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NEUTRINOS ARE SPECIAL

Only weak interactions
v Difficult to detect
o Large detectors
o Underground laboratories
o Extreme radio-purity
v" Bring unperturbed information
about the source

Opened questions in neutrino physics
v Absolute mass-scale
v" Origin of neutrino mass (Dirac vs
Majorana)
Mass Hierarchy (Normal vs
Inverted)
CP-violating phase
Octant of 6,5, mixing angle
Existence of sterile neutrino

SN X
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NEUTRINO MIXING AND OSCILLATIONS

* 3 mixing angles 6;:

(I;LI Jour sig tat v, = > Uy |v;) i\/Iza;; zigi:nstates O 05 ~45" (which quadrant?)
avour eigenstates  |v,) = Z ai Vi o 6,,=~9° (non-0 value confirmed i
~ - ed in 2012
INTERACTIONS i=1 PROPAGATION O ~33o( )
2~
1 0 0Ylew 0 se®\(c, s. O)fe“* 0 0  Majorana phases al, a2 and CP-
0 ¢, sulll 0 1 0 |-s, ¢, O] 0 e=? 0 violating phase 6 unknown
0 =8, Cy)l=85¢° 0 ¢, 0O 0 1) 0 0 1
JRS—— R oactor Maiorana * Neutrino oscillations
o Non-0 rest mass (Nobel prize 2015)
v.production. v.propagation. v.detection. o Survival probability of certain flavour =
N s flavor-eigenstate: f(baseline L, E,)
e.g. B*-decay as cohereptsuperposmon Superposition of mass . : . L.
of mass-eigenstates, elponatates hos changed o Different combination (L, E,) => sensitivity
§ because of phase factors. to d|fferent (QIJ’ AmUZ)
= o Appearance/disappearance experiments
= - . . p
2 }m{l\/ VVVV VM @& %oy, o Oscillations in matter -> effective (6;, Am,?)
% % parameters = f(e- density N, E, )
@)

Weak interaction T See review talk of M. Tortola

(L]
creates neutrino in Different masses create a - . | ' J U L I c H
flavor-cigenstate. phase difference over time. Finite probability to detect on Th u rSd ay-

a different neutrino-flavor! Forschungszentrum




NEUTRINO SOURCES

Natural

o
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TeV

Artificial
= ”man made”
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MeV NEUTRINO AND ANTINEUTRINO DETECTION

Neutrino detection: SINGLES Antineutrino detection: Coincidences (BGR suppression)
- elastic scattering off electrons  Inverse beta decay (IBD)

* Liquid scintillator detectors « Liquid scintillator detectors
 \Water-Cherenkov detectors

e Energy threshold = 1.8 MeV
~ Electron flavour only
+ o@ few MeV: ~10-42 cm?
(~100 x more than scattering) I n
e
o o P
E _ Scintillator

prompt ~ ™=uvisible
‘“ Prompt signal
=T, +2x511 keV Leyjeteae
= e+/ Qelay;ed
E Ao RAx7 ... signa
: = Eantinu - 0.784 MeV v W,A%
S 2.2Me

102 v v b b b

1 ‘Illl\ll‘l\l‘lll
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SOLAR NEUTRINOS
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SOLAR NEUTRINOS AND WHY TO STUDY THEM
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10

4p + 2e ->*He + 2e* + 2 v_ + 26.7 MeV

Solar and stellar physics

» Direct probe of nuclear fusion

« Testing thermodynamical stability of the Sun

« Standard Solar Models
v Helioseimology
v" High-Z and Low-Z models (different ¢, prediction)
v Metallicity problem

Neutrino physics

« Survival probability as f(E,) and its upturn

« Matter effects

* Testing LMA-MSW predictions

 Searches for Non-standard Neutrino Interactions
« Solar mixing angle 6,, and global fits of oscillation

parameters 'J JULICH
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BOREXINO DETECTOR

Laboratori Nazionali del Gran Sasso, Italy
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P P (/B ) Operating since 2007 " JULICH
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BOREXINO MILESTONE RESULTS

2 - ,
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Courtesy A. Pocar, PIC 2018
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Geoneutrinos (2010, 2013, 2015)

Search for solar, astro anti-v
(2011)

Test of electric charge
conservation (2015)

Limit on v-magnetic moment
(2017)

Search for solar axions (2008,
2012)

Search for coincidence with
GRB’s (2016)

Search for coincidence with
GRB’s (2016)

Search for coincidence with
GW’s (2017)

IJ JULICH
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Spectroscopy of all pp-cycle neutrinos at once

Low Energy Region (LER) 0.19 - 2.93 MeV:
pp 9.5%), 'Be (2.7%), pep (>50)

High Energy Region (HER) 3.2 -16 MeV:

8B (3 MeV threshold, 8%)

First Borexino limit on hep neutrinos
Limit on CNO cycle neutrinos
Neutrino and photon luminosity in agreement

SSM-HZ
GLOBAL | &=
& BX
F SSM-LZ 1
3x10°8 4x10° 5x10° 6x10° 7x108
Pglem= s

Nature Oct 25th 2018

https://doi.org/10.1038/541586-018-0624-y

LATEST BOREXINO RESULTS ARIICLE

pp-chain solar neutrinos

The Borexino Collaboration*

Solar v Rate
[epd/100 t]

-.F
. AD 134410%,
Be ADT 483 +1.1%04

pep (HZ) 2.43 +0.363033
ot

‘\.
pep (LZ) 2.65 + 0.367)13

0.136+0'013+0'003

8
Buea =0.013-0.003

0.087 +0.080+0.005

L) .
B e -0.010-0.005

0.223 +0.015+0.006

K
Buz 7 ~0.016~0.006

Comprehensive measurement of

Indication towards HZ Standard Solar Models
BR(pp,/pp,)=<*He+*He>/<3He+3He> = 0.18+0.03

Survival probabilities at different energies in both
vacuum and matter domains

Vacuum-LMA model excluded at 98.2% CL

0.8
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LOW ENERGY REGION (LER): MULTIVARIATE SPECTRAL FIT

Events / (day x 100t x 40 cm )

2 TFC 7\  pTFC 75
Results on pp, 'Be, pep, and limit on CNO solar neutrinos LO) =LLh0)- LLE0) - Lps(8) - Lraa(0)
“j"...?ﬂ"’...??"....“?"...??3"...6?"....7?"...?‘,’0....9?".. 'j"’...?ﬂ"’....3‘,’0....“?"...?‘,’y."..?‘,’"....7?0...??‘).,.??".. * 1291.51 days of Borexino Phase ||
_ 14 1 _ 14 1 . .
F o op 2650 pieup OF A op 2p, g « Selection cuts in 71.3 ton FV
~ —7Bi  ----extbkg ~ 1e ~ g5, Bl pile-up
% 1L 'Be —2Kr % 1L L — eitbig 2
é : oo — Total fit: p-value=0.7 é ; | ‘ — Total fit: p-value=0.7 energy Spectra
* 10 85 X100 Ao . o TFC-subtracted:
§ PoP § A P | 64% of exposure, 8% of 11C
< [ ~ I - H T\ L _ ’
AL | WY | | P | ! ‘ TFC-tagged:
A % : I [ ‘ \ a v o me N 46% of exposure, 92% of 11C
10° 5 ) » b 107 BEREY. R . . T i i i
3 A Lt (T P N 5T Pulse-shape distribution
500 1000 Energy (kmo 2000 2500 500 1 Energy (k1e5\;/(;0 2000 2500 11C(e+)/e_ discrimination
s, 2 g | Constraining "'C in the TFC-subtracted
P | M o 5 2Bt bg o bt b ik spectrum
9“1 ;I!I s ik I‘| e \ |; Irh. Ill 0l !]| i, | Lidl e ;‘ .'J;I'lil !!['II':“"I' ) 5 -:HI I:I.;E"II ;-I'.l !_;lri.;.f.'si:! III i vll’i "llli;l.“'l‘u'l' I,I'f'l.' i ;;l,"l .li“h'.l':’ Inll i Illl ||[|" i) :
i 300 ik h‘" ik '-'* fil il ’ | ~_W ' g T W’ L ‘” Uik f'r' Radial distribution:
3 4 | 3 3¢l Hl :
2 R 36 5 T T g B - - oy — g To better dlsentaqgle exterpal
: Radial distribution— Pulse-shape distribution _— background from internal signal
= Uniform component — - TP E’ositrons
- Ext | t ) 1 it -2 - H H
ol Best Ft - ZNOF - 47,8069 g SLBLLSLIAN MC-based and analytical fit of the
- Al 2 energy spectra
0 : o « Complementarity
- i }L « Thousands of fits
10° =
3 55 i e 25 5 <3 Differences included in sys error

R (m)



HIGH ENERGY REGION (HER) ANALYSIS

Results on 8B solar neutrinos

Analysis in 2 energy regions No use of energy spectra is a choice:

B 10 T e no assumptions on the P_(E,) shape
p: - Step due to the z-cut in the LE %
2
N * no natural radioactivity o . B
8 et expected above 5 MeV c 103j|\HI|ER1|3‘5M|eV| t ) HERZ2: ~5-17 MeV
@ - H]L « benchmark: compatibility S —+ Dat 3 B WE T T TS
P C H‘U HJ“]J with SNO and SuperK s L phodel 1 & | —— Mode ; T ]
c ~ solar-v s g - ——— "Bsolar-v I -
2 10 — \'l'|J‘ w F\“U‘ - : 10 = Etlmeut‘ron captures - — |~ Neutron captures }
8 = ’h hrﬂu r Mﬁmf—wm = Q E 2°BI:; ::':Ia(nation 8 ; § 10 -
C d ] ; L 2087]: surface i 4 i ; E || JJJ 8 B E
- HER1 HER2 ] S 10 EE:- T | | i
1 ~3-5MeV ~5-17 MeV — 3 E 3 X r 1
= FV:2228t FV: 266.0 t N E = f | Jf 1 2 1E =
RPN RPN RPRPRPINY [ EPRPPATSN APSPRATAN AP NN MO 01419 § 1= = § - 5
2000 2500 3000 3500 4000 4500 5000 5500 6000 8 E = ] - ]
Energy [pe] B | § {'l ] I | ! I ! ! I ! ]
. 71 L | T N N L 107! "H"H'H",,”",,""”"”""""
Backgrounds after selection cuts N T T R R N Pt B s ]
(neutron, cosmogenics, TFC(1°C), Radius [m]

214Bj-214Po, random coincidence)
» Almost all scintillator volume used in the analysis.
HER1

v cosmogenic "'Be HER2 « Factor 2 improvement wrt PRD 82 (2010) 033006.

v’ 208T] (bulk , emanation = ¥ cosmogenic ''Be

and vessel surface) v' y's from n-captures oo
v v’s from n-captures “ J U L I c H
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BOREXINO QUEST FOR CNO SOLAR NEUTRINOS

219Bj and CNO correlated BE3Kev) g
» external constraint on 219Bi from 2'°Po (time) needed | *'°Pb " *!Bi 2190

206Pb
T1/2=22y 5 days 138 days stable

S
0\\§0( R(?1°Po, Dec 2011) ~1400 cpd/100 ton
e R(219Bi, Phase Il) = 17.5 + 1.9 cpd/100 ton fit with CNO constrained to SSM F. Villante et al., Phys. Lett. B 701 (2011)

o\\(\
v « Nylon vessel holding the scintillator is a source of 21%Po
v' diffusion slow -> 219Po cannot penetrate to the FV
v" block convection -> thermal stabilisation 3
Npo (t) = [Npo o — Ngl €XP(-t/Tp,) + Ng: at regime R(2'°Po) = R(1%Bi) .+
I 1Sonal effe — )
% E ] B l-q . | B J-.T.he_r Al ;‘.F_“, S ﬂ 1 ”::
=gy r -2 o Strategy g
£ - identify portion of the iﬂ :
) detector in which
C BY . 210Bj rate low, stable,
£ and known
BORNENNGE - SSE— e additional water | LTS,
T - extraction campaign .
Dcz X' “FRE LY. W T e T for further 21°Bi ‘J J U L I c H
= 8 reduction Forschungszentrum
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SUPERKAMIOKANDE DETECTOR

lar neutring The world largest Water Cherenkov
i detector

« 50 (FV 22,5) kton ultra-pure water
« directionality

 Kamioka mine in Japan

- « 2700 m water equivalent
11,100 20-inch PMTs
t © « ~6 hit PMTs / MeV (AE/E ~ 14%,
|- 55cm, 23 deg @ 10 MeV)
L i 7 Bl
~ e ' a|.1~ —
0 Refurp s 0EEke s s ate
019-pure wate D20 ? =1 P d tag ) >

Mitglied der Helmholtz-Gemeinschaft
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SUPERKAMIOKANDE AND SOLAR NEUTRINOS

Average flux (SK I IV) 2 33 + O 04(stat. +sys ) X 10° /cm?/sec

80
60—
a0

20{4

203
40
60}

801

" I BRI R 1 | P s | .
-150 -100 -50 50 100 150

8B neutrinos via elastic scattering
2000: solar mixing angle 6,, is large

2001: discovery of solar neutrino flavour

transformation with SNO
2013: first direct indication of day-night

asymmetry due to the matter effects in Earth

Next Solar Neutrino Goals:

finalizing low-threshold SK-IV data
observation of day-night asymmetry
observation of the P, upturn

search for Non-standard Neutrino Interactions

Mitglied der Helmholtz-Gemeinschaft

£ 024 T T T 1
e 3N 2860 days, 3.49-19.5 MeV
g § 02 363
2 = +
Q8 ORE 55,729 361 (stat.
P = solar neutrinos |z
Z 0.14— —
=z = -
- 012 3
E  ofE , =
N 0.08 iy it e e =
= 006~ background_:
0.04~ —
002 —
b1 | L Ll | | | Ll L | =
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Ccos eSn;
. Livetime Fiducial vol. # of Energy
o | Fhase| Period - ays) (kton) PMTs | thr.(MeV)
o 1996.4 ~ 11146
£ 22.5 5182
= 2002.10 ~
Z
° 2006.7 ~ 22.5 (>5.5MeV)
© -
© SK-1II 2008.8 248 13.3 (<5.5MeV) 4.5
2 11129
- 22.5 (>5.5MeV) (40%)
= |SK-IV| 20089~ | 2860 |[13.3(4.5<E<5.5) 3.5
8.8 (<4.5MeV)
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SuperK 8B solar analysis
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The SK recoil electron spectrum is consistent within

~10 with the MSW upturn for the solar global best
fit parameters and shows 20 tension with the MSW
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GEONEUTRINOS
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GEONEUTRINOS AND WHY TO STUDY THEM

Surface heat flux: 47 + 3 TW

Nuclear physics . .
Abundance of = Radiogenic (based on the measured
radioactive 28 - 206Ph + 8 o + 8 & + 6 anti-neutrinos + 51.7 MeV heat temperature gradients along 30,000
elements BTh 3P + 6o +4e +4animeltinos +428MV  (Main goal) bore holes around the globe)

OK - 40Ca + e + 1 anti-neutrino + 1.32 MeV

il

| From geoneutrino
To predict: Geoneutrino flux measurement:

eat production
continents
BTW (7-8TW

Earth shines in antineutrinos: flux ~10° cm-2 s-1 mantle cooling

leaving freely and instantaneously the Earth interior
(to compare: solar neutrino (NOT antineutrino!) flux ~101% cm-2 s-1)

7TW)| 16TW (4-27TW)

Mitglied der Helmholtz-Gemeinschaft



DETECTING GEONEUTRINOS (IBD with LS-detectors)

Expected “known” crustal signal

40
35 b
30 D
Z
25 H
20
15
10
5
1 TNU = 1 event / 1032 target protons / year
Cca 1 event /1 kton /1 year,
100% detection efficiency
The signal is small, we need big detectors!
MANTLE = Bulk Silicate Earth model - CRUST
Mitglied der Helmholtz-Gemeinschaft Page 20

v" CONTINENTAL CRUST

Chimney

Liquid Scintillator
(1 kton)

Containment |

Vessel i'
(diam. 18 m
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|< |
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KamLAND
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1777727/
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Only 2 experiments have measured geoneutrinos:
« Borexino in Gran Sasso, Italy (280 ton LS)

KamLAND in Kamioka, Japan (1000 ton LS)
v'Border between OCEANIC / CONTINENTAL CRUST

Calibration Device

LS Balloon
(diam. 13 m)

Photo- .
Multipliers

~— Buffer Oil

¥
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BACKGROUNDS

B) Non-antineutrino background

1) Cosmogenic background
-9Li and 8He (T,, = 119/178 ms)
-decay: B(prompt) + neutron (delayed);
- fast neutrons

scattered protons (prompt)

Estimated by studying coincidences detected
AFTER muons.

2) Accidental coincidences;
Estimated from OFF-time coincidences.

3) Due to the internal radioactivity:
(o, n) reactions: 13C(a, n)'%0

Prompt: scattered proton, '?C(4.4 MeV) & 160 (6.1 MeV)
Estimated from 2'9Po(a) and '3C contaminations,

cross section.

Mitglied der Helmholtz-Gemeinschaft

A) Reactor antineutrino background

RIBUTION OF WORLD REACTORS CONSIDERED FOR BOREXINO

External water tank 18m ¢

a7, .15 N
- ¢ R P walN
T -, - o A - ~, - J
. - < - . ']
4 »
4 Ol
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. (1320m 3 PC) ’ |
:
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Alth P <
»
L. -

Rope tendons
2200 Thorn BV 8" PMTs
(1800 with light collectors
400 without Ijght ogllectors)

208 PMTsin waffer for Water
External Muo tector

)
) \ Fidudgal volu 6.01‘
AN /’ “h
2" N
%
/ X0

. —
vy

Seel pfatesin
concrefe for extra
shieldfng-
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LATEST GEO-v RESULTS

Borexino 2015: (PRD 92 (2015) 031101 (R))

23.7 *6> . (stat) *09 , s (sys) geonu’s

Error: 27% dominated by statistics
Exposure: 5.5 x 103! target-proton year

5.90 evidence

22 —<— Data
20 Reactor neutrino
————— Best-fit U+Th with fixed chondritic ratio
18 - Il U free parameter
16 : Th free parameter

Events /233 p.e. /907 ton x year

o

=2
P R T S e e < T
1500 2000 2500 3000 3500
Prompt Event Energy [p.e.]

I‘lllll IIIIIII|III|IIIIIII|IIIIIIIIIIIIIIIIII

Ll

~7 MeV

Non-antineutrino background almost invisible!

Mitglied der Helmholtz-Gemeinschaft

KamLAND 2016: International Workshop: Neutrino
Research and Thermal Evolution of the Earth

164 %% . geonu’s 7.90 evidence

Error: 17% dominated by systematics
Exposure: 6.4 x 1032 target-proton year

180 = —eo— KamI AND data == Best-fit reactor v,
- Accidental
160 e
Z 140 NN N ANNNNSSE
= - N\ \
N 120 [ N 5
[ - \
E 100 - \ ....... ;’ """""""""""""""" e
§ 80 ;— 3 Bo(a, n)'0
m 60 - Srererw -~ _
C 4 H N\ Best-fit geo vV,
Eerd mimimrw -
40 ;* é — Best-fit reactor v, + BG
20 YEEEEEY - + best-fit geo Vv,
O ; . 'L L '; 1 I 11 1 I 1 1 1 I 11 1 I 11 1 l 11 1 I 11 1 | 11 1 l 1
1 1.2 14 1.6 1.8 2 2.2 24 2.6

E, MMeV)
after Fukushima disaster: 1/3 of data has little reactor

antineutrino background and cle}geonu peak

—e— KamL A ---- Best-fit reactor VvV,
Accidental
BC(a, n)°O
XN Best-fit geo vV,
Best-fit reactor v, + BG
+ best-fit geo Vv,

p—
)|

-o—

)l

Events / 0.1MeV
o
BEEEEEAREREEARRE

o
T

/”
=
f_

1.2 14 16 18 2 22 24 26



Multi-site

Experiments at
geologically
particular locations

FIRST GEOLOGICAL INTERPRETATIONS
Measured geoneutrino signal is in agreement e T AT AR R
with expectations, but we cannot distinguish B e % | " By e e A
among various geological models: o WANTED -
Borexino: S, = 43.5 *118_, , (stat)*27 , ,(sys) TNU e i,
KamLAND: S, = 34.9 *6.0 ., TNU More statistics
U/Th ratio is compatible with chondritic ratio, &
but the errors are too big: i :
KamLAND: Th/U = 4.1+55 ; ; Y experiments
First indications of the measured non-zero
mantle signal
Borexino 2015: S_, . =20.1*15>1 .. TNU
|dea of Herndon about the active geo-reactor in
the Earth core excluded
Borexino 2010 < 3TW @95% CL B e R
KamLAND 2011 <5.2TW @ 90% CL o
J
Mitglied der Helmholtz-Gemeinschaft
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REACTOR NEUTRINO
the strongest human-made v-source

Ll

| . [ X ]
@) JULICH
Mitglied der Helmholtz-Gemeinschaft Page 24
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TYPICAL REACTOR ANTINU SPECTRUM AND FUEL CYCLE

Arbitrary units

o o o = =
N » o 0 o
I

o
o

,,,,,,,,,,,, SRS — 7, flux [ ,,,,,,,,,,,, /
‘ ‘ | IBD o 1
Count rate

Mitglied der Helmholtz-Gemeinschaft

16 S Pu241
@l power
o

P 0.6}

8 1.0

U235
U238
Pu239

11T

S 0.8}

0.4}

0.2}

0.0

0 100 200 300 400 500 600 700 800
time, [day]
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REACTOR NEUTRINO OSCILLATIONS

. Medium
Two modes of oscillations: P(v. — 7.) =1 —— ed u
baseline
baseline

e

Short

If e ‘N/

2 [ o @ s 013 *

o 0.8—(‘/o A Near ﬁ
R & Far

. [ 4

S 061—{29 5 Daya Bay

= - Q‘f/ Double Chooz

5 04K RENO

¢ I

g 0'2-_ . — sin22013=0

S C — sin22013=0.084

o T KamLAND
2 1 L[km]

10 10 1 10 page 26 i

1950: Savannah River: discovery of
(anti)neutrino

1980+90s: ILL, Bugey... Reactor
neutrino flux measurements

2000s: KamLAND: 1st evidence for
Am?,, — driven oscillations

2012: Daya Bay, Double Chooz,
RENO - non-zero 6,5 mixing angle
2014: Double Chooz, Daya Bay,
RENO - “5 MeV bump” in energy
spectrum

Since 2014: Stereo, NEOS, DANS,
PROSPECT, Double Chooz, Daya
Bay, RENO--- - reactor anomaly
and sterile neutrinos

Since 2017: Daya Bay, RENO - fuel
vs spectral time evolution

DAQ start in 2021: JUNO - mass
hierarchy, precision 6,, Am?., astro-
particle goals

IJ JULICH
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S = :
> sof— (@i N
KamLAND OSCILLATION RESULT: = fi’i—;f e
f;:'—) 405_.. | P TR E RN BT EN AR | el 3|
— = (b): Penod 1 ERa:
sgn n g 016 = .
Best sensitivity to solar mass splitting Am?., onsf | 0022007 =
— 20.04:
| 001; ; %o.ozz
I Phys. Rev. D 88 (2013) 033001 0osE. & of
: 0ot EWGeo
> 081 004 : ™ __ Reactors
= UL 002F- - S5
—C.é — ()':lll.I.IIIIIIIIIIIIlllllll_l(;.‘:)l8
e B = (c)iPeriod 2 %
S 0.6 § g':j = i After purification: Z 000}
& - = oaE 1 2009-March 2011 Sioos|
= B ! & 1t T 4B -F
2 0.4 __ % 0.1;— : _+_ go.o-:
c 4L SooE | =
%) - -+— PR E 0.06 ;_ E
0.2 B § 004 i f=
21 2 3
| —— 3-v best-fit oscillation —e— Data - BG - Geo V, 0-0; %. 1 1.1:|:| 11 I I I AT I 17I$m
O I_ L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 111 I 11 0‘162 (d)EPerlOd 3 g
20 30 40 50 60 70 80 90 100 0.14;— P LamlANDdaa 2
LO/EVe (km/MeV) 0.1 ;— g ?fé:zezt)alwo E
~ 008 i N\ Best-fit Geo V,
. . . 006 f_ E — Best-fit osci. + BG
Data combination Am%l tan26,, sin26 5 0oaf i + best-fit Geo V., After Fukushima
, +0.19 +0.092 +0.033 002F
KamLAND 7.54%518 04817605 0.010ZG033 N = .M N

o
[
N
(o)

4 5 8
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@’*"Q
R Daya Bay (China) Double Chooz (France)
\\(\0 \)(oém 0 Data/data
Y QW40 A 1.3
0 - —+— FD / ND Data
120—
O - 4 g 0090 FEEssA. i b L No oscillation
- 1.2
E 100 - 7 7 “ Best fit on sin “26,, = 0.103 + 0.017
_.\(2 80 ; C\/a;i:::fezartl:ar site - best fit I:l Multi Detector 1 ¢ Variance
GCJ 60 - : Weighted near site - no osc. a 1.1
T 40 - A % Exf“'“ / DoF = 28/ 37
—— Rate+shape S 1.0k . e
200~ \2/ndf=148.0/154 : |+ T
i, R 1 — . 1 !
1.04 0.9 + ,
E_’ ! '02;7. ’ Double Chooz IV .
g 049; = i rar (818 days) +l Near (2158 days)I |
§ ooeE- + 08— 3 4 5 6 7
S 094 o
£ oot + Visible Energy (MeV)
0.9= 2 a 6 8 72
Eprompi(MEV) GdLS mass

QUEST FOR THETA13 MIXING ANGLE - |

Concept of near & far detector to cancel

several systematic errors.

Ton-scale Gd-loaded LS detectors.
Gd: to increase the neutron (from IBD)

capture cross-section.

Mitglied der Helmholtz-Gemeinschaft

Daya Bay

Double
Chooz

RENO

Near/Far [t]

RENO (South Korea)

C T T T .|
6000— —

> L J

5

s L il

o 4000— —

= L il

~ = —

2

£ L il

> 2000 —

m -
- Prediction (best fit) .
L] ameeaaes Prediction (no oscillation) |

= T

S Ll ]

5 L

ERR T e e

= B T

= 09 + .

<

S 08 . . I | .

= .

Z 2 7

Distance
Near/Far [m]

Overburden
[mwe]

Running
until

o]

2x2x20 365, 490 250
4%20 1650 860 2020
16.8 8 400 120 Dec 2017
' 8 1050 300 (Finished)
16 290 120
8.5 16 1380 450 2020-2021

810Z Old 09A0%s0Y "g Asanno)




QUEST FOR THETA13 MIXING ANGLE - I

Daya Bay with 1958 days
Highest Statistics of IBDs (~10°)

1.00}
0.98}

> 0.96¢

P(Ve = Ve)

0.94f

0.92}

............................................

— Best-Fit ]
— \W/O oscillations /
)\ EH1 |
Y EH2
¢ EH3

*\;/k

P. Ochoa @ Neutrino 2018

0.90O

100 200 300 400 500 600 700 800 900
Lerr / Ev (M/MeV)

sin’26,, = 0.0856 £0.0029
|Am’ |=(2.52£0.07)x 107 eV*

Mitglied der Helmholtz-Gemeinschaft

Experiment Value
Daya Bay nGd e 0.08560.0029
RENO nGd —e—i 0.0896+0.0068
Daya Bay nH ——a— 0.07140.011
D-CHOOZ nGd+nH ———— 0.1054+0.014
RENO nH e 0.094%0015
bayessian 0.09915-037
T2K NH 0.10570 027
IH NG00 S

0.06 0.08 0.1 012 0.14

Courtesy B. Roskovec PIC 2018 sin® 26,5

Importance of non-zero 6,5 and its precise T/kof

determination Oesd <ito

v CP-violation in lepton sector and mterpretatlony’
of dedicated experiments

v" Mass hierarchy determination with reactor

antineutrinos (JUNO) 9 JULICH
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ISSUES WITH REACTOR ANTINU FLUX AND SPECTRUM

REACTOR ANOMALY (Mention et al. 2011)
wrt to the Huber/Muller prediction (2011),

. . . Q
all short baseline experiments show deficit: 2
- ~ AN 7 —~
8! | T T T T T T R | T T T T T L | E CD
T —&— Bugey-3 —+— Daya Bay —=— Krasnoyarsk —+— RENO &’

—— Bugey-4+Rovno91 —— Double Chooz —2—  Nucifer —+—  Rovno88 E
= —— Chooz —— Gosgen+ILL —+— Palo Verde SRP _ O
N O,
2 8 2
3 3 I ) ] =

: S ;
Zm g ? : 1 <
IS ' Z
3 19
. R=0.934+0.024 ] ©

° 10 10 10°
L [m]

This anomaly could be interpreted due to
1. existence of light sterile neutrino (Am?2> 1eV?)
2. incorrect reactor flux prediction

Mitglied der Helmholtz-Gemeinschaft Page 30

Spectral shape and “5 MeV bump”

- - Data
20000 = "__ .Full uncertainty
= - - Reactor uncertainty
§ 15000 = Tt —ILL-Vogel
- - -
e =
g 10000 - :_-‘-
uc‘ Q%Bay ™ Integrated
1.2 million IBDs -_ >
§ . 12
g3
2 T 11
as 13
2
g 0 ’ :.I I.:.:
5 = os Chinese Physics C 41(1) (2017) 13002 i
< Rl 6 ]
Prompt Energy (MeV)

1.Confirmed by RENO, Double Chooz,
NEQOS, but not seen at Bugey, DANSS

2.Scales with the reactor pOer JU LICH

Forschungszentrum



FUEL TIME EVOLUTION AND IBD YIELDS

9 - Daya Bay (2017):
. Ax? v' Detailed information about the core
L4 9 S composition time evolution: 23°U,
55 0 239p; 238\ 241pPy
A Daya Bay ‘L(_) , , ’
S 5 o | — Huber model w/ 68% C.L. N v Observation of the changes of the
I M~ spectral shape
= o : ..
- 4.5 - @, v" IBD yield of 235U in disagreement
S g < with Hueber overestimated by 7.8%
S Ci =+ RENO claims similar results at
535 i D NEUTRINO 2018
© ous = (10.1£1.0) x 10 g 700
3,0 (20 =(00420.00)x 10, - |s it the solution to the reactor anomaly?

'52 56 6.0 64 68 7.2
o935 [107%3 cm? / fission]

IJ JULICH
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PLETHORA OF VERY SHORT BASELINE EXPERIMENTS

Experiment Reactor Overburden Detection Segmentation Optical Particle ID
Power/Fuel (mwe) Material Readout Capability
DANSS 3000 MW ~50 Inhomogeneous | 2D, ~5mm WLS fibers. Topology only
(Russia) LEU fuel PS & Gd sheets

3 ,
(South Korea) : I" -

omogeneous

recoll PSD only

| LEU fuel Gd-doped LS ended PMT
nulat S 40 MW few Homogeneous Quasi-3D, 5cm, | Direct PMT Topology, recoil
(USA) : 23U fuel °Li doped PS 3-axis Opt. Latt & capture PSD
Neutrino4 > * | 100 MW ~10 Homogeneous 2D, ~10cm Direct single | Topology only
(Russia) :"‘fllll I Iw Gd-doped LS ended PMT

<l l]»
ew omogeneous , 15cm irect double | Topology, recoi

(USA) 6Li-doped LS ended PMT & capture PSD
SolLid ~10 Inhomogeneous | Quasi-3D, 5cm | WLS fibers topology,
(UK Fr Bel US) 23U fuel ®LiznS & PS multiplex capture PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ topology,
(USA) 23U fuel ®LiznS & PS 2-axis Opt. Latt | WLS Scint. capture PSD

tereo
(France)

Homogeneous
Gd-dppedbs

Direct single
ended PMT

8102 Dld @97 I Assuno)



VERY SHORT BASELINE EXPERIMENTS R

C. Giunti NNN2018 First results are coming, but the situation still unclear:
« 4 experiments exclude best fit of reactor anomaly

10 . IIII| T
Mlv.Dis . .
° ..| DANSS « NEOS and DANSS best fit agree with each other
— oo| *NEOS DANSS
data
3o [PLB 787 (2018) 56, arXiv:1804.04046]
NEOS [PRL 118 (2017) 121802, arXiv:1610.05134] e
1 (c) — NEOS/DayaBay 7 s ¢ l
—_— .S L + Systematic total * * Huﬂ % 3 ]
Al o Ir I8 s N i
> B + hll Hl —— & °
g 10 S a SU:c1 B
2! f\g 4 | g ©
S —— (1.73 V2, 0.050) 1 g &
1 - ool (232 eV2, 0-142) — ---- Noligstiﬁations
N [ SENSITIVITY [ T S S ST 3 | — Oscilations Best i
g - Contours Prompt Energy [MeV] 10 20 30 40 50 60 7.0
o Positron Energy [MeV]
Y Prospect 1806.02784
yl, o Stereo1806.02096
. —— PROSPECT < o = l .
(3+3yr, 30) o = | '
| —— SoLiD 3t 5
(1+43yr, 30) I & ‘-
—— KATRIN < r
(90% CL) 3 S o i
10—1 [ |||||| : ‘\\ - -
107 107 [ e N Enc g -
e . ' JULICH

Forschungszentrum
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JUNO IN CHINA: THE FIRST MULTI-KTON LS DETECTOR

DAQ Wl” Stal"t |n 2021 Talk Of F. PerrOt E e S U— Non oscillation
on Tuesday! 9 —— 0, oscillation
= 05 Normal hierarchy
Calibration Electronics e .Eo Inverted hierarchy
Filling + 0.4
—_— —2 Overflow
Top muon e — 0.3 N,
tracker - . 2
02 & sin 2913
AAS f_;_;;, 0.1
¥ LJJ \ 7 L ') A NN 1 R 7 A e NS
Central Detector P }L” 08 PP SR R B
Acrylic Sphere + Levlidienhere ‘_: _ 10 15 20 25 30
20 kton Scintil + Acrgy[liq S‘ph?r? IDToEsaU eom L/E (km/MeV)
~17000 20” PMTs + = i . .
~34000 3” PM | e v' Mass hierarchy to 3-40 in 6 years
= v' 53 km baseline at solar oscillation minimum
v' 20 kton target
W h :
e e v' Challenge: 3% @1 MeV energy resolution
AV LYE v’ precision 0,, Am?,,
i 1 v’ astro-particle goals: DSNB

435m SN, solars, geoneutrinos..’ ‘J JULICH
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SUMMARY AND OUTLOOK

Solar neutrinos:
« Borexino: comprehensive spectroscopy of pp-chain neutrinos and quest for CNO

« Super-K: 8B precision spectroscopy, solar mixing angle and quest for P, upturn and observation of day-
night asymmetry

« Future experiments: SNO+ in Sudbury (8B), JUNO and Jinping in China
Geoneutrinos:

« Borexino and KamLAND observed geoneutrinos and provided first geological insights

« Borexino preparing an update with ~20% precision, KamLAND update expected soon

« More statistics needed for firm geological interpretations

» Future experiments: JUNO, SNO+, Jinping

« HanoHano (oceanic crust): the best option to measure mantle contribution: funding needed!
Reactor antineutrinos:

- Daya Bay, Double Chooz, RENO: precision measurement of 6,5 and “5 MeV bump”

« Daya Bay, RENO: fuel evolution, 23°U IBD yield in disagreement with Huber model

« Reactor anomaly and plethora of short baseline experiments: sterile neutrino?
- JUNO in 2021: mass hierarchy and precision 6,, AmZ2,, ' ’ JULICH

Mitglied der Helmholtz-Gemeinschaft Page 35 Forschungszentrum



Thank you!

IJ JULICH
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Back up slides

IJ JULICH
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BOREXINO 2018 SOLAR NEUTRINO RESULTS

Flux — non-oscillated
[cm2s]

Flux — e-equivalent
[em?s]

Solar v Rate
[cpd/100 t]
o »\?)* 134 + 10*$,

Be \fb* 483 + 1.173%

pep (HZ) 2.43 + 0.367333
+
A ©
pep (LZ) 2.65 + 0.3619:1>
8 BuE-1 0.136f3:8%§f8283§
8B HE.II 0.087+0'080+0'005

—0.010-0.005

o +0.01540.006
Bue 7 0.223Zp016-0.006

Mitglied der Helmholtz-Gemeinschaft

(6.1 +0.5733)x101°
(4.99 + 0.11*398)x10°
(1.27 £ 0.19%39%)x 108
(1.39 + 0.19+2:98) 108
(5.77028%018) x 10°
(5.5615247033) x 10°
(5.6815:3170:03) x 10°

Page 38

(4.2 + 0.3%33)x 1010
(3.15 + 0.07%5:33)x10°
(0.78 + 0.12%5:95)x 108
(0.85 + 0.12%3:93)x 108
(2.6615351608) x 10°
(2.441535%014) X 10°

(2.57%818+8:07)x 108

/.

JULICH
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Implication of the results: probe solar fusion with R

Reaction from the main pp chain

PR

99.76% 0.24%

pep

2
p+p—>H +e’ +v,

83.30% | 2

p+e +p —*H+v,

16.70%

I ‘Be+p = °B+y

B
°B—"Be +e'+v,

H+p —°He+y
*He +°He — *He +2p _Io.tz% *He +'He — 'Be +y I

99.88%
Be
| "Be+e —7Li+v,

8Be’ — "He +‘He

"Li+p — "He +'He

e Rate(CHe+He)
Rate(CHe+'He)

__ 20('Be)
O(pp) - D('Be)

Expected values: (C. Pena Garay, private comm,)

R=0.180+0011 HZ
R=0.161£0.010 LZ

Measured value:



5 o evidence of pep solar v
(including systematics uncertainties)

Likelihood profile resulting from the multivariate fit

o~
2

<

70IIII|II]I|IIII|IIIIIIIII|IIII|IIII

CNO constrained to LZ solar model

60

CNO constrained to HZ solar model

..........................................................................................................................................................

-------------------------------------------------------------------------------------------------------------------------------------------------------

.....................................................................................................................................................

0 | I I | | I I | | I N | I I |

0 1 2 3 4 5 6
pep rate (cpd/100 T

~ ~

data/model
- hO®

o
(o)

e
(SR

Select innermost (- like events

Radius<2.4 PS-LPR<4.8

500
—

600
—

700 800 900
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P
=3
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s 210B
e 110

- = = eXt bkg

Il
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ALY

o data/model | |68% [JJosx [Joo.s%
A A L A

" .460. A

500
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—
o
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One-sided test statistics - 95% CL upper limit

Upper limit on the CNO flux

n S 75

(O o L

2 S

T : : : : : = 6—
» Set a constrain to the ratio pp/pep D 10° I R %’ - _ /
* Very well know in the solar model o S °- Dataanalysis result

* Include oscillations LMA-MSW
* Toy MC study of the sensitivity :
the median 95% CLis 9 cpd/100t for LZ

w SN
| |
stat + svs\

10 cpd/100t for HZ . 1;_
W0 :
95% CL ||m|t on the CNO n rate 102 — 5"\)6\\ ‘(\e(/“ o OO_ . é L Lo 8 L 1|0
8.1 cpd/100t SN I A s, . 7 7 CNOrate (eod100 tom
. . . (\S\ \'\0 ‘e'c(\ 4 H 4
including systematics errors S “\‘00 o°
6\5 6\(\% A
- \(\(,0 ...... " — 2
PreVious Iimit (Set by BoreXino Phase I): | 1 I 1 L1 I 1 L1 I | | 1 I 1 1 1 I\LIT\J | 1 1 I | 1 1 | L1 1 I 1 1 1
7 9 cpd /100t 0 2 4 6 8 10 12 14 16 18 20
i CNO rate (¢cnd/100 ton)

Borexino result Expected HZ Expected LZ

CNO <8.195%C.L 4.91 +-0.56 3.62 +- 0.37
N cpd/100t cpd/100t cpd/100t




BOREXINO SENSITIVITY STUDIES

cn

correlation between
210Bj and pep

i

correlation between
210Bj and CNO

correlation between
pep and CNO

Ext_TI208

[ Ext_Bi214

JULICH
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SYSTEMATIC ERRORS IN LER

Systematic errors in the LER analysis

pp neutrinos 7Be neutrinos | pep neutrinos
Source of uncertainty -% +% -% +% -% +%
Fit models -4.5 +0.5 -1.0 +0.2 -6.8 +2.8
Fit method (analytical/MC) -1.2 +1.2 -0.2 +0.2 -4.0 +4.0
Choice of the energy estimator 2.5 +2.5 -0.1 +0.1 2.4 +2.4
Pile-up modeling 2.5 +0.5 0 0 0 0
Fit range and binning -3.0 +3.0 | -0.1 +0.1 -1.0 +1.0
Inclusion of the 85Kr constraint 2.2 +2.2 0 +0.4 -3.2 0
Live Time -0.05 +0.05| -0.05 +0.05 | -0.05 +0.05
Scintillator Density -0.05 +0.05| -0.05 +0.05 | -0.05 +0.05
Fiducial Volume -1.1 +0.6 | -1.1 +0.6 -1.1  +0.6
Total systematics (%) -7.1 +4.7 | -1.5 +0.8 9.0 +5.6

Mitglied der Helmholtz-Gemeinschaft

Page 43

Fit models:

the shapes of fit functions are varied
within the uncertainties allowed by the
calibration data.

Fit methods:
analytical approach versus Monte Carlo
shapes of the spectral components.

Energy estimators
#triggered PMTs in a fixed time window,
#of hits, #photoelectrons.

Pile-up modelling:
Synthetic pile-up vs convolution with with
random data spectrum.

85Kr constraint:
Constrained based on the 85Kr -> 85mRp
fast coincidence (BR = 0.43%).

Fiducial Volume:
Position reconstruction precision based
on calibration data.

IJ JULICH
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THREE-FOLD COINCIDENCE (TFC) TO TAG YIC \,  oyiindrical cu

around u-track

Critical for pep and CNO neutrinos

Muon detection € = 99.992%:
u+1”2C-> p+UC+n « Outer Detector triggers

/ \  Cluster of hits in Outer &
" Detector data
"1C> "B+e"+v, [N+*p>d+y(22MeV) |« Pulse-shape of Inner
1~ 30 min ©~260 us Detector data
Neutron detection: after each ID u, 1.6 ms gate is opened
to detect neutrons: example with several tens of neutrons. *
= n-capture
‘ H | ‘ ‘ Likelihood that a certain event is 1'C
e pe——_ uses in input time and space correlations
Exposure divided to 2 categories: between subsequent muons and
TFC-tagged (46% of exposure, 92% of 11C) cosmogenic neutrons.

TFC-subtracted (64% of exposure, 8% of C)

IJ JULICH
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ELECTRON-POSITRON PULSE SHAPE DISCRIMINATION

Critical for pep and CNO neutrinos

in ~50% of the cases, e* annihilation is delayed
by ortho-positronium formation (t ~3ns);

- .
T S0F :
2] — I
= — I
g 40 :— 1
z l
% 30 !
o Z ' e
O 20 ' Scintillation
e ! .
s F I ' light deca
= F |e» . Y
T 10 = ~10 ns
O _ 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1
-20 0 20 40 60 80 100

PMT hit times [ns]

Single ortho-positronium event,
in which annihilation occurs in 10 ns
after o-Po formation

Mitglied der Helmholtz-Gemeinschaft

et - 10
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Pulse shape estimator:

normalized likelihood of the position
reconstruction algorithm that uses light
emission profiles for electrons.

Used to pin-down the remaining 'C(e*)

in the TFC-subtracted spectrum. ‘ ’ J U LICH
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RESULTS AND SYSTEMATIC ERRORS IN HER

Systematic errors in the HER analysis (8B neutrinos)

HER-I HER-IT HER (tot)
Source of uncertainty % 4% | % 0% | o 4o Additionally studied:
Target Mass 20 20| 20 20| 20 420 * PDF’s radial distortion +3%.
Energy scale 05 +05 | 49 +49 | .17 +1.7  Emanation vessel shift +1%.
z-cut 07 407 0 0 04 404 » Distortion of the emanation PDF’s.
Live time 2005 +0.05 | -0.05 +0.05 | 005 +0.05 * Binning dependence.
Scintillator density -0.05  +0.05| -0.05 +0.05 [ -0.05 +0.05
Total systematics (%) -2.2 +2.2 5.3 +5.3 2.7 +2.7

SuperKamiokande

2.345 +0.014 £0.036 x 106 cm? 5!

BX 2010

2.4+0.4 x106cm2s]

This measurement

2.55 +0.18 #0.07 x 10* cm2 5!

Mitglied der Helmholtz-Gemeinschaft
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HIGH ENERGY REGION (HER) ANALYSIS

Results on 8B solar neutrinos

Analysis in 2 energy regions

llllllllllllllllllllllllllllllllll

)
TTTTH

. * no natural radioactivity
expected above 5 MeV
th% * benchmark: compatibility

with SNO and SuperK
Wﬁwf%ﬂﬁﬁwh t —I:D

counts /25 pe /1494 d
3,

10

- HER1 HER2 d 7
1 ~3-5MeV ~5-17 MeV | hm =
= FV:266t FV: 227.8t N 3
R N I | BN A 11 A

2000 2500 3000 3500 4000 4500 5000 5500 6000
Energy [pe]

Backgrounds after selection cuts
(neutron, cosmogenics, TFC('°C),
214Bj-214Po, random coincidence)

HER1

v" cosmogenic ""Be HER2 _

v 208T| (bulk , emanation = ¥ cosmogenic "'Be
and vessel surface) v' y's from n-captures

v' y’s from n-captures

Almost all scintillator volume used in the analysis.
Factor 2 improvement wrt PRD 82 (2010) 033006.

5x lower internal 2°8T| background estimated from
212Bj-212Pg coincidences within 3 m radius.

Two components of the external 2°8T| background:
pure surface and due to 22°Rn emanation.

|dentified new source of background: y’s from
neutrons captured on materials different than H,C.
The source of neutrons are (o,n) reactions and
fissions from U and Th chains.

New estimation of the ""Be background compatible
with 0.

AN

220 Rn

55.6s

)
)
o

216 Po

0.145s
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SUPER-KAMIOKANDE DAY-NIGHT ASYMMETRY

SK-I/lI/II/IV Combine Day/Night Asymmetry

Su erK ICRC’ Au ust 20 1 5 1 T T T T T T T T T T T T T T T T T T T T T T T T T T T T
perk @ s “preliminary. | 'sin2012=0.311, sin2013=0.025 1
20 (L i - 10 Solar o KamLAND . ,
SK-LILI1,IV combined, Preliminary 0 il | Solar region

" stat. error only

¥

- SK-LILIILIV best fit :
" Best Fit - KamLAND region

| sin?60,, =0.311

3.00| [2.9 : v differ from zero
by 2.9~3.00
v agree with expect
by 1.00

o

Day/Night Asymmetry (%)

N
o
1

e

[ Amy 2 = 4.84 X 10-5eV?2 '

Day/Night Asymmetry (%)

v differ from zero

-

-40 - 1 by more than 2.80
| cin2 — ] -4 — i
iSlp ‘.91? .O'iOZ.S o s PG NER I ety - Jagret)e vzltgoexpect
— 5 10 15 | ~ (straight calculation) y i
_52 11 I4 it I6 1 8 L1 I10I 1 I12I 1 I14I 1 I16I 1 I18I I2I20I-5I Ig2
Am21 (10 eV)
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BOREXINO GEONEUTRINO RESULTS AND ANALYSIS

Borexino 2015: 23.7 *6-5 (stat) " (sys) geonu’s

22
20
18
16
14
12
10

Events /233 p.e. / 907 ton x year

o\nn B OO @

v

Mitglied der

——+— Data
Reactor neutrino
----- Best-fit U+Th with fixed chondritic ratio
4 Il U free parameter
! Th free parameter

-~ Soc oo

I\IIIII IlllIIIIIIIIIII]lllllllllllllllllllllI

- +
!
! ST B e (O

2000 2500 3000 3500

Prompt Event Energy [p.e.]
MeV ~7 MeV

PRD 92 (2015) 031101 (R)

P
500 1000 1500

Non-antineutrino background almost invisible!
5.5 x 103! target-proton year

Helmholtz-Gemeinschaft
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Unbinned maximum likelihood fit of 77 candidates.

Non-antineutrino background almost negligible (<
1 event) and constrained in the fit.

Reactor background left free in the fit: results
compatible with expectations.

2 kinds of fit;
v U/Th left free;
v U/Th constrained to chondritic value.

Statistical error largely dominates systematic
uncertainty (reactor spectra, uncertainty of
backgrounds, and detector response).

New update with ~20% precision under preparation.

First geologically significant results available but
more statistics needed!

Important new tool for future experiments

IJ JULICH
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Expected “known and big” crustal signal

50 TNU

The signal is small,

30 DO
Z. .
25 = we need big detectors!
20
15
10 1 TNU = 1 event / 1032 target protons / year
5 Cca 1 event /1 kton /1 year,

100% detection efficiency

Expected mantle signal: hypothesis of heterogeneous composition
Motivated by the observed Large Shear Velocity Provinces at the mantle base

(from: C. Jaupart: remnants of a basal layer, now thinned and deformed by convection?)
10.6 TNU

10.5
10
9.5

= . :
o & To measure mantle signal is
8.5 even more challenging!

Ondrej Sramek, William F. McDonough, Edwin S. Kite, Vedran Leki¢, Steve Dye, Shijie Zhong “Geophysical and geochemical constraints on geoneutrino
fluxes from Earths mantle”, Earth Planet. Sci. Lett., 361 (2013) 356-366)



GEONEUTRINOS ENERGY SPECTRA

1.8 MeV kinematic threshold

§ 10 F A —-—-- 298 geries
- =T P e *2Th series
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I e - IBD cross section
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Geological implications

Borexino

KamLAND

2. U/Th ratio, when left as a free fit parameter, is compatible with the chondritic U/Th ratio.
The error on the measured ratio is still large.

5, [TNU]

S [TNU]
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Th/U=3.9

W
T

— chondrite data
(1.06-6.42)

| BSE models
(3.58-4.2)
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lo

5 10

15 20

Th/U mass ratio
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Geological implications

Borexino KamLAND

3. Radiogenic heat: the first geoneutrino-based measures of the Earth radiogenic heat

available
70
- # Geodynamical
6 -
=
N'm B #s% Cosmochemical
— & L
g S .4
N=) L
E = -
= x -
£ < B
-} =
@ o0 = 2
20 : S z : - = -
: \O‘z& Considering chondritic massi ratio Th/U=3.9 and K/U =:10* : radiogenic |
S’ heat (U + Th + K) = 33*%8_,.T; to be compared with 47 + 2 TW of the total
10 : Earth surface heat flux (including all sources, from gegthermal - B
measure?ments) : . 0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
: : : . 0 10 20 30
© o} 10 20 30 40 50 60 i i 238 232T
Radiogenic Heat from “°°U + h (TW)
H(U+Th) [TW]
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