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Real time neutrino measurements
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Why is it important to lower the threshold?

Electron neutrino survival probability from 8B
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All experiments fully compatible
with the predicted “up-turn”

However, Bx and SNO results seem
to prefer a *down-turn”

SNO (2011)
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Increasing the statistics
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Data Set:

- Jan 2008 - Dec 2016

- Purification period removed

- High 222Rn activity (>20cpd) periods removed
- Total livetime: 2062.38 days

2010 8B Paper Data Set:
- Jul 2007 - Aug 2009
- Total Livetime: 488 days

Extending the fiducial mass (100 t) to the
entire active mass (~300 1)

Total exposure: 1.5 kt year (11.5-fold
increase)




Instabilities
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See Borexino Collaboration, Phys. Rev. D89 (2014) 112007



Monte Carlo

Relative difference
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data-MC (%)
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All effects included in Monte Carlo simulations:
- Data are reproduced on a weekly basis
- Statistics corresponds to 100-1000 times wrt data

See Borexino
Collaboration, arXiv:
1704.02291 (2017)
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Response Map

Monte Carlo Response Map Relative Variation (MC)
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Uncertainty from the MC response map: 1.6%
Uncertainty on the LY at the detector center: 1%

Total uncertainty on the energy scale: 1.9%
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Scintillator Mass and the Leak

(V')_| _I__ T T T T I T T T T I T T T T I T T T T I T T T T :
E a0 3 Scinfillator mass: estimated from a toy MC using the
- 3 vessel shape
o 330F E
e - 3 .. .
S 33208 3 Mass variation due to the leak started in 2009
®) 310:_ i, o =
> = Ty ree 1 e et 3 +
300E- ﬁa Bt ""ﬁgﬁ*%’:‘;“'ﬁ?" & 2 Average mass =266 £ 5.3t
290 N =
2801 =
= 3 Excess of events at the top, maybe due to the leak
270 E
260E- = Not observed > 5 MeV
2%0; 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 =
000 10000 15000 20000 25000 30000 A z-cut at 2.5 mis applied in the low energy region
Run Number (E < 5 MeV) analysis
DE T I T TT I T T 1T I T T 1T I T I-I T I T T 1T I T T 1T I T T 1T I L I T 1T I: 90
_:I80 Cut acceptance: ~86%
3:—- _:| —70 Sk 4
B - 1 60 4 35
1 = 3 5
T - - 4 =50 2
O~ E E 25
= = 40 F
o - = O 2
—22— = 30 -lE 15
= El k) —2E
—SE E 3 '
-4 = 10 4 0.5
= 3MeV <E<5MeV 7 8
_S_I 1 1 1 I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 1111 I 1 1 1 I_ 0 0 O
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

D. Franco - APC




Background

~7500 events / day => signal-to-background ratio: ~1/12,000

External Bg

u cut

cosmogenic,
neutron,
214Bj and 1°C

2010 Analysis cuts
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Cosmogenic Background

Cosmogenic Isotopes

Isotopes T @@ Decay Expected Rate Fraction Expected Rate > 3 MeV Measured Rate > 3 MeV

[MeV] [cpd/100t] >3 MeV [cpd/100t] [cpd /100 t]
2B 003s 134 B~ 141 +004 0.886 1.25+ 0.03 1.48 + 0.06
He  0.17s 106 JB~ 0.026 +£0.012 0.898
°%C  019s 165 A+ 0096 +0031 0965 (1.8+0.3)x10"! (1.7 + 0.5)x10" 6.5 s veto
OLi 026s 136 A~ 0.071 +£0.005 0.932
B 111s 180 BF 0273 +£0.062 0.938
He  1.17s 35 B~ NA 0.009 (6.0 + 0.8)x10"? (5.1 + 0.7)x10" TFC
SLi 121s 160 B~ 0404+ 0.07 0875
10¢C 278s 36 A" 054 +004 0012 (6.5+0.5)x10° (6.6+1.8) x10~*
TBe 19.9s 115 [ 0.035 + 0.006 0902 (3.2 & 0.5)x10 2 (3.6+3.5)x10 2 Untaggable
—_— . R x2 I ndf 166.3 /150
- Prob 0.1723
|l —— Cosmogenicsdata ’B 7196 +150.5
= —— Accidental data G, 50.63 +12.99
C A 67.82 + 3.28
B Bkg 12.95_i 0.51
o I — Fitfunction
Extrapolation of the cosmogenic e E
. . . C .12 .
cgn’mbu’nqn of’rgr the 6.5 s time ' - — %BSHeSLi ]
window, with a fit of the time profile of , — *He+C+°Li
) 10° E — Background 3
events following a muon — * ) E
10 :_ .................................................
E |
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Cosmogenic Background

Cosmogenic Isotopes

Isotopes T @@ Decay Expected Rate Fraction Expected Rate > 3 MeV Measured Rate > 3 MeV

[MeV] [cpd/100t] >3 MeV [cpd/100t] [cpd /100 t]
B 003s 134 [ 141+004 0886 125+ 0.03 1.48 + 0.06
SHe  0.17s 106 A 0026 £ 0012 0.898
9%C  019s 165 B 0096 +0031 0965 (1.8+0.3)x10"* (1.7 + 0.5)x 10" 6.5 s vefo
Ui 026s 136 [~ 0071+ 0005 0932
B 1.1ls 180 (% 0273 £0062 0038
He  1.17s 35 B~ NA 0.009 (6.0 + 0.8)x10"? (5.1 + 0.7)x10" TFC
SLi  121s 160 [~ 040 +007 0875
0C " 278s 36 [° 054+004 0012 (65+05)x10 (6.6+1.8) x10~°
TBe 19.9s 115 B 0035 + 0.006 0902 (3.2 + 0.5)x10 2 (3.6+£3.5)x10 2 Untaggable

180,

—10¢
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160!
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Fraction of '°C with Q > 1650 pe = 1.6%

120

1=264+26s

100!

Three Fold Coincidence: soi—

- Sphereradius =0.8 m 6°§+ +
- Veto time window: 120's E L

Ll bt L
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- Tag efficiency = 92.5%7 ,,% T St Y A
- Total visible 1°C rate = 0.48+09%4 ;. cpd/100 t

1
time [s]

Dominant invisible channel, '2C(p,t)'°C: ~10-2 cpd/100 t
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Data Selection

Selection cuts:

Nevutron cut: 2 ms veto after each muon

Cosmogenic cut: 6.5 s veto after muon crossing the scinfillator
10C cut: 0.8 m radius sphere x 120 s veto around each neutron
Run stop/start cut: 6.5 s veto at the beginning of each run
Fast coincidences cut: no 2“Bi-2'“Po

+ Random coincidence cut: no events closer than 5 s (after all previous cufts):

~6,000 candidates with a rate of 4 cpd
Probability for random coincidences: ~2x10+
Expected accidentals: 1.4 events

ldentified: 18 events

Fake events
Internal muons
External Muons
Neutrons

L L B L L I L L B |
. ) 10° = DST: June 7, 2009 —
Deadtime evaluated at with toy-MC, Mt r el s .
mixing fake events with muons and - |
neutrons from data |
. . 10° =
Selection cuts are applied on the : I
simulated sample B umsf
S ot l
E TE
Deadtime evaluated in 27.6% . g
1 I Y S IS N P 1| @ go8F
0 100 200 300 400/° ) E
(),265% ’{’

D. Franco - APC

L L L L 1 L L L L L L L
2007-01 2010-08 2014-03

L 1 B
2017-



LE and HE Ranges

Splitting the sample at 2950 npe (> 5 MeV): no natural radioactivity expected above this threshold
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LE and HE Ranges
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Residual tagged background rates after selection cuts

Background LE rate HE rate
[107* cpd/100 t] [107* cpd/100 t]
Fast cosmogenics 13.6+0.6 10.4+0.4
Muons 1.2+0.1 3.8+0.3
Neutrons 0.7240.02 0
e 9.54+14.1 0
11Be 0—};306h3 OtS(;ihQ H
214Bj 2.2+1.0 0
Total 27.2+3%9 1421549

—2> Untagged bg:

discussed later
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Expected additional untagged
backgrounds:

LE range

- 11 Be
_ 208

- Surface events

HE range
- 1lBe Ideally we expect only
—> 1 bg bulk component
in the HE

' 4

The HE range (>5 MeV) represents
the benchmark, where B neutrino
flux is required to be compatible with
measurements from SK and SNO



The External Bg in the HE Range
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Hypothesis:

- External background from neutron
captures on elements different from
Hand C

'_'Ul—

Excess not compatible with a bulk
distribution

Not compatible with events from the
vessel nylon: 5 MeV is the max Q-value
from natural B-decay radioactivity (208Tl)

- Neutron sources: (o, n) reactions
and fissions from U and Th chains

- Neutron capture material
candidates: SSS, PMTs, support
structures
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Neutron Flux

Two dominant neutron sources: SSS and PMT glasses

SSS (45 t) PMT Glass (1.77 t)
238U 235U 232Th 238U 235U 232Th
Concentration [g/g] [38] 3.7107'° 27107*2 2.8 107° 6.6107% 481071 321078
(o, n) rate [n/decay] [41] 501077  3.8107° 1.9 _10_—_f 1.6 10°° 1.9107° 1.810°°
(@, n) neutron flux [year™] 3.3 10° 1.2 102 E3_.1_19‘§ 7.3 10° 4.1 10* 1.3 10°
Spontaneous fission rate [n/(g s)][42] 1.36 1072  3.0107* <1.321077| 1361072 3.0107* <1.32107°
Spontaneous fission neutron flux [year ] 7.1 10* O(<1) O(<1) 5.0 10? O(<1) O(<1)
s UL R AN A LR AN L LR L
§~ 10 G- o) g
S 0k gt::f : l:dfsi)"" ]
Neutron fluxes: 3 . [ Steel e mlen
- (a,n) evaluated with TALYS Z o' - Steel- U figsion
- Fission rate from literature (Watt equation) ) B
10° 57 =
From E. Shores, NIM B 179, 78 (2001): -
comparison between TALYS, SOURCES-4C, and DATA 1072 5
provides agreements within 100% uncertainty 10E . , _;
1?||||||7\\k1§
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Gammas from Neutron Captures

Full neutron propagation with the Borexino Monte Carlo package

x10°

L L S L L. . Lt LA 100" 1 | | T | | | pun
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N 80— —
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Expected 148 (151) neutron-induced gammas in the LE (HE) range, in the whole statistic
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Radial Dependence on Energy
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Radial Fit of the HE Sample

E 70 _l LI | T
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In the previous analysis this component was erroneously neglected
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Data

Model

®B solar-v
Neutron captures

Radius [m]

The fit of the LE sample requires additional
components from contaminations intrinsic to
the scintillator and to the nylon vessel



Internal 2%8T1

Estimated by looking at the 212Bj-22Po fast coincidence (t = il E
431 ns), within 3 m radius i E
u? A‘E‘ n 1 .M \+ - 7;
8;'Bi . ’ BiPo At [us] -
10000 |~ —
o E=6.04 MeV (36%) - E
P 8000 - E
6000 F- 83% =
212 208 r i
saPo a1l 40005 3
2000 |— -
r C el I eI RN ST ST (RN} L .
E=8.79 MeV p E=18MeV % 500 1000 1500 2000 2500 3000
7,,=298 ns o ;=303 m Energy [npe]
208
2Pb =2 LA B BN IR R IR IR I IR
C
D 006
e
£ 0.05
Radial shape very similar to the neutrino one but not identical: |2
if 2.6 MeV gammas, for events close to the border, escape the |< 004
scintillator, TI208 event reconstructed energy is out of the
range 0.03

0.02
The obtained rate, 1.8+0.3x102 cpd/100 t above 1650 npe, is 5
times lower than in the previous analysis thanks to the 001
purification campaign

II|I|IIII|IIII|IIII|IIII|IIIII]
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OO

5
The internal 208TI component is constrained with a penalty Radius [m]
factor in the radial fit
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Surface Events

The “surface” component can not be intrinsic
to the nylon vessel: we observe the full 212Po

alpha peak for these events! (no energy
degradation as expected for an alpha

212Bj data sample requiring full 212Po-a peak escaping the vessel)

It must be emanated and diffused from the

IIII|II|I|I|I| |I|I|I|IIIIIII|IIII|I|I|||I|I|I|I|

£ x vessel and more internal in the scintillator bulk

b

)

S
(]

—
=
o

than surface events

L Lt

Number of events

—

\

10"

10%""05
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11 IIIII|

Surface events can not explain the excess

O V- W TR S YR Y - 212Bj and 208T| have the same radial
Radius [m] distributions: we can exiract the distribution
from the data

21



220Rn emanation and diffusion

From 212Bj to 208T| radial distribution

l():_lllI|IIII|I.III|IIIIIIIII|Illl[llll|lll||ll|||__
Subtraction of the bulk components

Residual component is de-
convoluted with the 212Bj response
function from simulations, defined as:
AR =R

10

rec - Rirue

=
<
=
~
W
—

NOTE: response functions built from
simulations of events at 1 cm from

vessel

The obtained shape is re-convoluted
with the 2987 response function (from

MC)

10°

212Rj Bulk
212RBi Emanated
208T| Emanated

10

Events / 10 cm

10

} 5
Radius [m]
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Cosmogenic !'Be background

4 1"Be rate measurements before this analysis:

Muon average energy

Borexino rate at 280 GeV with E > 3 MeV
[cpd /100 ton]

NAS54 beam experiment (2000)

100, 190 GeV

<102 (68% CL)

KamLAND (2009) 260 GeV (3.2+0.5) 10-2
Bx 8B paper (2010) 280 GeV (3.6£3.5) 102
Bx cosmogenic paper (2013) 280 GeV <2 x1071" (99.73% CL)

From Bx cosmogenic paper

-

~N w
O WM = U N UV W WL oa W
HHHF T

Events / ( 0.1 MeV )

-

o

-~

w 7
— Total o 6
> 5
“’BB 3
8 4
&
—— Background 3
2
B I P I 1P P PO ' 0 s i 5 o L L 0
6 7 8 9 10 11 12

Visible Energy (MeV)

!Ilil””l”” 1|II|IIII|IIII|IIII|II

In the previous work, we used the extrapolation from KamLAND, which represents 10-15% of the neutrino rate

Currently we have a factor ~3 more statistics than in the previous Bx measurements.

New fit with a multi-variate approach, looking at energy and time distributions

D. Franco - APC

23



Cosmogenic !'Be background

Methodology

Cosmogenic sample:

- radial cut (r< 3.5)

- deltaT from the muon: > 10sand <150 s
- distance from the muon track: <2 m

- charge cut: > 3000 npe (>6 MeV)

- muon charge: >10000 npe

Accidental sample:

- r<35m

Distance from the muon frack: > 2 m
150 s < deltaT < 300 s

Charge cut > 3000 npe

Muon charge > 10000 npe

"Be pdf from MC

The fit prefers negative number of ''Be => added a
boundary N2 0

"Berate=0*"1 _;x 103 cpd /100t (E> 1650 npe)

D. Franco - APC

400 T
HBe
350 t Accidental
300
250
200
150

100

IIIIIIII]IIIIIIIIIIIII|IIII|IIII|II]IT

50

IIlIIIIIIIIIIIIIIIIII[II]III Illllllllll

| N S l 1 | I l | I

| I l | 1 l 111

| |
3000 3500 4000 4500 5000 5500 6000

[npe]
: T I T T T T T T I T T T T T T I T :
500 — —
400~ } —
- ' t ot ; y 4 .
300 4 , t —
200(— —
100}~ N
Coe v v b b v b by by Ly
20 40 60 80 100 120 140
At[s]
24



Radial Fit of the LE Sample

. . E 6()()_I 1T T 1T l LI L LI L L T 1T T 1T LI T 1T UL I_
Iog-.L fit fo ogcoun’r for empty bins oy - Data .
Equivalent x?/ndf = 31.3 / 36 S - ——— Model N
500— 8 —
~ -~ ——— "B solar-v -
Emanation rate ~0.47 cpd / 100 t ~ - — Neutron captures .
. . .0 _ Al r TI: bulk N
Excluding the emanation component: x?/ndf = N 400[— 2067). emanation ]
91.6 /36 > - 287): surface 4 .
. . S 300 —
Bulk 208T| vs 8B-v correlation coefficient = -0.299 < C 7
Number of gammas: 351%31 (predicted ~150) 2 200:_ B
3 ¢ -
[& N ]
E 103 = L I L I L I L L I LI L L ] L LI L | L T I—OE :
o - * - sl Hohperspersbirsterie} w111
- - nonﬁel 1 5 1 1.5 2 25 3 35 4 45 5
o .
g - ——— ®Bsolarv 5 . Radius [m]
—
102 == —— Neutron captures —
N = 2%%71: bulk =
N - — 2%7]: emanation n - _
~ B 208y, 1
© B TE: surface ﬁ N Component LE rate HE rate
S 10 = = [cpd/227.8 t] [cpd/266.0 t]
3 - = 8B neutrinos 0.310+0.029 0.235+0.021
-~ - - External 0.224+0.078 0.239+0.022
2 - 7 2087T] bulk 0.04240.008 -
8 1E | | = 2087 emanation 0.4694-0.063 -
o o 3 20871 surface 1.090+0.046 -
10—1 Ll I. Il|l 1 l ) - I 11 Il I | I | - | | I I 11 1 1 I 11 1 —| Ll
0 05 1 15 2 25 3 35 4 45 5

Radius [m]
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Systematic Errors and Results

LE HE LE+HE

Source o o o

Active mass 2.0 2.0 2.0
Energy scale 0.5 4.9 1.7
z-cut 0.7 0.0 0.4
Live time 0.05 0.05 0.05
Scintillator density 0.5 0.5 0.5
Total [%] 2.2 5.3 2.7

In addition we have tested:

- pdf radial distortion: +3%

- Emanation vessel shift: £1%

- Response functions for the emanation component generated at 6 cm from the vessel (instead of 1 cm)
- Binning dependence

None of these potential systematic sources affected the measured 8B rate outside 1 statistical sigma

R — 0.1334_—0.013 stat -_}-0.003 sust) epd /100t Expected rate in the LE+HE range:
LE 0:013 ( ) To:003 (syst) cpd/ 3 0.211% 0,025 cpd/100 t
Ryp = 0.087j09t?180 (stat) -1_-8882 (syst) de/lOO t, Assuming B16(G98) SSM and MSW+LMA

Rrpiup = 0.22073:918 (stat) £5:088 (syst) cpd/100+t.
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Solar Neutrino Flux and Survival Probability

Equivalent unoscillated flux

SuperKamiokande 2.345+£0.014 £0.036 x 106 cm2 s°!
BX 2010 2.440.4 x10¢ cm2s!
This measurement 2.55%0.18 £0.07 x 106 cm2 5!
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Low Metallicity Model

I
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- Improved measurement of the B rate with 11.5 times the previous exposure

- New analysis approach with full active volume and radial analysis

- Lowest energy threshold among real time experiments

- ldentified a new source of background from neutron captures on C and on Fe
- New estimation of the cosmogenic 'Be rate

- 8B neutrino rate error has been reduced by more than a factor 2 from the previous
measurement

- Slight preference for the high-Z model
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Can we improve the measurement?
- Non-significant improvements with additional 1-2 years of statistics

- Lowering down the threshold to 2 MeV: need an effort on understanding
the external background from 2'4Bi and 208T|

- Science-fiction: active scintillator in the buffer (and vessel removal)
- would allow for identification and rejection of external background
- no-more dependences on the vessel shape
- No-radon emanation from the vessel
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