STEREO “3°U spectrum — Unfolding procedure

True neutrino energy Energyhre::jonstructed
in the detector
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1X1]7, = xTMX

STEREO “3°U spectrum — Unfolding procedure

Goal: Provide a reference 23°U antineutrino spectrum in antineutrino energy space, free of detector effects.

> Classical approach (y? minimization):
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STEREO “3°U spectrum — Unfolding procedure

1X1]7, = xTMX

Goal: Provide a reference 23°U antineutrino spectrum in antineutrino energy space, free of detector effects.

> Tikhonov-like approach (minimization of a regularized y?):

2
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Regularization term
®; ®; \2
> Zi(cp}j’,\}— cDHlM) : penalty term on the bin-to-bin fluctuations,
i+1 i
with @™ 3 prior shape (Huber 235U spectrum).

> A tuned with Generalized Cross-Validation criterion -
Technometrics Vol. 21 N°2, May 1979

» Inherent smoothing effects encoded in the ““filter matrix”” A of
the regularized unfolding — JINST 12, P10002 (2017)
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STEREO “3°U unfolded spectrum — Rate analysis
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» Global deficit wrt. Huber prediction for 235U:
(5.5 + 2.1 [stat + syst])%

» Update of the result in

» Most accurate measurement of 23>U fission yield.

» In agreement with world average.
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STEREO 43U unfolded spectrum — Bump analysis

= ?*U Huber Model (filtered)
2% Summation Model (filtered)

0.25

—o— ESTEF.’EO-EII-III data?et | PredA,u,a (E) — HM(E) - a <1 + A - exp
0.2 ‘.:;';f‘;“;';"':Ifﬁ:ﬁ‘:';:.::,:,::_ ................... ...................... ...................

202

(E - u)2>

0.15— ...................... .............. ...................... ................... > Minimize:

x?(4A,u,0) = (CID — A, - PredA,M,G)Tqul(CI) — A, PredA,M,G)

IBD Yield [cm?/ission/MeV]

5 - § §
0.1F®.... £ 7 T _ — 1SR T
ok P M :

4 2 H H H

0.05—= L ........ ...................
. & > Local event excess wrt. Huber around 5.5 MeV for 235U with

4.6 o significance.

24 6 8101214161820
Bin index H

—
S

Best-fit bump (filtered) ...................

A=(15.6+5.2) %
u = (5.500+ 0.092) MeV
o= (0.308 +0.143) MeV

Ratio to Huber

o e
o™

3 4 5 6 7
Antineutrino Energy [MeV]

arXiv:2210.07664

16



Global Analysis
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HEU + LEU Global shape analysis

* Update of joint STEREO-PROSPECT HEU analysis for 23°U (Phys. Rev. » Simultaneous unfolding of all
Lett., 128:081802, 2022) spectra.
* Extension of the formalism to LEU data, with global Daya Bay » Minimal sensitivity to reactor
spectrum for 23°U + Pu (Chin. Phys. C, 45:073001, 2021) simulations.
e H—rre—ee—————— e —
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HEU + LEU Global rate analysis (HEU = ST)

1.2 I T I
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https://www.globesfit.org 7935

0 Kopeikin et al. : new measurement of the ratio of
Pu/U beta-spectra = 5% deviation w.r.t. the initial
measurement at ILL.

O Summation Model (Estienne et al.): calculations
including the latest TAGS data, correcting the
pandemonium effect for relevant nuclei

Convergence of experimental hints pointing to a bias
in the normalization of predicted 235U as the main
explanation of the RAA.
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Conclusions

Most accurate measurement of the 23°U spectrum to date, providing a
complete study of the reactor anomalies:

» Sterile neutrino hypothesis disfavored.

» (5.5 = 2.1)% rate deficit observed in 23°U pointing to a biased
prediction normalization as the main origin of the RAA.

> 4.60 local distortion around 5.5 MeV.

» Unbiased unfolding procedure, extended to a global analysis including
HEU and LEU data with minimal inputs from reactor simulation.
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Outlook
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u . Letourneau et al

§ U e e e

L —— Estienne et al

Precise reference antineutrino spectrum from the fission of 235U:

-
N

Ratio to HM

O Spectrum expressed in true antineutrino energy available for the
upcoming high precision reactor antineutrino experiments.

O Shift of paradigm: precision of the direct neutrino measurements
constrains the nuclear observables.

Latest summation model

calculations showed the critical impact of the correction of the
pandemonium effect.

C__1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1
3 4 5 6 7
Antineutrino energy [MeV]

arXiv.2205.14954
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Thank you for your attention !
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Back-up
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STEREO Detector Response
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Antineutrino signal extraction

e-recoil signal

p-recoil signal

< >

Q",\/Q'()‘ (e) < Qlai[/Qtol (p)

Pulse Shape Discrimination (PSD)
» PSD spectrum of reactor-ON and reactor-OFF data.

» Proven to be very stable in shape and anti-correlation of rate
with P, accounted for by a free normalization parameter a.

» Gaussian fit to extract the neutrino signal in the e-recoil region.
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IBD Yield [cm?/fission/MeV]

Impact of regularization
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STEREQO shape analysis

§ 1.2} == Best-fit bump (filtered) ------------------
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HEU + LEU Global analysis

PROSPECT

HEU experiment
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Tikhonov (ST-PR-DB) vs DB

235y comparison Pu Combo comparison
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