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OUTLINE

o Solar neutrinos
© Thermonuclear processes
© Detecting neutrinos

o Experimental activity:
o Borexino

o SuperKamiokande
o SNO+

o Qutlook: JUNO
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SOLAR NEUTRINOS
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SOLAR NEUTRINOS - ENERGY SPECTRUM
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SOLAR NEUTRINOS - ENERGY SPECTRUM
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THE IMPORTANCE OF SOLAR NEUTRINOS

Intense experimental activity

for solar neutrino detection
(Homestake Kamiokande, SNO,
- Gallex, GNO, SAGE)

Proof of neutrino flavour conversion
(+ atmospheric)

Solar neutrino problem

‘ Solar neutrlnos represent an important example of the connectlon |
between partlcle physms and astrophysms
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THE IMPORTANCE OF SOLAR NEUTRINOS

Intense experimental activity

for solar neutrino detection
(Homestake Kamiokande, SNO,
~Gallex, GNO, SAGE) o

__ - - 'ﬂ

‘ Solar neutrlnos represent an important example of the connectlon
between partlcle physms and astrophysms

S S s S  e————— — e e —— e —— S — — — _ — S

Proof of neutrino flavour conversion

Solar neutrino problem (+ atmospheric)

Neutrino physics: Solar and stellar physics:

@ Oscillation parameters:

& Solar sector (6,,, Am?, and global fits ) -
e & Direct probe of thermonuclear processes:

M pp chain

;@ Matter effects: M CNO cycle

™ Earth: Day/Nighy asymmetry
M Sun: Survival probability Pee (Upturn)

& m,/m, ordering ,;& Thermodynamical stability of the Sun

;@ Unique probe to test Standard Solar

Models:
M Metallicity puzzle

@ Beyond Standard Model Physics:
™ Neutrino magnetic moment
M Sterile neutrinos
M Non-standard neutrino interactions
Mitgli 7
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SOLAR PHYSICS: THE SOLAR METALLICITY PUZZLE

Metallicity: abundance of elements with Z>2 in the Sun (wrt Hydrogen)
Can be inferred from spectroscopic measurements of the photosphere

Evolution of metal-to-hydrogen ratio (Z/X):
_High Metallicity

| (1998) Z/X(GS98) = 0.023 |
-+ HZ-Scenario

i L Metallicity o . Lw Metallicity » h Mtallici’gy o

| (2021) ZIX(AG21) = 0.0187

| (2009) ZIX(AGS09) = 0.018
| e LZ-Scenario
’ . Helloselsmology Q

e LZ-Scenario

. Hehoselsmology @ |

Solar neutrino fluxes depends on the metallicity input in SSM:

| (2022) ZIX(MB22) = 0.0225 |

« HZ-Scenario
* Helioseismology

Flux | BGS98 (HZ) [cm~2s71] | AGSS09 (LZ) [ecm2s7'] | % diff
pp 5.98(1 £ 0.006) - 101 6.03(1 £ 0.005) - 10*° 0.83
pep 1.44(1 4+ 0.01) - 108 1.46(1 4 0.009) - 10” i 4\ | - E—
T s 10 ¥ 10 ,‘ h ;
by 4592&1"——06092)) o ‘255%((1 _—_%062)) e ' Perfect candidates to unravel J
BN 2.78(1 £0.15) - 108 2.04(140.14) - 108 #:,_ , aII|| Ie I
0 2.05(1 +0.17) - 10° 1.44(1+0.16) - 108 .o
17 5.29(1 + 0.20) - 10° 3.26(1 £ 0.18) - 10° ‘ ’ JULICH
All CNO 488(1 5 016) y 108 351( = 05) y :.08 Forschungszentrum




OUTLINE

o Solar neutrinos
O

© Detecting neutrinos

O
O
O
@) JULICH
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SOLAR NEUTRINOS - DETECTION CHANNEL

(both for liquid scintillators and Cherenkov detectors)

eDetectione chawninel: solar neutrino - electron elastic scattering (real time) g" | g\
+
”

§ Sensitive to all neutrino flavours

& No Lntrinsie energy threshold

& CONELWIULOUS energy spectrum: $ LS - Lsotropie Light
§ Cherenkov - Directional tnformation
dNIdE Neutrino -
We see the energy \
carried away by Electron @
electrons, not the
total neutrino \
energy
—_— Cherenkov light



OUTLINE
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o Experimental activity:
o Borexino

O
O
@) JULICH
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BOREXINO DETECTOR

Water tank: 2.8 kton of pure HzO |

y & n shield
Cherenkov muon veto

| 280 PMTs in water ) 1 SR | K8 LI > ,
. ___ /A AR \ & Detectron chawnwnel: neutrino-

electron elastic scattering

& LocatLown: Laboratori Nazionali del
Gran Sasso (LNGS), Italy

(
]
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- - - -

-
- .
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Stainless Steel Sphere:

§ Lnigue features:
2212 Internal PMTs

///' - ———————— _ _ _ _

B s 4
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(
'( @ Unprecedented level of radiopurity:
R(**Th) < 7.2-107"° g/gand R(**®U) < 9.5-107%0 g/g |
|

(e e,

~278 tons |
ofPC+PPO |
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| Nylon vessels: @ High eff. light yield (~500 p.e./MeV

r(Outer) = 5.5 m

.
'L
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v o W B BT =
L

. T S ‘ with 2000 PMTs)
‘f -" ’ ; : 5 . ™ Low energy threshold

i
#
r(Inner) 4. 25 m a

@ Good energy (~6% at 1 MeV) and |
position resolution (~11 cm at 1 MeV)

rzra/ S discrimination capability via

| pulse shape discrimination ]

- v ! |
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BOREXINO: THE LONG JOURNEY

M 1990: Start of R&D for innovative radiopurity methods
M 1995: Counting Test Facility (CTF) testing the radiopurity

M 1997: Approval of the experiment
M 2007: Begin of data taking

Thermal insulation and

| active temperature control |

Phase-III 2016 - 2021)

A ahty 2 DA e T ok s 1 2 DA e Te ok
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Solar neutrinos: : ~—m——

© 'Be v: 1st observation (5%) + absence of SOIar_' neUtrmOS' | FIrSt dlrect experlmental ]
© pp v: 1st observation; »’

| | ‘ |
} SZé/g'g?;tasg;nerR/eattrié’n' > 'Be v flux seasonal modulation:; evidence of CNO neutrinos *
~ 8B 2 with low threshold: > Comprehensive measurement of (Nature 2020) |
- CNO v : best limit; pp-chain (Nature 2014 and 2018) © Updated CNO measurement
Other: Other: (2022)

> Geo-v evidence > 4.50: ~ New limit on neutrino magnetic moment

. o Comprehensive geoneutrino analysis
© (Geo-v evidence > 5o, P 9 y
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BOREXINO PHASE-II: PP CHAIN

Low Energy Region (LER) 0.19 - 2.93 MeV: pp — v (10.5 %), 'Be — v (2.7 %), and pep — v ( > 50)

High Energy Region (HER) 3.2 - 16 MeV: °B — v (8 % with 3 MeV threshold)

First limit on CNO — v and hep — v

Neutrinos

Mitglied der Helmholtz-Gemeinschaft
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BOREXINO PHASE-II: IMPLICATION OF THE RESULTS

Neutrino Luminosity: L = 3.89J_r8:2§ . 10%%erg s—1 in agreement with photon luminosity === thermodinamical stability of the Sun
L : 20('Be) +0.027 . - - HZ 1z
Relative intensity ppll-ppl: R;;;; = O (pp) — D Be) = 0.1787 ;>3 (in agreement with predicted values R;;7 = 0.180 = 0.011 and R;;j; = 0.161 £+ 0.010)
pPp) — € |
08 — T T T T T T 1] T T T T T | B i K ' ) - d ) ' ' ) ¢ ' ) ' ' .

E E 55x10%F SSM-HZ -
0.7~  pp — | '
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0oL . R ‘Il ! ! L1 ”l1|0 _ 3 x 10° 4 x 108 5 x 108 6 x 10° 7 x 106

=
Neutrino energy (MeV) Py leora7)
Survival probability with Borexino data only: Indication towards HZ-SSM:

Vacuum-LMA model excluded at 98.2% CL Low metallicity disfavoured at 1.8 6 ..
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BOREXINO PHASE-Ill: CHALLENGES FOR CNO

¢ Low expected rate: 3-5 cpd/100 tons

¢ Spectral shape similar to pep — v and *'"Bi
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BOREXINO PHASE-Ill: CHALLENGES FOR CNO

¢ Low expected rate: 3-5 cpd/100 tons The strong anti-correlation...

0 20 40
¢ 210 o[BI
* Spectral shape similar to pep — v and = "B -
N O*
10 E
— = O
- g |-
3 T 0 20
107 &= ) ) ,
2 B —— v(pep) - NO)
— 3 . Q i
g P 210Bj S \.
X 100k :
= - 0 2040 0 5 0 20
% - 210g; v(pep) v(CNO)
E B - - — = == = S ——————— = S
; I . ﬁq___:tﬂnfi G - (I, i |
g 0 T - s requwes and |nd|pendent constralnt |
i - Eﬁ%ﬁfgfﬁ — “ ‘
- — i * v(pep) = 2.74 = 0.04 cpd/100t (solar luminosity constralnt
1 E = + global analysis of solar data excluding Borexino Phase ny; |
I:I ] I 1 1 1 I 1 1 1 1 I I I S | I || Igl I Iggléé |§E§|§ Igl §I I L1 1 1 I Iéég |
200 300 400 500 600 700 800 900 21OBl constralnt Is the maln challenge of the anaIyS|s
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BOREXINO PHASE-Ill: CHALLENGES FOR CNO

“1Bi can be constrained exploiting the link with its daughter nucleus “1°Po:

a decay

r~ 32 s 2723 d “ A U
210Pb ﬂdeC:y \\ZIOB ﬁ;;iy 210P 129.1d 206Pb

a decay ——» Alpha selection can be carried out on an event-by-event basis with an MLP variable

210pg is easier to identify: {

Monoenergetic ——@p»Gaussian peak

JULICH

Forschungszentrum
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BOREXINO PHASE-Ill: CHALLENGES FOR CNO

“1Bi can be constrained exploiting the link with its daughter nucleus “'°Po:

21()Pb T~ 32y )/ 21()B r~7.23d 21OP ‘;T 2()6Pb

$ decay ﬁ decay ¥ o decay

— —— ——— —
— — =

a decay —» Alpha selection can be carried out on an event-by-event basis with an MLP variable

210pg is easier to identify:

Monoenergetic ——@»Gaussian peak

Life Ls not that easy:

Convective motions, triggered by temperature gradients, can contaminate the FV with unknown amount of out-of-equlibrium
21OPo, present on the nylon inner vessel.

o 210
Fiducial Volume This breaks the secular equilibrium of the = PP chain!

Y inner Vessel with We need to to thermally insulate the detector to stop convective

210pg contamination motions!
Mitglied 19 ~@@ hrorschungszentrum



BOREXINO PHASE-Ill: CHALLENGES FOR CNO
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Towards stopping the
convective currents:

M Thermal insulation with double

layer of mineral wool installed in early
2016

M Active temperature control system
(66 temperature probes)
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Cube Label

BOREXINO PHASE-Ill: CHALLENGES FOR CNO

A crucial achievement:

“1%pg Rate [cpd/100t] in Cubes

B YU |
i e !l:*.1

! AW
2 | 3 g

% ” ill Illll- wF

L T

2018/04/24 2015/01/02 - 2016/09/11 2018/05/22

Phase-11

10
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Cube Label

BOREXINO PHASE-Ill: CHALLENGES FOR CNO

A crucial achievement:

Find a region inside the FV where the
additional 2!°Po contribution is minimum:

“1%pg Rate [cpd/100t] in Cubes

140
50
120
40 —1100
Low Polontum Freld (LPoF):
— (80
% 20 tons above the equator
20 N (Zeenter ~ 80 cm)
40 Cross-checked with fluid dynamic simulations
JR & * -
| 20
1 m | | | | ‘I | I | L | I r 0 i _ ) — o L L _
2019/04/24 2015/01/02 2016/09/11 2018/05/22 2020/01/30 tez[%iw 0/09 T m— e —— ?ﬂ
: | Two methods Ve ConS|stent results, it Is now |
| p033|ble to extract: R( B|) < R( Po) \:
Mitglied der Helmholtz-Gemeinschaft 22 J Forschungszentrum



BOREXINO PHASE-Ill: UPGRADED DATASET

Phase-lll
(Nature 2020)

Data: July 2016 - February 2020

e~ — —

Monte Carlo: data - MC agreement stable until
2020

Bismuth constraint in the fit:
R(*'°Bi) = 11.5 = 1.3 cpd/100t

== == P

" First detection of CNO neutrinos

Borexino demonstrated how stars shine
(pp chain and CNO cycle)

Phase-lll Complete
(submitted to PRL in 2022)

-

-—
— =

Data: January 2017 - October 2021
¥ exposure increased by ~ 33%;

1 @ remove year 2016 where contamination from

unsupported 21°Po was still high;

e e —e———

! Monte Carlo: data - MC agreement improved for
recent years( <1 % level)

! Bismuth constraint in the fit:
§ R(“'°Bi) = 10.8 £ 1.0 cpd/100t
 In 2021 temperature is even more stable:
-3 less unsupported 210Po and larger LPoF

More stringent limit on 210Bj

‘ |
\ B
| ————
|| | |
‘ J
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BOREXINO PHASE-IIl: THE MULTIVARIATE FIT

Neutrino interaction rates are obtained by maximizing a binned likelihood function:
MV(k ‘ 6)) — TFC Sub(k ‘ 9) Rad( k‘ 6’)

Where k set of experimental data and 6 set of parameters

TFC-subtracted spectrum (depleted in 11 C): (enriched in '1C): Radial distribution:
63.6% of exposure with 5.5% of e 36.4% of exposure with 94.5% of e Improve external backgrounds identification
I et =
! 1 T :,,*IZ’? SRR o é— T
P +
g bbbt d ) 2 i jil TR
E W W www,' m i qu'h'l«M ¥ W 3 ,"dﬂ«mlmmm W,l" W’W I ﬂ’ﬁ““ﬂlﬂ"b“n'“ m ”"'ﬁ i ++++++++++++ i i

2000 2 - 50 10
Ene rgy [keV] Ene rgy [keV]
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BOREXINO PHASE-Ill: LIKELIHOOD PROFILE

Sources of systematic error:

fitting method systematics (great stability of the fit), detector energy response (non linearity, light yield stability and spatial non
uniformity, energy scale, and 219Bi spectral shape: -0.4 +0.5 cpd/100t), method of extraction and uniformity of 210Bi upper limit
(included in the error on the constraint), and N/O fixed ratio in CNO spectral shape (negligible)

Fit w/o Systematics
— Fit w/ Systematics
HZ-SSM 68% Cl
| Z-SSM 68% Cl
Borexino Cl

L
*
.
..
«*
.
L
«*
.‘..
.....
ot

S T TR SRR TR AR TR TR AR TR ST AR TR SRR SR TR AT T T AR T ST R TR R SR TR TR TR TR R T S e e

.
-
- - e T S R B — W W W — W W — W W — W W W ——— —— -

-
.
S — o G —————————————————————————————
-
-

0 2 4 8 10 12 14 16
CNO-v rate [cpd/100 tonnes]
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;; Nitrogen-Oxygen cycle by Borexino and its implications for the Standard Solar |

j Results (stat + syst.).

~0.8
¢(CNO) = 6. 61“(2)8 v-cm s

R(CNO) = 6.712Y ¢pd/100t ‘
‘l
|

~ no- CNO hypote3|s s |
rejected with a significance (

better than 70 at 90% C L k

S. Appel et al., Improved measurement of solar neutrinos from the Carbon-

Model aerv 2205.15975 (2022) and submltted to Phys Rev Lett. |



https://arxiv.org/abs/2205.15975
https://arxiv.org/abs/2205.15975
https://arxiv.org/abs/2205.15975

SOLAR IMPLICATIONS: GLOBAL ANALYSIS

Results of global analysis fits in @5, @5, and P, planes

adp———— | : Test compatibility of solar v data with SSM B 16 predictions:
—~ 6x10°
& sxas I Global analysis of all solar neutrino + Kamland reactor 7,
2 B Borexino only + Kamland reactor 7,
2 4% 106
= | _ L] SSM B16 predictions using HZ inputs (GS98)
3x10°F ‘: 1 SSM B16 predictions using LZ inputs (AGSS09met)
5.5x10°
']: : | | j T e T e =
N x 107} o 41t - | ° . . i
Tt ) || | | Agreement with SSM-HZ predictions. 3‘
- | || Small tension (adding CNO results) with SSM-LZ |
m | ‘ o o , |
S e
4.0x10°}

2x10%  4x10% 6x10% 8x10% 10° 3x10%° 4x10° 5x10% 6x10° 7x10°

¢ cno [vem ™2 s71] ¢p[vem2s]
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SOLAR IMPLICATIONS: HZ VS LZ TENSION

Frequentist hypothesis test based on a likelihood-ratio test statistics for SSM-LZ (null hypothesis H,y) and
SSM-HZ (alternative hypothesis H)

Test statistics t is built using only ®B, 'Be, and CNO Borexino’s % i — t(HZ)
0. :
t = —2log[L(HZ)| L(LZ)] = y*(HZ) — y*(LZ) L
Model and experimental uncertainties included _E_
T ————— ~ ———————e e 10
~ Assuming SSM-HZ, Borexino results ('Be, 8B :
| and CNO) distavour SSM-LZ at ~3.1c. ‘ - | R R PR
- e e —— -40 -30 10 20 30 40
Koz

JULICH

Forschungszentrum
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SOLAR IMPLICATIONS: C+N ABUNNDANCE

e a2l

 ®("Be), D(°B) |

—

1’_, _—— " o u
~ ®(CNO) |

S i e —

®, as thermometer

o ]
I
|

»; (I)O/(D%SM nCN < TC )TO_kTB |

| X - ‘
SSM\k SSM

k to minimize impact of T
k — TO/TB ~ 083

D, Nen ( Ils

cx °
SSM SSM SSM
D2 NN 12

| ——— e — S—

g — — —

e -
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SOLAR IMPLICATIONS: C+N ABUNNDANCE

( I )71
TéSM
@, T \% _____ ®pasthermometer .
HSSM > (TSSM> Tsg N 24 ji SSM oo |
B ¢ H (I)O/(D nCN < TC )TO B i K to minimize impact of T
(I)%SM SSM TSSM

CN | —— T =

Reaw:g LS muah m.ovre compuoated thawn tlfu,s
- ) o

— —
sf ch/cDSSM NCN

| Optimal k
' @, /DI NSSM - [1 £ (0.097(nucl) + 0.005(env) + 0.027(diff)] t k=0.769
| B B
- T S frs of nucear prel o |n " JU LICH
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SOLAR IMPLICATIONS: C+N ABUNNDANCE

With (CIDB/(DSSM) = 0.96 = 0.03 from global analysis and (CIDO/CI)%SM) = 1.35"94! from CNO measurement

—0.18
f N _ (5 78+1 86) 10—4 2‘ First determination of C+N abundance in the Sun using neutrinos
\ CN — —1.00 { Can be directly compared with measurements from solar photosphere
| e ——
GS9OR N HZ ! e Calculation performed with B16-GS98
X Calculation performed with B16-AGSS09met
AGSS09met [ LZ
Cillr +—&— 2
AAG21 |- | +m= | : -
Agreement with SSM-HZ predictions.
MB22 - | — Moderate ~2¢ tension with SSM-LZ
Borexino | X
3 -+ S 6 7 8
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BOREXINO: FIRST DIRECTIONAL MEASUREMENT OF SUB-MEV SOLAR NEUTRINOS

CID: Correlated and Integrated Directionality
The idea

Neutrino event

Background event

v 1;1-\\ | P@ P“@
@ W
- 2 "D
@T .'\\\\Q\\\ v \\:%@
%¢“®\\}\ PMI
—®
@ /| L ®
Correlated to Sun position: Non correlated to Sun position: flat cosa
non-flat cosa distribution (peak at cosa~0.75) distribution
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BOREXINO: FIRST DIRECTIONAL MEASUREMENT OF SUB-MEV SOLAR NEUTRINOS

CID: Correlated and Integrated Directionality
Exploit 1st and 2nd hit of each event (characterized by a high fraction of Cherenkov light)

Results:

Phase-| spectral fit

102 = . ~ ™ E
= E ROI 5 gex4/51\15[) il_: [;41/1 2 2300 —¢— Phase-I data: 19904 events 45 _i-
S L —_— K348+ 17 3 - —— Best fit: 10887 solar-v + background 40 E>

2 . 7] 55 ] s
X 10k B ,:OB': 41.5% 1.5 S 2200~ — Solar-v signal MC ach\ |
5 F — ''C:28.9%0.2 ~ " B back 4 MC 3SE
% [ —— 20py: 488.8+7.3 S » e . 30E-
- External: 4.5 + 0.7 = 2100 o z
Qb - pp, pep. CNO (Fixed) % i <>]< 25
= E‘& ' > 2000 20
< L \ ks [i =
: I e il 15 —
~ = L =
2107 \ f 1900} o[-
§ | \ " = i 5 -
F s 1800— =
O & AT E =
lo_zf.ll.l\ll\\ll..lh...;,..1..,1 i"_O'é"_(;é"_o"i"dz"'(')"'0'2"'0'4'"0'6"'0'8"'] %
400 600 800 1000 1200 1400 1600 B : ' T ' : : :

Energy [keV]

First directional measurement of sub-MeV solar neutrinos: .

No-neutrino signal hypothesis (Ng,j,—, = 0) 1s rejected with > 5S¢ | @022 001503
+13.7 cdp/100t (Compatible with SSM and spectral fit)

Mitglied der Helmholtz-Gemeinschaft

coso distribution

---- Stat.

— Stat. + Syst.
Bl Result 68% C.1.
Expectation 68% C.1.

Cos X

—12.5

32

1 l 1 1 | | l |
5000 10000 15000
Number of solar neutrinos N

solar-v

t: First Directional Measurement of sub-MeV Solar
| Neutrinos with Borexino, Phys. Rev. Lett. 128

Correlated and Integrated Directionality for sub-

[ 2022) 052002.
I _ _ __
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.091803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.091803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.052002

BOREXINO: FIRST DIRECTIONAL MEASUREMENT OF SUB-MEV SOLAR NEUTRINOS

-
To

LA

O

|

Counts / (1000 keV X ton x day)
-

S

CID: Correlated and Integrated Directionality
Exploit 1st and 2nd hit of each event (characterized by a high fraction of Cherenkov light)

Results:

Phase-l spectral fit

A

—— Fit: x*/NDF = 141/138
ROI —— "Be: 455+ 1.5
— K34 8517
— 20Bi: 415+ 1.5
— 11C: 289102
— 219po: 488.8 +7.3
External: 4.5 + 0.7
pp, pep, CNO (Fixed)

BERL

\

N 7

\\‘:\‘ L/ L ‘T\\; s ! |

|

800 1000 1200
Energy [keV]

400 600

1400

1600

1% hits of events / 0.2 cos

2300
2200
2100
2000
19003

1800 —

cosa distribution

— —4— Phase-I data: 19904 events

-~ —— Best fit: 10887 solar-v + background

— —— Solar-v signal MC :

-~ —— [ background MC —*_I
1 | faoppiomes Ty efa ol pgu fog gla gs

-1 08 06 -04 -02 O 02 04 06 08
Cos O

Future perspectives:

M Proof of principle for future detectors
J Extension to Borexino Phase-ll and Phase-ll|
[ CID for CNO neutrinos: additional constraint in the multivariate fit
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---- Stat.

— Stat. + Syst.

Bl Result 68% C.1.
Expectation 68% C.1.

C§:>

1 l L
5000

I l 1
15000

10000
Number of solar neutrinos N

solar-v

/
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OUTLINE

O
O
O

o Experimental activity:

O

o SuperKamiokande Many thanks to Prof. Michael Smy for

private communication

O
@) JULICH
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SUPER-KAMIOKANDE

| DXH=39.3mXx41.4m

Mitglied der Helmholtz-Gemeinschaft

) 96|97‘98 99 | 00 | O71T | 02 [ O3 | 04 | O5 06‘07‘08‘09‘10‘11‘12‘13‘14 15‘16'17'18 19 | 20 | 21 | 22
e [ SK-I ] [ I S||(-"| J [ SIK-|!| I I I I SIK-'IV I I I I SK-V, SK-Gd

G) | PMT 11,146 (40%) | 5,182 (19%) 11,129 (40%)

(4) 4.5 MeV 6.5 MeV | 4.0MeV 3.5 MeV

(5) 1496 days 791 days 548 2970 days
days

(1) Year, (2) SK phase, (3) Photo coverage [%], (4) Recoil electron kinetic energy [MeV], (5)Livetime for analysis

Water Cherenkov detector (~50 kton of ultrapure water)

Directionality e}
Small Light Yield (wrt LS) <€—
Few MeV energy threshold

backgrounds rejection
worse resolution

—_— —— — =

1. Effect of terrestrial matter densitiy: D/N asymmetry
2. Oscillation analysis: Amg1 and sin’6,,
3. Effect of solar matter in the Sun core: “spectrum upturn” |C =

— s e — I — —_—
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SUPER-KAMIOKANDE: 8B ANALYSIS

Precise measurement of 8B:

(D( B) from solar neutrlno experlments

T —— : I I
a

—
N

O N

B S - ~‘..l

—_—

Main upgrades of SK-IV:

1

= 17 O
E’ J =
© e ©
o = d)
. . . : L | [ ] SNO combined N( *nux : =
™ Removal of cosmogenic radioactive events (n-capture on H): +12% exposure = ab| == neaicomen: | 0.8 £
M Improved energy reconstruction and detector simulation: more spatially % ;; = g'::r';ceds?:::;g :0 6 9
uniform detector response £ 3 , e 2 13 2
M Low energy threshold ~3.2 MeV g 2 ** i‘ & —0.4 “”9
= | X o
_ o[ —H0.2 =
SK-IV: ®(®B) = 2.346 £ 0.011 (stat.) £ 0.043 (syst.) [10° cm-2s~1] —%"| {s -
® 0 = : l | -0
6‘ 6‘ 6‘ 6‘ 6‘ 6‘ 6‘ = ¢
% 6 T, T Y. Yy Y% 2
v 0, %, % O"’o 2, %(4 e}
O Y% o ©

JULICH
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SUPER-KAMIOKANDE: 8B ANALYSIS

Precise measurement of 8B:

Main upgrades of SK-IV:

M Removal of cosmogenic radioactive events (n-capture on H): +12% exposure
M Improved energy reconstruction and detector simulation: more spatially

uniform detector response

M Low energy threshold ~3.2 MeV

SK-IV: ®(®B) = 2.346 + 0.011 (stat.) £ 0.043 (syst.) [10° cm-25~1] —

1. Matter effect in the Earth: D/N asymmetry

SK-I SK-II SK-III SK-IV
O\O [ 1 1T 1T 1717 1T 1°® 1T 1T 7 " 1T 7T 17T 1T 1T 1T 1 | I I I | I | I I 1 | T~_l.
£ AR ASARS NS ki
o =
E -1 =
E r -
£ E =
- -
8 E =
—4— ® —]
5 [ =
‘65_4 _ ®D = ®N —E
_7_—DN — 1 —:
- E(CI)D + Oy) -
R W RTETE PRYRE ERY (|SO|arJBeSt lﬂtt

1 10 2 2.5 3 3.5 4
\ SK Phase

Day/Night Asymmetry (%)

1

®(°B) from solar neutrino experiments

o T L e
g = N2 =
£ 6 ‘ 179
O I + -
I B e R R S 08 1 0 0 5 O O ORI A O O 0 O o 1 1 B 0 8 "‘1 ©
e 5| b+ 1 2
X I | [__] SNO combined N i flux : =
» 4[| —+— Neutral current ‘. —0.8 =
_.—=_’ L | —— Elastic scattering {f . o
g 3 —4— Charged current | ;0.6 8
E b e H +++304%
Q ! B 3 —0.
s | i* 1 o
= U | —
21| {i 10.2 S
08 : > il
@ \6 —— = - . 1 | | 1 1 1 | -‘0
S S S S 8 & & & 1 8
N N 4:,/ 1. Y T Yo % RN %
g Qs Sy, Mo, Y, <4,
9 % o T M

sin0,,=0.304 sin®0,,=0.025

_l | | I | I jl I I l:r:l | I | | I | I | I I I I I I I I | | I I | | I | _L
B o k! .
- o i ¢ KamLAND preferred .
N = i =
- L O =
B O | W
, " 8

B Q. | o
— R expected =
— o k- .
o | : + Fit SK data with error —
_I 1 1 1 1 1 I 1 I I 1 1 I 1 1 I 1 I 1 1 I IT

8 10 12 14 16 18 20 22

Significance of D/N asymmetry:

3.20 for Solar Best fit
3.10 for Global Best fit

/.
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SUPER-KAMIOKANDE: 8B ANALYSIS

2. Oscillation analysis: Ams, and sin 6,

A
8_
S 6
4,
A4 Y  Results:
% 18: ' :z)=o.305¢.o.o14 Am21 (6 10* g,gg) 100 eV2 ﬁ
0 sin’(0,,)=0.305*3913  Am3,=(7.49'319) 10°eV? _ _ _ _
S 16 o Updated fit of solar neutrinos oscillation parameter:
~ _ +1.04 105 ~\/2
N§N12: sin’ 921 = 0.305 +0.014
10~
g KamLAND ) ¥ Reduced tension with KamLand results (reactor
5 Tension@ | anti-neutrinos) at 1.50 * (previously 20).
— *Addittion of SNO data does not improve the tension with
4 KamLand
2 SK+SNO o
lllllllll Illllq 29 . . 30
0.1 0.2 0.3 0.4 0.5 2468

Mitglied der Helmholtz-Gemeinschaft

Sin2(6 Ax
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SUPER-KAMIOKANDE: 8B ANALYSIS

3. Matter effect in the core of the Sun: energy dependence of P,,

E

P (E)=c +c( -
ee(v) 0 1M€V

Pee(Ey) — 60 :

'ZZL
10) + 62<M v
e

2
10)

‘1 (eez(ﬁfe”‘,—l()) — 1)
€2

Combined spectra of SK I-lI-111-1V:

0.6

] ) I 5 0 W I S B

8 P ° B

So.s8f Data (Statistically merged)

g - Solar global

5% Solar+KamLAND

O - o .

=054~ Quadraticfit

g L

S0.52 [—

0.5

0.48 —

0.46 — +

0.44 | —

0.42 —
0_4_’111111111111111111

SK VIV LMA Spectrum

| I 1 ] ] I | '

|

llllllllllllllll | |lll|lll|lll|lll =

1 1 | l | 1 1 l 1 | | l

-
-

10
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12

14 16 18

Ek in MeV

39

lllllllll ]IIITIITYF]IIT]TIIII IITT[IIIT IIITIITIT rerrsresd TI']TTII] TIFTITTIT IIITIITIT ITIIIIITI TITIITIIIIIIIIIITIT
=
-

— Predlctlons W|th solar data (MSW LMA)
- Predictions with solar data+Kamland

—

16 band SNO fits

5 '
0.2 j
0.1F z
O 0_ ........ Lesosenines Lieorainey levesnnnny looveinngs Lissisnne, TR FETTT T FETT R TN FRVTE I FET TNl ST ]

3 5 6 7 8 9 10 11 12 13 14 15
E, in MeV
JUVLIWVI
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SUPER-KAMIOKANDE: 8B ANALYSIS

3. Matter effect in the core of the Sun: energy dependence of P,,

P, (E) = cy+ ( - 10)+ ( - 10)2
e 0 T\ Mev "\ MeV

- SR S R S— s ST — N E— S— ST —
€1 E, ~10 S __ — Predictions with solar data (MSW-LMA) 2
P ee(Ey) = € | <662(M6V ) — 1) 006 - Predictions with solar data+Kamland
€- : ]
Combined spectra of SK I-ll-1lI-IV: 05 16 band SNO fits
o _ SK I/ll/IIl/lV LMA S ectrum I : 10 band combined data (SK+SNO) ;
%0.58 - Data (Statlstlcally merged) -
g - Solar global -
5% Solar+KamLAND L
2054 Quadratic fit ]
s [ . . - - -
S5 = | 5
E = 0.2.‘ =
0.5 - : :
0.43:— - :
. 0.1 :
0.46:— -I- —: :
0.44 [— - 00 11111111 — A el bbb b b s :
0.42F T 3 4 5 6 7 8 9 10 1 1 12 13 14 15
: 1 l 1 | 1 l 1 1 1 l 1 L | l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 ) | l 1 1 : - -
B - e Upturn is slightly favoured, more
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OUTLINE

O
O
O

o Experimental activity:

O
O
Many thanks to Prof. Mark Chen for private
° SNO"’ communication
O
@) JULICH
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SNO+

Successor to Sudbury Neutrino Observatory (infastracture + renewd electronic chain)
K

Liquid scintillator detector Located at 6800 ft depth in SNOLAB (6000 m.w.e. translates to ~ 3 " )
our

* Acrylic vessel (r = 6 m) is being filled with LS
*~9400 PMTs (54% effective coverage)

Phases and status:

™ Pure water phase: AV filled with 0.9 ktons of light
water (May 2017 - July 2019)

™ Liquid Scintillator Phase (~780 tons):
™ “Partial fill” Phase (March 2020 - October 2020)
™ Filling completed (achieved in April 2022)
O Tellurium Phase

IJ JULICH
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SNO+

Pure water Phase:

‘El‘h — 35 MeV
e Exposure = 69.2 kton - days

new result

O
00

SNO+ Preliminary

¢ Bin-By-Bin Fit

m —— MC (SNO *B Flux)

o o
~ N

o i

Systematics to be Finalized

Fitted ES Rate / kTDay / 1 MeV
=
N

L L1
S © O ©
© o B

|
[

s 6 8 10 12 14
T, [MeV]

First solar neutrino result from SNO+
experiment

Good agreement with expectations

Mitglied der Helmholtz-Gemeinschaft
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SNO+

Pure water Phase:

‘El‘h — 35 MeV
e Exposure = 69.2 kton - days

new result

SNO+ Preliminary

¢ Bin-By-Bin Fit

m —— MC (SNO *B Flux)

Fitted ES Rate / kTDay / 1 MeV
=
N

~0.2
-04
06 Systematics to be Finalized
-0.8
-1
4 6 8 10 12 14
T, [MeV]

First solar neutrino result from SNO+
experiment

Good agreement with expectations

Mitglied der Helmholtz-Gemeinschaft

Partial Fill Phase:

.Eth — 3 MeV
e Exposure = 92 ton - years

e Multiple fiducial volumes selected (r=4.5m,r=5m,andr= 5.5 m)

e Only siginficant background: 2107 (from 233 chain) and 2037 (from 232Th chain)
e Systematic uncertainties on energy scale and resolution, position resolution

evaluated with 214Bi—214Po coincidences

Unbinned and binned maximum likelihood spectral fits:

—

~

—
Lo

E SNO+ Preliminary * Data

e —— "B solar v +v, Fit

o
|3
T

._.
-
~

™rT 'H TTTTYTY

g — 20871 Fit

Counts/200nHit bin

—— 2107 Estimate

107! E

8B Solar Neutrino Flux (10 cm™ x s71)

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

lv()()() 1500 2000 2500 3000 3500
nHit

10

Number of solar neutrino events are consistent |

with expectation in all FVs (here reported the
largest)

oo

~J
1

N
1

)
L

N
1

1 £ SNO+ Pre]iminary ——  Flux prediction from GS98 SSM
) ) ~= Flux prediction from AGSS09 SSM
Partial Fill (365 t) ®  Fitted flux (stat.4syst.)
@ Fitted flux (stat. only)
® =
L &
4.5 5.0 55

Fiducial Volume Cut Rzldjtls_(_|11) B

- — - e T —— e ——

"1

Extracted °B fluxes agree with |
HZ and scenarios

— T — = — - ———_—— - —— — — —_—



SNO+ - DIRECTIONAL RECONSTRUCTION

MC predictions: Results:
(Detector conditions form partial fill Phase) Eth ~ 5 MeV
024 o 3 8 | 8
S022 —_— 2 | —— Data 20 °B events extracted
202 <o 5 7F
50-18 2-3 MeV B F wssess MC
80.16 3-4 MeV 2
0,14 4-5 MeV I sk
0.12 : _
. 7 MeY I £ SNO+ Preliminary
0.08 i - -
o SNO+ Preliminary d s Partial Fill (365 t)
vos b Partial Fill (365 t) 3 N
0.02 ‘ — J_,_I—'—J E
....................................... 1 :
—1 08 06 -04 -02 0 0.2 04 0.6 Cg.SS(Ogun)l :
A TR DU [ I DT DS D
1 08 -06 -04 02 0 02 04 06 08, I
E > 5 Mev: Cos(egun)
O events are reconstructed with cosé’ > (.8
41% of events has cos6, > 0.8

‘rst event by-even dctlonal jii
reconstruction with LS detector |

—l|
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OUTLINE

O
O
O

o Qutlook: JUNO
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JUNO: SOLAR NEUTRINOS POTENTIAL

¥ 20 ktons LS in Jiangmen (China)
M Construction will be completed by the
end of 2023

(/ i_l ..

iﬂ| /AHV/ -|| \Nﬁkév |!|1|‘
Cover _—7 — 'N\’: 7 LS
i § N e T T -
Chimney | 1 Acrylic Sphere Huge active mass ("'20 ktOn) and
7, -
Water - & SS Structure excellent energy resoltuion (~3% at
/ //7/7/
e CD PMTs
0 U I . L e |
R — i L || VETO PMTs
{1 vl |
S Connecting Bars
A
NN Supporting Legs T e — —————————
| U | _ _ J’
BIZ Ly . Potential to detect solar neutrinos |
NN N BT ITE with unprecendented precision* i‘
IPAWAIPAR| Xl ”I'IIH ﬁ" "IV HIEV/\NN \iin\ . il
B | *Radiopurity needs to be carefully monitored h
LL—,___‘E_,, il s H
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JUNO: INTERMEDIATE ENERGY SOLAR NEUTRINOS

Radio-purity scenarios considered (from worst to best):

BD

mintmum requwemewt for
NMO measurement

TFC-Subtracted dataset

— IBD

—
o
o
LR

—— |deal

Events / p.e.

—h
o
TTTTT

—
IIII|

—'Bev
—— Baseline __pepv

Borexino-like —CNOv

800 1000 1200 1400 1600 1800 2000 2200 2400

Reconstructed energy [p.e.]

Mitglied der Helmholtz-Gemeinschaft

10X Borexino Phase-|

Events / p.e.

Borexino-like

[ IIIIIII| [T IIII| [T IIIII

_CNOwv

48

800 1000 1200 1400 1600 1800 2000 2200 2400
Reconstructed energy [p.e.]

Borexino Phase-ll

aowta muwat I ¢_ 6 a I watuom, -
'B ac LL We Borexino Phase-
contaminatilon
TFC-Tagged dataset s = - —y
18D Bey " Potential to |mprove current best ;
—— Baseline _ pep v | ‘
— Ideal . results: »

I

! 7Be after ~1 year can reach current best result (2.7 %)

\

|
\
i
‘ pep: after ~2 year can reach current best result (~17%)
|

\

\ CNO: pep constrained is crucial, 20% preC|S|on IS '

ﬂ achievable in 4 years (except for IBD scenario) {l
1- POSS|bIe flrst mdependent measure of 13N and 150 i

o — e — = e — —— ———————— J— - _ —

9 a
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JUNO: B8 ANALYSIS

~0.2 ktons of 1°C in the LS

potential model independent observation of B8 solar neutrino (CC, NC and ES)

Channels Threshold Signal Event numbers
(MeV]| 1200 kt xyrs| |after cuts
CC| ve+¥C—oe” +13N(5 ;gnd) 2.2 MeV |e~+13N decay 3929 647

NC|vz +13 C = vz +13 C (57 ;3.685MeV) |3.685 MeV Y 3032 738 ]_ Snoles

ES Ve +e—vg+te 0 e 30%x10° | 6.0x104 L e
— L —_ St - - ;ifl‘“f | — B ' . — - — = - Zﬂ‘*ﬁl} —_ e : — — "
Spectrum of correlated events | Spectrum of singles events M | - . . 1
, e - | Expected precisionin 10 |
> e -13C CC i l | ; ; — Total ‘ | . _ ,1‘
= Ve - *h (. 10° » —LL‘l_ --‘w/o NC ? | years- 4
= —ES - » 2 o, 1000F ' | !‘
\ § 10 — Isotopes - § 102 SRR B8 flux: i
-§ g % 10 | s | ‘ 5% JUNO (better than SSM predictions) |
g | 11 18 \ I | 3% JUNO+SNO (world best precision) |
: sf 1118 1 |
™ . ia \ ! g\ T |
111 .. ;‘ | Oscillation parameters: i
4 0 4 10 1 I ) / ‘

1 | sin?0,,) » %%
0 R } -2 AN A TP P PP P |
14 16 18 ‘ 10 YERTERTEE ! Am122 — +25%

Visible Energy [MeV]

{
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SUMMARY AND CONCLUSIONS

M Over the years, solar neutrinos have been of great use in understanding Standard Solar
Model and neutrino oscillations

M Rich experimental activity in the solar neutrino field:

M Borexino: complete spectroscopy of pp chain and CNO cycle, hints towards the solution of the
metallicity puzzle and first directional measurement of sub-MeV solar neutrinos;

M SuperKamiokande: effect of solar and terrestrial matter, reduced tension with Kamland on Am221
@ SNO+: first °B measurement and first event-by-event directional reconstruction with LS detector

™M And more to come;

M JUNO: potential to detect solar neutrinos with unprecendented level of precision (if radiopurity is
kept under control)

™ There are still open questions (solar-Kamland tension, metallicity, P,, upturn...)

JULICH
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Still a rich and active field ‘J
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7 ' YOUR ATTENTION!

- e/ =
\ ‘
B L 4
-

A CARTOON

"uarks, Neutainos. NEsons. ALL THO% DAmN PARTICLES

YOu CAN'T <gg., THATS WHAT DRovE MeE To DRNK. ‘
i BVUT NOW | can SEE TrEM /0
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BACKUP
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SOLAR NEUTRINOS

10 S D
3 CNCycle The importance of CNO neutrinos:
: * Proof of star energy production in the Sun via CNO
P cycle (observed for the first time in 2020 by
.) Borexino)
< 2
S Sun -chain . : : :
g Pareais » The CNO cycle is sub-dominant in the Sun, but is
expected to be dominant in more massive Stars
5.
. » Can provide direct experimental information on the
solar metallicity
1 2 3 4 5 6 7 8 9 10

T (10" K)
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NEUTRINO PHYSICS: MATTER EFFECT

P..(Vacuum) # P,.(Matter)

Flavor-dependent propagation =i

MSW resonance mechanism (two-flavours scenario):

P — 1 — 5in? 20 Sinz( m > Am,, = Am=4/sin” 260 + (cos 20 — e¢5)” |
V,—oU, — m in?
¢ e AF . 250 sin“ 26
sin = —
" sin220 + (cos 20 — €)?
Solar neutrinos range
l 3o = —_— ==
;: - { Adiabatic matter Non-adiabatic
w:i Qe .“ resonance matier ¢riects
|
, i
—sin~26 f - {
:‘; :
‘ |
sin’# al - - -
| i‘
|
|
I S e T T Sy v VT CIPt T T W S AP EPPry
107 1 10 107 10° 10°* 10°

Neutrino energy in MeV
E < 1 MeV: Vaccum region (marginal matter effect)
1 MeV < E < 15 MeV: transition region (NSI), “upturn”

E > 15 MeV: Matter enhanced resonant region ‘
Mitglied der Helmholtz-Gemeinschaft 24

Day/Night asymmetry: time variaton of @,

Coherent re-generation of v/, during propagation through the Earth

Method 1: straight calculation

b, - D,
ADN — 1
> (DPp + Dy)

...............
--------------

i Electron neutrino
V... MuondTau neutring

Method 2: Amplitude fit

Add amplitude scaling factor (o) =9 Apy = A, X a

Likelihood function is maximed wrt signal, backgrounds and

Method 2 gives great improvement in statistical error
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MSW MECHANISM

Flavor dependent interaction potential:
Va — VCCdae + VNC’ — \/§GF (Nedae —

a=§¢€.

1
-
2

)

Different potential depending on flavours -> additional non zero

HM = Hamiltonian of interaction with matter
H = Hamiltonian of interaction in vacuum

= ifl; T

SPur V2GrN., 7.5x 1075 eV? ( E ) ( 0
€ — — ~
T $dvacuum  Am2/2E Am?2 5MeV / \ 100g/cm3
Am? (—cos20 sin26 Vi 0
H=Ho+ Huw AE ( sin 26 00829)+( 80 O): _ _
_ Am? (— cos 20 Sin29) N V2GrN., (1 0 ) B Dlagonallze H > H
AF sin20  cos 26 2 o -1/
Am? [—cos20 + € sin 26
T 4E ( sin 20 ; cos 20 — e@)
Am? cos 20
NV ~ 6.65 - 10°
2E\/§GF
Mitglied der Helmholtz-Gemeinschaft 95

phase

1
~N

Ve = Voo + Ve =4

:\/iGF(Ne =

)

V.=V, = Vnc = FV2GFN,

0oy = (Hpyg

B Am? (—cos20,, sin?26,,
- 4AE sin20,, cos?26,,
Am?2 [eV]’ _

Em[M[ZVf N4 cos 20 [cm]°

/.

— H)t

) Estimator to quantify impact of matter effect

)
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D/N ASYMMETRY

Two PDFs:
p(cos b, E) = angular shape expected for solar neutrinos of energy E

u;(cos 6) = angular shape expected for backgrounds in bin |

(I)D o (I)N
Method 1: straight calculation Apy = 1
Method 2: Amplitude fit ~(®p + Dy)
Npin M S = Signal

Bi = backgrounds

. MC,;
L — e (Zz BZ+S) H H B. . b’l:l{, -+ S Z Mz(;‘ + S, | ™ eventsinenergy bin i assigned to factor s; = p(cos 0;,, E;) and
: : b, = u(cosd,)
7 J

1=1 k=1 MCi = number of events expected in bin i (using B8 and hep neutrinos)
Likelihood maximized wrt S and B ¢ i = MC rate in bin |

1 o ((1 a: \r:(t)/r2v — 1 rAav = rate avaraged with livetime distribution (used to evaluate A_i)
T (( T Z) z( )/ L ) a_i = effective asym param = 0.25*A_i*L_DN

s, = p(cosO,, E) Xz(a, 1) z(a,t) =

)

1+ a X a; with L_DN = (LD-LN)/(0.5(LD+LN))
& 1020 16-20MeV
o.gg%m anrr 4 z(1,cos0,)
1.02F 49 E14AR Ma\/ | L ——— .
PN | 12913 MEY. e | as a function
! — ay ; e e :
r'(a,t) = z{(a, ) X" t.c.r(av) = r(av) and d/n asymm = A x 1.02- of different
?82 e e L energybins
Likelihood maximized wrt S and B and « noa—————— T T e
2 sssmev - ULICH
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THE LOW POLONIUM FIELD

In this condition, the challenge is to find a region inside the FV where the additional 210pg
contribution is minimum:

210p5 minimum is determined with two methods:
1) fitting LPoF with a 2D paraboloidal function:

dZR 210P 2 . 2
d(( o %) [RC1Po)e ey LP + Rl % (1 A k) )
p2)dz

a? b2
¥ Fit performed in data bins of one month: extract Zp position vs time

¥ Sum up the time bins, alignin distributions wrt z;,

# Aligned dataset: blindly align data according to z;, from previous

month to minimize possible biases
100

90
80
70
60
50

0 100 200 300 400 500

Low Polontum Fleld (LPoF):

corrected Po-210 rate [cpd/100t]

20 tons above the equator (7., ~ 80 cm)

Cross-checked with fluid dynamic simulations
Mitglied der Helmholtz-Gemeinschaft 57
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THE LOW POLONIUM FIELD

In this condition, the challenge is to find a region inside the FV where the additional 210pg
contribution is minimum:

10p5 minimum is determined with two methods:
2) fitting LPoF with splines (cubic functions defined by knots) along z:

d>R(10Po) = [R(*!°Po)ere,,LP + R;] X <1 L2 Spline(z)>
d(p?)dz ' a?
. .O 100 200 300 400 500 600 ij::
Low Polonium Field (LPoF): oo 4
20 tons above the equator (z,.,,.,. ~ 80 cm) E2s) | e - JULICH

Cross-checked with fluid dynamic simulations
Mitglied der Helmholtz-Gemeinschaft 58 z [m]



BOREXINO PHASE-Ill: THE LOW POLONIUM FIELD

In this condition, the challenge is to find a region inside the FV where the additional 210pg
contribution is minimum:

corrected Po-210 rate [cpd/100t]

2018 2019
Time

0 100 200 300 400 500 600

Low Polontum Fleld (LPoF): |

20 tons above the equator (Z.,,,,,, ~ 80 cm) it is now possible to extract: R(*'"Bi) < R(*'°Po) |

Cross-checked with fluid dynamic simulations — e e =

— —_—
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THE LOW POLONIUM FIELD

Systematics associated to

210

0 2 4 6

{

12 14

B rate [cpd/100t t]

16

S
N

S
o

W
(o))

W
a
l

32

Illl

30

W
0
LI LI ™ L L B
. b4
—=

= 20 C.L. band
—— 1o C.L. band
—e— Data

— Fit

2%1111111111111[111111lllllllllllllllllllllllllllll

01 02 03 04 05 06 0.7 08 0.9 1
Volume fraction

Other sources O'f sgs’cematics: mass, binning and f-leakage

Rmin (210 PO) Ostat. | Omass | Obinw | OBi—homog | OB—leak | O Total
1.5 0.83 | 0.40 | 0.20 0.78 0.30 1.3
Mitglied der Helmholtz-Gemeinschaft 60

constraint:

BL uwiformi’cg: the upper limit can be extended to the FV only if 210Bj is uniform in space and time

Angular distribution uniformity: £0.59 cpd/100t
Radial distribution uniformity: =0.52 cpd/100t
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BOREXINO PHASE-Ill: THE MULTIVARIATE FIT

|
|

z, Best fit result (stat + syst ) |

w 4

| ikelih d P Constraints in the fit: | R(CNO - y)_ 7. 21—? g cpd/100't i‘
og-likelinood proftiie R(*1%Bi) < R(*'°Po) = 11.5 £ 1.3 cpd/100t | +3.0 108
N ... Fit w/o Systematics R(pep) = 2.74 £0.04 cpd/100t L NO _ I/) 7 2_2 O /mz/s = J'

|

!

'

: — Fit w/ Systematics
i HZ-SSM 68% C.I.

: LZ-SSM 68% C.I.
|
|
|
|
|
|

Borexino 68% C.I.

|
|

|

|

| K
! .
l ..

|

|

|

|

|

1

; . R— ' M. Agostini et al. (Borexino Collaboration) Experimental evidence of neutrinos produced in the CNO
0 2 4 6 8 10 12 14 fusion cycle in the Sun Nature 587 (2020)

CNO-v Rate [cpd/100t]

Combining this result with other solar neutrino fluxes measured by Borexino and assuming th HZ-SSM predictions, the p-value(LZ-SSM) is
0.016.

The LZ-hypotesis is disfavoured at 2.1¢0
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https://www.nature.com/articles/s41586-020-2934-0
https://www.nature.com/articles/s41586-020-2934-0

BOREXINO PHASE-Ill: SYSTEMATIC UNCERTAINTY BUDGET

Many possible source of systematic error have been investigated:

e Fitting method systematics: we have performed the fit in ~650 different conditions and found
great stability of the fit

» Systematics associated to detector energy response: non linearity (via calibration sources),
light yield stability and spatial non uniformity (via cosmogenic neutrons), energy scale, and 219Bi
spectral shape.

o Final systematic error associated to energy PDFs: -0.4 +0.5 cpd/100t
 Method of extraction and uniformity of 219Bi upper limit: included in the error on the constraint;

* N/O fixed ratio in CNO spectral shape: found to be negligible
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SOLAR IMPLICATIONS: GLOBAL ANALYSIS

Results of global analysis fits in @5, @5, and P, planes

4.0x10°}

2% 108

lllllllllllllll

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

Test compatibility of solar v data with SSM B 16 predictions:

I Global analysis of all solar neutrino + Kamland reactor 7,

B Borexino only + Kamland reactor U,

I'1 SSM B1
I'1SSM B1

pred

predictions using HZ inputs (GS98)

ictions using LZ 1nputs (AGSSO9met)

e =

i,,

| Agreement Wlth SSM HZ predlctlons
Small tensmn (addlng CNO results) w1th SSM LZ

_ = = = _

=

J‘ e —_—

1nclud1ng the CNO measurement, p—Value:
LZ-SSM vs global analysis: from 0.327 to 0.028
LZ-SSM vs Bx+Kamland: from 0.196 to 0.018
HZ-SSM compatible with both (0.462 and 0.554)

4%10%8 6x10%8 8x10% 10°
¢ cno [vem ™2 s71]

Mitglied der Helmholtz-Gemeinschaft
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SOLAR IMPLICATIONS: C+N ABUNNDANCE

explicit dependence of a given neutrino flux @; from the input j in the form of a power-law

expansion of the SSM env nucl
T .
) B ~ TC B flux predictions X (I) a/(z, 7) v I—'[ a(z, 7) > I—I a/(z, ]) a(z diff)
(I)%SM TéSM (DSSM
/HSSM
X_j = SSM parameters normalized o, j) = mn ((D’/ Y ) Calcul.ated
to their nominal values dln x; numerically

o Nuclear: i.e., the astrophisical S-factors of the nuclear processes involved in hydrogen
burning (S11, S33, S34, Ser, 517, Shep, S114, S116, Tab. 2 left column)

e Solar: i.e., the Sun’s astrophysical (Age, Luminosity) and non-nuclear properties (Dif-
fusion length, Radiative opacity parametrization x4, kp |7| Tab.2 right column)

e metallicity: the abundance of elements heavier than helium (Tab. 3)

The diffusion parameter is threated separately because has a twofold effect:
1. a change 1n the diffusion will affect the temperature stratification in the Sun

2.1t will also affect the chemical composition profile
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SOLAR IMPLICATIONS: C+N ABUNNDANCE

SSM _k SSM CN env
(I)O/(I)O nCN ( TC )TO ;; ((I)O/q)o ) _ xa(ISO,j)—ka(gB,j) X xa(lso,j)—ka(sB,j).

m o
SSM\k SSM SSM SSM\k J
(Dp/Dp™) Lo, 13 (Op/D5™) ¥ j
The optimal value of & 1s chosen to minimize the contribution of the environmental nucl (150, -k a(*B., j) (150, diff)—k a(*B.diff)
parameters to the total uncertainty budget in the flux ratio X l—l X J X > P ’
J
- (q) /q)SSM) cnv env )
Var 0/%0 = Z [a(lSO 7) — ka(SB j)] (6x .)2 Minimizing this contribution k (0.769) is not so far away from the
_((DB/(DISgSM)k : ’ ’ 7" one obtained in the simplified calculation (0.83)
(Do/D3M)
(Dg /(I)ESM)O-769 -
10:802,0.204,0.181
¢ TN "0 If power indices of x_C and x_N sum up to one, we
X _x§?{866xg‘i45 x§(3)4689xg.e7769x§?7.791xg.}?egox;l()ljsxgﬁ(zl] (nucl) can replace x_C* x_N with N_CN/N_CN(SSM)
X bx%;z.x(zfozxg;msx;bo.oso] (env - solar)
5 x?).006 xﬁg.om xifg'(m xg.iom x(S).om x%)m ngos (env - met)

JULICH
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SOLAR IMPLICATIONS: C+N ABUNNDANCE

CNO flux determination accuracy (critical)
Error budget on N_CN
Dcno ~13.60 i 3p.3
g -2.30 2.30
S [l 0.87
S33 [ 1.80
S 34 B 3.58
Ser [ 1.54 Z
S 17 B 3.72 =
Shep 0.00 =
S 114 7.84 / Limited precision on nuclear cross sections
S116 8-1073
Nucl (tot) | | i ; ,;0_ _7
Age (1] 1.38
Lo 2.41
Ka 1035 5
Kp 3.36 &
e B : As expected, environmental parameters doesn’t affect the
€ .
Mg 1033 4 uncertainty much (0.5%)
Si 81072 X
S 0.12 e
Ar 1 0.30
Fe [ 0.58
Env (tot) o 5.09
Diff = 2.72
BN/O 2.23
Total | -17.23 I ;2 1!

JULICH
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230 20 -10 0 10 20 30 ‘
Ncn uncertainty [%]
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BOREXINO: FIRST DIRECTIONAL MEASUREMENT OF SUB-MEV SOLAR NEUTRINOS

x107
- Tl 03 0.08
Scintillation photons
0.08 : o
0.07 Cherenkov photons 025 :
0.06

0.06
0.05
0.04
0.03
0.02
0.01

O T PO T (R TN iy VO e T T [ o

1 I 1 I
30 35 40 45 50 55
Hit time [ns]

S
b

0.05
0.15

0.04

0.03
0.05

Cherenkov / scintillation hits

Scintillation distribution / 0.5 ns
Cherenkov distribution / 0.5 ns

0.02

i3 (MR U (SR [ -
o
[

O E Lo cat ewa s Gaioci ola s ia T e s T i e e e i Lo s o
1 2 3 4 5 6 7 8 9 10

N™ hit of events

o)
o
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BOREXINO: FIRST DIRECTIONAL MEASUREMENT OF SUB-MEV SOLAR NEUTRINOS

Ardir = (?rec — Firue) ’ jtrue-
Main source of systematics

True Position 7,
rue

(1) bias between the true and the reconstructed positions of the recoil electron in its direction (left
as a free nuisance parameter in the fit)

(2) large relative uncertainty of 36% on the effective Cherenkov group velocity correction

. o oR . Reco. Position .
obtained from gamma calibration sources (nuisance parameter)

Event Direction d

true

Source Uncertainty [%] % =3
: th 1 rec true
Choice of N™ Hit 4.8
Selection of PMTs 5.9 This effect 1s not present in background, in which the true
Choice of histogram binning 4.2 electron direction is not correlated to the position of the
Sun -
Total for Nyojar—y 8.7 E Ar. =1.89 cm
Exposur 4.6 LbE v
xposure ' - &1y =235em
MLP variable 1.0 11
CNO and pep rates - = -
. = -
= 1.051
Total for R(’Be) *100 'g :
1 =
0.95|-
" ——————|
T W Y U NS T TS [N ST W S [N ST S T S NS W [ M
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SUPERKAMIOKANDE
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Mitglied der Hq

Neutrino oscillation (MSW-LMA)
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SK-IV

CSU noscC:i)IIated)
1N 1N O
0)) (0] Ol

O

Data/MC
N
N

o
n
N

—
n

Solar zenith angle dependence of solar
data/MC(unoscill) interaction rate ratio

4.49 < E < 19.5 MeV

1 /,__*_,_,/J=='=*—‘ —.____,_.,——\:
:
S et |
|
< 751 0 1
=

cos6,

Predictions with solar neutrino and solar

neutrino+kamland
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Data/MC (unoscillated)

(R AT T 3] LN N S S B S SN SR AN BN B S S S v- T 177 I I T 1 71
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0.6 - ]
0.5; '——:--:- ,_L_, + : I 3
. M2 - . ‘ : WE + 0.6-.-
: i i I .i }:::1%+4 '4~:
0.4} T | H : 15
-::::}::::::::: —+———————— t 4*%"**~0.5';’ ' i
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) .
0.5} i I 11 0.4r .
- ﬁ’ l; ‘ .Z_<+. d T“_’l’:':ﬁ‘ o
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SUPER-KAMIOKANDE: 8B ANALYSIS

2. Matter effect in the core of the Sun: energy dependence of P,,

1 [ | | 1 | i I I I I | | I I ] I I |

Pee based on osc param from SK Exponential approximation reproduce
- better the Pee (in blue solar nu +
Best quadratic approximation I Kamland)

0.36 °
0.34)

0.32)

pllLln IR (R TR (NS SN | S (U 1 U (SO DI ) s
v 4 6 8 10 12 14

E_in MeV
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SUPER-KAMIOKANDE: 8B ANALYSIS

2. Matter effect in the core of the Sun: energy dependence of P,,

0.8 e : S — A . e 101°
o E PP Be pep CNO e = 'Hep " Ng
B 10 S
0.7 | . S
- 10 ==
0-6F ‘ T o7 =
e
| 10° -
0.5 i~ \P\‘ -
T 410
0.4 [ 10%
0.3 | 103
O F 10°
S & <10
< 1
0.1 [ -
10
B - -2
0 PR T | = y i = s 1 10
10 1 10

v Energy imn MeV

Good agreement between the MSW curves and SK+SNO combined allowed band

Upturn is slightly favoured, more data are needed d

Mitglied der Helmholtz-Gemeinschaft
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SNO+
U

Liquid scintillator detector Located at 6800 ft depth in SNOLAB (6000 m.w.e. translates to ~ 3 " )
our

* Acrylic vessel (r = 6 m) is being filled with LS
*~9400 PMTs (54% effective coverage)

» Dataset acquired during water commission phase: AV filled with 0.9 ktons of light
water (opposed to D>O used in SNO)

Analysis overview:

Recoiling electron direction is correlated with Sun: R(vs) is extracted
by fitting cos6, distributions

Dataset: May - December 2017 (Exposure = 69.2 kton - days)
Selection cuts summary:

Selection Passing Triggers r<53m
Total 12 447 734 554 FV: ' o L
Liows-Tewvel cute 4 547 357 090 r<4.2m(13% of livetime)

Trigger Efficiency 126 207 227
1 l1—24 r‘ = ., L0 =~

“ ¥ 5MeV <E<15MeV

cosO = angle between event

reconstructed direction and
direction of the sun
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SNO+

Calibrations 1°N source (6.1 MeV gamma)

Direction

2 0.05 | - S
2 E ....................................... S
) - 3
— — - o Data =
S 0.04 - - EIO —MC y Lo)
v
= —MC 3 30
= | O e
O 0.03 | - gl ; g
3 I3 - S
] ompton peak i \ Z
— 10 o 3
go.oz - “ g i :
o W [ i ] et -
Z o I 1 iyl

= :.” il | LR '

o1 ] [Tl
- 4000 -3000 -2000 -1000 0 1000 2000 3000 4000
_ Source position - ftted Hosition i x [fin] -1 -08 -06 04 02 0 02 04 06 0.800861
0 .............
0 2 4 6 8 10 12

T, [MeV’

En deposition in source container
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SNO+

Selection cuts

Remove events originating from instrumental effects

Selection Passing Triggers
Total 12 447 734 554 23 PMTs fired in a 100 ns coincidence window
Low-level cuts 4 547 357 090

- - Select only events for which vertex reconstruction fit converged (can
T\rlgger EfﬁClency 126 207 227 not converge in an optically complicated region as outside AV)
Flt V&lld 31 491 305 At least 55% of PMT signal in a time window of 7.5 ns (remove residual
F ldllCla,l Volume 6 958 079 bckgs from external components)
Hlt Tlmlng 2 752 332 Isotropy is parametrised with factor [, (determined via legandre
ISOtr()py 2 496 747 > polinomial of angular distribution of PMT signals) ->
Energy 220 ~0.12 < f,, < 0.95

JULICH
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SNO+

Likelihood function |
* N_E energy bins

N theta radial bins
« S = solar neutrino interaction rate

,Cf S, B, 59|n, e, 0'9) — - B_j = bkgs rate in each energy bin
* N = Normalized gaussian distribution:
Ng Ny

=0 4i=0

calibrations
* N_ij = number of observed counts

* p_ij = PDF for a given angular delta
Systematic Effect
| | Energy Scale 3.9%
Systematics are treated by varying reconstructed Fidiaial Vol 9.8
quantities for each simulated events -> distorted PDFs Uclad Vo ume. 0740
Angular Resolution 1.7%
Mixing Parameters 1.4%
Energy Resolution 0.4%
Total 5.0%

Mitglied der Helmholtz-Gemeinschaft /8

delta_theta = angular resolution parameter. Adjustment to

N(59, e, 09) H H Pois (nz-j, Bj + sz-j(ég)) angular distribution (treated as nuisance parameter)

‘mu_theta/sigma_theta = best fit/constraint on delta from
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SNO+

Energy ranges

S
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cosO,, .

Counts / 114.7 Days / 0.05

45~ ¢ Data
40_ — Sig. + Bkg. Fit
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S N O+ Fit of cosd,, distribution in each energy bin

_”_,_”_”_”_”' I e
g 80y Data | 2 soF - Bin-by-Bin Fit
~ 70} Sig. + Bkg. Fit = E — MC (Fitted Flux) -

Resul tS' = 60- Syst. Uncertainty : Best fit flux by :%, 40_—_._ == MC (SNO Flux)“:

- E | 50<T, <150 MeV maximizing the Ls from 2 5k E
::_ﬁ 50t the fit in each energy bin % - - ‘
_ , £ B i
Exposure = 69.2 kton - days é S 10F == =

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

o W
O O
_...._
——
[ N—
N
|
L
|

O s
= [ ] £

10 El? [ L | TI T T °l
—-010—08 —06 —04 —02 00 02 04 06 08 10 S0-5_'**4-@-'----"---'- . _
COSB 5 6 7 8 9 10 11 12 13 14 15

Assuming purely v, flux: = S

| Includlng solar neutrino oscﬂlatlons
D = 2.53%031 (stat)*) > (syst.) [10° cm=257]

Consistent with @ o(SK)

—-0.71 —0.30
Consistent with @ ¢y (°B) = 5.25 £ 0.20 [10° cm—2s~!]

e —— e — —  — —— ———

|
|
®(®B) = 5.95107 (stat. )+o 28 (syst.) 106 cm—2s~1] l‘

First solar neutrlno results from SNO+ experlment

E,, = 5 MeV: ultra pure sample (mainly thanks to cosmic muon shielding) | Best fit: |
_ _ | ] i
Accurate measurement with little exposure | R(bkgs) = 0.25+009 VM 1y = 1.03+013.8VeMS |
_ _ ~097 kt-days : ~012kt-days ‘;

(Lowest bkg ES measurement of solar neutrinos in a water Cherenkov detector) L — e

Ongoing work to reduce energy threshold to 3.5 MeV with different fiducial volume selection

u JULICH
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SNO+

Energy ranges

FV: R < 5m

S L $ Data SNO+ Preliminary i
% — Sig + Bkg. Fit
a 50<T,<15.0 MeV
en 40 - 1
St [
2 4
S T
ﬂ o ~
g 30 .
o - 1
O :
20 |- -
10 - -

. SYTIR TN S T E S pr o L P
-1 -0.8 -0.6 04 -0.2 0 0.2 04 0.6 0.8 1
k cos 6,

Reduced FV: (R <4.6m, and R <4.2m when z>0)

A

Counts / 190.3 Days / 0.

Using a 5m fiducial volume, there is a very
pure sample of ES events from 5-15 MeV

Mitglied der Helmholtz-Gemeinschaft

et
¢ Data SNO+ Preliminary
— Sig + Bkg. Fit

40<T,<50MeV -

-0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

Reduced FV: (R <4.6m, and R <4.2m when z>0)

cos O,

Applying a tighter fiducial cut, there is still
a resolvable solar signal in the 4-5 MeV bin

81

Counts / 190.3 Days / 0.05

20

10

40

30

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 T T T T T T T T T T \

¢ Data SNO+ Preliminary H
- —— Sig + Bkg. Fit i
- 35<T,<15.0 MeV

—
—_————

|

JM“W‘ L

-1 -0.8 -0.6 -0.4 0.2 0 0.2 0.4 0.6

0.8 1
cos O, /

In this reduced fiducial volume, the data has a modest
flat background contribution from 3.5-15 MeV
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x10"
0.09F . —0.3
2 Scintillation photons
0.08F
0.07F-
0.06F
0.05F
0.04F
0.03F
0.02F
0.01F

Cherenkov photons

SNO+ - DIRECTIONALITY

—0.25
H0.2

H0.15

Scintillation distribution / 0.5 ns
Cherenkov distribution / 0.5 ns

Hit time [ns]

>\ o
2 | 6.6 WL BPO M i . The slower the scintillation signal -> the better the separation
)1 : easured in situ), T, = 13.5 ns )
g : ' between Cherenkov and LS light
> s
= ! 2 g/L. PPO (Expectation), t, = 4.88 ns
=008
o .
LO
e -
Q.‘ . .
0.06 SNO+ Preliminary
More dilute mixtures have slower profile
0.04 |
0.02 f Low concentration scintillator provide perfect opportunity for
directionality
0....l..;.l....l;.;.l‘A.Al.‘..l..AAlA... rEm e ey
0 s 10 15 20 25 30 35 40 45 50

Time (ns)
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3. Statistical tools
Three fold coincidence (TTFC) algorithm [4]:

|dentify cosmogenic backgrounds finding the space-time correlations between e decay, n capture, and parent muon:

12C—> +11C +n

b‘ A [67 J e 3
4 5 Ve
4 ¥ I
H i v/ A
g -

e U yetyy, n+p—d+y

a'r¢—>

_— ~‘,‘4§ 9O\ /3 v : PN 31 -{“—‘ A 4 cg}a— DL e o
!‘i \“.)::." L-/ 5,;: ﬁ‘.'."‘/ 3}’/‘: é"(i—/’ !'1\“ %’J" {‘-"';g '.?,; ”‘ﬂ: &,‘ “.f\-j {;_,f "‘4‘ 'f:j’ r::-} a

Tagoging Power (TP): percentage of
correctly identified cosmogenic events

‘ Data-set divided in two complementary samples
| to be fitted simultaneously:

. TFC-tagged and TFC-subtracted

SubtractedExposure (SE): remaining
exposure in the TFC-subtracted dataset

Sensitivity Tools:
Two independent spectral fit (JUST &

MUST) are used to extract signals
(agreement at ~ 10~ level)

Estimate JUNO's sensttivity:

TFC-tagged dataset TFC-subtracted dataset

f 1y backgrounds are indistinguishable from
neutrino signal on an event by event basis

. Gewnerate Mownte Carlo PDFs

SigMLS nternal backgrounds: Coswmogenic backgrounds:
4 ; 10° ~—— Data — e —p 10° i >
ll.Create thousands toy-experiments with — FitFunction  _ pep—y ) — o, = S
a8 i —— CNO — VU 10

-
‘‘‘‘‘

polssoninan sampling for each PDF

wv w
H.Simultanoeus fit based on binned 8 g 10
Polssow LLkelithood: »
> > 3 Tag . . 9 PR PCTL UM I . T G S TR I I (O i i PP TP SIS | ) PUUUTEE NI Y D . .
ZL(k|A(N) = I I L4 j( k|A(N)) B paconsirioted eneigfined & e o o VRN AT Sﬁ‘érg;”[‘;’f.e.] Sl i
j=Sub :
k. . % . Ry ‘ | ‘ =S
Tag n A. l.’] R | ! iy | %
\ = R B
B k; ;! ¢ T " Reconstructed energy [p.e] T " Reconstructed energy pe] '
i M econstruc energy |p.e. econstruc energy |p.e. _ /
] Subz 1 l,J _
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Be neutrinos

Exposure [kt y]
0 20 40 60 80 100

'O\Ta" I I ! Borexino-like
=10] Ideal
_E E Baseline

8 \ —— IBD

o) Current best result .

(&) = Borexino result

g 0
(o)
:‘% 1 a ——— & -
© B -
o N il
Q@ = —— 5
© [ Swe—s
O - — — = =
'En l | l | l

—1 | | 1 1 1 1 1 1
107, 2 4 6 8 10
Time [y]

After 1 year of data-taking
JUNO can reach and
overcome current best

result (2.7%).

‘,;',‘" ey }’.rr: ‘ ol ic N & .nfj ::,..%,T ,--‘I ‘4‘0“‘;‘ l“.(,_.:.- ,‘p _" 2::‘ l";:» \’ (B \v,:,u\,\ .;'.":. a c:‘;,ﬁ' o K r :
@y ‘ .1 1 ' a~3106 PS8 RF R ) ! { )
yc-“c:."' -3 ! B . l"s—‘ ‘!‘_‘"qn 2 .".‘I’:'; \‘;: ‘S }‘-‘ e B \'Z\ '\.c‘,’: '-"3 L-.-‘-"' 't 2 '\:-».'1: s ] , ’

0 /

- Starting from Expected Contamination (€c) in
baseline scenario evaluate f (op,;) t0 test

different background contamination (as
multiplicative factor i):

07 Be(i X €C)

f(67Be) =

07, (EC)
i =1,5,10,50,100,500,1000

5.5

lll"lllllllll|llll|llll||lllIlllllllllllll!lllll

(
C

—
—
—

—
.

- 0786(226Ra)-|-o786(85Kr) S e o)

M
o

lllllllllllllllllllllllll!llllIllll
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pep neutrinos

Exposure [kt y]
_ 0 | 210 | 410 | 6{0 | 8]0 | 1(?0
%0;\&:\_\_':&&'@&@;@ pout -|  After 2 year of data-taking
g * ~—._ 1 (except for IBD scenario)
E ) i d— JUNO can reach and
) E— . Corsno ke overcome current best
— e result (14.8%).
B ey Do S B

Time [y]

Most critical l«:)acﬂl_(%ground‘:_{lq

TFC performances - ideal scenario
Impact of TFC performances: ot

o i —1.4
0.6 < i <0.95 2 o | B
with i = TP, SE go_ssg_ |0
s f
» TFC performances are more important in ; 0'8_5__ =
most radiopure scenarios z 0758 ‘

=
©

. Efficient identification of ''C (TP) is more
relevant than high fraction of events in the :

—l [ I | I g hitgl ) 4ivijeng I AN i) P! 0
Mitglied der Helmholtz-Gemeir 1 G-SUb spectrum (SE) 0-8%6 065 0.7 0.75 0.8 0.85 0.9 0.95
TFC Tagging Power

/é .
u [
N
1 F P
W y ah L /e
/ Y
e ¥ &

0.65)-

e
o

o

T 4

pep uncert. rel. to TP=0.9 and
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CNO weu.triwos

Exposure [kt y] Exposure [kt yl
20 40 60 80 100 | 0 20 100

\\ Current best re< wlt \\
I \"R\ rrent best result -
i Borexino-like 10 BOfeXino-like\\\\\—_

o

CNO rate relative uncertainty [%

10 —— Ideal e '
i . Baseline pep-V constrained at
nep- eter paseline 18D 1.4 ctstown Level
-PIC‘PI I/lasl 'ﬁlfcelpallrﬂllm: T i Borexino result — = Borexino result : ,' I%IPYF | ow e | s
0 2 4 6 8 10 0 2 4 6 8 10
Time [y] Time [y]

Constraint on pep-v is crucial for CNO detection. CNO rate can be
identified with precision better than 20% (except for IBD scenario)

_,;»'vt_»,‘ RS B g /\—11 _‘;.'“i‘ N - s 9’ SN P N B B S N~ | | 2 1 0
Most critical backgrounds i, pep-v (an
e 1 1 &8 S Wl P S % | S .\‘---'); I S Wil NN %N ,

CNO spectral shape degeneracy with

pep-v and *!YBi translates in a strong __
' anti-correlation that affect the sensitivity: -

& Constraint on pep-v is crucial

¥ » JULICH

Forschungszentrum
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JUNO: B8 SIGNALS

CC: senstive to electron flavour neutrinos
NC: sensitive to all flavours (with identical cross section)
ES: sensitive to all flavours (with different cross section)

A . 7

No. Channels Threshold [MeV] Signal Event numbers (200 ktxyr)
1 Ve +12C — e~ +2 N (1T;gnd) [32] 16.827 e~ +12N decay (81, Q=17.338 MeV) 0.43
2 | CC v +3C > e~ +13N (5 ;gnd) [33] 2.2 e~ +13N decay (81, Q=2.22 MeV) 3929
3 Ve +13C = e~ +13 X (27;3.5MeV) [33) 5.7 e~ +p 2464
4 vy +12C — v, +12/C(17;15.11 MeV) [32] 15.1 y 4.8
5 vy +1° C = vy + /412 C(21;4.44 MeV) [34] 6.864 v 4+ n capture 65
6 | no | vtPCow A0 (17;3.089 MeV) [33] 3.089 y 14
7 v, +13 C = vf +13 C(27;3.685MeV) [33 3.685 v 3032
8 vy +13 C —>/£a; +13 C%(Z\WMeV) 33) 3.854 y 2.8
9 ES v, +e—v,+e \ 0 e~ 3.0x10°
Dominant NC reaction
Only CC with ok threshold: (The one with neutron is
coincidence of prompt electron overwhelmed by reactor IBDs

and delayd positron (from N13

)
beta+ decay) ‘J
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Expected events in 10 yrs
S

Solar ES Muon-induced isotopes
Cuts Signal efficiency | Signal
J U N O - C C Accidental | Accidental | Correlated
H
— — — 3929 - — —
Time cut AT < 900 s 65% 1487 10™° 10% 10"
5 MeV < E, <14 MeV 79% . o .
Energy cut 2287 10 10 10
1 MeV < E; < 2 MeV 91%

Fiducial volume Cut R < 16.5 m [27] 81% 3182 107 107 10°
Vertex cut Ad < 0.47 m 87% 1293 328 10° 10°
Muon veto Muon and TFC veto [27] 50% 647 164 53 58
Combined - 17% 647 275

Sy ] . _ _ :
ve9C CC i CC interactions (after selection cuts) ~
-ES )
— Isotopes — Accidental coincidence of solar neutrino (ES)
} 164 events
|  Muon induced isotopes
_ 53 accidentals + 58 correlated
_ FOM = S/SQRT(S+B) = 21!
] 5 MeV < E <14 MeV
il FV=>R<16.5m
1 I 1 | | ] I 1 1 1
10 12 14 16 18
Visible Energy [MeV] 89

N

/.

Accidental:

Promt = natural radioactivity
Delayd = muon induced
signal
Correlated:

Promt = muon induced
signal (10C, 6He ...))
Delayd = muon induced
signal (11C)
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JUNO: NC

Different FVs: r<13 m (2-3 MeV), r<15 m (3-5 MeV) and r < 16.5 m (>5 MeV)

A

< - ]
o ‘\\/r\ CL'-LI___ —& 1 ., Peak of NC events!
T 103 _E_‘S‘ =~ - “wloNC . (Promising)
SRy b
s10°F [~ 0200 T~ b ]
5 ¥ 35 4 45 -
3 10 T
3 — Total = 2 MeV < E <16 MeV
E{ 1 = _'V"1SC NC =
= v-e ES =
10—1 ;,__ —'Ve'13C CC '... ,1;
: — Radioactivity & Isotopes) | =
10_2 & (Muon induced) i . NPT .-
2 4 6 8 10 12 14 16 18 20

Visible energy [MeV]
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JUNO: D/N

Ratios of events rate w and w/o matter effect (as a function of
zenith angle) for ES and CC

=

Ul

-
!

ES

|
%

If DM2 = 7.5 *107"-5 eV"2, In 2-16 MeV Range:
A_DN (CC) = -3.1%
A_DN (ES) = -1.6%

&

A

o
T

If DM2 = 6.1 *10*-5 eV72, In 2-16 MeV Range:
A_DN (CC) =-4.2 %
A_DN (ES) =-2.2 %

o
W
o)
| |
|
b I J
i
|
|
|
1
|
)
|
|
]
|
|
|
|
I
|
|
]
|
i
I
|
|
|
|
|
|
i

o~

w

o
T

=
N
Ul

"

(&)

Observation/Prediction(Unoscillated)

>
&
-

All

Night
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Dashed lines = average over whole angle range ‘ '
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Observation/Prediction(Unoscillated)

JUNO: D/N

O
IN
~

Am%l =7.5%x 10 2eV?

<

S

@)
1

O
IN
U

O
IN
IS

"—-—L——L—

O
I
w

O
N
N

Am3, = 4.8 X Oy

<

AN

[
I

I 1

PN EEE SN R SR S TR S S S SR S S R S e RAEE cEEES EETS, NS ETED  GEED  JEAST I NS EENE TSN EEn  GEEDe  WEDE

If DM2 = 4.8 *10/7-5 eVA2:

Energy Exposure | Day | Night Apn
2~3 MeV | 41 kt-y | 4334 | 4428 | (-2.1 £3.2)%
3~5 MeV 51 kt-y | 8686 | 8906 | (-2.5 £1.7)%
5~16 MeV | 84 kt-y | 17058 | 17644 | (-3.4 £1.2)%
2~16 MeV N/A 30078 | 30977 | (-2.9£0.9)%

O
N
o

-1 -0.5 0 0.5
cosO,

>
o
=

All
Night
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If DM2 = 7.5 *10"-5 eVA2, in 2-16 MeV Range:
A_DN =-1.6 pm 0.9%
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JUNO: D/N

NC
ES
ES + NC

ES +NC+CC

Mitglied der Helmholtz-Gemeinschaft
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JUNO: SOLAR NEUTRINOS POTENTIAL

Boron-8 analysis:

energy threshold can be reduced to 2 MeV (with specifically devised FV cuts bkgs are suppresed to 0.5% wrt signals)
Potential observation of B8 neutrinos CC and NC interactions (in 10 years)

External backgfrounds contribution with
different FV cuts

102
10

No cut
R<17m
1k R<16 m

107! =
102
107°
10~k
107
107°

Rate [Hz]

NNNNNNNNN N A NN P N I NN TR <sieoesseltosiees P PP PP
1 15 2 25 3 35 4 45 5 55 6
Visible Energy [MeV]
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Expected signal and backgrounds spectra

10° g =
% § —— 8B v-e¢ ES §
>, g :1hep v-e ES 2%U “B,’Li,’ He -
- 104 - — 232 10~ 11
- = Reactor v-e¢ ES Th C, Be
o .
c = *m”.‘

(—
-

(\»)

I ILLLLL

UL

10 &
1E S 3 :
1
. 3 ? Visible En(e)rgy [MeV]
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JUNO: SOLAR NEUTRINOS POTENTIAL

D/N asymmetry:

o |f Am221 =4.8-107 eV? and E,, = 2 MeV, JUNO has the potential to observe D/N asymmetry with 3¢ significance (2.80
for less optimistic scenarios)

¥ Different Ay values contribute to Am221 determination

Oscillation parameters Am;, and sin” 6, ,:

| IIIIlIllIIlllIl

S SO B ] Discrimination sensitivity between the two possible Am221

FJUNO values highly depends on radiopurity:
10~ —6 y reactor ¥ (30)

- —10y °B solar v

<L Ideal - ~ 2.36 (Ay* ~ 5.3)

T . Vv 2 Out-of-equilibrium 21°Po - ~ 2.16 (Ay® ~ 4.5)
g 0 N s W 00 7 | ... IBD- ~ 190 (A)(2 ~ 3.5)

< 5 I

4_

M O T DU RS SO T | {0, ‘neutrinos at JUNO, Chinese Physics C 45 (2021) 1.
015 02 025 03 035 04 045 L e —_— ——
o JULICH
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http://hepnp.ihep.ac.cn//article/id/a5a44c09-ec92-431a-93f5-86b9dc3ee0d8
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JUNO: EXTERNAL BKGS

102 Energy dependet fiducial volume cut
No cut

R<17m
R<16m

‘R<15m o 2< Fis <3 MeV, r <13 m, 7.9 kt target mass;

o 3< Fyis <5 MeV, r <15 m, 12.2 kt target mass;

o [ s >0 MeV, r <16.5 m, 16.2 kt target mass.

1 15 2 25 3 35 4 45 5 55 6
Visible Energy [MeV]
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JUNO: INTERNAL BKGS

R i s - 40 e

3 10° 310 w3

; _2 Bi .

_:.‘2 102 _';2 102 85Kr

2 2

S 10 = 10

S S

% 1 % ] CoRRa B RS L I

10~ 107!

107 102 ] Al S
0 6 0 2 4 6

Visible Energy [MeV] Visible Energy [MeV]

Figure 8: Internal radioactivity background compared with ®B signal before (left) and after (right)
time, space and energy correlation cuts to remove the Bi-Po/Bi-T1 cascade decays. The events in
the 3 — 5 MeV energy range are dominated by 2°®T1 decays, while those between 2 and 3 MeV are

from 214Bi and 2!“Bi.
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JUNO: COMSOGENIC BKGS

cylindrical veto along the muon track + TFC cut

_:—104 =,

> (\ *B v-¢ ES > 10 f\ -
=10° "“B(1=29ms) 'C(1=29min) 2102 .+« *B v-¢ ES 1C(1=29min) _
_'.}2 , I 9Li,()C(‘|:~200ms) 10C(‘|:=285) _,}2 12B(1:=29ms) 10C(‘l:=285)
5‘10 E_ | )’\ 8Li,6He,8B('v~als) “BC(‘L’=20$) E‘ 10g 8Li,6He(t~ls) llBe(1:=203)

3 1O = <

Z. Z1

o) e

[
L]

[—
=

[
=
N
-
-
[E—
-

15
Visible Energy [MeV] Visible Energy [MeV]
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JUNO: SIGNAL AND BKGS

cpd/kt FV | ®8Bsignaleff. | 2B ®Li 1°9C °®He !'Be | 238U 232Th | v-e ES | Total bkg. Slgréa,l tate az’cT

AmyT  Amy,

(2,3) MeV | 7.9 kt ~51% 0.006 0.006 0.141 0.084 0.002 | 0.050 0.050 | 0.049 0.39 0.32 0.30

(3, 5) MeV | 12.2 kt ~41% 0.013 0.018 0.014 0.008 0.005 0 0.012 | 0.016 0.09 0.42 0.39

(5, 16) MeV | 16.2 kt ~52% 0.065 0.085 0 0 0.023 0 0 0.002 0.L7 0.61 0.59
Syst. error 1% <1% 3% 10% 3% 10% 1% 1% 2%
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JUNO: D/N
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