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Solar Fusion Reactions

p-p Solar Fusion Chain CNO Solar Fusion Cycle
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Solar Neutrino Oscillations
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Neutrinos are produced and detected in flavour eigenstates, but propagate in
a superposition of mass eigenstates (CKM matrix — PMNS matrix)

Phase differences acquired in mass eigenstate propagation change apparent
flavour content



“MSW"” Neutrino Oscillations

* When neutrinos propagate in matter, charged
current interactions add an additional term to v,

flavour in mass matrix:

Am%z Am? .
— cos 2615 + 12 gin 2601+
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* As neutrinos propagate out of the sun, the matter
effect can lead to a resonant enhancement of the
transition probability

— “Strength” of the effect is energy dependant:
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MSW Oscillation Regimes
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MSW Oscillation Regimes

[ 43 &

Bahcall & Pena-Garay

P=cos(20,,)

E

In these regimes, P_, depends only on ®,,, not on the mass
splitting or the details of the neutrino-matter interaction



MSW Oscillation Regimes
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Bahcall & Pena-Garay

Esy =
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— E
=1.0 - 3.0 MeV

Look in “transition region” to confirm MSW and that

we know what is going on!




Possible New Physics in Transition Region

Non-Standard Interactions
Friedland et al., PLB 594 (2004)
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Mass Varying Neutrinos
Barger et al. PRL 95 (2005)
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Sterile Neutrinos
Holanda and Smirnoyv, arXiv:1012:5627 (2010)
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Pre-Borexino Constraints on
Transition Region

0.8f ~
E * pp- all solar
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Subtractions required in interpreting the radiochemical results mean that the data
points are (anti-) correlated. Real-time measurements needed in the transition region.



Probing the Transition Region
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862 keV ’Be neutrinos: pep neutrinos:

Low energy 2B neutrinos:

High flux, monoenergetic, Ideal energy for testing new physics, Enter TR. from above.

Constrain T.R. from below. precise SSM flux prediction.



SNO Low Energy Threshold Analysis

Charged Current: T+ = E - 1.44 MeV

Quadratic Fits to P,
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SNO Low Energy Threshold Analysis

Charged Current: T+ = E - 1.44 MeV Quadratic Fits to P,

=
304 .
: }t—--u--;--u-‘u-. --u!n'--+n-+.-- v-n-‘-.-- vimidmoiandhormefimis maamiimoam é.
S 03f i byt :
o s
0.1 v
3,
00 5.
—— Fit result + total uncert -
0.1¢ == Statistical uncert
: mmmm Systematic uncert
021 v Undistorted spectrum
c LMA prediction
-0-%;.A_L.~L..J_J. VR T T U T T T S U0 O T T A T Y YW 0 S MY O W ST OY
= 5 6 7 8 9 10 11
Tc“ MeV)
Elastic Scattering: 0 < T« < E, -0.24 MeV
2 10/ ~ Biznned-hastogram g
- = Kemel estimation 3
- l £
g 08 (b) <
g 7
- .
= 06 i h 3 w Polynomial
+}1 : .:.+, e ' . R I“\’A
I . ™ ‘ I ‘ | —t A 1 Il 1 1
g : 'L s % ! “ . . - .\'Hmmmgv]?bm‘)
02 :I . |
(Phys. Rev. C 81 (2010) 055504,

00_;L_L_Aw_A_l_A-_.A_l_LA_A._J-_J.._A_.A -

z MV arXiv:1109.0763)



Borexino: Real-time Detection Below
100 keV
IO‘!

100 ;/"Ga Experiment SNO, SuperK
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Borexino Solar Neutrino Results

’Be Flux

— (£30%) — Phys. Lett. B 658:101 (2008).

— (+10%) — Phys. Rev. Lett. 101:091302 (2008).
— (5%) — Phys. Rev. Lett. 107:141302 (2011).
’Be Day-Night Asymmetry

— arXiv:1104.2150 (2011).

B Flux + Spectrum (T ¢ > 3.0 MeV)

— Phys. Rev. D 82:033006 (2010).

pep and CNO flux

— arXiv:1110.3230 (2011).




The Borexino Detector

Target: 300 tons of liquid
scintillator confined by
nylon vessel of R=4.25 m

non-scintillating buffer

stainless steel sphere
6.85 m in radius
2212 inward-facing PMTs

outer water tank

2.8 kt of water, 9 m radius
equipped with 208 PMTs
for Muon Cherenkov Veto




Laboratori Nazionali del
Gran Sasso

A

4600’ to surface
3500 m.w.e.
muon flux 1/m?2/hr

” TERAMO



Borexino Collaboration

Astroparticle and Cosmology Laboratory — Paris, France I I
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Institute for Nuclear Research — Gatchina, Russia |8
Institute of Physics, Jagellonian University — Cracow, Poland gy
Join Institute for Nuclear Research — Dubna, Russia [l
Kurchatov Institute — Moscow, Russia [
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University of Moscow — Moscow, Russia s
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Calorq_ < otri
sensitivi

 Can’t .‘ﬁ
backgroting

L ¥ .'; "R A
Ct rfh ‘elastic
"

d ", .

o mm.* :llv }sron

| n,fl }‘]5 me-

'-».,, ’
. »,’,
| J

§

. 'r
2
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Central Challenge: Background Reduction

Internal Radioactivity

traces of radioisotopes in
the scintillator (U/Th,%K)

External Gamma-Rays
from buffer, steel sphere,
PMT glass (*9K, 29871 ...)

Cosmic Muons

Cosmogenics
neutrons and radionuclides
from muon-spallation and

hadronic showers

Fast Neutrons
~ from external muons

Slide: M. Wurm



Central Challenge: Background Reduction

?

pp - 130 cpd/100T
‘Be - 50 cpa/100T
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Slide: M. Wurm



Borexino achieved
unprecedented low levels of
internal background.

The Counting Test Facility Il

m Borexino Achieved | Reduction Method

Scintillator 1012g/g 1018g/g Old oil
2381 Dust 10°g/g ~5x1018g/g Purification
232Th Dust 10°g/g ~4x1018g/g Purification
85Kr Air 1 Bg/m3 ~2x103 Bg/m?3 LAKN
222Rn Air 20-100 Bg/m3 <10®Bg/m3 Air exclusion
Kat Dust ~103g/g <2x10g/g Purification
i Cosmic 200 s'tm™ 10105Im HEeUice),

active veto



Borexino Internal Calibrations

e Study detector
position and
energy response
by deploying
radioactive and
laser sources in
the detector

* 3D source
deployment
system developed
at Virginia Tech

Images: Steve Hardy, PhD Thesis, Virginia Tech, 2010



Sources

* Aqueous y-sources in flame-sealed quartz vials

* a and B sources in vials of scintillator

* Encapsulated AmBe

Images: Steve Hardy, PhD Thesis, Virginia Tech, 2010



Determining Source Location

* Red light from a diffuser on the source mount
recorded by 7 CCD cameras

 Designed to measure source position to 2 cm

Images: Steve Hardy, PhD Thesis, Virginia Tech, 2010



Borexino Calibration Campaigns

Positions of all runs-

* 4 major calibration o s e vews
campaigns (Oct '08, Jan w4
2
‘09, June ’09, July "09) . S
K. 2 “a -
° 1 aa
* 35 livedays of = B
. . B 0.0 ; S 2
calibration data with T <
o 100 4 i A
sources in 295 A
o, o 0.4 & N PO A 1Ry L M
pOSItlonS Gk PN ..‘ : :\:f;ll;hhll
‘ A ﬁ.‘ A “f(ue
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S1Co | 1¥Ce |2Hg | #Sr [%Mn | %Zn | ®Co | ®K | “C |24Bi [2M4Po | np +l'§c n+Fe T e
eeeee gy _ 1L.1. , distance from 2 axis (m)
MeY) 0.122 | 0.165 | 0279 | 0.514 | 0.834 | 1.1 | '3 14 |01s | 32 | 7.8 12226 | 494 | ~75




: J_ DATA (blue filled) vs MC (black line). Charge (pe correction) |

‘R 57Co

Measure position
resolution: 10—-12 cm

N Fiducial Volume:

+0.005
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Study light yield, quenching,

position variation.

Data-MC mean light yields

agree to 1% in F.V.

. b ™
LT L SR PR T T adosssdssnsdonss | P, . —
A 0a B BT 8N e e a0 6a o

Rrec - Rccd (m)

Confirm energy/radial
PDF for external
background.



Borexino Data
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Borexino Data
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Borexino Data

All data: 740 live days
Remove muons + followers

Fiducial Volume + high level

R<3.02m
|z| <1.67m

—10°

800 800 1000 1200 1400 1600
Photoelectrons (Light yield = 500 p.e./MeV)

10

Expected ’Be signal o

Fiducial mass = 75.6 tonnes



Borexino Data

All data: 740 live days
Remove muons + followers

Fiducial Volume + high level

R<3.02m
|z| <1.67m
6» " T
8
B00 800 1000 1200 1400 1600 T, i
Photoelectrons (Light yield = 500 p.e./MeV) = [
o
Expected "Be signal -2 a0
_4:-
"s.s -1‘ .lz ' ; ; ; l 6 2
x [m]

Fiducial mass = 75.6 tonnes



Pulse Shape Discrimination

* Particles with higher
ionization density
produce more slow light

e Separate by comparing
to reference a and
events using the “Gatti
Parameter”
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tistical Subtraction

Alpha Sta

200 p.e.
€.

B bl Bty

300 p

WA, Sareneees 80 Srests Setemes o -

“TTTTTTeY Y

W oaoom

sum of two Gaussians

B B mnet we

Fit each energy bin with the

"5(}t>.c.

)
-~

e

(p-e.)

1000

|
600 700 800 900

500

400

® S 2 & 5 2 8 e e L L B B B B B B W |

300

200

bt r:;» I } d
~

50 <@ © Io w 5 N

- - - o

7100

s3Uno) A0j30umwIed T33veH



Borexino Data

Events / 10 pe.

/ All data: 740 live days
Remove muons + followers
Fiducial Volume + high level

? Statistically subtract alphas

. . L e
600

Expected ’Be signal

g a B _a_ g B g . g.__g ) o | TSRS )
800 1000 1200 1400 1600
Photoelectrons (Light yield = 500 p.e./MeV)



’Be Signal Extraction

1-D binned likelihood
fits in energy

7Be, 21OPO, 85Kr, 11C,
210Bj weights floated
pp, pep, B, and CNO e
fixed to SSM fluxes + £ | /
222Rn’ 218PO, and 214Pb 10366~ 200 Loo‘\ \gg‘{g;gy(;ge]d 1260 1400 1600
weights constrained by

214Bj-214pPo co-incidence

e
o
€]

e
o
LRALLL R AR L

— Fit: x°/NDF = 141/138
— "Be:455+15
—_— K 348+1.7
0B 415+ 1.5
— 11C.28.9+0.2
— “’Po: 656.0 + 9.8
External: 4.5+ 0.7
pp, pep, CNO (Fixed)

Event Rate [evt / (1000 keV x ton x day)]
|




Event Rate [evt / (1000 keV x ton x day))

’Be Signal Extraction

Analytical fits

— Analytic description of
detector response based
on calibration data

— Float energy scale,
resolution in fit

sk
o
1€
1

— Fit: */NDF = 141/138
— "Be: 455+ 15
—_— 348417
08i- 415+ 1.5
— "C:289+0.2
— *Po: 656.0 + 9.8
External: 4.5+ 0.7
pp, pep, CNO (Fixed)
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— Fit: #°/NDF = 99/95

— "Be: 47.0+1.9

—_— K 246+32
“°Bi: 406+ 26

— "C:28.0+04

pp, pep, CNO (Fixed)
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e Monte Carlo fits

— Tune MC detector response
on calibration data

— Energy scale, resolution
fixed in fit
— Include external

backgrounds, increase fit
range

U I T -
400 600



Precision ‘Be Flux Result

Borexino 862 keV ’Be counting rate: 46.0+1.5_ %12 _ /(d 100T)

stat - 1.6 sys

O, =(4.84+0.24) x 10°cm2s! == P_ (862 keV) = 0.51 * 0.07

Systematics / Previously: \

Trigger Efficiency 0.1% )

Scintillator Density 0.05% o Systemah.cs

Livetime 0.04% Scintillator Density 0.2%

Cut Sacrifice 0.1% L|vet|me. , 0.1%

Fiducial Mass *9-3% C_Ut Sz?crlﬁce 0.3%

Energy Scale 2 7% Fiducial Mass 6.0%

Fit Methods 7.0% Detector Response 6.0%
Total 8.5%

Total +33% \ /
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Precision ‘Be Flux Result
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‘Be Day-Night Effect

Global Solar without

e As solar neutrinos (diabatically) Borexino
enter the earth, v, can be 3
coherently regenerated i

e Size of the effect depends on 5 Lt
mixing parameters, can cause the f

effective day and night neutrino
fluxes to be different
R7Be _R;Be R

Adz = 2 'f] 7 =ﬂ
? RnBe+RdB€ R

Model Predicted A_,(862 keV)
LMA <0.001 A '
LOW 0.11-0.80 oL 3

MaVaN ~0.20 mra




’‘Be Day-Night Asymmetry Search |

> :
Q
X /\
L10°; \ X
o \ f 5\ ",
c !
Q } 1 Ab",' ,
B10°R [ | b il
: 055 06 0656 0.7 076 08
-+ Night spectrum
oAk TItL4 Earoedl IESIPD [TRIRNO TN Fooee
02 04 06 08 1 1.2 14 16

MeV
* Fit the day and night spectra separately
m— A, (862 keV): 0.007 % 0.073



’Be Day-Night Asymmetry Search |

* Normalize the day
and night spectra to
the day livetime

S — ™po x.21.8+ 0.9 cpa'100¢

-500

events /5 keV

"Bo =0.04+ 0.57 cpa/'100¢
* Fit the difference 1000} i el
for ’Be and %1%Po o 1 w 1
04 0.6 0.8 1 1.2 1.4 1.6
(decay maps to day- MoV
night effect) A4, (862 keV): 0.001 +0.012, ,+0.007
* More precise result Source of error | Error on Ags
by assum i ng C'u]t‘i:"f:i:iic::(;ics <(.:)..Ol(())l“l
backg rounds are Variation of 219Bi with time|  +0.005
day-night invariant Toral sysiomatic et | 0007




’Be Day-Night Asymmetry Search |

* Normalize the day

>
. Qo E:
and night spectrato & :zz_
the day livetime £ So;----]--[ .............. i
* Fit the difference : Sgﬁﬁﬁ’mmn i
for ’Be and %1°Po Tl e
0.55 0.6 0.65 0.7 0.75
(decay maps to day- MeV
night effect) A4,(862 keV): 0.001 +0.012,.,+0.007
* More precise result Source of error ___|Error on Agn
. Live-time <5104
by assumi ng Cut efficiencies 0.001
backgrou nds are Variation of *'°Bi with time|  +0.005
. . . Fit procedure + 0.005
day_nlght INVa rlant Total systematic error 0.007




’Be Day-Night Asymmetry Search |

Global Solar, without Borexino

:  Allowed regions

* Normalize the day -
and night spectra to {Heer
the day |IV€l‘Ime Bl »%cL

* Fit the difference

for ’Be and 21°Po = 10
(decay maps to day- &
night effect) 8 o

* More precise result |
by assuming o} o
backgrounds are '
day-night invariant

n




’Be Day-Night Asymmetry Search |

Global Solar, with Borexino

}
}  Allowed regions

* Normalize the day .
and night spectra to M aimct
the day livetime [ Wsmmer

e Fit the difference

for ’Be and 21°Po ~ 10"

(decay maps to day-
night effect)

* More precise result ; e
by assuming ' >99.73% C.L.
backgrounds are
day-night invariant

Amts (el




“Into the Muck”: pep and CNO Neutrinos
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“Into the Muck”: pep and CNO Neutrinos

10’

11C
* Cosmogenically produced B* emitter
* t,/, =29 min, too long for cosmogenic
veto (Borexino muon rate = 4200/day)

10°

10

External
Background

‘E ;,5'2? ‘.‘ﬂ 3 o
= |V T Y l ' l\d L \ R M L LN e e o
200 400 600 1000 1200 1400
Photoelectrons [nght yield = 500 p.e./MeV]

Events / (day x 100 tons x 10 p.e.)

10°°



Three-Fold Coincidence

Track I
Y Trac lc+n * MostC produced via

12C—>UC+n

* Delayed neutron capture
signal identifies when
and where 1C was
produced

n Capture

* Special triggers and
analogue DAQ system to
identify muon + neutron

The ~125 muon-neutron coincidences/day can be vetoed without
excessive loss of live time.



Three-Fold Coincidence
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Remove 91% of 11C with a livetime sacrifice of 51.5%.



e*/e” Pulse Shape Discrimination

Bit Emission Times (Run 8622, Evemt 2727352)

50 o7 00A AN
: ISR N Annihilation Ys
40 '
: ‘. ................. e+ prompt
10 : :
o Scintillation
' light decay
10} f
0 o 0 100

PHT hit times [oa)

* 50% of p* decays give ortho-positronium (t,, = 3 ns).
* Gammas give multi-site topology.



e*/e” Pulse Shape Discrimination
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* 50% of p* decays give ortho-positronium (t,, = 3 ns).
* Gammas give multi-site topology.

Phys. Rev. C 83:015544 (2011)



e*/e” Pulse Shape Discrimination

PS~-BDT distributions for test samples
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SRR TR GO T I NS 1 L
-0.8 0.6 -0.4 -0.2 0 0.2

PS5-2DT Parazeter

* Use boosted decision tree to optimize discrimination.
* Train, test, and build PDF with events cut by TFC.
* Include BDT variable in signal extraction.



Multi-Dimensional Fit

* Binned likelihood fits in energy,

radius, and BDT

e 2D energy-radius and energy-
BDT PDFs

 Simultaneous fits to TFC
accepted and rejected spectra
(double background statistics).

PS~BDT distributions for test samples
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Multi-Dimensional Fit

1

Species Rate free or fixed Common to both spectra | In PS-BDT fit | In radial dist. fit
" pep v free Yes - g~ Bulk
CNO s frec s 3- Bulk*
"Be v free Yes g Bulk*
pp v fixed to 133 epd/100t Yes p-* Bulk*
"B v fixed to 0.46 cpd /100t Yes 8- Bulk
$Hph fixed to 1.95 cpd/100t Yes 8- Bulk*
“10R; free Yes B~ Bulk*
0e free No [ Bulk
ne free No g+ Bulk
Ext. *14Bj free s 3 External
Ext. YK free Yes 8" External
Ext. 271 free Yes g- External
“He free No B- Bulk
WK free Yes 3" Bulk
MKr free Yes B-* Bulk*
3Umpg, free ‘s 8- Bulk

* Effectively excluded due to energy range

pp and ®B neutrinos fixed to SSM values
214pPp fixed to value from 2'4BiPo coincidences




Fit Result
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Best fit (‘+’): (0, 3.13)

SSM + LMA prediction (‘*’): (5.3, 2.8)
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Fit Results

Data (0.9 = 1.8 MeV)
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pep Result

Borexino pep counting rate: 3.1+0.6_,_ .+ 0.3

/(d 100T)

sys

m= P_ (1.44 MeV) = 0.62 £ 0.17

Ay’ Profile for pep v Rate
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pep Result

Borexino pep counting rate: 3.1+0.6,,+ 0.3, /(d 100T)
== P_.(1.44 MeV) =0.62 +0.17
Ay’ Profile for pep v Rate
- S ——r Systematics
: won 98Y €.L. 2 Fiducial Exposure *3-%
~ 998 C.L. be===="""""""7 Energy Response 4.1%
K| N |15 210Bj shape +1.9%
Fit Methods 5.7%
= 2 85Kr constraint +33%
! y-rays in BDT 2.7%
2 BDT PDF statistics 5.0%
T B g - Total 10%
o

° 1 2 3 4 s
pep v rate / counts/(dayxiOOtom)

/

®,., = 0 disfavoured at 98% C.L.




CNO Limit

Borexino CNO counting rate: <7.9 (<7.1 ) /(d 100T) (95% C.L)

stat only

== (< 1.5 x high Z SSM)

Ay’ Profile for CNO v Rate
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Summary

Borexino has achieved
unprecedented radiopurity
and developed techniques
to effectively suppress
residual backgrounds

’Be flux results
significantly improve the
experimental constraint on
P.. at low energy

Day-night improves solar-
only constraint on mixing
parameters

First direct study of the
pep flux

Most precise constraint on
CNO flux
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Borexino Future

* Procedures to (further!)
purify the scintillator
underway since July 2010

— No sign of 8Kr since
January

— Moderate reduction in 210Bj

* Operations continue, with
aim of further reducing
210Bj, perhaps ?1°Po

 Borexino will continue to
take data for >3 more
years

— Improve measurements of
low energy solar neutrinos,
accrue further 3B & geo-
neutrino statistics
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