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Energy production in the sun

PP-chain CNO-cycle
>99% energy production <1% energy production
5 V species 3 V species
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Borexino?

v, survival probability
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Borexino?

Borexino design goal: ‘Be

Borexino design threshold ~250keV I
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The Borexino Detector

Neutrino electron Stainless Steel Sphere:
scattering . 2212 PMTs
e \[+ ~ 1000 m*buffer of pc
] \ +dmp (light queched)
Scintillator:

270 + PC+PPO (1.4 g/I) £

Nylon vessels: ?
(125 pym thick)
Inner: 425 m
Quter: 550 m

(radon barrier)

Water Tank:
y and n shield

u water C detector
208 PMTs in water

2100 m?3

Carbon steel plates

N 20 legs
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AW Experimental site B
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Assergi (AQ)
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Borexino data taking campaign

May May Aug.-Oct.
2007 2010 2011

—_—

Preparation, | Phase | I I Phase Il
‘/" Purification '
» (First) solar "Be-v measurement /
» 'Be-v day-night asymmetry » Measurement of pp-v flux
:‘" Low-threshold *B-v » Measurement of CNO-v flux
» First pep-v detection » Short-base v oscillations: SOX
» Best upper limit on CNO-vV
#» First geo-V observation at > 40
# Muon seasonal variations
# Limits on rare processes

i I
|

» Meutrons and other cosmogenics
» 'Be-V seasonal modulation
» Updated geo-V flux
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Borexino backgrounds

Isotope Typical Required Before purification After purification
88y 2107 (dust) < 1018 g/g (5.3 +£0.5)-10'% g/g < 0810 glg
BITh 2-10° (dust) =< 1018 g/g (3.8+0.8)-10'8 g/g < 1.0-10"8 g/g

|.D-I1
14¢/12 18 1 .10-18
CNnC (cosmogenic) = 10 (2.69 £ 0.06)-10-'% g/g unchanged
|00 atoms/
m -

Rn erm? (air) = |Ocpd/100t | cpd/ 100t unchanged
i 2-10 (dust) < |08 g/g <04-10'8 g/g unchanged
BKr | Bg/m? (air) | <1 cpd/100t| (30+5)cpd/I00t <5 cpd/100 t
9Ar '7mBa/ | cpdri00 ¢ << B5Kp << 85Ky

m-~(air)
210pg not specified (—80) ~20 cpd/100 t unchanged
210B; not specified (—20) ~70 cpd/100 ¢t (20 £ 5) cpd/100 ¢t
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Borexino calibration

2008-201 I: 4 internal + | external calibration campaigns
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‘:PIII

Energy scale uncertainty in the
range 0.2+2 MeV is better than 1.5%

Using 184 points of Rn calibration
data, the Fiducial Volume uncertainty

was taken to -1.3% +0.5%
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Phys. Rev. Lett. 107, 141302 (2011)

’Be neutrino flux and Ay

: 1“:E o T L

g [ 741d e 46.0 +1.5(star)* . (syst) ! d /100t

2 0F e s

= L —_— e gatad
I — W CNOaed || for the first time the experimental error

S - (4.8%) is smaller then theoretical error (7%)

gl"' =

: AN g, = (3.10 £ 0.15) x 10° cms™?

0357 o P..=0.51+0.07 at0.862 MeV

o 400C Phys. Lett. B 707, 1 (2012) 22-26
§ 200f
5 o
2 o
g 6o e e
E a0 N-D
g T e——— Apy= =0.001+0.012 (star) £0.007(sys
S e DN (N+D)/2 (stat) (s95)

B e e e PR

MeV

Then solar neutrino results with Borexino can isolate the

LMA region without the Kamland antineutrino data
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PRD 82 (2010) 033006

¥ 8B flux at 3MeV

48C % [ ™ _ g opg « 10° emis! BX HE
—— Ok r B
E
B R0 GE ) LMA - KIS S = BX LE —
=
% BPSCR]A DS o LM A-MTW é:'m SKIT NG salt
»
b SKI
2.5 =
+ ]
2l SNO DO it
. .
® Cherenko
B mwu+:wm B
p— 1.5— . |
i e _ & Liguid Scint. ENO Prop Counter -
4 B ] 10 12 14 B -1
Energy [M=V]

3.0-16.3MeV  5.0-16.3 MeV
Rate [c/d/100 t]  0.22£0.04+0.01 0.13+0.02+0.01
@E} [10° cm~*s~1] 1D  2.7+0.4+0.2
BES, /B 0.8820.10 1.08+0.23
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R = (3.1 £ 0.6, + 0.3,,)) cpd/100 t

P = (1.6 20.3) % 10° e s

P..=0.6210.17 at 1.44 MeV

Counts / (day = 100 kon x 0.01 HaV)

Phys. Rev. Lett. 108, 051302 (2012)

- pep flux and CNO limits

Spectrum of events in FV

— Epectrum after TFC veto

e O Fake = 2T siceesssess e rate = 2.5

'.“'_- pepvrate = 3.1 scsssssssss CHE v 1llsmie = 7.8
"Bi eate = 55 (AN iy

R <7.1 cpd/100 t (95 % C.L.)

OMA_ (<77 x 108 cm2s! (95% C.L.)

pep v rate / [counts/[dayxldbton)]
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pp neutrino analysis

e
-
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HTI_T—rITmTI IHIHlT[ T rrmm

BC (346 x 109

- |

=
[

pp-v (133)
£ 210Po (656)

Counts / (day x 100 ton x 1 keV)

Approx. background rates:
— In brackets & c/d/100 ton

= LA § 3 TBe-v (46)
_]:\;{ P [ eKe35) ”
10 e 210B;(42) g0
10~ \ AN . 'w'I;cp—v 28) e
1 g - i, T (5.3) .

l{]-:"l i ’ —F :‘_;*-.

|
IU.J,I " R Y B P IR T R W

200 400 600 800 1000 1200 1400 1600 1800

Energy [keV]

Neutrino energy: < 420keV
Electron recoil energy: < 264keV
This analysis threshold: 165keV

(cmp. design thresh. 250KeV, radiochem. exp. 233keV)
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Pure #C 8 spectrum

A A

@ Trigger problem:
- Total rate: ~30 Hz for E;, ~50keV

- 14C expected rate: (10-100) c/s/100ton
- Aquisition window: 16ps;
- Events with E close to E;;: often problematic

@ Solution for 1*C close to E;n: Trigger with two

random events: 2. event {14C} unaffected by E;
— Sfectral shape threshold: 100 keV — 50 keV
— 1*C rate: (40+1)c/s/100ton

Arbitrary Units

i 0] m Hi 40 £ ] ™ ET] ] 100)

Energy estimator: number of hit PMTs

“C background issues

14C pile-ups

o\

@ Pile-up problem:
e overlap with PMT dark rate, 14(:, 210p,
— Spectral shape hardly known
— Position reco. largely fails
Expected rate: (6-600)c/d/100ton)

@ Solution: Generate ‘synthetic’ pile-ups:
- Overlap artificially uncorrelated data with
regular events
— 14C pile-up rate: (154+10)c/d/100ton

3,
T L T

TTT r|||

=

T T Imr

Counts /1 Mgy,

=
"7|_ LRI
—

PRI TS ST N SR
Bl L] 160 200 250

Energy estimator: number of hit PMTs
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Nature, Vol. 512, Aug 28, 2014

pDp neutrino results ARTICLE i

Neutrinos from the primary
proton-proton fusion process in the Sun

Bonesine Collibaration®

0. S TR.AAT Parameter Systematics:
— pp v: 144 + 13 (free) — 210pg: 583 + 2 (free) energy estimator +7%
g 42?-!:’-?{?'2;1}@”51@”@ T WU orembad fit energy range
= pep v 201X - Pile-up: 321 + 7 (constrained .
CNO : 5.36 (fixed) - zmﬁi:pﬁ :&S{fre[e} ) d?ta selection _
— 214pp; (.06 (fixed) — 8K 1 + 9 (free) F"E‘L_‘P evaluation
fiducial mass +2%

104

—t
=
[

Null hypothesis rejection: 100
Expected: 131+2 ¢/d/100ton

et
=
[2=]

=
[

—_

Interpretations:
1.1f you believe SSM:
e confirms MSW-LMA
2.If you believe MSW-LMA:
e confirms SSM
N 3. If you believe both:
. R TRL  the sun is stable over 10°
300 350 400 450 500 550 time span
Energy (keV)

Rate = 144+13(stat)+10(sys) ¢/d/100ton
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P.. after Borexino

08— 0.5 K = i g
0.8 PP PP S : v
- Friediared e ol PLE S94 147 [2004) E,./Mev
07— o _
- = — Be . ~ In the transition region:
R Is there room
If" O5E- + | °B for new physics?
L 0.4 _— I.
0.3 e i
ﬂE;f— . . .
= Still missing:
Ll = CNO neutrinos
; 1 'l J 1 i 1 1 i Ll ] i 1
a
10° 10° 10¢

Energy (keV)

Two approaches to transition region:

|. Reduce error on pep (and ’Be) flux |
2. Lower threshold on 8B [ Borexino will work on both sides

(upturn not yet observed by SNO-LETA)
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Mumber al anli=-neuirinogs par bMa' per parent

Geo-neutrinos @, ~10°cm™s™

DEI:H._":.-' Tl /2 Em;—l:-: Q - EH
(10 yr] [MeV] [MeV] kg™ 's™'] [W/kg|

WY — *®Ph + 8 *He + 6+ 60 447 3.26 517 T.46x 107 0.95 x 107*
“2Th —» *®*Pb+6*He+4e+ 47 140 225 42.7 1.62 x 10" 0.27 x 10~*

VK - 4Ca+ e+ 7 (89%) 1.28  1.311 1.311 2.32 x10° 0.22 x 107

/ Neutron inverse beta decay threshold “Jelaved”
~250 us,~70
> cm
1|:|I:. . - : E I-EMEI‘ﬂ\‘I ‘Fh'lk _..__...--""'1\\"
£ 2re /f L 4
r..- ] ~ Ih senas n lII,-'||l f x"-.,__..--"‘" !
Vil I e .-."'r \f i
F : T "
P Lt N t il.:-'.:.. . e --l" : "
1|:|u? AT e e %, S H"‘-. ‘ prompt T {11 H'E“}
E ..l"r ke - -I.q--\"‘- p O —
b/ b .. 1 <l ns,~ 1 cm
I | ] . 1 ,
0 | .
| . d r Gl keV) «——o——> 7 (511 keV)
| : e
107'E I ; -
i | i S ) o T L
. | g e K is not visible in liquid scintillator
I ;
: E Th/U ratio is “fixed" t analysis
. i el P - J L i - 1 - - j. 1 :
12 il 4 e 4 e : e of chondrites

Anti-r';eutrim anargy, E_{Mav)
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o o PRD 92 (2015) 031101(R)

907+44 ton x year

a E I .’I: - .
[ 6 : e I il
120} i
: / I S A _}u -
100} / - 5 ;. Reacto ,,L
- i 1 l S,
— : |II / B : D P I SN S B :_T'_||| Lo | |-£I|$:II_-|LL_
-) 0+ I.' ) i 500 1000 1500 2000 2500 3000 3500
E [ || f ] Prompt Event Energy [p.e]
= |. N\

~ y
4C e inos: ecti
@ *—"{1 eo-neutrinos: event selection
S
= Qoo > 480p.c. S nfF 4 Data
ﬁ Qdm;.gd [ﬂﬁﬂ* | Hﬂﬂ]P-E- % ME- ----- Reactor neutnno
é AR (prompt-delayed) <Im = 8 E_ ----- Best-fit U+Th with fixed chondritic ratio
o At (prompt-delayed) [20-1280]us % 1 EE— - '{_’hﬂ;:”;;ﬁ:e chxd;i:;? rati::-
b Gattiy, . <0.015 (must be “B-like”) ¢ F ee chonditic rafio
== N a F
® = Large Fiducial Volume: ] M:_
3 H distance from the vessel > 25 cm é’ 12
£3 _ &
140F™ 77 golden coincidences =

{ ] I .
| \ Background not due to reactors is very small

p .
/ \
L

I I| || Y | 1". \I\"-. ]
40+ | ¢ ) \ 7 Unbinned maximal likelihood fit with
S U NN trained d reacto t.
20_ \ \ /__a ;'I ] unconsoralne gEﬂ 4and readc l‘[ﬂﬂ'lpﬂl'lEl'l
} \.5___fj_‘__—_‘_f______,/ | S,_.,=96.6%159 TNU
UE]' ~ 50 100 150 200 Expected =87 + 4 TNU (after oscillations)
Sceact| TNU] Ngeo = 23.7 £ 6.1 events

1 TNU =1 event / 10% protons / year S, =43.5211.1 TNU




G PRD 92 (2015) 031101(R)

¥ Geo-neutrinos: implications

Stxpected = rocal T Sest 0f Cust T Dniante

3

43.5+11.1 9.7%1.3 13.7%25
(data) (geological (model)
survey)

?D rrrrrTTTTTT T T T T T T T T T T T T T T T rrrTTTTT T T T T T T T
20 9 +15.1
€0 F, s . -10.3
““““““““““““““““““““““““ | ' (likelihood)
SD B \: E
— best value \:SSSSS \ ] ) ]
2 ] L : | No mantle contribution
< o - N excluded at 98% C.L.
5 L0 Eully radlogeinlc
(== B ; ; i
o
S 20¢ . L
= | , | Compatible with different BSE flavors
o 10| ; ; and mantle elemental distributions
Z | i 5 v |
D .........I.:........I..E.......I.....E....I.........I.:.......I....
0 10 20 a0 40 50 60

Heat mw

1 TNU = 1 event / 10° protons [ year CNFP 2015 -- Borexino Results and prospects D. D'Angelo for the Borexino Collaboration 19



JHEP 08 (2013) 038

If reactor anomaly is interpreted in terms of
oscillations into light sterile neutrinos it points

to L/E ~ Im/MeV

in Borexino with —~ 1 MeV source:
resolution ~15cm < L < detector size ~10m

Pit

L !
“for source hosting

Uninvasive deployment:
no work on the detector

no risk of contamination TLIHHE’
does not terminate the solar run

ICNFP 2015 — Borexino results and prospects  D. D'Angelo for the Borexino Collaboration 20



IBD threshold 1 -
: 17 mn
%- -ﬂ? ]9,?;; keV
10° ._
"é E' <2301 keV L1 \—'—v—
=2 1 % ,
e \ |
§ : ] \ 12185 keV
: : : R- < 2996 keV \ \ %
15t forbidden ! -
chiddon, .} - 696
non unique decay ' Y
. ITEN RN BN S BT AR T MR | I | I |
L 0 0.5 1 1.5 2 25 3

E_ (MeV)

144Nd

144Ce-Pr antineutrino generator up to 3MeV
Inverse Beta Decay detection tuned by geo-neutrino analysis
“long” half life: 285d
Activity : ~100kCi, > 10" anti-nu /s

Must be determined at 1% precision: two calorimeters




JHEP 08 (2013) 038

SOX 44Ce-"4*Pr run

» Source can be produced out of spent tentatn R hediile:
nuclear fuel in Mayak (Ru). late 2016
« Larger anti-nu cross section. run for 1.5 year

» Problem with 2.1 MeV gamma: needs '
tungsten shielding.

No oscillations &m§1:2 eVV2 — oscillations within detector

-

o

=]
i/

i e
40 i

N in [10cm R, 100keV] bin
o]
e

N in [10cm R, 100keV] bin

(=]
/

[Cribier et al., PRL 107, 201801 (2011)]
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.-"' . -.-E- iF}

YAz JHEP 08 (2013) 038
..q'
P‘ III
3 @. SOX: sensitivity
D; B I I I | I I ]
D,
< — shape-only
E% 10 — —
- — rate-only -
| — rate—+shape i
= =
N _
10 — 144Ce - 100kCi - 1.5y - 4 25m, 95% CL
— rate only, g, = 1% shape only, G, = inf. "
—  e——rate + shape, G, = 1% |:| anomalies, 95% CL —
— [ ] anomalies, 99% CL X Best Fit, PRD 88 073008 (2013) —
| | ] | ] | | ] | ] ] |
- -1
10 10 sin?(29, )
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Conclusions and outlook

v Borexino is taking data regularly since 2007:
v The background levels are unprecedented and still improving.

v Phase-I brought fundamental results over a broad range of solar
neutrinos (“Be, 2B, pep, CNO limits) and geo-nu.

v We are now in Phase-II since 2012:

v pp-neutrino flux accomplished DONE

v First direct observation of neutrinos from the primary proton-
proton fusion reaction taking place in the Sun's core.

v upcoming: CNO flux measurement (or stronger limits): 2016
v first confirmation of fusion process that powers most stars.
v it could resolve the solar “metallicity problem”.

v Also pep, 'Be, 8B and geo-neutrino more stringent measurements.

v SOX project will test indications for sterile neutrinos with a *Ce-
Pr source 2017



Geo-nu systematics

“Li-"He 0.19475 oo
Accidental coineidences  0.221+0.004
Time correlated 0.03550 0as
(cx,n) in scintillator 0.165+0.010
(x,n) in buffer <0.51
Fast n’s (u in WT) <0.01
Fast n’s (u in rock) < (.43
untagged muons 0.12+0.01
Fission in PMTs 0.032+0.003
"4 Bi-*"Po 0.009+0.013
Total 0.787015

—0.10
< 0.65(combined)
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