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PROGRAM: 2 LECTURES

First Lecture

| A) How does the Sun shine? A few stories and heroes (before 19389)
| B) Standard Solar Models (quick tour by A. Serenelli)

| C) Solar Neutrino fluxes at the Earth

Second Lecture

2D) How does the Sun shine! A few stories and heroes | (after 1989)
2E) Solar Neutrino Experiments and Lessons in Neutrino Physics

2F) Roadmap of future solar neutrino research



SOLAR NEUTRINO PROBLEM

First solar Model Calculation (1962)

- Ray Davis (1964) Solar Neutrinos: Experimental

- John Bahcall (1964) Solar Neutrinos: Experimental

“proposal to verify that nuclear reactions power the Sun”

- Homestake experiment (since 19638): Fewer neutrinos than predicted
Solar Neutrino Problem identified

Neutrino Astrophysics was born...

Chlorine rate: Theory Vs experiment “...to see into the interior of a star and thus
verify directly the hypothesis of nuclear energy
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Homestake
N. =2.56+0.23 SNU

ve + 3Cl — YAr+e”
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Flux (cm=2 s-1)

Standard Solar Model
Solar neutrino spectra
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SOLAR NEUTRINO PROBLEM

Solar Neutrino Problem solutions proposed
- Pontecorvo (1960s) - Neutrino oscillations

(B. Kaiser's first lecture)

Oscillations driven by e
the relative phase: b dr |
(two neutrinos) v
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\
sin 20




SOLAR NEUTRINO PROBLEM

Solar Neutrino Problem solutions proposed
- Pontecorvo (1960s) - Neutrino oscillations
- Lincoln Wolfenstein(19/8) Matter effects in neutrino propagation

Scattering theory After a plane wave pass through a slab, the
phase is shifted :p (x+(n-1)R)

eP R < o L 27 £(0) NR f dr e™
X—R

e P 27 f(0)NR
- p -
2z N f(0
Net effect : n—1= pzf( )

| 1 - sin(Ar)
Reminder:  fgom = —7—(¢k [Uldk) =~ /0 rdr —x V) 2k sin(6/2)




SOLAR NEUTRINO PROBLEM

Solar Neutrino Problem solutions proposed
- Pontecorvo (1960s) - Neutrino oscillations
- Lincoln Wolfenstein(19/8) Matter effects in neutrino propagation

Only the difference of potentials is relevant

Ve e Ve,M,T Ve,u,'c
W 7
Net effect on ’ v, e e
non relativistic electrons:
G u 3 1Z
Hy ==y (= p)v. [d’p. (B, T 27" (1- 7:)e=>2G,N,
1 27 <ey’e>=N,

i \/EGFNQ < e)/ie >= N V.



Standard Solar Model
Solar neutrinos and matter effects

.........,,‘.Electrons

Neutrons &

R/R

V(x)= \/EGFne (x)

V (107° eV?/MeV)

v, potential and production regions
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Neutrino fluxes are created
in different matter potentials



SOLAR NEUTRINO PROBLEM

Solar Neutrino Problem solutions proposed

- Pontecorvo (1960s) - Neutrino oscillations

- Lincoln Wolfenstein(19/8) Matter effects in neutrino propagation

- Stanislav Mikhelev, Alexel Smirnov (1985) Resonant conversion-MSWV effect
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; v, — oS 20 + 1, 1E sin 26 Vv,
l % = 2
g4 " sin26 0 5 e
_/
Rewrrte with:
, sin‘206
sin‘26, = | -
(c0s20 - A 2GzN,E/Am?)> + sin?20 for arbitrary mixing angle,
| | mixing In matter can be large
Difference of the eigenvalues MS\ e
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SOLAR NEUTRINO PROBLEM

Solar Neutrino Problem solutions proposed

- Pontecorvo (1960s) - Neutrino oscillations

- Lincoln Wolfenstein(19/8) Matter effects in neutrino propagation

- Stanislav Mikhelev, Alexel Smirnov (1985) Resonant conversion-MSWV effect
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Family of solutions with large or small angles,
with larger or smaller mass squared spplitings




INCLUDE EARTH MATTER EFFECTS AT NIGHT!

Sun

Zenith

Detector

Density (g/cms?)

freg = P — sin’

freg — =

1

The Sun is brighter at night in neutrinos !

15

—_
O

)]

|

o

1 B497

- —— PREM

. _ _ _ Bl

. — HB,

| I |

2000
Radius (km)

4000

9, .o [md
. sin? 20, - sin’ (—)
7 lm

6000

N =

2000 4000 6000

Radius (km)

lo  V2my Am?

l, GppY. E




Homestake
N. =2.56+0.23 SNU
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SOLAR NEUTRINO PROBLEM

Solar Neutrino Problem solutions proposed
- Pontecorvo (1960s) - Neutrino oscillations
- Lincoln Wolfenstein(19/8) Matter effects in neutrino propagation
- Stanislav Mikhelev, Alexel Smirnov (1985) Resonant conversion-MSW effect
- Masatoshi Koshiba, Kamiokande experiment (since 1986): Fewer neutrinos
| 989 “Neutrino Astrophysics” book by John Bahcall
- Since 1990s: Helioseismology and new neutrino experiments



GALLEX/GNO - SAGE
N_=70.8+4.4 SNU

GALLEX "¢ +"1Ga — lGe + &~ SAGE
FARR v, >233.2 keV January 1990 - December 2001

prmpes Setteasadh .o o sntsde sninid s snm,

Fnergy -K1 analy s

S——— o b A A b bttt

& L+ KDpeaks

® K peak only
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Mean sxtraction time

Combined result:

L-peak - 64.8 +8.5/-8.2 SNU
K-peak - 74.4 +6.8/-6.6 SNU

?Q:ﬁwx R o Overall - 70.8 +5.3/-5.2 SNU

GNO+GALLEX 108 SR 70.8

1 SNU = 1 interaction of b /sec in 10%¢ atoms/day
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SNO: FLAVOR CONVERSION!
Charged-Current

®
Ve
® - Cherenkov electron
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LMA : Vacuum to adiabatic transition
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BOREXINO: NEUTRINO SPECTROSCOPY

Elastic scattering on electrons (in LS)
100 200 300 400 500" 600 700 800 900
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SUMMARY: NEUTRINO PARAMETERS INVOLVED

Mostly from Solar Data sin? f1o 0.30670 010 (0.271 3 (.345

A12/° 33.56 75 31.38 » 35.99
9

Mostly from KamLAND mA:'an _ 7 50+0:19 ~ 03 —s 8.00
)72 eV”® '

MQSSY ﬂ:m Data Bay ) sin® Bz | 0.02166F000075 (01934 5 0.02302

| I " dn
(with other reactor a 014 /° 8.46+0-15 7.99 — 8.90
accelerador data) '




COHERENCE OF WAVE PACKETS: COMPARE SCALES

Lcoh - 2E2
dx A m — OI/ Lcoz — 51/
/ e o Am?
E 2
8B neutrinos: Leon ~ (4 — S)R@ (101\[6\/)
’Be neutrinos: LCO’Z(BG) ™~ O°01R®
E 2

PP neutrinos: LCOh(pp) ~ OOOQR@ (041\16\/)

Compare with oscillation length (10-1000 Km) and refraction length (100 Km):
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ROADMAP OF SOLAR NEUTRINOS: SOLAR ABUNDANCES
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Different total metallicity

Z/X= 0.0229 (6598)
Z/X= 0.0165 (AGS05)

6598 AGS0O5
- 852 0.06 8.39 0.05
792 0.06 7.78 0.06
8.83 0.06 8.66 0.05
8.08 0.06 7.84 0.06
7.58 0.03 7.53 0.03
7.56 0.02 7.51 0.02
7.20 0.04 7.16 0.04
6.40 0.06 6.18 0.08
7.50 0.03 7.45 0.03

Abd= log n,/ny +12

Helioseismology

lower opacity below CZ — Rz and ¢, profile

lower core opacity — higher hydrogen to
keep L, — lower helium

Neutrino fluxes

CNO fluxes depend ~ linearly:;
affects pp and pep indirectly

lower opacity — lower T in core

lower opacity — largest individual contributiol
to lower 7Be and 8B
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Zs 0.0170 =0.0012 0.0134 £ 0.0008 -
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ROADMAP OF SOLAR NEUTRINOS: CNO NEUTRINOS
hydrogen burning — CNO cycle

! r12C+p%13N+)/ 0=1.94
"N—>"C+e’ V.tV Q=2.22, <Q,>=0.707 !N neutrinos
CN-cycle 13 C+ peMN +y Q=7.55
SRR “N+p—="0+y Q=7.30
i PO—="N+e' R Q=2.75,<Q\>=0.996 !N neutrinos
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| : | |
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NO-cycle 160 T p%”F TV T
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) |

CNO cycle is regulated by *N+p reation (slowest)



M106 (R filter-Ho)




M106 (R filter-Ha): Luminosity by pp chain




M106 (R filter-Ha): : Luminosity by CNO cycle




[EMA : Vacuum to adiabatic transition

2\/—GFne E,

Am*

COS” 613

B < (.‘()529/2(:()52 013

| [] - % Sin229,2]005 0,5
; B>1

4 2
cos” 6, sin"0

E_. (CNO)=19 MeV




How to extract core metallicities
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ROADMAP OF SOLAR NEUTRINOS: LUMINOSITY TEST

Flux B16-GS98 B16-AGSS09met Solar®

®(pp) |5.98(1£0.006) 6.03(1£0.005)  5.971(1F0-906)

(1—0.005)
®(pep) | 1.44(1 £0.01)  1.46(1 £0.009) 1.448(1 £ 0.009)
®(hep) | 7.98(1 £0.30)  8.25(1 4 0.30) 19{1+0-63)

\
/

1-0.47
®("Be) | 1.93(1 £0.06)  1.50(1 % 0.06) 4.80(8“:8:82’)23
©(°B) | 5.46(1£0.12)  4.50(1£0.12)  5.16 ¢ 01
®(13N) | 2.78(1 £0.15)  2.04(1£0.14) < 13.7
®(1°0)| 2.05(1 £0.17)  1.44(1+0.16) <28
®(1F) | 52001 +0.20)  3.26(1+0.18) < 85

Table 6. Model and solar neutrino fluxes. Units are:
10 (pp), 107 ("Be), 10® (pep, °N, **0), 10° (°B,'" F) and
10°(hep) em™?s™
(2016).

“Solar values from Bergstrom et al.



ROADMAP OF SOLAR NEUTRINOS: D/N
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ROADMAP OF SOLAR NEUTRINOS:VERIFY CONSISTENCY
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ROADMAP OF SOLAR NEUTRINOS:VERIFY CONSISTENCY

Measure the central temperature of the Sun via neutrino lines.

Influence of Doppler effect on shift and width of the lines
Comparison /Be vs pep lines

0.5 F T T e e
0.4 F
"Be (Baheall, 1994) "Be pEP :
(N, N., Nk - (266,512,512)  (128,128,128,128) & o3F
dor 0.1 .02 (.2 = :
ot 861.84 R61.84 1442 2 !
Gyeak — ol 0.43 0.46 6.6 £ 02p .
A 1.29 1.30 7.59 e
L'W1IM 1.63 1.72 6.20 0.1F !
W (.56 (.59 2.71 =4
W+ 1.07 1.13 3.58 0.0F ., ,

0 5 10 15 20
q,,.-q,, (in keV)



PROGRAM: 2 LECTURES

First Lecture

| A) How does the Sun shine? A few stories and heroes (before 19389)
| B) Standard Solar Models (quick tour by A. Serenelli)

| C) Solar Neutrino fluxes at the Earth

Second Lecture

2D) How does the Sun shine! A few stories and heroes | (after 1989)
2E) Solar Neutrino Experiments and Lessons in Neutrino Physics

2F) Roadmap of future solar neutrino research






