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! Stellar structure equations;
(! = mixing length)

! Chemical evolution paradigm: 
ZAMS homogenous model (Y!"! , Z!"!) 
Nuclear reactions + elemental diffusion

! Knowledge of the properties of solar plasma
(i.e. opacity, equation of state, nuc. cross sections); 

Our comprehension of the Sun is based on the Standard Solar Model (SSM).
This implies:

No free parameters
The unknown quantities
- a, Yini , Zini ,
are fixed by requiring that the present Sun (tsun=4.57 Gyr) reproduces its 
observational properties
- Rsun , Lsun , (Z/X)Surf
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The predictions of SSMs can be falsified by other observations. e.g.:

! "#$%&'()*+&,(#-.
Hydrogen fusion in the solar core produce a huge amount of  neutrinos that
can be measured in suitable detectors (Davis 1964, Bahcall 1964) 

!"#$#%&- ! 4"&#$#%νe $#&'&()*

! /)$,#-),-0#$#12.
Solar oscillations originally discovered by Leighton at al. 1962 and interpreted
as standing acoustic waves

Solar Neutrino Problem
Nuclear energy generation (cross 
sections, etc.)

Elemental Diffusion
Opacity, EoS, …

Constant improvement in SSM constitutive physics was triggered during last 
decades by solar neutrino and helioseismic data.

Impressive agreement with helioseismic data …. till few years ago



… till few years ago

Downward revision of solar surface abundances 
Solar surface composition +,#-#./'0-1&'2-3#
+'4/2#.5(#667,##! 0&2&(1+'&0#8+29#
,4&:2(5,:54+:#2&:9'+;/&,#<=>#150&3,#5.#,53-(#
-215,49&(&?#@ABC#:5((&:2+5',?#DE#



Why metals are so important?
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Updates in solar abundances

653-(#:5145,+2+5'#F0+:95251*G#,2+33#4&(,+,2,#H/2#'58#H-,&0#5'#=>#@ABC#-H/'0-':&,



Helioseismic results

HZ surface composition 4(5I+0&#-#H&22&(#0&,:(+42+5'#5.#9&3+5,&+,1+:0-2-#

Yb = 0.2485± 0.0035
Rb/R� = 0.713± 0.001

Helioseismic determinations
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B9&+'2&(4(&2-2+5'+,:5143+:-2&0H*29&opacity-composition degeneracyJ

�(r) = �I(r) +
X

j

@ ln(r)

@ lnZj
�zj

Intrinsic opacity change
(e.g. opacity table “errors”) Composition opacity change

KJL,54-:+2*5. 29&,53-( 43-,1- ,/..+:+&'23*8&33:-3:/3-2&0M

@52&29-229&shape 5. opacity variation 1-* H&as important as +2,5I&(-33magnitude

𝛿𝑄 = ∫ 𝑑𝑥 𝐾! 𝑥 𝛿𝜅(𝑥)

𝑄 = )&'&(+:#5H,&(I-H3&#<&J)J#,/(.J#9&3+/1?#:5'IJ#(-0+/,?#,5/'0#,4&&0?#n .3/N&,E#

𝑥 =
𝑟
𝑅"
, ln

𝑇
𝑇#

, …

𝐾! 𝑥 = O4-:+2*#P&('&3

Fractional variation of opacity
at a given point x

Fractional variation of
observable quantity Q
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! Rb = ! Y " Yini + ! C ! C + ! ! !" b

! Yb = AY ! Yini + AC ! C

R5'I&:2+I&(-0+/,S

6/(.-:& 9&3+/1S

! Rb = 0 .12 Ain ! 0.14 Aout

" 0.13 (Ain ! Aout )

! Rb = ! 0.02 A0 ! 0.10 A1

! Yb = 0 .073Ain + 0 .069Aout

! 0.07 (Ain + Aout )

! Yb = 0 .142A0 + 0 .062A1

To reproduce helioseismic results:

Ain = 0 .07± 0.04 Aout = 0 .21± 0.04
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The solar opacity profile

B9&“optimal” composition/opacity profile
5. 29&6/' :-' H&0&2&(1+'&0.(51 5H,J
0-2-

@52&29-2S

" B9&,5/'0 ,4&&0-'0 29&:5'I&:2+I&
(-0+/, 0&2&(1+'&29&2+325. dk<(E<H/2
'52 29&,:-3&E

" B9&,/(.-:& 9&3+/1-'0 29&'&/2(+'5
.3/N&,0&2&(1+'&29&,:-3& .5( dk<(E

F.L. Villante and B. Ricci - Astrophys.J.714:944-959,2010
F.L. Villante – Astrophys.J.724:98-110,2010
F.L. Villante, A. Serenelli et al., Astrophys.J. 787 (2014) 13

Fractional variation of opacity profile to fit the data
(wrt AGSS09 + OP)

δJCNOK*δJNe K*C.LMN*δJHeavyK*C.56*

δJCNOK*CAOGN*δJNe K*C.7CN*δJHeavyK*C.5O*

B9& opacity at the bottom of the convective envelope :-' H& 0+(&:23*
+'.&((&0.(51 helioseismic observablesS

𝐶$ = 6.27
𝐶%= −11.71
𝐶&= −1.58

= 0.24 ± 0.03
(wrt AGS05 + OP)

F.L. Villante – Astrophys.J.724:98-110,2010
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𝛿𝜅 𝑇 = 𝜅' + (𝜅(/∆E ln(𝑇/𝑇))

𝜅!, 𝜅" = random variables 
(means equal to 0 and variances sa= 0.02 and sb= 0.067)

This prescription is 
motivated by:

- Opacity calculations more 
accurate at the solar core 
(~2%) than at the base of the 
convective envelope (~7%); 

- It avoids underestimating 
the opacity error 
contribution to  sound speed 
and convective radius 
(sensitive to tilt and not to 
scale of opacity)

… but it still remains a  very 
simplified description of the 
real situation
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Hydrogen Burning: PP chain and CNO cycle

C, N and O nuclei are used as catalysts for
hydrogen fusion.

CNO (bi-)cycle is responsible for about 1%  of the 
total neutrino (and energy) budget. Important for    
more advanced evolutionary stages

The pp chain is responsible for about 99%  of 
the total energy (and neutrino) production. 

!'-*PP /9'%#.

B9&#6/'#+,#458&(&0#H*#'/:3&-(#(&-:2+5',#29-2#2(-',.5(1#"#+'25#4"&S

!"#$#%&- ! 4"&#$#%νe $#&'&()*
K#\#%Y?]#7&^##<)35H-33*E##

Free stream – 8 minutes to reach the earth
Direct information on the energy producing region.

14N$+p$$$$$$$$$15O$+$γ$

The$CN-NO$bi-cycle$

15O$$$$$$15N$+$e++$νe$

15N$+p$$$$$$$12C$+4He$

13N$$$$$$$$13C$+$e++$νe$

13C$+$p$$$$$$$$$14N$+$γ

12C$+p$$$$$$$$$13N+$γ$

17F$$$$$$$$17O$+$e++$νe$

16O$+$p$$$$$$$$$17F$+$γ$

15N$+p$$$$$$$$16O$+$γ$

17O$+p$$$$$$14N$+$4He$

(O)$

(N)$ (F)$

e-$+$15O$$$$$$$15N$+$νe$

e-+$17F$$$$$$$$17O$+$$νe$e-$+$13N$$$$$$$$13C$+$νe$

(eO)$

(eF)$(eN)$
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Gallex/GNO - SAGE
Homestake
Borexino

SK,SNO

Recent Milestones from Borexino:
• 7Be (and 8B) neutrino direct detection [PRL 2008]
• pp (and pep) neutrinos direct detection  [Nature 2014, 2018]
• CNO neutrinos signal identification [Nature 2020, PRL 2022, arXiv: 2307.14636]

The different comp. of 
the solar neutrinos flux 
have been directly
determined with 
accuracy level:

pp: ~ 10%
pep: ~ 10%
7Be: ~ 3%
8B: ~ 2%
CNO: ~ 20%

!&'( $ ?!&'( $ ?

! " $ ?

! ( $ ?

! "# $ ?

! "%$ ?

! "%$ ?
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Neutrino Luminosity

Energy released by  nuclear reactions  (Q=27.3 MeV)
>$*&:*R85C-3 D

!
?9:""-9&#:.,*3>-*&:*#.9:T$1-&-*$$/9'%#.*%.3*+QR/9(91-

𝐿⊙ Radiative Luminosity

(+ 𝐿0) Additional (exotic) energy losses

U"%I:&'-"T%1*-.-"2(*$":3A*R85C-4 D
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Radiative luminosity
(Heat diff. time ) 105 year )

Neutrino fluxes
tn = 8 min

Neutrino Luminosity

Energy released by  nuclear reactions  (Q=27.3 MeV)
>$*&:*R85C-3 D
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𝐿⊙ Radiative Luminosity

(+ 𝐿0) Additional (exotic) energy losses
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!
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pp-neutrinos direct detection allows 
us to test:
• Solar stability
• Global energy balance of the Sun
• Additional energy losses/sources

!"#$-0.&),(*/# &1$0#(%+)-*2.. 3*#+,)-*&%
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N.Vinyoles et al. ApJ 2017  [arXiv:1611.09867v1]
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!"#$! 4#$(*5$"4$*#+,)-*&$1'+6#%
N.Vinyoles et al. ApJ 2017  [arXiv:1611.09867v1]
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Theoretical uncertainties dominate the error budgetJ#B9&,&#-(&#0/&#25S#
Z 6/(.-:&#:5145,+2+5'
Z C'I+(5'1&'2-3#4-(-1&2&(,S#54-:+2*#<.&8#UE?#0+../,+5'#:5&..J#<X`UE?#&2:
Z @/:3&-(#:(5,,#,&:2+5'S#617<!J]UE?#633<`J%UE?#634<`J!UE#051+'-'2#&((5(#,5/(:&,

B:
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N.Vinyoles et al. ApJ 2017  [arXiv:1611.09867v1]
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At the moment, ! Be and " B neutrinos:

- constrain the core temperature at  < 1% level
- do not determine the core composition with suff. accuracy 

N.B. #Be and $B neutrinos alone do not break composition-opacity 
degeneracy

! B ! T20
c " ("Tc)GS98

AGSS09 # 1%
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Removing composition-opacity degeneracy

Z B9&#<,2(5')E#0&4&'0&':&#5'#Bc <-'0#54-:+2*E#:-'#H&#&3+1+'-2&0#H*#/,+')#8B-
neutrinos as solar thermometer;

Z B9&#-00+2+5'-3#0&4&'0&':&#5.#R@OZ'&/2(+'5,#5'#aCN :-'#H&#/,&0#25#+'.&(#:5(&#
:5145,+2+5'##

B9&#:51H+'&0#1&-,/(&1&'2#5.#44Z:9-+'#-'0#R@OZ:*:3&#'&/2(+'5,#:-'#H&#/,&0#25#0+(&:23*#
infer the solar core composition. ;%2''28

;%9/-$"*0"$,9*'-.+<9(%'9"$%9)(-.9$9='0&#*'29-$*0(9()9'>&>98?9$%29915@9%'5*-0%(9),5A'+9*#$*90+8

Z C,,&'2+-33*#+'0&4&'0&'2#5'#&'I+(5'1&'2-3#
4-(-1&2&(,#<+':3/0+')#54-:+2*Eb

Z Directly proportional to Carbon+Nitrogen
abundance in the solar core

Serenelli et al., PRD 2013
E--*%1,:*8%$$1#9%&#:.*&:*XZ*:S,A*"%&-?[*
\2:,&#.#*-&*%14*]P^*BCB5
@#11%.&-*)*E-"-.-11#4*H":.&#-",*BCB5



Solar neutrino fluxes - opacity kernels

F.L. Villante – Astrophys.J.724:98-110,2010



W*#:5',+0&(+')

@%'9(:*$0%+8

8B flux determined from global analysis
(scaled to GS98 prediction) 

Probing solar composition with neutrinos

N.B. 
This determination is robust wrt
to environmental parameters
variations (including opacity). 

Only limited by nuclear reaction 
uncertainties:

S114 à 7.6 %    
S17 à 3.5 %    
S34 à 3.4 %

Borexino CNO neutrino signal
(scaled to GS98 prediction) 

+0.24
-0.16

+0.18
- 0.12

_ _

Q:&-[*"-3>9-3*-"":"*;"&*X:"-`#.:4*PaD*BCBB

VX:"-`#.: [*PaD*BCBB4*%"Z#I[*BOCGA5LYOYW
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Probing solar composition with neutrinos
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Future perspectives

W5(&N+'59-,#54&'&0#29&#8-*#25#R@O#'&/2(+'5#0&2&:2+5'

L14(5I&1&'2,#5'#29&#&N4&(+1&'2-3#,+0&#8+33#H&#4(5I+0&0#+'#29&#./2/(&#H*#
43-''&0#0&2&:25(,?#&J)JS#
Z6@O$
Zcd@O#
Zc+'4+')#
Z"*4&(ZP-1+5Q-'0&
ZB"CL_#
Z>d@C
Z>-(Q#7-22&(#&N4&(+1&'2,
DDJ

@52&#29-2S#,51&#1+'5(#:5145'&'2,#<9&4#-'0#&:R@OE#5.#29&#,53-(#'&/2(+'5#
.3/N#-(&#,2+33#/'0&2&:2&0

! &:R@O'&/2(+'5, S##_#:9-33&')&.5(#)+)-'2+: /32(-Z4/(&#A6#0&2&:25(,#<Villante, PLB 2015E
Expt. requirements:  ! " #$%!&'!&() (%%*+)!" ,-.%/0&-1))!" $!.2%)!" 3456))

ARNP – Orebi Gann et al. in press
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! 653-(#'&/2(+'5#49*,+:,#&'2&(&0#29&#4(&:+,+5'#&(-J

! W5(&N+'5##9-,#54&'&0#29&#8-*#25#R@O#'&/2(+'5#0&2&:2+5'

! 651&#/',53I&0#4/[[3&,#:5/30#H&#-00(&,,&0#! <e(&,&'2#-'0#./2/(&E#R@O#'&/2(+'5#
1&-,/(&1&'2,?#:51H+'&0#8+29#4(&:+,&#0&2&(1+'-2+5',#5.#8W#-'0#7W&#.3/N&,?#:-'#
,9&0#3+)92#5'#29&#,53-(#-H/'0-':&#4(5H3&1

! B5#&N435+2#29&#./33#452&'2+-3#5.#./2/(&#1&-,/(&1&'2,#! +14(5I&1&'2,#+'#29&#667#
:5',2+2/2+I&#49*,+:,#-(&#'&&0&0#f'/:3&-(#:(5,,#,&:2+5',#-'0#(-0+-2+I&#54-:+2+&,g

Solar Fusion Cross Sections III (INT - 22 - 82W)
July 2022, UC Berkeley, Berkeley, CA, USA

https://indico.ice.csic.es/event/30/
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Standard Solar Models

62&33-(#,2(/:2/(&#&;/-2+5',#-(&#,53I&0?##,2-(2+')#.(51#-#h_76#150&3#25#4(&,&'2#,53-(#-)&#<8&#
'&)3&:2#(52-2+5'?#1-)'&2+:#.+&30,?#&2:JES

R9&1+:-3#&I53/2+5'0(+I&'#H*#'/:3&-(#(&-:2+5'?#0+../,+5'#-'0#)(-I+2-2+5'-3#,&223+')?#:5'I&:2+5'

i(&&Z4-(-1&2&(,#<1+N+')#3&')29?#j ini?#hiniE#-0k/,2&0#25#1-2:9#29&#5H,&(I&0#4(54&(2+&,#5.#29&#6/'#
<(-0+/,?#3/1+'5,+2*?#hlaEJ

62-'0-(0#+'4/2#49*,+:,#.5(#&;/-2+5'#5.#,2-2&,?#'/:3&-(#(&-:2+5'#(-2&,?#54-:+2*?#&2:J

Note that equations are non-linear à Iterative method to determine mixing length, Yini, Zini

⌅m

⌅r
= 4⇥r2⇤

⌅P

⌅r
= �GNm

r2
⇤

P = P (⇤, T, Xi)
⌅l

⌅r
= 4⇥r2⇤ �(⇤, T, Xi)

⌅T

⌅r
= �GNmT⇤

r2P
⇥ � = Min(�rad,�ad)

⇥rad =
3

16⇥ac GN

�(⇤, T, Xi) l P

m T 4

⇥ad = (d lnT/d lnP )s � 0.4



B9&#6/' +,-#'5'# (-0+-35,:+33-25(J#B9&#5H,&(I&05,:+33-2+5'.(&;/&':+&, :-'#H&#/,&0 25#
0&2&(1+'&29&#4(54&(2+&,5.#29&#6/' J#A+'&-(+[+')-(5/'0 -#Q'58' ,53-( 150&3S#

�⇥nl

⇥nl
=

� R

0
dr Knl

u,Y (r)
�u

u
(r) +

� R

0
dr Knl

Y,u(r) �Y +
F (⇥nl)

⇥nl

See Basu & Antia 07 
for a review

squared isothermal sound speed
surface helium abundance

Related to temperature stratification in the sun

Oscillation frequencies of the sun

360 days of observation of the MDI 
instrument (errors multiplied by 5000)

B9&#downward revision 5.#9&-I*#
&3&1&'2,#49525,49&(+:#-H/'0-':&,3&-0,
25#667, 89+:9do not correctly
reproduce helioseismic observables

The solar abundance problem



The solar abundance problem

Yb = 0.2485± 0.0035
Rb/R� = 0.713± 0.001

Helioseismic determinations



Wrong opacity?

! O4-:+2*#+,#H&+')#1&-,/(&0#-2#,2&33-(#+'2&(+5(,#
:5'0+2+5',#<W-+3&*#&2#-3J?#@-2/(&#%VX`Eb

! 75'5:9(51-2+:#54-:+2*#+,#9+)9&(#29-'#
&N4&:2&0#.5(#+(5'#</4#25#-#.-:25(#%Eb

! B52-3#54-:+2*#<+'2&)(-2&0#5I&(#29&#8-I&3&')29#
-'0#,/11&0#5I&(#29&#:5145,+2+5'E#+,#
+':(&-,&0#H*#-H5/2#]U##

Bailey et al., Nature 2015

! >+..&(&'2#54-:+2*#2-H3&,#1-*#0+..&(#
F35:-33*G#H*#-#3-()&#-15/'2#</4#25#XVUE#
-'0#8+29#-#:5143+:-2&0#4-22&('

Vinyoles et al., 2017
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The solar opacity profile

B9&“optimal” opacity profile 5. 29&6/'
:-' H&0&2&(1+'&0.(51 5H,J0-2-

@52&29-2S

" B9&,5/'0 ,4&&0-'0 29&:5'I&:2+I&
(-0+/, 0&2&(1+'&29&2+325. dk<(E<H/2
'52 29&,:-3&E

" B9&,/(.-:& 9&3+/1-'0 29&'&/2(+'5
.3/N&,0&2&(1+'&29&,:-3& .5( dk<(E

F.L. Villante and B. Ricci - Astrophys.J.714:944-959,2010
F.L. Villante – Astrophys.J.724:98-110,2010
F.L. Villante, A. Serenelli et al., Astrophys.J. 787 (2014) 13

B9&+'2&(4(&2-2+5'+,958&I&( :5143+:-2&0H*29&opacity-composition degeneracyJ
B#0"# )-$"*0(%() *#' -'C50-'2 dkD-E#$+ *( :' $+"-0:'2 *( 0%*-0%+0"<dkI<(EE$%2F(-
"(./(+0*0(% (/$"0*1 "#$%&'+G

�(r) = �I(r) +
X

j

@ ln(r)

@ lnZj
�zj

Opacity table “errors”
Non standard effects (WIMPs in solar core)
…

different admixtures {! z!} can 
do equally well the job  

Fractional variation of opacity profile to fit the data
(wrt AGSS09 + OP)

δJCNOK*δJNe K*C.LMN*δJHeavyK*C.56*

δJCNOK*CAOGN*δJNe K*C.7CN*δJHeavyK*C.5O*



Asymmetric DM

� = �0

✓
q

q0

◆2
m� = 3 GeV

�0 = 10�37 cm2

q0 = 40 MeV

>7#-::/1/3-2+5'#+'#29&#,53-(#:5(&S

! _00+2+5'-3#&'&()*#2(-',45(2b#
! Reduction 5.#29&#F&..&:2+I&#54-:+2*Gb
! 750+.+:-2+5'#5.#2&14&(-2/(&#4(5.+3&b

_)(&&1&'2#8+29#9&3+5,&+,1+:0-2-#:-'#
H&#+14(5I&0J#"58&I&(S

! >7#-::/1/3-2+5'#05#'52##4(5I+0&#
29&#542+1-3#54-:+2*#4(5.+3&b#

! e52&'2+-3#2&',+5'#8+29#'&/2(+'5#
.3/N&,#-'0#,/(.-:&#9&3+/1b

! R-I&-2S#>7#&I-45(-2+5'#'52#
-::5/'2&0#.5(#<(&3&I-'2#.5(#.&8#m&^
1-,,&,E#

@#.9-.&*-&*%1A*b %"`#I[5L55AYYBY*<*5MCLACLOG7



Wrong chemical evolution?

"&3+5,&+,1+:5H,&(I-H3&,-'0 '&/2(+'5 .3/N&,-(&
,&',+2+I& 25 the metallicity of the radiative
interior of the Sun.

B9& 5H,&(I-2+5', 0&2&(1+'& the chemical
composition of the convective envelope <%Z=U 5.
29&,53-( 1-,,E J R5'I&:2+I&

<_m66VnE

o-0+-2+I&
<T#m6npE

>+..&(&':&#H&28&&'#_m66Vn#-'0#m6np#:5((&,45'0#25##T#!V7⊕ 5.#1&2-3?#89&'#+'2&)(-2&0#
5I&(#29&#6/'q,#:5'I&:2+I&#[5'&J

Could this difference be accounted in non standard chemical evolution scenarios 
(e.g. by accretion of material with non standard composition)?

H9%(9+$*0+)$"*(-19+(,5*0(%+9#$3'9:''%9/-(/(+'295/9*(9%(=<90%9.19(/0%0(%

I#0+90+9$9=',,9/(+'29$%29'A*-'.',190./(-*$%*9C5'+*0(%9:5*9H

E-- \A*E-"-.-11#-&*%1A*b \$^ BC55
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Hydrogen Burning: PP chain and CNO cycle

C, N and O nuclei are used as catalysts for
hydrogen fusion.

CNO (bi-)cycle is responsible for about 1%  of the 
total neutrino (and energy) budget. Important for    
more advanced evolutionary stages

The pp chain is responsible for about 99%  of 
the total energy (and neutrino) production. 

!'-*PP /9'%#.

B9&#6/'#+,#458&(&0#H*#'/:3&-(#(&-:2+5',#29-2#2(-',.5(1#"#+'25#4"&S

!"#$#%&- ! 4"&#$#%νe $#&'&()*
K#\#%Y?]#7&^##<)35H-33*E##

Free stream – 8 minutes to reach the earth
Direct information on the energy producing region.

14N$+p$$$$$$$$$15O$+$γ$

The$CN-NO$bi-cycle$

15O$$$$$$15N$+$e++$νe$

15N$+p$$$$$$$12C$+4He$

13N$$$$$$$$13C$+$e++$νe$

13C$+$p$$$$$$$$$14N$+$γ

12C$+p$$$$$$$$$13N+$γ$

17F$$$$$$$$17O$+$e++$νe$

16O$+$p$$$$$$$$$17F$+$γ$

15N$+p$$$$$$$$16O$+$γ$

17O$+p$$$$$$14N$+$4He$

(O)$

(N)$ (F)$

e-$+$15O$$$$$$$15N$+$νe$

e-+$17F$$$$$$$$17O$+$$νe$e-$+$13N$$$$$$$$13C$+$νe$

(eO)$

(eF)$(eN)$

!'-*+Q /QR*8S#/?9(91-
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B9&#6/'#+,#458&(&0#H*#'/:3&-(#(&-:2+5',#29-2#2(-',.5(1#"#+'25#4"&S##########################

!"#$#%&- ! 4"&#$#%νe $#&'&()*
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! "%$ ?

! "%$ ?

!#&$ ?

! " $ ?
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#/789 *#+,)-*&%

L'#29&#R@Z@O#:*:3&?#H&,+0&,29&#:5'I&'2+5'-3 R@O#'&/2(+'5, <H3/&#3+'&,E?#
15'5:9(51-2+: &:R@O'&/2(+'5, <(&03+'&,E#-(&#-3,54(50/:&0 H*#electron capture
(&-:2+5',S

13
N+ e� ! 13

C+ ⌫e E⌫ = 2.220
15
O+ e� ! 15

N+ ⌫e E⌫ = 2.754
17
F + e� ! 17

O+ ⌫e E⌫ = 2.761

MeV

MeV

MeV

F.L. Villante, PLB 742 (2015) 279-284
L.C. Stonehill et al, PRC 69, 015801 (2004)
J.N. Bahcall, PRD 41, 2964 (1990). 



B9&#&:R@O.3/N&,-(&#&N2(&1&3*358S#r ecCNO T#<Xl%VE#rBJ##>&2&:2+5'#+,#&N2(&1&3*#
0+..+:/32#H/2#:5/30#H&#(&8-(0+')J#L'0&&0S

Z &:R@O'&/2(+'5,#-(&#,&',+2+I&#25#29&#metallic content of the solar core 
<,-1&#+'.5, -,#R@O#'&/2(+'5,Eb

Z W&+')#15'5:9(51-2+:?#29&*#4(5H&#29&#,53-(#'&/2(+'5#survival probability -2#,4&:+.+:#
&'&()+&,#<Cν ≅%J`#7&^E#&N-:23*#in the transition regionJ#

#/789 *#+,)-*&%

F.L. Villante, PLB 742 (2015) 279-284
L.C. Stonehill et al, PRC 69, 015801 (2004)
J.N. Bahcall, PRD 41, 2964 (1990). 



Expected rates in Liquid Scintillators

Z s t#&#&3-,2+:#,:-22&(+')#5.#&:R@O'&/2(+'5,#4(50/:&,#R51425'#,95/30&(,#<,1&-(&0#
H*#&'&()*#(&,53/2+5'E#-2#%JV#-'0#%J`#7&^b

Z &:R@O'&/2(+'5#,+)'-3#9-,#25#H&#&N2(-:2&0#,2-2+,2+:-33*#.(51#29&#<+((&0/:+H3&E#8W#
'&/2(+'5#H-:Q)(5/'0J#

F.L. Villante, Phys.Lett. B742 (2015) 279-284 
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CNO

JA/'"*'29-$*'+99KL>M9N'O<9P>M9N'OQ
oecCNO T#XVV#:5/'2,lXV#Q25'l*&-(
o8B T##%`VV#:5/'2,lXVQ25'l*&-(

S/sqrt!B" T#%##[for 10kton × year exposure]

Linear-akyl-benzene (LAB) 
DE/E = 5%  @ 1MeV



Expected rates in Liquid Scintillators
_00+2+5'-3#H-:Q)(5/'0#,5/(:&,S
Z Intrinsic: '&)3+)+H3&l2-))&0#<8+29#W5(&N+'5e9-,&ZL#(-0+5Z4/(+2*#3&I&3,Eb
Z External: (&0/:&0#H*#,&3.Z,9+&30+')#<i+0J#1-,,#(&0/:&0#.(51#`V#25#T%V#Q25'+'#AC@_Eb
Z Cosmogenic: 11R#5I&(3-4#8+29#29&#5H,&(I-2+5'#8+'058J##

F.L. Villante, Phys.Lett. B742 (2015) 279-284 

11C background: 
rescaled proportionally to Fµ

JA/'"*'29-$*'+99KL>R9N'O<9P>M9N'OQ
oecCNO T##`=#:5/'2,lXV#Q25'l*&-(
o8B T##X]YV#:5/'2,lXVQ25'l*&-(
o11C T##XVVV#:5/'2,lXVQ25'l*&-(

S/sqrt!B" T#X##[for 10kton × year exposure]

XVV#:5/'2,#l#*&-(#-H5I&#XJp#7&^#+'#%V#Q25'0&2&:25(##! =s 0&2&:2+5'#+'#`#*&-(#+'#AC@_

6+)'-3#:514-(-H3&#25#,2-2J#.3/:2/-2+5',#.5(#&N45,/(&,#XV#Q25'u *&-(#5(#3-()&(J#



Removing composition-opacity degeneracy

Z B9&#<,2(5')E#0&4&'0&':&#5'#Bc <-'0#54-:+2*E#:-'#H&#&3+1+'-2&0#H*#/,+')#8B-
neutrinos as solar thermometer;

Z B9&#-00+2+5'-3#0&4&'0&':&#5.#R@OZ'&/2(+'5,#5'#aCN :-'#H&#/,&0#25#+'.&(#:5(&#
:5145,+2+5'##

B9&#:51H+'&0#1&-,/(&1&'2#5.#44Z:9-+'#-'0#R@OZ:*:3&#'&/2(+'5,#:-'#H&#/,&0#25#0+(&:23*#
infer the solar core composition. ;%2''28

;%9/-$"*0"$,9*'-.+<9(%'9"$%9)(-.9$9='0&#*'29-$*0(9()9'>&>98?9$%29915@9%'5*-0%(9),5A'+9*#$*90+8

Z C,,&'2+-33*#+'0&4&'0&'2#5'#&'I+(5'1&'2-3#
4-(-1&2&(,#<+':3/0+')#54-:+2*Eb

Z Directly proportional to Carbon+Nitrogen
abundance in the solar core

Serenelli et al., PRD 2013
E--*%1,:*8%$$1#9%&#:.*&:*XZ*:S,A*"%&-?[*
\2:,&#.#*-&*%14*]P^*BCB5
@#11%.&-*)*E-"-.-11#4*H":.&#-",*BCB5



C((5(##:5'2(+H/2+5',

Probing solar composition with neutrinos


