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* Neutrino mixing and reactor antineutrinos

- Legacy of the 2nd generation of reactor neutrino experiment
- Anomalies challenging the 3-family framework

 The hunt for the light sterile neutrino

- Sterile neutrinos vs reactor neutrino spectral estimation

« The future of reactor neutrinos: JUNO
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Discovery of the Neutrino

« Cowan and Reines used a reactor to discover the neutrino in 1956

 Since then we observed neutrinos from the sun, atmosphere, distant astronomical
objects, earth crust, and produced neutrino beams in accelerators

l cosmic rays

so&

- Basic strategy of massive detectors (water- & scintillator-based ) and detection
technique exploited for years in several generations of experiments

Alessandro Minotti (LAPP) 4 Reactor Neutrinos



Neutrino Oscillation

« Neutrinos produced with a given flavour can be detected as a different one

Vi Vo V3

vi(L)) = e M L/2E | 0))

- Mixing of flavour eigenstates and mass eigenstates: Upmns = massive neutrinos

A

Ve V1 Am2;3 ~10-3 eV2 “atmospheric”

[
»

Vu| = Upmns | V2

m22-- 1IN
I Am2ys ~ 10-5 eV2 “solar”

VT V3 m21 T

Io i

“Normal” hierarchy

- From oscillation we determine Upuns parameters (mixing angles 6ij) & squared-mass
splittings Am2;;

Pro—sy = (va(D))|va) ~ sin®(20;)sin>(1.27 AL/ E)
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Neutrino Mixing Parameters

- Values of the mass splittings Am2 are very different (hierarchical) = Upmvns parameters
can investigated in different energy-baseline (L/E) ranges (sectors)

Ue1 UeZ Ue3
Upnins= | Uit U U | =

U7'1 U7'2 U7'3

1 0 0 cos(fi3) 0 sin(fi3)e " cos(f12) sin(f12) O
= (O C0oS(623) sin(923)> ( 0 1 0 ) (—sin(912) cos(f12) O)

0 —sin(f>3) cos(f23) — sin(913)e"‘5 0 cos(f43) 0 0 1
Atmospheric sector 013 sector Solar sector
- atmospheric neutrinos - reactor neutrinos - solar neutrinos
- long-baseline neutrino beams * CP-violating phase - reactor neutrinos

« Reactor neutrinos contribute to two sectors at different baselines

- CP-violating phase and exact neutrino mass ordering are not yet known

Alessandro Minotti (LAPP) 6 Reactor Neutrinos



Reactor Antineutrino Oscillation

P .5 ~1— Sin?(2613) sinZ(AmZ_gg L/4E) — c0s4(613) sin“(2612) sinZ(Am2_1_2 L/4E)

|

|III|III|III

[} D
1 lolulblllellcsth@zl 1 | I T I | 14 1 1 1 llllll5 1 1 1
10 10 10 L/E (m/MeV)

« ~50 km — sensitive to 612, Am?12 (KamLAND)

« ~1 km — sensitive to 813 (Double Chooz, Daya Bay, RENO)
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Reactor Antineutrino Detection
» Ey = Eyisibie + 0.8MeV

- Signal: Inverse Beta Decay in scintillator target -

N

[+
o
BARSES

Y T\“L - [ e )

(=2
o
L l LR
o
Cross-section ( cm?)

Flux ( nu/cm?*sec/MeV )
~
o
|

— A\ Y Prompt sof U
- a

w a0 .
R E —:3

. 30— =
1 - —2

ll 20— _
[ IBD two-fold 3 7,
. coincidence [ ..o e e

s 2 3 a 5 6 7 8 9
o’ Energy ( MeV)

n+H—-D+y (2.2 MeV)
——*Pn+Gd—>Gd*+ys(8MeV) ,

velaves 6L j 3H (4.78MeV) !
n+6Li—a+ : e
scintillator Y
ol SR N
T & ot ¢t seals coincidence
¥ ¥ ¥ photosensors (not to scaf?) Accidental o
- Background coincidence P

- Cosmic induced (fast n, n-y from p spallation)

- Accidental coincidences between neutrons
and high-E y’s
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Energy Reconstruction

- Detector response (energy reconstruction)

1. Calibrated on monochromatic sources
2. Then extrapolated to the whole IBD spectrum using MC

3. MC corrected for quenching at low energies & cherenkov at higher energies

- Energy scale can be tested using cosmogenic 12B 3-decay (continuous spectrum)

Almazan, H., et al. (STEREO), Phys. Rev. Lett. 121.16 (2018): 161801.

Yy sources 2B Spectrum
A > O P O OO

g ©
w N e 3
~ no cherenkov s,
c . . 3
D | no quenching MC simulation 5
- Ry 5
- 5

> 4 6 8 10 12 14

E Reconstructed energy (MeV)
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KamLAND and the Solar Neutrino Sector

- KamLAND (2002-2011) - first large liquid scintillator experiment after Cowan-Reines

e 135€ poE, Y e
( o d I

* Provided accurate measurements in the “solar sector” ( 812, Am?212 )

S. Abe et al. (KamLAND), Phys. Rev. Lett. 100.22 (2008): 2218083. Farzan, Y. et al. Front.in Phys. 6 (2018)

| _ ]2 1 I I I 1 1 I I 1 1 1
| ] Data - BG - GGO VC : 90’ 99% C.L. :
I - — Expectation based on osci. parameters - .
- + determined by KamLAND 10~ -
> - 2 2
2 08k Sl :
3 0.8 e - - ]
o - o 8 —
2 i s B .
A 0.6 + + e o _ i
= : — - f
S -/l - L K
Z 04F o O e
= R & B Al
75 _ + < _ .
0.2 41~ ~
O .l_l l Ll 1 1 l Ll 1 1 l Ll 1 1 l L Ll l L 1 1l l Ll 1 1 l Ll 1 1 l L 1 1l l Ll : :

20 30 40 50 60 70 80 90 100 %)'n"-l"-'-

L(/Ev‘ (km/MeV) 2 0.3 0.4 0.5
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The Measurement of 013

* Only upper limits on 843 as for 2010 (CHOOZ) Vebo \
"( Buffer \

» Three experiments searches for 613 started in 2011: L[ r-cotcher (LS)\
Double Chooz, Daya Bay, RENO q';;geﬁ (LS—v—GdS
- Ve _.
# n p 1- S
- Similar design and well-established technique based on T Gd ¥ - .
liquid scintillator and neutron detection via capture on Gd : et
LL_ L

Far ];etector . (201 1 -201 7)
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Latest Results of 2nd Generation Reactor Neutrino Experiments

Events/MeV

Far/Near(Weighted)

- Double Chooz, Daya Bay, and RENO released their latest results in Neutrino 2020

Experiment Value
- Thanks to good detector characterisation Daya Bay nGd v S 0.0856::0.0029
(Osys <1%) and high statistics (0104 IBDs): — 896500068
. —a— 0.07140.011
nGd+nH ———i 0.105£0.014

- 813 now most precisely measured Upmns
nH — 0.08740.015

param eter /REP? +0.037
ayessian ' ¢ ' 0.099Z6,017
- Different detection techniques 2K NH ! = 0.105253%

[

IH = . C 01161005
- Am213 also measured 0.06 008 0.1 012 0.14
sin® 20,5
10 — iment Value (1073 eV?)
140 0% b T T
B T Double Chooz, Daya B nd REN o .
120 ouble Choo , aya tay, a d 0 Daya Bay 2.47170.068 T
| combined results '
100:— 2.9X10‘3:|||||||||||||||||||||||||||||||||||||||: T2K 24631-88;(1)
o 72| - 4  MINOS 42+0.09
60 :— J—— Far.site data ) N ] .
0 i_ ggt%gr{‘:z;earsnobomﬁt S ;_ _: NOVA (UO) —— 2481_8(])%
. =N £ | TceCubs ° o
Fast neutrons 26x10° [C
i PR - i RENO (nGd) b * { 2.63+0.14
1 | s - Super-K - 2.5310-22
| o - — 68% of CL. E —0.12
ossk | | S ey ] RENO (nH) = . C 248705
] -3_IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII_
0.9 - 5 i é+ + 3 |10 o 2'3XI00.065 0.07 0075 0.08 0085 009 0095 0.1 0.105 2 1 22 23 24 25 26 27 28
€ prompMeV] sin’ 26,4 |Am2,| (NO, 10~%eV?)
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Antineutrino Spectrum Estimation

- In low-enriched-uranium (LEU) facilities four isotopes contribute to neutrino spectrum
(235U, 239Pu, 238U, 241Pu), their fraction ax evolves with time (burnup)

N b (t) reactor thermal power
p€ th
Nieol e 1) = 2012 ™ @y (1))

average energy released per fission
(Ef) = E ak(t) (Ef)g
k r—
average IBD cross-section per fission £

<0f>k=/3k(E)0/BD(E)dE

* |IBD cross-section from theoretical calculations

1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
0 2000 4000 6000 8000 10000 12000 14000
Burnup [MWd/t]

- Single v spectra Sk(E) unavailable, obtained from global 3 spectrum (0103 branches)

- Start with known branches from nuclear data tables...

- ... and complement with effective decay branches
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Reactor Antineutrino Anomaly

- Mueller (238U)-Huber (23°U, Pu) IBD rate calculation

Mueller et al., Phys. Rev. C 83.5 (2011): 054615
Huber P., Phys. Rev. C 84.2 (2011): 024617

- Rate excess of ~6% in the model compared to previous short baseline measures

Mention et al., Phys. Rev. D 83.7 (2011): 073006

- Discrepancy confirmed by Double Chooz, Daya Bay and RENO near detectors

1.20 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I
n = Bugey-3 + Daya Bay = Krasnoyarsk < RENO _
110 = Bugey-4+ROVNO91 + Double Chooz | & Nucifer <« ROVNO88
gl 4 Chooz < Gosgen+ILL + Palo Verde SRP h
273 1.00 |—------ ; SO AR R O o J‘ix ------- —
3 F Lo ; 7 -
C 3
< 090F -
1l "
t L —
Ann. Rev. Nucl. Part. Sci. 2019.69.
0.80 — <o -]
0.70 1 1 L1 | 1 1 1 1 1 1 L1 | 1 1 1 1 1 1 1 1 |
10 102 103
L (m)
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The Light Sterile Neutrino

« Adding a new neutrino (0.1-1 eV mass) consisting almost exclusively of an extra sterile
flavour can account for the observed deficit

« Sterile neutrinos do not interact weakly but mix with standard neutrinos

/Ue1 UeZ Ue3 '/UQ\
o | U Uz Us U
PMNS U7'1 U7'2 UT3 UT4

4 \Us1 Usz Us3 &@/

P;. (L < 10m) ~ 1—sin®(0ee) ~? (1.27Am2,L/E)

Am234 ~1 eV2

- gl e N R A A 3-families

1l AEEEiin LS = IR T 4-families

-

v
-
m23 A

Am?2y3 ~10-3 eV2 “atmospheric”

Occ oscillation

\4
M2oT I

l‘l\‘l‘l\l‘l\l‘l

0.6
I Am?22 ~ 10-5 eV2 “solar”
m21 9— 0.5

L LI LI [ 1L | IIIIIIII | IIIIIIII L LI LI
10° 10’ 10° 10° 10° 10°
Reactor To Detector Distance (m)

1
-

@)
o
FS

'y
o
Y
o
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Search for the Light Sterile Neutrino

- Difficulty in predicting neutrino rate limits the sensitivity of past measurements, need to
disentangle the oscillating signature from the absolute rate

A redicted (no oscillation A

a ° ( ) . Am2 data-driven prediction
) >
< - T Ao — E
o ~ -

g > lm i

(@] “ (@p)
“ + “ { ¢t

> >
L L/E

- Oscillation parameters (Am?, 6) are tested against data Ng 1

- Oscillation hypothesis = contour plot + best fit

- Null hypothesis = exclusion plot | |

| |
1072 107" 1

sin2(20)
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Not the Only Anomaly

- Gallium anomaly - disappearance of ve measured with radioactive sources in gallium
experiments GALLEX and SAGE (rate only)

- LSND/MiniBooNE anomaly - energy-dependent event excess in v, = v. channel
consistent with an active-sterile oscillation with Am2 = 0.1 eV?2

+ All these anomalies can be explained by the existence of a light sterile neutrino

Phys. Lett. B 685:47 (2010) Phys. Rev. D 64:112007 (2001) Phys. Rev. Lett. 121, 221801 (2018)
Phys. Rev. C 73:045805 (2006) o

115 3 LSND MiniBooNE
3 E ) F S L L R R BN BB NL AU RPN LB B
E-  GALLEX SAGE = @ i o | e D : 4
E Cri > Cr 3 § 17.5F ® Beam Excess % 5_=+— — vf:;ﬁtitfff) -1
1.05F = i i — o, g L =3 v, from K* 1
g 151 p(v,—V.€)n a F  — :[sfrgrq K .
] I 47._..._' 5 . mn;n;‘! I
O B o - .
_ 3 E D 71251 i‘+‘ . dirt 3
S 095F GALLEX sAGE = f R 0 other .
= 1t 1 @ a 0 |t T e
o 75| — - ]
Zw i 2 + =
] 5¢ e ST R ]
< - ’ J
1 ® E 25¢ & j A E
0.75 F N vt v R o [ Y "y D s S ;
E E of —— ' —— T
e R=0.84+0.05 E S R R RN 8 .
E 3 .2 04 0.6 0.8 1 1.2 14 3.0
0.65 E E 04 06 08 1 1.2 1.4 E%E (GeV)

L/E, (meters/MeV)
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Combining Anomalies

* A global simple solution combining all these anomalies is not possible

- |In addition, LSND/MiniBooNE anomaly (vy,—Ve) is highly disfavoured by
disappearance (vy—Vv,) results

- The Reactor/Gallium anomaly remains yet to be tested

99.73% CL 1
2 dof
L
‘2‘ : vll - Ve
£ 10%F Appearance
< ( w/o DiF)
>v -V
H H
| Disappearance
10! __ Ililrf:dpll?lljﬁZs “3+1” model
107 1073 1072 107!

Dentler M, et al. JHEP 08:010 (2018)

. 2
sin” 26,
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Reactor neutrino experiments provide
the strongest probe for Ues

( Ue1 Uez Ue Ue4
Uo_ [ Ut Uz Us

PMNS U7'1 U7'2 U7'3 U7‘4
\Us1 UsZ Us3 Us4

P,

PI/“—H/H — iz ,U4’ )
P, e = 2|Uea|?| Upal?
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A World-Wide Hunt
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A World-Wide Hunt (This Talk)
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Technical slides ahead

% Power reactors, Gd-loaded
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Commercial vs Research Reactors

& E & F
> F L f
© L L L 2 2
o= F = [ efficiency, *xAm2 > 10 eV
= L = | X-section,
g E - Losc < Eres
— L -
live-time : g bkgd
1= <, 1 *Am2 ~ 1 eV2
T G Heeger et al., Phys. - C I
i Rev. D87, 073008 i ar‘- res-o ve
- - oscillation
[ fuel type: minor effect [ background shape: minor effect
2 2
10_1; ——— Default Arrangement, 30 CL 10'15 ——— Default Arrangement, 30 CL *Am < 01 eV
| [ ] Reactor Anomaly, 95% CL [ ] Reactor Anomaly, 95% CL LOSC > Ldetector
{ [ ]| Reactor Anomaly, 90% CL H [ ] Reactor Anomaly, 90% CL
| -———— Global 3+1 Fit, 95% CL | ———-——- Global 3+1 Fit, 95% CL
10° 10! 10 10

1
sm%eeel sin”26_,

- Compact-core research reactors (HEU)
- Good L resolution (short baseline & compact core), no fuel evolution (reduced sys.)

- 0102 MW thermal power, limited space, background from reactor facility

- Commercial reactors (LEU)

- OGW thermal power, better overburden

- Lower sensitivity @ low energy, fuel evolution (burnup)
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Comparing Different Technologies

no-segmentation ‘coarse” segmentation “fine” segmentation
NN
SIS TSN

) N U . N W
N

r/ r/ r/ !/ !/ r/ !/ 4

’/////////

/
/
1]

.

NN MNUANEN
NN N N

~ ~ ~ ~ ~ ~ ~

' N A A A A A A7 7

* Background rejection using

* compare v spectrum * compare spectra in
topology

with prediction different segments

* Ultimate size limited by dead
matter / inter calibration

B K

* well-established, * Localised Eqep: quenched kbetter segmentation *allows larger
high Egep and Ocapture ~ but can select via PSD less edge-effects volumes
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Challenges of the Short Baseline

 Main challenge of the searches @ very short baseline: background
- Surface level = cosmics

- Reactor facilities = neutrons

 Strategies to deal with background

- IBD topology itself (Eprompt, Edeiayed, At, AX) allows to remove the sea of single-events
- Pack your detector in shielding layers (PE, B, Fe, H20) and put active vetoes
- Use pulse shape discrimination (PSD)

Estimate accidental coincidences and cosmogenic background (reactor OFF) and
subtract statistically (high statistics = small error)  arXiv:2006.1121012 [hep-ex] 1Jul 2020

" | One Reactor Cycle

—_
[=]
w

o
()
o

Rate [Hz]

Single event rate w/o muon veto

107

w/ muon veto

Prompt PSD

o
N
&

Reactor

Reactor
off

off
107

10

107

19-01-01 19-07-02 20-01-01

Date

2 4 6 | 8I
prompt delayed { Prompt Energy [MeV]
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The DANSS Detector

« ~m3 highly-segmented v spectrometer: 2500 Gd-coated plastic scintillator strips
arranged in 50 modules (combined readout)

- Background mitigation: overburden from reactor itself and water reservoir, rejection of
comics from topology, fast n estimated from high-E region

- Energy calibration: anchored on p’s, energy scale systematics evaluated with 12B (2%)

Water reservoirs
(~50 mwe overburden)

3.1 GWi, Reactor Core
(h3.6 m, = 3.1 m)

3 WLS-fibers
\ 2 ingrooves

Gd-loaded
reflector
(1.6 mg/cm2)

y A === sipm
/ (512825-050C)

To PMT (R7600U-300) Y-Module
X-Module

IIII

~-zo-=—'==.=- Movable Detector
7 10.7-12.7 m below core)
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DANSS Results

« 3.5 x106 IBDs (~5000/day) collected from April 2016, excellent S/B (~60)

 Oscillation hypotheses tested by comparing “up” and “down" e+ spectra
— large portion of RAA excluded @ 95% CL; indication of spectral distortion

« Ongoing improvement of MC modelling and evaluation of systematics, preparation of
phase-Ill with more SiPM and better scintillator ..

DANSS:
— sensitivity
1 exclusion
Oct 16 - Feb 20, no long down @March19,Jan20 (mainA)
200 — e Up: 1405485 svents 5099.2 = 4.8/ day [0.75-8) 100
- e Mid: 618320 events 4263.7 = 6.1 / dzy [0.75-8)
. ——————  Down: 1405519 events 3571.1% 3.3/ day[0.75-8) Y
1 50 __ ——————  Bgnd Up: 117.8 10,1 Mid: 122.0 10.2, Down: 1226 101 [0.75 8] NQ{
i 5
1 OO:_ Down 3519823 events 10-1 | RAA™:
! — 90%
50 — 95%
B — 99% Preliminary
O;...l...l...l...I...l...l...l... , * - best fit |
0 2 4 6 8 1 0 1 2 1 4 1 6 - 1073 102 10'-1 100
Eet (MeV) sin220

** - G.Mention J.Phys.:Conf.Ser. 408 (2013) 012025
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The NEOS Detector

Homogeneous 1008 L Gd-loaded (0.48%) liquid scintillator

p-veto

light collected by
19 8” PMTs

Alessandro Minotti (LAPP)

Resolution

Charge to Energy Ratio (pC/MeV)

0.055

[6)]
[8)]
o

\\\|\\\I|\

500

N
(&
o

Background mitigation: B-PE + Pb passive shielding, muon veto
Energy calibration: several y sources, energy scale tested on 2B

Observed a degradation of light yield resulting in an increase in Eres & 2.4% IBD loss

\

- 137CS

60Co /

40K n-H(252Cf)

208T]
22N a

PoBe

Charge to Energy Ratio
——4— Data —— Conversion function
<+— Center <— Qutside of the target

4 6 & 10
True y Energy [MeV]

|\|||\|I|

- Energy Resolution

s (a events from 214Po)
slope = 0.85 (x0.03)% /year

!

L I | L L L L I | L L
19-03-02 19-05-02 19-07-02 19-09-01 19-11-01 20-01-01

Time
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NEOS Results

« Oscillation analysis phase-l (Aug 2015 ~ May 2016 = 46 days OFF + 180 days ON)
- High statistics (~2000 v/day) and S/B

- Systematics driven by comparison with Daya Bay

« New phase-Il (Sep 2018 - Sept 2020) spectrum recently released

- Data-MC comparison will be publishedafter MC tuning

- Expected X2 increase in exclusion plot

Am3, [eV?]

<

107"

1072
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200

Ratio
N

1.2
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g, Prompt Energy
If* % (On - Off)
. "t —— Phase1l
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=4= Phase1 to Phase2 ratio
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2 4 6 8 10
Prompt Energy [MeV]
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STEREO
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The STEREO Experiment

6 cells filled with Gd-loaded liquid scintillator (9-11 m from reactor core)

- Energy calibration anchored to 4Mn, measured with different sources, tested on 2B
(~1.5% systematics)

« PSD (Quil/Qtot) to discriminate neutrinos from dominant remaining cosmic background
(On and Off data model, time-dependent corrections)

— - —Target : : :

] ] . i 6 o . Ce” 1 N Ce” 2 ,, .......

* Good modelling of Gd n capture with dedicated software - , | |-Cel3 -Gena| = .
H. Almazan et. al. (STEREQ), arXiv:1905:11967 ~ ‘Cell5 =Cell6] e

i 2 | 0+1% band T S S

Neutrino target: 2.2x1.5x1m3 crot e a A A A
G = 0% ; B e

2 e 327350 A I S T T B B

S—— 9% ==U o T
(H20 & 20 PMTs) @ p] 98.3 Mwin N: - - - - ;
= "2 3 4 5 6 7

"""""" Reconstriicted Fnerav [IMeV1

Cell 2 -- E = [3.625 - 4.125] MeV

w

, —4— On: 119 days
p-recoils

e-recoils —4+— Off : 211 days
4 -
\+ ##* —— On - a x Off

eutrinos 3 ﬁ+ On Accidentals

Acrylic Buffers oo I s :' I
(oil & 48 PMTs) A | Pb + PE +

B4C walls

Rate (/day)
[\
(&)}

—
S I S

OMTTTEITTT T TTTT LI TT [T TTTT
RN LR RN C SRR AR RARR

Shieldi i e 2 ‘ —— Fit model : G(A,uv,cv)
ielding B s TN ,
(soft-Fe, p-metal, o 0o
PECB.C,Pb) || S : +
g K : 0.05 01 0.15 0.2 0.25 03 035 0.4
PSD
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STEREO Results

Cell-to-cell relative oscillation analysis with phase-|l and -ll combined data
(65k IBDs, 179 days ON + 235 OFF), S/B ~1 after PSD

Absolute 235U rate and spectral shape (newly released) analysis with phase-Il data
(119 days ON + 211 OFF)

Compact core & short baseline — little damping of oscillation; but little overburden,
noise from reactor facility (core, neighbours)

Expected factor X2 increase in sensitivitv with full dataset (end of 2020)

HEPdata. 02323 I
— 1 01 I i 1? E ~—— HM + corrections
> | g 25 —— SM + corrections
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PROSPECT
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The PROSPECT Experiment

* 4-ton SLi-loaded segmented liquid scintillator consisting 11x14 optically separated
segments with double-ended PMT readout (good Eres, 3D reconstruction)

- Background mitigation: PSD + veto + topological cuts + fiducialisation (3 ton) = S/B > 1

- Energy reconstruction: y sources (13’Cs, 60Co, 22Na), energy scale tested on 2B

Robust MC model

L 3 } %°Co data
E 0 . 4 "¥Cs data
&:U F e { ?°Na data
. [ |Best fit MC
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e ‘
[ ]
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0 : . , |
0 0.5 3 T > e |
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PROSPECT Results

« Recently released results with 50k neutrinos from 96 days ON + 73 days OFF

high statistics (630 IBD/day) and S/B8 (>1) for a HEU

arXiv:2006.11210v2 [hep-ex] 1 Jul 2020

« Oscillation search with 16 E and 10 baseline bins =@ RAA best fit excluded at 98.5% CL

« Pure 235U spectrum measurement, consistent with model

- Data taking stopped, but can improve analysis using dead cells (+50%) and combined

analysis with STEREO and Data Bay is underway
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Reactor Anomaly and Recent Results: the Global Picture

- Each of the experiments mentioned so far excluded a large portion of the RAA
parameter space, nevertheless a significant part remain unexplored

- Combining results is not easy (different statistical methods) but underway

Giunti et al. PRD 99, 073005 (2019)
arXiv:1906.00045v3

S. Boeser et al. PPNPP 111 103736 (2019)
Phys. Rev. D 101, 015008 (2020)

- To solve the RAA, we must tackle the problem from both experimental (increase
statistics, detector upgrades) and theoretical side (hew models, better corrections)
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Outline

* Neutrino mixing and reactor antineutrinos

 Legacy of the 2nd generation of reactor neutrino experiment
- Anomalies challenging the 3-family framework

* The quest for the light sterile neutrino

- Sterile neutrinos vs reactor neutrino spectral estimation

* The future of reactor neutrinos: JUNO
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Spectral Distortion at 6 MeV

- Anomalous spectral distortion @ E, ~ 6 MeV in B13-aimed neutrino experiments (2014)

- Model uncertainties perhaps underestimated

- Peak position not identical (or event present) in all experiments — energy scale impacts
sensitivity to this effect

« Can be due to unknown branches (isotope related) — accurate 235U spectrum
measurement can isolate source of the distortion and constrain models

@) B l l ]
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Is the Distortion Isotope Related?

« NEOS & DANSS with LEU (235U + 239Pu) see an excess
- NEOS sees comparable excess to Double Chooz / Daya Bay / RENO

- DANSS also sees less significant excess (less robust E scale and poor Eres ~20%)

« STEREO & PROSPECT with HEU (~100% 235U) recently released their spectra
- STEREO confirms an excess of (10.1+2.9) % @ (4.8+0.2) MeV

- PROSPECT: no bump dlsfavoured @ 2. 20 CL and 235U only bump disfavoured
@ 2.40 CL
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Reactor Flux Decomposition by Isotope

- Thanks to the huge statistics (~106 IBD) Daya Bay and RENO can separate 235U and
239Pu contribution to neutrino flux

- Rate deficit comes mainly from 235U — sterile neutrino hypothesis disfavoured

arXiv:1704.01082v2 (Jun 2017)
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Reactor Flux and 235U

Giunti et al., arXiv:1708.01133v1 (Aug 2017)

* Previous measurements show no dependency o
of flux deficit from fuel composition T B Ll Bl
0 f — - 0SC E
o |
» 235 and 239Pu fluxes are normalised on separate =; 3
[ L] ~ o
unique B-spectrum measurements @ ILL (80’s) & _
©
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. . Lo
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o
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Limits of Current Neutrino Spectrum Models

- Converted spectra (235U, Pu)

- Large uncertainty for weak magnetism term

P. Huber PRC84,024617(2011)
D.-L. Fang and B. A. Brown, Phys. Rev. C 91, 025503 (2015)

- Impact of the selection of average effective Z distributions used in the fit of the ILL
spectra (up to 5%)

- Treatment of forbidden decays could change both normalisation & spectral shape
— measurements of the shape factors for the most important forbidden decays crucial

A . Hayes et al. Phys. Rev. Lett. 112, 202501 (2014)

D.-L. Fang and B. A. Brown, Phys. Rev. C 91, 025503 (2015) 15 L. Hayen et al. Phys. Rev. C 031301(R)(2019)
X.B. Wang,J. L. Friar and A. C. Hayes Phys. Rev. C 95 (2017) 064313 and Phys. Rev. C 94 (2016) 034314
L. Hayen et al. Phys. Rev. C 031301(R)(2019) and PRC.100.054323 101 Daya Bay
5.
. 22z
-  Summation method (238U) s = 4w
- Incomplete or biased nuclear decay schemes 2 1% reno
2 5
- Pandemonium effect : ?‘l‘—l ff“
J.C Hardy et al., Phys. Lett. B, 71, 307 (1977) 8 2
: 101 bouble Chooz
— Can be solved by total absorption y-ray spectroscopy 5. _
measurements (data-model discrepancy reduced to <2%) ottt
M. Fallot et al. PRL 109,202504 (2012), SM-2012 =
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Summary of Sterile Neutrino Searches with Reactors

 Various anomalies challenge the three-family neutrino oscillation framework
 Existing anomalies are hard to combine in a common framework

- Search for a global solution
- Make more complex models (3+2, vs decay)

- Look for other solutions beyond the Standard Model

- Recent reactor short baseline experiment are rapidly accumulating data to
- Exclude the active-sterile oscillation

- Constrain models and test validity of rate and shape predictions

- Model improvement can help solve the anomalies
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Outline

* Neutrino mixing and reactor antineutrinos

 Legacy of the 2nd generation of reactor neutrino experiment
- Anomalies challenging the 3-family framework

* The quest for the light sterile neutrino

- Sterile neutrinos vs reactor neutrino spectral estimation

* The future of reactor neutrinos: JUNO
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History of Reactor Neutrino Experiments

* kt mass
* 50 km baseline

- = * 10-100 t mass
“E { Yy =+ ~Km baseline
A\ iy

 Measure 013
. * ~ T mass

« ~10m baseline
arch for vs e 20 kt

""" - 50 km baseline
- Wide program

Mass/Baseline
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JUNO

- The next generation of reactor neutrino experiment: JUNO

- Similar baseline of KamLAND (sensitive to 612, Am212-driven oscillation) and technology

- But unprecedented detector mass (20 kt liquid scintillator target) and performances

- Data taking in 2021 Top  tracker
- 3 plastic scintillator layers

+ ~50% coverage

H>0 Cherenkov u veto

« 2400 20” PMTs

- 35 ktons ultra-pure water
- Efficiency > 95%

*~1900 m.w.*e. overburden
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o T »
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o
. gl
\. /\
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T :
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Central Detector

- Acrylic sphere with 20 kt LS
- 17571 large PMTs (20”)

- 25600 small PMTs (37)

« 78% PMT coverage

2o B/

L AL

Yangjiang NPP
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A Glance at JUNO Rich Scientific Program

« Precision measurement of oscillation parameters (probing Upuns below the ~% level)

- Neutrino mass ordering - requires challenging energy resolution (< 3% @ 1 MeV) and
energy scale uncertainty (< 1%)

- Neutrinos from supernovae, sun (‘Be & 8B), atmosphere (complementary mass-
hierarchy), geo-neutrinos, proton decay (K mode)

x1 04 10” Signal IBD Events - Baseline 52.5 km - 3% Energy Resolution 0.040 Mass ordering Sensitivity
> 3 . :
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~ o g | Capozzi+ 1703.04471 — 10 c [ ; 2
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o 2 3 = ' i
s @) [ i
» 8 0.030
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1 o |0025]
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Visible Energy [MeV] Xposure
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Conclusions

* From the discovery of the neutrino to the measurement of the neutrino mixing
parameters, nuclear reactors have proved indispensable in the study of such particles

- The estimation of reactor neutrinos rates and spectra that are required for such
measurements is not trivial, and there are discrepancies with experimental results

- A deficit in the observed neutrino flux at short baseline, prompted a number of
experiments worldwide looking for evidence of sterile neutrinos at the eV scale

- Recent results from NEOS, DANSS, STEREO, and PROSPECT are excluding the
allowed region for active-sterile neutrino oscillation, although not fully rejecting it yet

« The combination of their results will help resolve the reactor anomalies by testing
the sterile neutrino hypothesis and constraining reactor models in the near future

- Meanwhile, JUNO will exploit reactor neutrinos, with a detector of unprecedented
scale and performances, to unveil the neutrino mass hierarchy and bring the
precision on the neutrino mixing parameters to the % level
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A World-Wide Hunt - Table

Core P Core Size Overburden Segmentation Baseline Material
o EL|EIE 72 MW (235U) © =50 cm ~10 mwe 6.2 cm (3D) 55m PS + Li layer
h=36m
DANSS 3 GW (LEU) S=31m ~50 mwe 5cm (2D) 10.7-12.7 m Gd-doped PS
h=3.7m
NEOS 2.8 GW (LEV) S =31m ~20 mwe - 23.7m Gd-doped LS
RIS oo Mw (eU) PI42 fey mwe 2250m(2D)  6-12m Gd-doped LS
40/1790 MW .
NulLat (235U/LEV) fewmwe  6.35cm(3D) 4.7/24m  Li-doped PS
h=05m :
MY T e 85 MW (235U) S=02m few mwe 15 cm (2D) 7m Li-doped LS
SoLiod 72 MW (233J) ©=0.5m ~10 mwe 5cm (3D) 55 m PS + Li layer

Stereo 58 MW (235J) © =37 cm ~15 mwe 25 cm (1D) 8.8-11.2m (Gd-doped LS
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SoLid

- @ 60 MWth compact-core (0.5 m diameter) BR2 reactor in Mol (Belgium), baseline
range ~5.5-10m
- Highly 3D segmented detector

- 5x5x5cm3 PVT cubes (optically separated)
- 6LiF:ZnS(Ag) for neutron identification

- Optical fibers and silicon PMTs

6LiF:ZnS(Ag) 250 um layer

/ A-shifting 3x3 mm? fibre

- Event topology used to identify IBD’s Ve

» Currently under commissioning

PVT scintillator

e

IBD
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Sterile Neutrinos and Cosmological Constraints

- The existence of a light sterile neutrino clashes with cosmological observations
- Zmy =0.23 from cosmic lensing

- Neff = 3.38 from Plank measurements
- Standard picture: vs production via oscillation at T =z MeV (big bang nucleosynthesis)

- Many ways to avoid the tension, e.g.:
- Entropy production @ T < MeV Fuller, Kishimoto, Kusenko, arXiv: 1110.6479

- Mixing suppression in early Universe if vs is charged under hidden force mediated by new
gauge boson (dark photon)

Dasgupta, Kopp, arXiv:1310.6337
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A Deper Look into JUNO Rich Scientific Program

- JUNO will be able to observe the 3 phases of Burst  Accretion  Cooling
core-collapsing supernovae : j ot

a
T

IBD events in JUNO / ms
- ~ w £ W
R RaRaS Raa e

- Main channel: IBD
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- JUNO will investigate open issues with solar neutrinos (oscnlatlon parameters
metallicity problem, matter oscillation effect) 107 Errey =
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« JUNO will extend current limits on p decay

- is sensitive to the p — k+v channel (good in
liquid scintillator, invisible in water cherenkov)
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