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Neutrino Signal of Supernova 1987A
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Kamiokande (Japan)

Water Cherenkov detector

Clock uncertainty +1 min

Irvine-Michigan-Brookhaven

(USA)

Water Cherenkov detector

Clock uncertainty +50 ms

Baksan Scintillator Telescope
(Soviet Union)
Clock uncertainty +2/-54 s

Within clock uncertainties,
signals are contemporaneous

Geora Raffelt. Max-Planck-Institut fur Phvsik (Minchen)
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Anglo-Australian Telescop

The field of the
supernova SN1987A

23 February 1987.
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Type la vs. Core-Collapse Supernovae
Type la Core collapse (Type I, Ib/c)

» Carbon-oxygen white dwarf » Degenerate iron core
(remnant of of evolved massive star
low-mass star) . » Accretes matter

» Accretes matter
from companion

by nuclear burning
at its surface

Chandrasekhar limit is reached — Mg, = 1.5 Mgy, (2Y,)?
COLLAPSE SETS IN

Nuclear buming of C and O ignites Collapse to nuclear density
— Nuclear deflagration Bounce & shock
(“Fusion bomb” triggered by collapse) | | Implosion — Explosion
Powered by nuclear binding energy Powered by gravity
Gain of nuclear binding energy Gain of gravitational binding energy

~ 100 MeV per nucleon

- 1 MeV per nucleon 99% into neutrinos




Core-collapse supernova
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—~Progenitor (~ 15 M.,) M M
- (Lifetime: 1 ~2-10"y)

Hot Y
- Extended Mantle

Late Protoneutron Star
(R~ 20 km)
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of Fe Nuclei ~ L -
"White Dwarf" 30000 - 60000 km/s

Ve (Fe—Core) (R ~ 10000 km)
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Hydrostatic Burning Phases
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Life of small star (<1,4 M)

Forms in
Dust & Gas
Burns Hydrogen
for 10 Billion Years Becomes Red Ejects outer
Giant Star burning layers and is
Helium for 100 million 5 51 anetary nebula

years for 100,000 years

Becomes
White Dwarf

star for Eternity




Introduction
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Liberated energy is due to the gain in nuclear binding energy.
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Astrophysical reaction rates
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Using definition S factor:

g8\ 1 [ E b
(0'1)):(7%) Wﬁ S(E)CXp[—kT—El/zldE

MAXWELL - BOLTZMANN
DISTRIBUTION
o exp (-E/kT)

GAMOW PEAK

TUNNELING
THROUGH

— COULOMB BARRIER
acexp (-VEG/E)

RELATIVE PROBABILITY

kT Eo ENERGY



Problem of extrapolation in nuclear astrophysi
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Hydrostatic Burning Phases
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Step 1: p + p — 2He (not possible)
p+p—od+e +v,

Step2:d + p — °He
d + d — *He (d abundance too low)

Step 3: °He + p — 4Li (*Li is unbound)
SHe + d — “He + n (d abundance too low)
SHe + *He — “He + 2p

d + d not going because Y, is small and d + p leads to rapid destruction.
SHe + *He goes because Y3y gets large as nothing destroys it.



Hydrostatic Burning Phases
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Once “He is produced can act as catalyst initializing the ppll and pplll chains.
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Hydrostatic Burning Phases
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(o) pp — Ydei(O'v)pd + Y§£<O'U>33

i~ Pm, my M
ddltd — %’%n%(a-v)pp — Ydem£u<0'v>pd
ddlf — Ydypmﬂu(av)pd - Yszm%("”)”

% = Yémﬁu(o'v)%

Stiff system of coupled differential equations.



Hydrostatic Burning Phases
00@000000

p(p, e v.)d: S11(0) = (4.00 £ 0.05) x 10> MeV b
calculated

p(d,y)*He: S12(0) =2.5%x 107" MeV b
measured at LUNA

SHe(*He, 2p)*He: S33(0) =5.4MeV b
measured at LUNA

Laboratory Underground for Nuclear Astrophysics (Gran Sasso).



LUNA program: pp chain

p+p—2H+e"+v [0.27 MeV] p+e+p—2H+v[1.44 MeV]
| 99.75% 0.25%]

H+p —3He +v

r8_6% 14% | 50kV 2001 2 '10‘~'|’%
He + *He — +2p ’He + *He — "Be + SHe+p —“*He+e*+v
50 kV 1999 400 kV 2006

I99.89% | 0.11%
‘Be+e —7Li+v[0.81 MeV] ’'Be+p—=28B+y

Li+p — %Be 8B — 8Be + e* + v [6.80 MeV]
8Be — 2 %He 8Be — 2 %He
CHAIN I CHAIN II CHAIN III CHAIN IV

Q. = 26.20 MeV |[ Q..,= 25.66 MeV Q.= 19.67 MeV || Q...= 16.84 MeV




LUNA (Laboratory Underground for Nuclear Astrophysics)

50 kV accelerator @ Gran Sasso — Italy (1400 m rock -> 10° shielding factor)
3He(3He,2p)*He d(p,y)*He
R. Bonetti et al.: Phys. Rev. Lett. 82 (1999) 5205 C. Casella et al.: Nucl. Phys. A706 (2002) 203-216
10-5 : | : : ! ! ! ' T T T T T T T
O Dwarakanath & Winkler (58) 06 _
10°0 & Krauss et al. (59) M | )
1076 A LUNA 1998-1999 (26, 27) e 0s
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10713 o Griffiths et al. (53)
10714 0.1 Solar Gamow peak v Schmid et al. (54) _
A LUNA 2002 (28)
10715
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10745 3 0 10 20 30 40 50
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At lowest energy: 0 ~20 fb > 1 event/month At lowest energy: o ~ 9 pb = 50 counts/day

No extrapolation needed!



Hydrostatic Burning Phases
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Hydrostatic Burning Phases
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This is the predicted neutrino spectrum
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Astrofisica Nucleare e Subnucleare
Solar Neutrinos



The 2002 Nobel Prize for the Solar
Neutrino Physics

Masatoshi Koshiba
http://nobelprize.org/nobel_prizes/physics/laureates/2002/koshiba-lecture.pdf

Raymond Davis Jr.
http://nobelprize.org/nobel_prizes/physics/laureates/2002/davis-lecture.pdf



The Standard Solar Model
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The Standard Solar Model

http://www.sns.ias.edu/~jnb/

* J. Bahcall: The main author of the SSM

* The standard solar model 1s dertved
from the conservation laws and energy
transport equations of physics, applied
to a spherically symmetric gas (plasma)
sphere

* Constrained by the luminosity, radius,
age and composition of the Sun

Inputs for the Standard Solar Model
—Mass
—Age
—Luminosity

—Radius Nota: Leggere I’articolo (tradotto anche in italiano)
http://www.sns.ias.edu/~jnb/Papers/Popular/Nobelmuseum/italianmystery.pdf

*No free parameters
*Tested by helioseismology
*Fusion = neutrinos



The predictions of the SSM

» Most of the neutrinos produced in the sun come from the first step of the pp
chain.

» Their energy is so low (<0.425 MeV) - very difficult to detect.

A rare side branch of the pp chain produces the "boron-8" neutrinos with a
maximum energy of roughly 15 MeV

* These are the easiest neutrinos to observe, because the neutrino cross
section increases with energy.

A very rare interaction in the pp chain produces the "hep" neutrinos, the
highest energy neutrinos produced in any detectable quantity by our sun.

« All of the interactions described above produce neutrinos with a spectrum of
energies. The inverse beta decay of Be’ produces mono-energetic neutrinos
at either roughly 0.9 or 0.4 MeV.



Differential v, flux

Flux (cm= s-!)
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Neutrino Emission

Source r Reaction :fi\\f(.‘l'z\.gc Ncu"t:rin(_)v i\Ia;innun N()llt}'ill(_)

Energy (F), (MeV) Energy (MeV)

pp p+p—d+et +u, 0.2668 0.423 + 0.03

pep pte +p—d+r, 1.445 1.445

°B 5B — °Be* +et'+ v 6.735 £+ 0.036 ~ 15

hep SHe + p — *He + et + 1, 9.628 18.778

N BN — BC et + v, 0.7063 1.1982 4 0.0003

120 50 - BN 4+ et + 1, 0.9964 1.7317 4 0.0005

R P = 10 + et + 1, 0.9977 1.7364 £ 0.0003

45



Experimental Techniques

Two detection techniques for the solar neutrinos:

1- elastic scattering — S
Ve e Ve e Sk '""

2- Neutron Captu re | No free neutrons in nature:

V. Th —> e 1p (Z,A) +v, = e +HZ+1,A)

Example: 716a+v — "1Ge + e

3- The SNO way:
- v,+d — e +ptp

- v, +d—=v_+ntp




Solar Neutrino Detectors

e Neutrino Absorption Experiments
— 37Cl
—71Ga

e Neutrino Scattering Experiments
— SuperKamiokande

e Direct Counting experiments
— SNO

47



- ‘Davis’
- GALLEX/GNO < (radiochemical)

- SAGE
= SuperKamiokande (elastic scattering)
- SNO

*The Clorine or ‘Davis’ = -
experiment Cl+v,—3Ar+e

-Pioneering experiment by Ray Davis at Homestake mine began in 1967
-Consisted of a 600 ton chlorine tank

‘Experiment was carried out over a 20 year period, in an attempt to
measure the flux of neutrinos from the Sun

-Measured flux was only one third the predicted value !!




3/Cl experiment

*The Clorine or ‘Davis’ - -
experiment Cltv.—=""Arte

= Pioneering experiment by Ray Davis at Homestake mine began
in 1967

- Consisted of a 600 ton chlorine tank
= Threshold E = 0.814 MeV

- Experiment was carried out over a 20 year period, in an attempt
to measure the flux of neutrinos from the Sun

= Chemical extraction of Argon and direct counting of Argon
decays (15 atoms over 130 tons of Cl every month!)

= Measured flux was only one third the predicted value

49



3/Cl experiment




3/Cl experiment
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Radiochemical experiments:
GALLEX/GNO and SAGE

- The main solar neutrino source is from the p-p reaction:

ptp—=d+e +v,+042MeV

-Solar neutrino experiment based on the reaction:

"Ga+v,—="1Ge + ¢

-Ability to detect the low-energy neutrinos from p-p fusion

-SAGE: Located at the Baksan Neutrino Observatory in the northern Caucasus
mountains of Russia (1990-2000)

- GALLEX/GNO: Located at the Gran Sasso

- Energy threshold: 233.2 + 0.5 keV, below that of the p-p Ve (420 keV)



*GALLEX/GNO

» 30.3 tons of gallium in form of a concentrated tr.
GaCl;-HCI solution exposed to solar v's |

Np+ GeCl,

- Neutrino induced "'Ge forms the volatile :
Compound GeCI4 G

(54m®, 110 t)
o L e @
o DT e

%r'#:'/

[#]

- Nitrogen gas stream sweeps GeCl, out of
solution

- GeCl, is absorbed in water GeCl, — activ side
GeH, and introduced into a proportional ‘
counter

/ passive side

‘Number of "'Ge atoms evaluated by their
radioactive decay
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SAGE — Russian American
Gallium Experiment

* radiochemical Ga experiment at Baksan
Neutrino Observatory witl ..50 t ns of metallic

R« o s . ;
13 435 %
66.273 23 SNU 7

67.35. SNU
o latest result from 157 runs (1990-2006)

\



;5}3'.::Figure 12.17. 'The SAGE experiment in the Baksan underground laboratory in the
.Caucasus. The 10 so-called reactors can be seen, 8 of which contain a total of 57
. tons of metallic gallium (with kind permission, of the SAGE collaboration).
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GALLEX-SAGE results

30F | 1 "~ 1 T T T T T T ' " T [ " T T [ T T T 1T 1 300
= o5 | GALLEX | GALLEX Il GALLEX Ill  GALLEX IV 1 280
° 1240 2
2 20 . N 2 1200 B,
ﬁl ol | h #5 420 1l | N Combined | 160 %
7 1ol | J lé 4 i H : M | \é’ B Do
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£ -1-40 5
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1991 1992 1993 1994 1995 1996 1997
GALLEX+GNO SAGE (SNU)
(SNU)
Measured 7/1+5H 66 +5H
Expected 128 + 8 128 + 8

SNU= 10-3 (interactions/s - nucleus)



Solar Neutrino Problem

Experiment Result Theory 1[{1(1:—:)111&
Homestake [3§] 25(0_)i3(())ji(())i2;)) i 7.7 ﬂ(} 0330
GALLEX [322 TT(fli;—Li{ 12912  0.60+ 0.07

SAGE [B23] "‘1(‘:§£5§n 12948 052+ 0.07

8

2.80 +0.19 £ 0.33
(2.80 + 0.38)

Kamiokande [41]]

515 5% 0.54 4 0.07

.> - - 2.44 4+ 0.05 00 g o 1 — 4+0.07
Super- Kamiokande [1§] p i TR 5:15 J_r('l,j,- 0:47 "o
(2.44 _n.us_))
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The Solar Neutrino Problem

How can this deficit be explained?

1. The Sun’s reaction mechanisms are not fully
understood

N O’ new measurements (~1998) of the sun resonant cavity frequencies

2. The experiment is wrong —

N O’ All the fourthcoming new experiments confirmed the deficit!

3. Something happens to the neutrino as it travels
from the Sun to the Earth

YES! Oscillations of electron neutrinos!




Solar Neutrino Problem

e Astrophysical solutions?:
— Low metallicity
— Burnt out core
— Rapid Rotation
— High mass loss rate
— Pure CNO cycle
- WIMP
— Central BH

61



The SK way- The elastic scattering
of neutrinos on electrons

‘Real-time detector
*Elastic scattering
ve— ve




Neutrino Scattering Experiments

Particle Cherenkov threshold in total Energy
e* 0.763(2eV)
s 158.7
7t 209.7

Cherenkov threshold energies of various particles.

cosd = L
ni'

Cherenkov light is emitted in a cone of half angle 6 from the direction
of the particle track

63



Neutrino Scattering Experiments

* SuEer Kcmiokonde_f
EVENT 7
DATE 97- Dec 1
TIME 23:19:35
TOT PE: 102.9
MAX PE: 6.4
NMHTIT : o4
ANT-PE: 0.0
ANT-MX: 0.0
NMHTITA: 0

A
(o]
RunMODE : MonteCar.
TRG,ID :000Q0000
T diff .




Neutrino Scattering Experiments

[ BestHit Super-Kamiokande 287.4day

Sun direction

Event/day/kton/bin
o
N

Radioactivity
Background

Ratio of observed electron
energy spectrum and
expectation from SSM




Neutrino Picture of £ [ = | T
B . May 31, 1996 — July 15, 2001
the Sun g ] (1496 days ) hep-ex/0508053
:E 2__ Electron total energy: 5.0-20MeV
LLl
1
I . 4
22400 = 230
Py solar v events
Radidactivity— - — -
fr'om SK Back:qﬁ%und e - %% cos osu”
Pps = 2.35 £ 0.02 = 0.08 [x10%/cm?/s]
« SK measured a flux of solar neutrinos 055 —/———————————— -
with energy > 5 MeV (from B8) about S 4=t “§- SK-1 data ]
. ~ i ——Correlated syst. error .
40% of that predicted by the SSM o g5k — _
. . o , == Expectations
* The reduction is almost constantupto = | ; |
18 MeV %o. _ 1 1
S T 1.l "_.—l--lj'_:_'_
AN -
?TJ:___i e M e
. 0.35-.I|.|.I|.||I%‘.||I|.|-
Ratio of observed electron energy 5 7.5 10 12.5 20
Energy(MeV)

spectrum and expectation from SSM

SK-I: 8B Solar Neutrino Flux




The decisive results: SNO (o
1999 —-Q2: 2006)

- 18m sphere, situated under'ground at
about 2.5km underground, in Ontario

* 10,000 photomultiplier fubes (PMT)
* Each PMT collect Cherenkov light photons

* Heavy water (D,0) inside a transparent
acrylic sphere (12m diameter)

* Pure salt is added 1o increase sensitivity
of NC reactions (2002)

« It can measure the flux of all neutrinos
'®(v,) and electron neutrinos '®(v,)

* The flux of hon-electron neutrinos

D(v,, Vo) = D(v,) - D(v.)

mThese fluxes can be measured via the 3 different
ways in which neutrinos interact with heavy water



1000 tonnes D,O

Support Structure
for 9500 PMTs,

60% coverage

12 m Diameter
Acrylic Vessel

1700 tonnes Inner
Shielding H,O

5300 tonnes Outer
Shield H,O

Urylon Liner and
Radon Seal

Sudbury Neutrino




v Reactions in SNO
Neutrino Reactions on Deuterium

‘ Ve +d= P+ o + e Charged-Current

-Gives v, energy spectrum well Ve —
. . e Y Cherenkov electron
-Weak direction sensitivity « 1-1/3cos(6) ~
- v, only. neutrino deuteron \ @
@protons

-SSM: 30 CC events day!

neutrino
Vx /
8 ® (")
- Measure total °B v flux from the sun.
\@ neutron

- Equal cross section for all v types neutrino deuteron
- SSM: 30/day proton
. - Elastic Scattering
v,tTe = v, te .
-Low Statistics (3/day) : ./ Cherenkov electron
-Mainly sensitive to v, , some e A
-sensitivity to v, and v, neutrino

-Strong direction sensitivity




OBSERVABLE REACTIONS w S.N.O.

Le Reazioni Osservabili in SNO
4 neomm. QDRBEDJT

CHHRGE' n CURREﬂT ELRSTIC scaﬂﬂlmq \/ / Y

¥ i1y 1 ~C%) ol
“ - - =

g P 3 : i

I Voo .ot il g O :
I nesutriro z 3 AA 3

: @ s = 2 : : = s

- % 0 §: Z » :

N /€~ 3 : “ \

x N / i - -

;. S / i LR ;

L. iy b : 5% :
\. . » . : vﬁc

v Ve - : %
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b = 2 L3

T ————— N ek e SRR y e —

v, +d—>p+p+e (CC) Ve o>v, +e (ES) (vH-d—ontp+y, (1\£)

Solg/ neutrini elellromcx vTuttl 1 neutrini Tutti 1 neutrini
2. ONI x=RALL NEUTRIMNOS Yo = ALL MEUTR INoSC
Neutrini prodotu da®*B (E <15 MeV) ;

Soglia Rivelatore 6.75 MeV ~ THRESHOLD @ €.7S MeV

Puo essere separato il contributo dei diversi neutrini
ITi1sS PosSIBLE To | .sEPARM'E V, CONTRIBUTIONS

Indipendenza dalle previsioni del modello Solare

IND\PENDENT FRoM $.SoLAR MODEL




JThe 2001 results

0 Assuming no oscillations, the total v flux inferred from the ES (3)
reaction rate is:

Q¢ES(v,) = (2.39 + 0.50) x 106 cm2s1  (SNO)
QPESck(vy) = (2.32 + 0.08) x 10 cm2s1 (SK)

OThe difference between the 8B flux deduced from the ES and the CC rate
at SNO and SK is:

ad(v,, v,)=(0.57 £ 0.17) x 10° cm=2s-! (3.3 o)

QThis difference first shows that there is a non-electron flavour active
neutrino component in the solar flux !
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Solar Neutrino Problem

Total Rales: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

7 ’
/-:.o:gfg /mfgg 1.0488 g5 1.01 2012
5520.08
71°
0.48:0.02
el
Zoes0as 0.3540.02
I SAGE GALLEX
: SNO SNO
SuperK Kamioka GNO v, a8 o
cl H,0 Ga H,0 7H,0
Theory ™ ‘Be mm P-P. pep Experiments gg

*B M CNO Uncertaintices



Borexino @LNGS




Borexino @LNGS

External water tank 18m ¢

Rope tendons

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

Stainless steel sphere 13.7m ¢
Nylon outer vessel 11.0m 0
Nylon inner vessel 8.5m o

Fiducial volume 6.0m ¢

. Scintillator
Steel plates in

concrete for extra
shielding-

10m x 10m x 10cm
4m x4m x 4cm



BOREXINO

Recent Solar And Terrestrial Neutrino Results

Werner Maneschg
on behalf of the Borexino Collaboration

Borexino: Solar And Geo neutrinos

W. Maneschg (MPIK Heidelberg) HEP 2015, July 24, 2015 1/31



Borexino: detector properties & design, and physics goals

Main
Q

properties:

Large volume organic liquid
scintillator detector:

- at LNGS (1.4 km overburden)
- operational since May 2007

Ultra low background (radiopurest
environment ever measured)

Real-time detection (time stamp and
pulse shape for every event)

Spectroscopy at low energies,
typically between 0.1-15 MeV

3D position reconstruction

Main
(* )

physics goals:

Neutrinos from Sun

Antineutrinos from Earth & reactors
Sterile neutrinos (TH 23-07-15:13.5)

SN-(anti)neutrinos & other exotic
particles and processes

W. Maneschg (MPIK Heidelberg) Borexino: Solar And Geo neutrinos

Nut shell profile:
© Water tank (2100 m3):

- Absorption of environmental
~ rays and neutrons
- p Cherenkov detector (208 PMTs)

Q@ Stainless Steel Sphere:
- 2212 PMTs, 1350 m3, R=6.85m

© 2 buffer layers: PC+DMP
- Outer R2=5.50m, Inner R1=4.25m
- Shielding from external « rays

@ Scintillator: 270 tons of PC4+PPO

Borexino Detector

tainless Steel Sphere
Nylon Outer Vessel
Nylon Inner Vessel
Fiducial volume

External water tank —,
Ropes—.

Internal
PMTs ——

Steel plates
for extra
shielding

HEP 2015, July 24, 2015




Solar neutrino fluxes (according to Standard Solar Vodel predictions)

1013
1012
1011
1010
10°
108
107
108
108
104
108
102

Solar neutrino flux

Neutrino fluxes at 1 AU:

from simulations by A. Serenelli et al., Astrophys. J. 743, 24 (2011)

v flux

GS98

AGSS09

PP

"Be
"Be (£7%) pep
13N

{ 4 +1 L ) 150
17F

8g (£14%) g

5.98(1+0.006)

5.00(1+0.07)
1.44(140.012)

2.96(14-0.14)
2.23(14-0.15)
5.52(140.17)
5.58(11-0.14)

6.03(1£0.006)

4.56(140.07)
1.47(140.012)

2.17(1+0.14)
1.56(140.15)
3.40(140.16)
4.59(1+0.14)

oh |

107!

Units: [cm ™~ %s~1MeV 1] for continuum neutrino
sources, [cm™

W. Maneschg (MPIK Heidelberg) Borexino: Solar And Geo neutrinos

1 10
Neutrino energy (MeV)

Factors: 1010 (pp), 10° ("Be),

Units: cm 251

Solar neutrino measurements:
different obstacles: diff. background,

detector response, energy threshold

2s_l] for mono-energetic neutrino sources.

neutrino osc.

sensitivity for different phenomena:
(incl. matter effects

(MSW)), SSM metallicity scenarios

HEP 2015, July 24, 2015
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Solar "Be neutrino rate measurement

Averaged "Be-v rate fitted with MC (ROI: 0.2-0.7 MeV)

10° g -
= w— Fit: z/NDF = 141/138
— TBe: 4554 1.5
— Ke384 17
— 0Ri 4154 1.5
— 289402
— 0o 6560+ 9.8
Extermal: 452 0.7
pp. pep. CNO (Fixed)

f=
LRLRLLLL R

10 E

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

F \ -
I T ST RN P S
200 400 600 300 1000 1200 1400 1600
Energy [keV)

Results and remarks:

@ Averaged rate: R=(46:I:1.5(stat)t11‘.% (sys)) ¢/d/100 ton (uncertainty +5%)
Comparison to SSM predictions:
- Without osc.: (7445) ¢/d/100 ton (50 exclusion)
- With osc.: 44 (High-met.) and 48 (Low-met.) c/d/100 ton

@ Day-Night asymmetry: (N-D)/((N+D)/2) = 0.001+0.012(stat)+-0.007(sys)
(8.5 0 exclusion of LOW osc. solution)

@ 7% Annual modulation: according to rate-vs-time analysis: T=(1.014+0.07) yr;
€=0.0398+0.0102 — expected value within 2o

W. Maneschg (MPIK Heidelberg) Borexino: Solar And Geo neutrinos HEP 2015, July 24, 2015 5/31



Solar 8B neutrino rate measurement

Data vs. MC of 8B recoil energy spectrum (ROI: 3-15 MeV)

—e— Data
— MC
‘s
Bl ™n
"Be
7] External Background

llllllllllll'l lllllll

Counts /2 MeV / 345.3 days

Energy [MeV]

Results and remarks:
@ Challenging: low neutrino rate, many small background components
@ Rate above 3 MeV: 0.21740.038(stat)+0.008(syst) c/d/100ton

@ Flux at 1AU: (2.740.440.1)x10° cm—2 571
— good agreement with SuperKamiokaNDE and SNO
— confirmation of MSW-LMA solution for oscillation in vacuum/matter

Data set: used 488 d; new analysis with multiple statistics ongoing

W. Maneschg (MPIK Heidelberg) Borexino: Solar And Geo neutrinos




Towards the detection of solar pp neutrinos

pp recoil energy spectrum (ROI: 0.05-0.27 MeV)

10°

-

(=)

. >
T

-
- -
.......
d -
a -
-
-
-

- E
iq>) EL . Approx. background rates:
~ 2% C(3.46x 109 - In brackets & c/d/100 ton
=< E & "
. pp-v (133)

§ 10F
=4 E 27 21%Po (656)
S IE { { % Bev (46)
< H P 85

H N . Kr(35)
Z 10" \ : . / 20R; 1C(26)
§ e : Bi(42) v
~ A
a
=
S
o
Q

Main obstacles:

10-4 : ': o a1 :.n |
200 400 600 800 1000 1200

(V| [TV T W\ [TV -
1400 1600 1800
Energy [keV]

pp neutrinos:

Endpoint energy Enx:

0<Emx <420 keV

— Erec <264 keV

Energy threshold E;:

Borexino: E;, ~50 keV

Radiochem. experiments:
E:n ~233 keV

@ Above ~240 keV: decays of 8Kr, 219Bi (*1°Pb daughter)

W. Maneschg (MPIK Heidelberg)

@ Below ~240 keV: decays of 4C, *C pile-ups

Borexino: Solar And Geo neutrinos




Solar pp neutrino rate measurement (August 2014)

ARTICLE st Measured recoil energy spectrum
Neutrinos from the primary Fit in (165-590) keV

proton-proton fusion process in the Sun

Borexinn Collibneation®

2ld.of. =172.3147
— pp v: 144 + 13 (iree) — 210pg: 583 = 2 (free)
Nature, Vol. 512, August 28, 2014 e P R 2 ned) — C- 39,809 ined)
— pep v: 2.8 (fixed) —— Pile-up: 321 = 7 (constrained)
— CNO : 5.36 (fixed) — 2108;: 27 + 8 (free)
— 2%pp;: 0,06 (fixed) — 8Kr:1 19 (free)
Results and remarks: e -
pp v
o Rate: % 103 = uc //
x
144+13(stat)+10(sys) c/d/100 ton 5 1 /
10 lusi f b z 10 | Synthetic —
(100 exclusion of pp v absence) B X  plow .
- o 1 v
@ Robustness of analysis: g - -
g. 10—1 N - ~ »
&) Ny
Parameter Systematics: g 10¢ ' \X
energy estimator +7% 2 107 r
fit energy range 104L- pepv
data selection " f . ST N
pile-up evaluation 10950 200 250 300 350 400 450 500 550
fiducial mass +2% Emgy e

@ Check of residual background

Rates in [c/d/100 ton], except for 1*C [c/s/100 ton]

|
!

W. Maneschg (MPIK Heidelberg) Borexino: Solar And Geo neutrinos




Astrofisica Nucleare e Subnucleare
Neutrino Oscillations



Scoperta graduale

1964. Homestake + Modello Solare di J. Bahcall

flusso di v, dal sole =1/3 dell’aspettato ha
colpa il sole, la fisica nucleare, il neutrino?

1997. GALLEX + LUNA
il colpevole ¢ il neutrino

1998. SuperKAMIOKANDE

scoperta oscillazioni: scomparsa nei
v, da atmosfera

2002. SNO

osservazione di comparsa di v, e v, dal sole, tanti
quanti sono i v, scomparsi

2002. KamLAND
osservazione dell’oscillazione “solare” su= v,

nel vuoto



Comparsa/Appearance

Rl 2*

"Appearance Experiments”

see the new neutrino type
in the detector e

.---'-"""'Jh"""‘--—_

A "Disappearance Experiment” observes

fewer \/ 1
| than expected
.—--"""-L“_‘-‘—-—_

?y%af -

Scomparsa/Desappearance




Oscillazioni dei Neutrini

-Tdea della massa dei heutrini suggerita per la
prima volta da Bruno Pontecorvo

I Neutrini Interagiscono
(Produzione o Rivelazione) come
Autostati dell'Interazione Debole

IVe> , V>, V> =Autostati dell’ Interazione Debole

‘V1> , Vo> | I'v3> =Autostati di Massa (H = Evoluzione 1)

ﬁ ‘T Neutrini si propagano (evolvono) come
sovrapposizione di autostati di massa:
MESCOLAMENTO




Mescolamento tra neutrini: p.es. due famiglie

Ve>= cosO [v;> + sinf |[v,>

V> = -sin@ |v|> + cosO |v,>

0 = mixing angle
Angolo di
mescolamento

Am”*- L

P,, =1-sin"26-sin*|1.27 >

14

- Distanza percorsa L=ct (Km)

- Differenza di massa quadra Am?=m,?>-m;> (eV?)

- Energia del neutrino Ev (GeV)

-

P(v,)

—

Probability

—— e

«—— Al=nE/(1.27Am%)

Is.in2 238

"

T —

=

o

Distance from v source (L)




solar matter generates a flavor asymmetry

a) \ b)

Ve e,N e

any V flavor

Ve / e,N 1, /

* modifies forward scattering amplitude: flavor-dependent index
of refraction

* the affect is proportional to the (changing) solar electron density

* makes the electron neutrino heavier at high density

m?2_ = 4EV2Gp pe(z)



from Art McDonald

0.9;

0.8l

)

I
—~0—

v, 1o band
SNO
Borexino " Be
pp - All solar v experiments

yacuum oscillations

0.4} here *
§~~
0.2
101 100 BT
FE,(MeV)

Matter effects produce a characteristic energy-dependence in the
Ve survival probability, in accord with experiments



Neutrino parameters

Parameter best-fit value (£10)
Am?, 7.58703¢) x 1072 e V2
A"ig”" (2.35f8:(1)3) x 1073 eV?
sin” 01, 0.306f8:8}§

sin 623 0.42700%

sin® 03 0.0251 +£0.0034

. aa—— (m_,,)2

(_AI'I'I: )ulm

y

[ | (m:)2

(Am’)

.\(YI

( m, )2

normal hierarchy

(m:)2
(Am:)mI
(m, )3

(Am:)alm

(mg%*

inverted hierarchy



Astrofisica Nucleare e Subnucleare
The Sun in Gamma-rays



Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

The High Energy Solar Spectroscopic Imager

~<————— Solar Panels (1 of 4)

Share 2001




High-Resolution
Spectroscopic
Imaging of Solar
Flares in X Rays
and Gamma Rays

THE REUVEN RAMATY HIGH ENERGY
SOLAR SPECTROSCOPIC IMAGER

B

To explore the basic physics of particle accelerdtitoys
and explosive energy release in solar flares




HEQ‘SI Science Objective

v To exp‘>re the basic physics of
particle acceleration and explosive
energy release in solar flares

Impulsive Energy Release in the Corona
Acceleration of Electrons, Protons, and lons
Plasma Heating to Tens of Millions of degrees
Energy and Particle Transport and Dissipation




HESSI‘Primary Observations
f"' : .. .

yHard X-ray Images

— Angular resolution as fine as 2 arcseconds
— Temporal resolution as fine as 10 ms

— Energy resolution of <1 keV to ~3 keV (FWHM)
 High Resolution X-ray and Gamma-ray Spectra

— ~keV energy resolution

— To energies as high as 15 MeV




HESSI: The High Energy
Solar Spectroscopic Imager
Web Site: http://hesperia.gsfc.nasa.gov/hessi/

High-Resolution Spectroscopic Imaging of Solar Flares
from 3 keV X-Rays to 20 MeV Gamma Rays

d 10 81CE00

_Spin Axis Solar Aspect System
/ (to Sun Center (SAS)Lensaicmtﬁa.
ﬁmozdogm) / (1013)

Motering Structure
1.5 m long x 45 cm dia.

Flexure Mount

o
(10f3)

Rear Grid

Germanium
Detector
Cryostat (101 9)

Count Rates in Each Detector
for One Rotation

bt 10 210800 '3 <ol
ah L T) AR " /
‘I’hhAkmnumthaw
15" B«yﬁumOmConlul
ks d A - \

Image t
Reconstruction ¥ Spectrometer

Time-Tagged |

Sunpower Cooler




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Spacecraft Spin Axis

HESSI IMAGING SYSTEM

Collimator Axis

; Incident photons
| from off-axis source
| 4 thickness,t

Diameter i
D=9%cm ! | |
_> -— Fo'rwand
2 12-20 rpm f grid
Length
L=15m
. ! i
—__lnoooouo []D!1:—Aftgud
Detecto

Share 2001




Other important subsystems:

e

MH,;S Sunpower Stirling-cycle cryocooler,
L [T GISSIRS M AN {0 1N keeps detectors at 75K with 52W of

power:

Balancer Body
Compressor Body

Heat Reject

Collar

Coldfinger

9 segmented

Germanium Detector coaXiaI Ge 3 Dl[\ﬁr:f‘r?:;é!ia!
RPN detectors,
7cm x 8.5cm
Front segments: 3 keV - 2.8 MeV
Energy range: :
Rear segments: 20 keV - 17 MeV Attenuators: two sets of aluminum
disks (thick and thin) that can be
Front segments: 1 keV @ 100 keV (” t Z I d
i Rear segments: 2.9 keV @ 1 MeV _manua y O aLromatically move
in front of the detectors to reduce
Throughput: 25,000+ counts/segment/second the count rates from large flares.

Shielding: NONE (4mm Al sides, 2cm Al rear)

Lin 2002




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

HESSI Germanium Detector Array

Share 2001




HESSI| Observational
‘characteristics

£ 4

Energy Rang’
Energy Resolution (FWWHM)

Angular Resolution

Temporal Resolution

Field of View

Effective Area - cm?
(with attenuators out)

Numbers of flares

N CAACRER Y

<1 keV FWHM at 3 keV
Increasing to 5 keV at 15 MeV

2 arcseconds to 100 keV
7 arcseconds to 400 keV
36 arcseconds to 15 MeV

Tens of ms for basic image
2 s for detailed image

Full Sun

10~ at 3 keV, 50 at 10 keV
60 at 100 keV, 20 at 10 MeV

~1000 imaged to >100 keV.
~100 with spectroscopy to




02/02/20, 11:06:00.6 — 11:06:39.6
cleaned maps

12—=14 keV 14—16 keV 16—18 keV

-0 -5 -850

18—-20 keV 20-22 keV 22—-24 keV

-g70 —860 -850

24-26 keV 26—30 keV 30-80 keV

Lin 2002




Photons s' cm? keV’

HESSI SPECTRUM

10% -
I >
R
1021 S
S
i S
100L
10721
1074 e e e u e
1 10 100

Energy (keV)

Interval O
11:06:11.99 - 11:06:24.00
f_vth_bpow parameters: 0.4495, 0.9123, 0.07185, 3.319, 52.00, 4.121

Lin 2002




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Neutron and y-ray
Production in
Solar Flares

corona
e, p,3He, o, C, N, O, ...

chromosphere

=

reaction

products
electrons: X- and y-ray bremsstrahlung
ions: radioactive nuclei — e* — 511

n — ¥ (decay, e* bremsstrahlung)
excited nuclei — y—ray line radiation
escape to space

neutrons — { 2.223 MeV capture line

Share 2001




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

The Physics of Flares Revealed by
v-Ray Spectroscopy

ient ‘He annihilation radiation
y :,- /a‘ p>10"cm

OSSE SPECTRUM OF THE

/
1991 JUNE 4 SOLAR FLARE I
Y4
/
d ~ %
/ e
/ %
/ L0l
o~Fe line = 5
) accelerated wp 2
103 H & 1o
/ 2
/
/I
l 04 ,/ ox oW .El “5“.4_\‘;;‘( o 0
—_
L
3 | ambient . ;
v 10 1= Mg, i, e y%00Na! AMDIOM ¢ ey iy
= - composition
it --— N capture =
b 10° photospheric *He
3 T
=
= N
S 10 :
accelerated particle abundances ] 5 nuclear "
‘ R d N 1 bremsstrahlung
1 Ne/t) i <taa : accelerated ion energy
NI ™~
particle s . ~ w > electron energy
particle spectru \\\
107! | Ny
0.1 | 10
Energy (MeV)
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Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Shape of Bremsstrahlung Continuum >100 keV

Yohkoh
HXS-GAS Spectrum
10° T -
_ 1991 Dec.3 Flare
3 1 ( Hk,
: ™
§ R
ps ~
{ 104 ‘
[
K 1 i
0.01 0.1 1 10 100
Energy (MeV)
OSSE erd & 48 —etar
g R

Hardening found in spectra >100 keV
by combined analysis of SMM
GRS/HXRBS spectra.

Similar hardening observed in
combined spectrum from Yohkoh
HRS/GRS.

Important for measurements to be
made with the same instrument.

Best instruments BATSE, OSSE, and
HESSI.

OSSE continuum spectra exhibit:
single power laws, broken power laws
with hardening and softening between
~100 and 200 keV, and additional
hardening above ~1 MeV.

Share 2001




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Theoretical Nuclear Line Spectrum

10'15 T T T
102

10 3¢

Photons/keV
Photons/keV

104

105 i . ] 106

i i 1 i 1 " i i 1

0.0 0.5 10 15 20 0 >4 6 8 10
Energy (MeV) Energy (MeV)

Ramaty, Kozlovsky, Lingenfelter, and Murphy

Share 2001




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Narrow y-Ray Lines Observed in Flare Spectra

Produced by p and « interactions with
ambient material.

At least 30% of flares with emission
>0.3 MeV exhibit y-ray line features.

HESST will make more definitive 1000, . pos. Ann. .
measurement. 7 ~ . ]

L foNE |
At least 19 de-excitation lines have T s _
been identified in fits to flare spectra. o S ;\

P

Widths of de-excitation lines measured
to be ~2-4% in the summed
spectrum. This exceeds theory in g |
some cases suggesting presence of i
blended lines (e.g. 1*N near 2°Ne) or L] :
different Doppler shifts in the flares Energy, MeV
(see later discussion).

Rate (cts s MeV?)
—
o
T

HESSI can resolve these lines and
determine intrinsic widths.

Share 2001




Solar y-Ray Physics Comes of Age

Narrow y-Ray Lines in Solar-Flare Spectra
Sum of 19 SMM Flares

Energy, MeV Width (% FWHM) Identification
0.357 = 0.002 3.7+3.1 *’Ni (0.339 MeV)
0.454 - Be, 'Li (0.429, 0.478 MeV)
0.513 = 0.001 <2 ¢ - ¢ annihilation (0.511 MeV)
0.841 = 0.003 - >°Fe (0.847 MeV)
0.937 - "F (0.937 MeV)
~1.020 - BF 38Co, Ni, >’Ni (1.00/4/5/8)
1.234 33+39 *®Fe (1.238 MeV)
1.317 - >Fe (1.317 MeV)
1.366 = 0.003 3.0+ 1.1 *Mg (1.369 MeV)
1.631 = 0.002 29+ 0.6 ""Ne (1.633 MeV)
1.785 43+15 81 (1.779 MeV)
2.226 = 0.001 <1.5 n-capture on H (2.223 MeV)
3.332 =+ 0.030 - “Ne (3.334 MeV)
4.429 + 0.004 3.3+03 2C (4.439 MeV)
5.200 - "N, PN, "0
6.132 = 0.005 2.6+0.3 °0 (6.130 MeV)
6.43 "C (6.337, 6.476 MeV)
6.983 = 0.015 4.0+05 N, °0 (7.028, 6919 MeV)

Solar Flares in Gamma-rays
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Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Rate (cts s MeV'Y)

Revealing the Spectrum from Accelerated Heavy Ions

1000

10-

100

e

E \\\?os . Ann.

Ny
“““\\ \\I\"e

AV
\J

“~Fe, Mg, Ne, SI n-capture
Te. Mg i

NN
‘\f |
c
N \\%&

) | T/l ON

\

Energy, MeV

Accelerated heavy ions are excited by
interaction with ambient H.

De-excitation lines from these ions are
expected to be Doppler broadened by

Broad line spectrum is revealed by
subtracting best fitting narrow-line and
bremsstrahlung components shown for
sum of 19 flares observed by the
SMM/GRS.

Share 2001




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Gamma-Ray Spectrum from Accelerated Heavy Ions

Rate (cts 5 MeV™)

Flux (y cm? g MeV™!
(=4
(=1
2

10

Residual spectrum after subtracting
contributions from bremsstrahlung and
narrow lines reveals broadened lines
from accelerated ions.

Best fit to spectrum contains six
Gaussian features that can be
identified with different ions.

Fe and C are resolved. The Fe, Mg,
Ne, and Si lines between 1 - 2 MeV
cannot be resolved.

Major uncertainty is the shape of the
‘unresolved line” component that is
expected to peak in the 1 - 3 MeV
region.

Share 2001




Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

Broadened Lines Identified in y-Ray Spectra

Energy, MeV | Width, MeV Identification Enhancement
y-Rays SEP’s
0.81=0.01 | 025=%0.02 *°Fe 78+19|67=08
152+0.02 | 0.78=0.05 | Unresolved, *°Fe, “Mg, Ne, ®Si | 2404
“M ZUN ~2.7

249+ 0.07 1.05+0.17 Unresolved llnes
4.04 = 0.05 1.26 +0.15 C 1 1
5.67+0.19 1.5 0 0902 | 1.1 0.1
6.63=0.16 1.7 "N, "0 1304

Lines appear to be red-shifted by ~5 - 9 %.
Lines are broadened by ~30%.

nar)

Some shift and broadening may be due to summing of 19 spectra.
Enhancement (y-ray) = (Fe,.4/Fe.a)/(C,,a/C
O and Fe enhancements in good agreement with SEPs.

Mg, Si, Ne enhancement is upper limit due to unknown contribution from unresolved
lines. This suggests higher temperatures than inferred from SEP’s.

* Z2/A.
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Solar Flares in Gamma-rays

Solar y-Ray Physics Comes of Age

v Rays and Neutrons Observed from the 1 & 4 June 1991 Flares

UT seconds on 1991 June 4
1.30x104 1.35:04 140104 145104 1.50:10%

10*E T I T T T 3
E i4—— Peak of June 4 yrays ]
- - — June 4 4.1-7.6 MeV g
F : ’_‘ accumulation interval 8
10 i i ‘ E
F i H N B
2y L i Al i
e [ . 41-7.6 MeV flux ] OSSE and GRANAT
o L ! ; . (x 1000y 4
| —
o 102 bt e -
g e L,_| ; , E
=) F i H - 4.1-7.6 MeV flux B
S i : L, (< 1000) ]
T, - | < 2 4
z F | i f#——>—— June 4 neutron J
- ! H accumulation interval
2 10 J“fg‘l*\“"'"l‘“mlw’-. ! =
£ neutron it T | WiAR ' 3
2 r count rate . A’ : i Yoy .
o - Lk g 4
[ m{.' ¢ % +Wo+ 1
—+— June 1 data | !‘ f
: 3 l June 4 data neutron -E
E T count rate | f E
L [ 1 ]
] [ d1 | 1
i \ H | .‘-
WAl v v e v e e e ele e e e e N e ocop Billeleoges
333104 540104 5.45x104 5.50:x10% 5.55:x¢108 560104 565104

UT seconds on 1991 June 1
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Solar Flares in Gamma-rays

Surprises though!
Active regions in January 2005 and December 2006

produced
intense X-Class Flares

GO%S XI’G)/ Flux (5 minute dOtG) Begin: 2006 Dec 5 0000 UTC] GOES11 Proton Flux (5 minute dUtCI)
1074E E] E E H

Begin: 2006 Dec 5 0000 UTC

10*E

10_35 H H g < <
E H E dx @ 2
- 0 @
[

g @< -

El S o

1 - Kz

- o ]

o @
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Solar Flares in Gamma-rays
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Products of accelerated particle interactions

electrons:  X- and Y-ray bremsstrahlung

ions: excited nuclei — Y-ray line radiation (1-8 MeV)
escape to space
neutrons
ur %{ 2.223 MeV capture line

radioactive nuclei — e* — ¥,

Tt — ¥ (decay, e* bremsstrahlung, Ys,,)

Study how particles are accelerated at the Sun and their
relationship to Solar Energetic Particles (SEP) and Ground Level

Events (GLE).
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Solar Flares in Gamma-rays

Measure the spectrum of flare-accelerated ions
and electrons to energies > 1 6eV/nuc

PL index =3
o/proton = 0.1
pions [T

[T 2.22 MeV neutron-capture’
[T—_10.511 MeV et-annihilation?
[CT16.13 MeV '°O

T 1444 MeV °C
[ T711.63 MeV *Ne

1(BobS =75%)
2 from radioactive emitters
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10 102 10 10*
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Solar Flares in Gamma-rays

Calculated Pion-decay Photon Spectra (cont.)

The ratio of pion-decay emission to nuclear
deexcitation-line emission depends very
Deexcitation lines ] strongly on the steepness of the accelerated-
ion kinetic-energy spectrum
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Accelerated ion power law spectral index

10 102 105 This ratio can be used to determine the
Photon energy (MeV) accelerated-ion spectral index

Murphy, Poster 16.16
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Solar Flares in Gamma-rays

Study particle acceleration and magnetic trapping of high-
energy ions from minutes to hours after flares (e.g. EGRET
observation on June 11, 1991; Kanbach et al.)

%
, % RHESSI >20 MeV Rate vs Time

2005 January 20 Flare
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LAT is 104 times more sensitive o pion radiation than RHESSI
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Solar Flares in Gamma-rays

Neutron lifetime (7,,.,, = 886 s) alters the kinetic- Differing neutron velocities result in time-dependent
energy spectrum with distance from Sun arriving-neutron spectra due to velocity dispersion
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Murphy, Poster 16.16

GBM will also detect an increase
minutes after the impulsive phase of
the flare.
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Solar Flares in Gamma-rays
20 January 2005 06:44-06:56

2215-2231 keV centroid 1-o error circle ¢
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Localize the source of >1 GeV photons to ~30 arc sec
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