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SOLAR NEUTRINO PHYSICS MOTIVATION
Studying Neutrinos with the Sun ... ransion

08 | region

Matter ]
enhanced
resonant

> Neutrino Oscillation Parameters

06

» Searching for Deviations from the MSW-LMA P conversion |
Scenario of Solar Neutrino Oscillations in the P,, transition region " gﬁ,’%‘;’\”j e
(Search for New Physics e.g. Non-standard interactions) 02| > Mev

00 -

Studying the Sun with Neutrinos ...
» Thermodynamic Stability

» Photons need around ~100k years to escape from the solar core
* Neutrinos escape almost without interaction losses

» Fusion Mechanisms (pp-chain and CNO cycle)

» Testing energy production (and loss) mechanisms
Nasa.org

» Metallicity
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HOW IS THE SUN FUELED? - SOLAR NEUTRINOS
Production in the Core of the Sun

pp chain ~ 99 %

pp-v pep-v
p+p—>*H+e*+v, p+e+p—>?H+v.
Y Y
99.6% ! 0.4%
?H+p—>°He+y
85% 2x10°%
; ] hep-v
SHe+*He—>*He+2p | v | *He+p—>*Hete +v.
pp-| 15%
*He+*He—>'Be+y ‘
s 0.13%
7Be-y 99-87% ; :
‘Be+e —’Li+v, ‘Be+p—>8B+y

1]

¥

< 1 9 CNO cycle

(assumed to be the
main mechanism in

‘Li+p—2*He | sg-y| ®B—>%Be’+e+v.
- Y
PPl 8Be’—>2*He
pp-lli

heavier stars)
12C+p%13N+Y
Y
BN->1C+e'+
Y
13C+p%14N+y
Y
14N+p%150+~v 170+p%14N+4He
‘ Y A
150%15N+e++ 17F%170+e++
Y A
15N+p%4He+12C 160+p%17F+Y
| t
> 15 16
99.96% 0.04% N+p—>"0ty

Fueling < 1 % of solar energy
V(CNO) = 57% v("3N)+42% v(1°0)+1% v('F)
Theoretically well motivated !
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SOLAR NEUTRINOS FLUXES

Assume photon luminosity L), the solar mass M, the solar radius R,

the oblateness O, = RGZ‘O‘E‘;‘:T — 1, and the solar age A is given:
Species Flux [cm~2s1] Flux [cm-2s1] Difference
GS98 (HZ) AGSS09met (LZ) (HZ-LZ)/HZ %
pp 5.98(1 + 0.006)x10%° | 6.03(1 + 0.005)x101° —0.8 %
pep 1.44(1 + 0.01)x108 1.46(1 + 0.009)x108 —1.4 %
hep 7.98(1 + 0.30)x103 8.25(1 + 0.30)x103 —3.4 %
Be 493(1 + 0.06)x10° | 4.50(1 + 0.06)x10° @%
8B 5.46(1 + 0.12)x10° 4.50(1 + 0.12)x10° Q7.6 W
13N 2.78(1 + 0.15)x108 2.04(1 + 0.14)x108 ﬁ6.6%
150 2.05(1+0.17)x108 1.44(1 + 0.16)x108 ( 29.7 % )
17F 5.29(1 + 0.20)x108 3.26(1 + 0.18)x108 @.3 %
C N O is very sensitive
Metallicity: to metallicity

Metal-to-Hydrogen Ratio ( )

(above He)

Z
X/ 0

Borexino:
Look at 'Be - 8B

Seite 5
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EXPECTED SOLAR NEUTRINO SPECTRA

oD [+ 0.6%] B16 - SSM

10™° "Be [+ 6%)]

pep [+ 1%]

°B [+ 12%]

Solar neutrino flux [cm™® s71]

hep [+ 30%)]

107 A 10
Neutrino energy [MeV]

=» Difference in endpoint energies and shapes gives possibility
to distinguish them

IJ JULICH
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HOW TO “DETECT” THE SUN ?

The Borexino Detector located at LNGS in Italy

Detection principle:

2212 inward-facing elastic scattering on electrons
PMTs g adalrTiia o NN Technique advantages:
i s high light-yield
p 29 Technique disadvantages:
Nylon Outer Vessel Resss s o QY SAITRE ‘ no directional information
R=55m
Barrier for Rn

from steel, PMTSs etc. Water tank:

R=9m, 2.1 kt of water
© Shielding
Nylon Inner Vessel © Cherenkov muon veto
R=425m o 5 . SUEEEEERE
~ 300 tons of oty ST : . .
liquid scintillator: > ,,,.qmﬁ ORI TR Stainless Steel Sphere:

AR EELSESY R=6.85m
Y ' Scintillator container
PMTs support

208 Outer Detector PMTs

(PC/PPO solution)

Fiducial volume:
~100 tons (software cut)

v Hardware Threshold ~ 50 keV

AE 5%
E .E[MeV]
v Ph. Yield ~ 551 p.e./MeV oo
v"  Position Reconstruction: 16-9 cm ‘J J U LlCH
Mitglied der Helmholtz-Gemeinschaft Forschungszentrum
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BOREXINO RESULTS OVERVIEW

"Be, pep, °B Improved Measurement of |
Geo-Nu pep Discovery (50)
7 »
2007 Calibrations 2010 2012 Be seasonal modulation 2016 2019+

Bx Phase Il

Bx Phase | Bx Phase Il

Improved Thermal stability
CNO analysis

Scintillator
Purification

Improved
Radiopurity:
8Kr~4.6
210Bj ~ 2.3

Final results of Borexino
Phase-| on low-energy
solar neutrino

spectroscopy (Phys. Rev.

D 89, 112007 (2014))

Measuremnt of the solar
8B neutrino rate with a
liquid scintillator target
and 3 MeV energy
threshold in the Borexino
detector (Phys. Rev. D
82, 033006 (2010))

Measurement of geo-
neutrinos from 1353 days
of Borexino (Phys. Let. B
722 295-300 (2013))

Neutrinos from the
primary proton-proton
fusion process in the Sun
(Nature 512, 383-386
(2014))

Spectroscopy of
geoneutrinos from 2056
days of Borexino Data
(Phys. Rev. D 92,
031101® (2015))

Mitglied der Helmholtz-Gemeinschaft

Seasonal modulation of
the "Be solar neutrino
rate in Borexino
(Astroparticle Phys. Vol.
92, 21-29 (2017))

First Simultaneous
Precision Spectroscopy
of pp, 'Be, and pep Solar
Neutrinos with Borexino
Phase-lI
(arXiv:1707.09279v2
(2017))

Improved measurement
of 8B solar neutrinos with
1.5 kt y of Borexino
exposure
(arXiv:1709.00756v1

2017
( ) Seite 9

Modulations of the Cosmic
Muon Signal in Ten Years of
Borexino Data
(arXiv:1808.04207v3 (2018))

Comprehensive measurement
of pp-chain solar neutrinos
(Nature 562, 505-510 (2018))

Constraints on Non-Standard
Neutrino Interactions from
Borexino Phase-l|
(arXiv:1905.03512v1)

IJ JULICH
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exposure (X
(arXiv:1709.00756v1 ‘
- , (2017)) . JULICH
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Measurement of
pp-Chain
Solar Neutrinos

Mitglied der Helmholtz-Gemeinschaft Seite11 @~ Forschungszentru



Counts

counts / 25 pe /1494 d

10

10°

10?

10

ANALYSIS (LOW AND HIGH ENERGY)

14C LER
~ 210Pg
[\
= [\
- ‘.. 7Be vs 1c External
N ™y e Backgrounds
= ﬂ,kn\s F ™y (40K, 208T], 214Bj)
- U M |
- i W“‘T’W
5—IlllllIllIIlIIIIIIIIIIlIIIIIIIIIIIIIIIIIIII
100 200 300 400 500 600 700 800 900 1000
npmts_dt1
Errr T LA LR R BB L B B B
: HER  Step dueto z-cut ]
at2.5min LE 1
= (small pinhole in the nylon —
= vessel that causes the scintillator 3
C to leak into the buffer liquid) N

T T IIIIII|

T lIIIIIl

(I IIIIII|

LA

| IIIIIII

2000 2500

3500 4000 4500 5000 5500 6000
Energy [pe]

3000

>

Energy Spectrum after all Selection Cuts for
low-energy region (LER) for pp, pep, 'Be, and
CNO analysis

(u and u daughter cut: 300 ms internal and 2 ms external,
Fiducial Volume Cut: R<2.8m,-1.8m<z<22m)

Exposure: 1291.51 days x 71.3 t
LER Analysis Range:
0.19 - 2.93 MeV

Binned Poissonian Likelihood Fit
(Analytical and Monte Carlo Fit)

Energy Spectrum after all Selection Cuts for
high-energy regions (HER-I,II) for 8B-analysis

(more cosmogenics, less internal background)

Exposure HER-I: 2062.4 days x227.8 t
Exposure HER-II: 2062.4 days x266.0 t

HER-I Range: 3.2 — 5.7 MeV
HER-II Range: 5.7 — 16 MeV (no natural long-lived

radioactive background above 5 MeV)
Binned Poissonian Likelihood Fit in Radial
(Monte Carlo Fit only)

Seite 12



THREEFOLD COINCIDENCE (TFC)

Muon interactions with 12C

1 2 3
u+l2c_;n+llc+u

236|us
29.4 |min
HNCH!''B + e*+ v,

— n+p — D +Y (2.2 MeV)

TFC Algorithm
> Calculate for each event the probability to be ""C (using a Likelihood)
» Divide Total Exposure in TFC-subtracted and TFC-tagged spectra

lJ JULICH
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ANALYSIS IN LER (0.19 — 2.93 MEV)

Multivariate Likelihood Definition: £y, (6) = £

fub (0) £765(8) Lps(8) Lragiar(6)

N
100 200 300 400 500" 600 700 800 900 1(1)9 _ ??Q _ |3f|30| _ f‘?Q _ |5(|)0lhl . |6(|)0| _ ??Q _ ??0 9?9 .
L L B L L L L B L B L L B
—14c —1c 10k __14 11C
_ " PP 2P0 - pile-up TFC sub Ok pp 31050 ;"Ig o
z° Be :35KB,-I ~extbkg ~10% 11C present z° | Be 85Kr --ext bkg
z — Totalfit: p-value=0J 4 0 z —T|-<|Jtal fit: p-value=0.7
8 _ 8
B pep -7 exposure S CNO  pep S
s102 T “ | s102H ™5
3 o LA ! lu 3 ?‘ WWJ;W“* ol
10_3E ,;"l . , T b i M| ! 19 i 1 \'\'-‘l%y\au
’ i L i JI"'" : Y i ; o b
] 500 1000 Energy (kggo 2000 2500 TFC tagged b Energy (k1e§go 2000 2500
= ~90% "C present | 5
= 4 =
o3k n
3 2Rl e btk | 35.72 % of total | ¢ A b
> - E\‘ fuw i )i \\‘ l\‘H w\ | r‘\‘\‘,l‘{hi“llll“"}'lH" ‘I‘ \‘Mr 0 exposure 9, : "i}l”l“}\i‘ ‘w," m 'W |w r l”“ H" |,|| 1“
AR R Bt Qb ki ik
R . - ' - ; -
4 500 1000 Energy (k;\Sl())O 2000 2500 K 0 Eneray (k;\5/?0 2000 2500
Additional Information of Pulse Shape Nt g
0 o . Radial Distribution of Events
(PS) (e*, e™) (Likelihood of Position Reconstruction)
- . ——— Electrons E —— Uniform component
i Sl Positrons Lk External component
~ e . _ ‘ £ . -
5" 5 4 Best Fit xZ/NDF-85.1/107” Pulse Shape Fit | ok Best Fit - 7%/NDF = 248./279
s F ! tt - x F
s [ - e
= r Jf J[]l A” g
ng = 1[ %10.2 -
g T §J’,§¢’
10’3:— Radlal Flt - 107 —
T | A I s B e A A AL = ) )
45 46 47 4.8 4.9 5 5.1 52 F’%?Lp, Selte 1 4 0 0.5 1 15 2 25 R ?m)




ANALYSIS IN HER (3.2 — 16 MEV)

Selection Cuts:
« Removed muons

Neutron cut: 2 ms after all muons Rad|a| F|t n()t Energy Flt
Cosmogenics cut: 6.5 s after all internal muons
(2B, 8He, 5C. 5L, 5B, oHe, L) = Not to assume shape of

. 10 . i . g
C TFQ cu.t. 120s,0.8 m radlys sphere around neutrons su rV|V8| prObablllty Pee

« Fast coincidence cut: no 2'Bi - 214Po
Coincidence cut: no events closer than 5 s

HER | Fit: [1650, 2950] p-e HER Il Fit: [2950, 8500] p.e.

counts /1494 d/ 227t/0.10 m

3T T LA (L NL L L L L ILBL T T

10 - Dat § E 102 El—l LA L L L L L L L L B —lE
- — ata - o — — %— Data -
- Model . - - Model .
B ®B solar-v . 7 o B *B solar-v -
102 gae;trgnlﬁaptures — - i Neutron captures _

= : bu = ©

- 208, : —— - ©
C 20BTI. emanation n - ] & 10 —
L TI: surface % - - - =
© B -
- ™ t . <t | i

L J - -—

| o | g
[22] 1 —
— wh - —
1E : = c - -
= = 3 — .
- — — (@] = -
- r 1 © B i

10—1 A 1 1Y PR R A [ 1 I v b v P by v by s _l L
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 10_] il L Ll L1 L1 L1l TR L [ENERE L1 ! Il

Radius [m] 0 1 L5 2 2.5 3 35 4 4.5 5

3.2 t0 5.7 MeV 57t0 16 MeV
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BOREXINO SOLAR ANALYSIS RESULTS

Species Phase 1 Phase 2 Flux [cm-2s-1] Uncert.
[cpd/100t] [cpd/100t] Reduction
pp 144+13+10 13411076, 6.1+£0.5%03 , . x101° 1.3
pep 3.1+£0.61£0.4 2.43+0.36915 ,, (HZ) | 1.27+0.19+008 ., x108 1.6
2.65+0.36915,,, (LZ) | 1.394£0.19+008 .. x108
Be 48.3+2.0+0.9 48.3+1.1%04 4.99+0.11+0.06 ; o x10° 1.8
8B 0.217+0.038+0.008 | 0.223+0015 . .+0.006 | 5.68039 ;,, +0.03%x10° 2.4
CNO <7.9(95%C.L.) <8.1(95%C.L.) - -
hep - < 0.002 <2.2 x10° -
(90 % C. L.) (90 % C. L.)
NSO
210Bj — pep — CNO Correlation K

Break it by fixing the CNO rate to:

Reno(HZ) = 492 + 0.55 cpd/ 100t . \
Reno(LZ) = 3.52 £+ 0.37 cpd/ 100t 30-

(There is almost 100% anti-correlation

between CNO and 2!°Bi)

Mitglied der Helmholtz-Gemeinschaft

60f

T T T ‘ T T T ]
L — CNO fixed to LZ solar model ]
K ——— CNO fixed to HZ solar model B

50\
40F

20r

B \ pep ' G
\/ IJ JULICH
0:‘ NN e | Forschungszentrum

0 1 2 3

4 5 6 .
pep rate (cpd/100 t) Seite 16




Dp, (cm2s71)

07  pp

55x%x 10°}

GLOBAL

5.0x10°F

|||||||||||||||||||

Borexino

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

3 x 108 4 x 108 5x 108

@y (cm?sT)

d der Helmholtz-Gemeinschaft

IMPLICATIONS: P,, AND HZ VS. LZ

Studying Neutrinos with the Sun ...
» Borexino Exclusion of Vacuum LMA
oscillation at 98.2 % C.L.

Studying the Sun with Neutrinos ...
] » Global Analysis (all solar + KamLand)
{ » Borexino Preference is High Metallicity:

=» Frequentist: 96.6 % C. L.
=> Bayes: 4.9 (HZ:LZ)

> Now:

Data and Model are limited
by the SSM error!

IJ JULICH

Forschungszentrum
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IMPLICATIONS: PP-CHAIN AND LUMINOSITY

pp chain
pp-v pep-v .
D+p—>7Hre v, D+e+p>7Hv, » Compare I?atlo o4f pp-l to pp-II: ]
. : ; r ( °He + *He) 2¢( "Be)
99.6% 0.4% = =
oo 2H+p—>°He+y ) i (°He + He) @ (pp) — @( "Be)
% 2x10°% = .
S 3 2 hep > Borexino:
He+ H(;;)I He+2p/ He+p—>*Hete™v. RI/II = 0. 1780i8'8§§
3 15% '
3He+*He—>"Be+y > SSM-HZ:
"Be-y 99:87% g 0-33% R/ = 0.180 £ 0.011
7Be+e-_>7Li+ve 7Be+p_>BB+Y > SSM'LZ
Y ¥ RI/II == 0161 i 0010
‘Litp—>2°He | sp.y| °B—>Be+e’+ve Borexino consistent with predictions from SSM
pp-li !
8Be’—>2*He
pp-lil

» Solar Luminosity (Stability for > 100k years):
» Borexino:
Lo = 3.897035x103%3 erg s~1
Photon Output:
Lo = (3.846 + 0.015)x1033 ergs™*
Proof of the nuclear origin of the solar power and
thermodynamic equilibrium for > 100k years

Nasa.org
Seite 18




Search
For Non-Standard
Interactions
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INTRODUCTION TO THE NSI SEARCH

Calculation of the Recoiled Electron Spectra ? (T = electron energy)

dR do do,
ﬁ(T) N (I) dev dE (Ev)< (T Ev)Pee(Ev) + <COS 923 dT ” (T Ev) + sin2 023 d(;' ’ v)) (1 - Pee(Ev))>

,otandard“ Cross Section (monoenergetic):

do(E,T) 2 T\? m,T
a7 & —Gime |94, + gar (1 - E) ~ YarL9ar 7

0.5+ sin? 6y, ,a = e NSI
= - = + 8
JalL {_0.5 + sinz HW,OK =1 JalL — Yal

— cin2 — NSI _ R
gaR_Sln 9Wla_euu'7:_)gaR _gaR+£a

g = (& + &) sin? 0,5 — (gL + &) (= shift of the MSW potential (matter-effect))

q Pee (Ev) _)dPee (Ev; g')
Oq Oq LR
ﬁ (T, Ev) - ﬁ (T, Ev, Eaq )

» Replace standard L,R couplings by the non-standard L,R couplings

» Calculate the recoiled electron spectra .
@) JULICH

» Perform a fit and scan NSI parameters
Seite 20 Forschungszentrum
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NSI SEARCH RESULTS

0.6 Bt~ — i

C 90%CL.2dof) T 90%CL.2dof)
0.4~ Solar+KamLAND5: T0s - I BOREXINO
N ' LZ-SSM 05—

"t TEXONO -
- ) _
O - N - i RN
- 00 O o SR
%ww_oz;_m | BOREXINO el gwl_, : :' H

~0.4 - / ;

- -0.5~ - /1Z-8SM
~0.6p~ HZ-SSW 05 - LEP '

C.70  LSND - ' Y
o8- R o

'_I'I | 111 | | | | 111 Irlhl IVIV‘I' | | i 111 | 1111 | 1111 | 11 B 'o’s

-025 02 -0.15 -01 -0.05 0 0.05 01 0.15 Coa b b b bbb b b b a L

L -08 -06 -04 -02 0 02 04 06 08 1
€5 L
8‘[7
| || HzssmM |  LzZSSM || Ref[23] |  Ref. [55]

Borexino R
L

Parameter S
Limits R
ek

[—0.15, +0.11 ]
[—0.035, +0.032 ]

[—0.83, +0.36 ]
[—0.11, +0.67 ]

[—0.20, +0.03 ]
[—0.013, +0.052 ]

[—0.42, +0.43 ]
[—0.19, +0.79 ]

[—0.21, +0.16 ]
[—0.046, +0.053 ]

[—0.98, +0.73 ]
[—0.23, +0.87 ]

[0.004, +0.151 |
[—0.03, +0.08 |

[—0.3, +0.4 ]
[—0.5, +0.2 ]

Constraints on Non-Standard Neutrino Interactions from Borexino Phase-Il (arXiv:1905.03512v1)

Ref. [23]: S. K. Agarwalla, F. Lombardi and T. Takeuchi, Constraining Non-Standard Interactions of the Neutrino with Borexino, JHEP 12 (2012) 079 [1207.3492]

Ref. [65]: J. Barranco, O. G. Miranda, C. A. Moura and J. W. F. Valle, Constraining non-standard neutrino-electron interactions, Phys. Rev. D77 (2008) 093014 [0711.0698].
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Towards
CNO
Neutrinos
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(BREAKING THE) CORRELATIONS

Correlation Plot with
quasi-infinite statistics

% | Almost 100 % anti-correlation
ﬁﬁ E i e between 21°Bi and CNO

How to constrain the Rate of 219Bi? 210Pg identification:

Decay Chain

» Monoenergetic Decay
(“Gaussian®)

» a-decay & Event-by-
Event Pulse Shape

Lifetimes 32 Y 7.23d 199.1d Discrimination

Necessary for CNO Measurement Bi-Po-Tagging:
In secular equilibrium Rate( 21°Bi, f~) = Rate(?'°Po, a )

IJ JULICH
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CHALLENGES

» Temperature gradients present in the detector cause convective

motions of 21%Po present at the nylon vessel to move inside the
scintillator

> This breaks the secular equilibrium of the 21°Pb chain

> Need to identifiy the 21%Po in secular equilibrium with the 21°Bi events

To stop convective motions
thermal insulation needed

seasonal varlatlon of 210Po

Fiducial Volume

® Inner Vessel with

210pg contamination

\: : 1 ; 1 1
2019/02/28 2014/11/23 201 5/0 18 2016/05/12 2017/02/04 2017/10/30

w VM
M JULICH
Insulation start
Mitglied der Helmholtz-Gemeinschaft Forschungszentrum
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INSULATION

Hardware

» Rock Wool (2015)

» Active Temperature
Control System

Monitoring

» 54 Temperature
probes located
(buffer, external
tank, different
levels)

Results (= Temperature Stability)
» Temperature Profile shows stability
» Stability conditions

- 210Bj - 219Po tagging

Seite 25



Summary
+

Outlook

IJ JULICH
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SUMMARY AND OUTLOOK

v Comprehensive Measurement of pp—Chain Solar Neutrinos

(Nature volume 562, pages 505-510 (2018))

v'50 evidence of pep Neutrinos for the first time

v 7Be(862+384) precision 2.7 % (stat+sys)

v Improved °B measurement

v'Borexino has slight preference to High Metallicity at 96.6 % C. L.
v'Exclusion of Vacuum-LMA scenario at 98.2 % C. L.

v First Borexino Limits on Non-Standard Interactions

v Future: Continue data taking with stable condititions to attempt a CNO

measurement

Stay Tuned!

IJ JULICH
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Grazie Infinite
Thanks a lot
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Questions?

IJ JULICH
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Backup
Slides
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Extended Data Table 1 | LER analysis systematics

SYSTEMATICS

pp neutrinos | "Be neutrinos | pep neutrinos Background Rate
[cpd/100t]
i _0 ) _o ) _0 )
Source of uncertainty % +% % +% % +% 14C [Bq/lOO t] 400 £2.0
Fit models (see text) -4.5 +0.5 | -1.0 +0.2 -6.8 +2.8 85Kr 6.8+ 1.8
Fit method (analytical/Monte Carlo) -1.2 +1.2 | -0.2 +0.2 -4.0 +4.0 *19Bi 17.5+1.9
Choice of the energy estimator 2.5 +2.5 0.1 +0.1 2.4 +2.4 e 26.8 £0.2
& ' e ' ‘ : 210p, 260.0 =+ 3.0
Pile-up modeling -2.5 +0.5 0 0 0 0 Ext. 499K 1.0+ 0.6
Fit range and binning 3.0 +3.0 | -0.1 +0.1 -1.0 +1.0 Ext. 2MBi 1.9+0.3
208
Inclusion of the *Kr constraint -2.2 +2.2 0 +0.4 -3.2 0 Ext. Tl 3.3+£0.1
Live time -0.05 +0.05| -0.05 +0.05 | -0.05 +0.05 TABLE II. Best estimates for the total rates of the back-
Scintillator density 005 +0.05|-005 +0.05 | -005 +0.05 ground species included in the fit with statistical and system-
atic uncertainties added in quadrature.
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
Relevant sources of systematic uncertainties and their contributions to the measured neutrino interaction rates for the LER analysis. First Simultaneous Precision Spectroscopy
of pp, "Be, and pep Solar Neutrinos with Borexino
Phase-II (https://arxiv.org/abs/1707.09279) (2017)
Extended Data Table 2 | HER analysis systematics
Comprehensive measurement of pp-chain solar
neutrinos (Nature 562, 505-510 (2018
HER-I HER-II HER (tot) ( (2018))
Source of uncertainty -% +% -% +% -% +%
Target mass -2.0 +2.0 | -2.0 +2.0 -2.0 +2.0
Energy scale -0.5 +0.5 | -4.9 +4.9 -1.7 +1.7
z-cut -0.7 +0.7 0 0 -0.4 +0.4
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
Total systematics (%) -2.2 +2.2 | 5.3 +5.3 2.7 2.7

Relevant sources of systematic uncertainties and their contributions to the measured neutrino interaction rates for the HER analyses.
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Electron Positron Pulse Shape Differences
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» Positrons form Positronium in the scintillator with 3.1 ns (only
orthopositronium relevant, para-positronium lifetime is negligible)

» Positronium Formation Probability = 53 %

» Delay (ortho)-positronium formation leads to shape differences

» =» Distortion in Time for Hit PMTs and Beta Events
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Enents / (day x 100 tons x 1 keV)
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