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-- Anti-v_ in Borexino --

-- Borexino is currently exposed to geo-neutrinos and nuclear reactors
neutrinos (core-collapse supernovae?)

-- COMING SOON: anti-v, from #4Ce-14*Pr source

(sterile neutrino investigation) N [/
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-- Why geo-neutrinos®? --

-- Geo-neutrinos are messengers from the Earth interior
--> Especially of interest for the mantle knowledge

-- Radioactive decays inside the Earth
--> 3387y, R357J, 833Th decay series as well as 4°K decay are involved and
produced v, and anti-v, called geo-neutrinos

-- Differents Earth models exist (cosmo-
chemical, geochemical, geodynamical etc...)
and do not agree between themselves
--> (Geo-neutrinos are a new source a’
of information ;

-- Geo-neutrino measurements

--> KamLAND (Nature 436, 499-503 (2005),
Phys. Rev. D 88, 033001 (2013))

--> Borexino (Phys. Lett. B 887, 299-304 (2010),
Phys. Lett. B 722, 295-300 (2013))
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-- Which geo-neutrinos®? --

-- Anti-v, detection through inverse beta decay interactions
--> Threshold at 1.8 MeV

23875 23577 232 40K (i7,) 10K (1)
712 (year) — 4.47 x 10° 7.04 x 10® 1.40 x 10 1.28 x 10° 1.28 x 10°
Q (MeV) 51.7 46.4 42.7 1.311 1.505
Qv (pJ) 0.634 0.325 0.358 0.103 ;

# Ve 6 4 4 1 -
Rs, (Ue/(g-s)) T7.46 x 10* 3.20 x 10° 1.63 x 10* 2.31 x 10° -
# Ve - - - - 1
Ry, (ve/(g-8))  _—_ - P - 2.77 x 10
Emax MeV)  ( 3.26 ) 1.23 (225 ) 1.311 0.044
N— N—

-- Only anti-v, from 238U and 232Th can be detected
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-- Geo-neutrinos oscillation? --

-- Anti-v, from 238U and #32Th do oscillate
--> Survival probability of the geo-neutrinos:

-- Oscillation length around 100 km << Ry ..,y
--> Reasonable assumption of an averaged survival probability:

(Pec) = cos™ 013 (1 5 Sin2(2912)> +sint f15 = 0.55 + 0.03
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-- WARNING: not used for anti-v, from nuclear reactors (individual
calculations)

Mixing angles and mass square
differences are taken from
Phys. Rev. D 89, 093018 (2014)
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-- Detecting anti-v_ --

-- Anti-v, detection through inverse beta decay interactions

U, +p—e +n

e

Delayed signal (neutron):

n capture on H
Ejelayea = &-& MeV
At=254.5+1.8 us
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Prompt signal (positron):

e* scintillation + annihilation
Em,mllot =K, -T,-0.8 MeV




-- The Borexino detector --

Borexino Experiment

External water tank 18m ¢

Stainless steel sphere 13.7m ¢
(1320m 3 PC)

Nylon outer vessel 11.0m ¢
Nylon inner vessel 8.5m o

Fiducial volume 6.0m ¢
(used for solar
neutrino analyses)

Ropetendons

2200 Thorn BMVI 8" PMTs
(1800 with light collectors
400 without light collectors)

208 PMTsin water for
External Muon Detector

Fiducial volume
(used for the geo-
neutrino analysis)

Steel platesin
concrete for extra
shielding-

10m x 10m x 10cm
4m x 4m x 4cm
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-- Selecting anti-v,_ --

-- Prompt signal: 1 MeV = 500 p.e. prompt
== Qprompt > 408 D.€.
-- Fiducial Volume Cut (FVC) ? C/\D%
-- Delayed signal: @ W
-- 860 < Qgejayeq < 1300 D.€. D—@, \/\
-- Coincidence: <
- 30 <At <1280 pus
--AR <100 cm
delayed

-- & s dead time window applied after an internal muon and 2 ms dead time
window applied after an external muon

-- No neutron event in the 2 ms time window before the prompt signal and in
the 2 ms time window after the delayed signal

46 candidates
(between December 2007 and August 2012)



-- Anti-v_ energy spectra --

Events / 246 p.e. / 613 ton x year

-- Qpromps SPECtrUmM contains both the geo-neutrino and the reactors neutrino
components (and the backgrounds)
--> Since E_ . (*%®80) = 3.26 MeV and E___(***Th) = .25 MeV, geo-
neutrinos stand in the 4 first bins of the Q.,mp, SPECtrUM
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Light yield of prompt event [p.e.]

Background source Events
Li-8He 0.2540.18
Fast n’s (u’s in WT) <0.07

Fast n’s (u’s in rock) <0.28
Untagged muons 0.080 4+ 0.007
Accidental coincidences 0.206 £+ 0.004
Time corr. background 0.005+0.012
(y,n) <0.04
Spontaneous fission in PMTs 0.022 +0.002
(a,n) in scintillator 0.13+0.01
(¢, n) in the buffer <043

Total @

\/

Very low background (except for
reactor background)!
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-- Reactor background --

-- Anti-v, from nuclear reactors are the main background

-- Estimation of the expected number of events from the spectral
components of 8857, 2387, 289Py gnd *41Pu

Exposure in month m

Number of nuclear Number of months and includes detector

reactors considered considered .
efficiency
M 4
Noonoy = im_p dE i (B Vo (B, \P.(E, L
react — 47rL_2 rm X Ve Egbz( De)a( De) ee( Ve 9 r)
r=1m=1 P i=1 7 °

Power fraction of
component i

Effective thermal
power of reactor r
in month m

-- MC have been developed in order to take into account the 446 nuclear
reactors running during the period of interest
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-- F'it analysis --

-- Unbinned maximal likelihood method based on the prompt energy spectra
of the candidates

- The hypothesis that Sy, = O is 10 expectation band |
rejected at 99.9989% C.L. (4.4 0) Sreact = [83.8-97.3] TNU
100 o
T
T
80 o
T
N
5 60 4
Z N
= R i B N\
10 expectation band 5 40 N
) |
Sgeo = [26.3-46.6] TNU* for LT
different BSE geological models ho oot /Ay SN R
Sseo = 38.8 £ 123.0 TNU —L_!
0 (I
0 50 100 150
Sreact [TNU]

*1 TNU = 1 event detected over 1 year exposure of 10?2 target protons at 100 % efficiency
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-- BSE geological models --

_- Bulk Silicate Earth (BSE)
models describe both the crust ) . _High-
and the mantle 236  Bl.44 Javoy etal. (2010) (a)

26.6 35.24 Lyubetskaya & Korenaga (2007) (b)
28.4 37.94 McDonough & Sun (1995) (c)

-- Different BSE models:

- Cosmochemical
- Geochemical 28.4 37.94  Allegre et al. (1995) (d)
- Geodynamical 29.6 39.34 Palme & O’Neil (2004) (e)

83.3 44 24 Anderson (2007) (f)
35.1 46.64 Turcotte & Schubert (2002) (g)

1

g - 10 expectation band
X3 I—I—I—I S,00 = 38.8  12.0 TN'U from the
g 30 Il _____ I S R ° Borexino fit analysis
g 204
5 10 Borexino results in agreement
O I with BSE models

4.9 6.9 8.1 8.1 8.9 11.3 125

BSE Uranium Mass [10™ kg]
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-- Accessing geo-neutrinos from the mantle --

-- Measured signal = BSE signal = crust signal + mantle signal
where crust = local crust (LOC) + rest of the crust (ROC)

-- Borexino

geo

geo

-- KamLAN D:

geo

(total) = 38.8 £ 12.0 TNU
(crust) =23.4 +2.8 TNU

(mantle) =5.0+ 7.3 TNU

-- Combined (Sramek et al. (2013), gorm mi

]— Sseo (mantle) = 15.4+ 12.3 TNU

+90 \ EM

uniform mantle enriched layer
Ludhova and Zavatarelli (2013)) 40
3.5
-- Discrimination between different 30
models is not yet possible, even when 251 3 Bl with A&MED DM :{
¢ "EL" with S&S DM

combining Borexino and KamLAND

15/12/14

"EL" with W&H DM
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-- F'it analysis with Th/U ratio left free --

-- Fit of U and Th spectra independently
Sy =26.5119.5 TNU
Sy, = 10.6 1 12.7 TNU

-- Th/U ratio left free in the fit
--> Best fit value compatible 80

with the chondritic value of 3.9

Events / 246 p.e. / 613 ton x year
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-- Conclusion and perspectives --

-- Geo-neutrinos are of interest, especially for the mantle knowledge
--> Borexino helps geoscience to better understand our planet

-- & years more of statistics
--> Borexino alone should be able to reach the 50 signal

-- Future large scale detectors coming up soon
--> SNO+
--> JUNO
--> LENA
--> Hanohano



-- Anti-v_ from 4¢Ce-14“Pr decays --> SOX --

-- Several anomalies to be understood
@D LSND and MiniBooNE
(@ Radiochemical solar experiments (GALLEX and SAGE)
3 Short baseline reactor experiments

-- Investigation on a possible new neutrino oscillation
--> SOX experiment (Short Oscillations with BoreXino)

How? Bringing a 100 kCi 44Ce-144Pr source (anti-v, emitter) below
Borexino and looking for the L/E pattern

WHEN®? End of 2015 85 d
144Ce R
17 mn
<318keV 144
Pr B-<913keV
1%
rs-<21381 keV
1 ° : Y
R- < 2996 keV

0
97.9 % 0-7%
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-- Accidental background --

-- Looking for the off time coincidence in the [2 s, 20 s] range after the
prompt signal
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-- At distribution between prompt signal and delayed signal
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-- 9Li-8He background --

-- Same anti-v, cuts except that we are now looking in the [ ms, & s] range
after an internal muon

g T T T 1T .Ial T T T T T I T Entries 130 qi 25 _I T 1T I T 1T I T 1T I L I T 1T I TTTTT : I8 TTT T T T T T T T T T T I_
o 30 -- 9Li-"He background -- Mean 318.4 g— = -- 9Li-"He background --
2 —4— Data RMS 314.7 R + Data ]
8 o5 _ X2 / ndf 19.22 /22 5 20— —
5 — expofit T (ms) 321.9+47.8 2 L ]
[ po 2.887 £ 0.164 | E - .
20— ] 15— —
15[ — . ]
N ] 10— .
10# = B ]
5 - .
C ~ILl/T | ] SRR 5 S .
0_| T TR R F+. I R 1T |T: + | '+] —— 0 / ::\ i ¢ \‘IVXYx?fﬁV(ﬁ X % K ]
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-- At distribution between internal muon and prompt signal
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-- 3387 decay chain --

238

234

230

226

222

218

214

210

206

15/12/14

Isotope | Q

: : B decay
| Half-life *shys
Qo 4
o
a decay
é.ﬁ._ém
3824d
5520
218~ | 218 p . |
i | 264 |
! PO [TmY } At
310m | i 16s
145 e
RS
214 21 o 214 :
Pbiozs S Bi|32721" Po!
268m 199m | | 164.3 s
A9 e
210 210 210 e | 210 ;
Tl |siea " Pbleas ™ Bi 16z, Po;
1.30m 22.3yr | 501d | "] 13844d |
[Tk 3}
206 TI 1523 206 Pb
4.20m | stable
81 82 83 84 85 86
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-- 23323Th decay chain --

1232
232 Isoto e Th
Pe ! Qs B decay 14.05 Gyr
Half—llfe =-:’,',r' i 08—
Q:] I ) 538 EA-" 228 538 ]
y A 5.75 yr | 6.15h {1913y |
a decay r—
224 Ra
3.66d |
y """""""""""
1350 - |
220 “Rn
| 9565 |
¢
1376 g
216 " Po
101455
o
ffi'é """"""" gr__f 212 > 213
212 " Pbisra |7 Bif2ss " Po
_1064h|  |6085m|""" 0209 s
ﬁ-ZQ-L' % -~y 3 __8.&5&-"'-'. =
T e
208 | Tl ™" Pb
3053m| | stable |
81 82 83 84 86 88 89 90
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