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The great observational progresses in the determination of  solar neutrinos poses us new challenges, 
after the understanding of  oscillations. For various of  these current and urgent issues, the 

luminosity constraint plays a key role: we examine it critically improving the coefficients first 
obtained by Bahcall, we assess the importance of  this constraint and we discuss various applications. 

Interestingly, the knowledge of  PP and CNO neutrinos turns out to be intertwined: An empirical 
determination of  the PP neutrinos from the luminosity constraint is possible only if  know the CNO 

neutrinos sufficiently well. Moreover, as discussed by Till Kirsten and Vladimir Gavrin, the 
interpretation of  the Gallium results depends upon both fluxes; as shown by Daniele Guffanti at 

this workshop, a precise determination of  the PEP neutrinos in Borexino is a prerequisite to extract 
the CNO neutrino signal; etc  

 
 
 
 



INTRODUCTION	

The	Standard	Solar	Model	–	see	A	Serenelli	and	FL	Villante	--	and	current	
observational	knowledge	on	the	solar	neutrino	fluxes	–	see	K	Lande,	H	
Robertson,	Y	Suzuki,	T	Kirsten,	V	Gavrin,	M	Wurms,	D	Guffanti	
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Standard Solar Model Predictions 
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Standard Solar Model Predictions 

Φi = coeff × 10αi

in 1/cm2s
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Standard Solar Model Predictions 

Φi = coeff × 10αi

in 1/cm2s
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remark on solar neutrino experiments

¤  The original goal of solar neutrino experiments was to measure 
neutrino fluxes – or to understand the Sun -- with the help of the 
SSM

¤  This was the concept of Homestake and it is the one of Borexino

¤  Strictly speaking, only SNO measured directly the SSM flux 
      (note incidentally that H Chen refers to SSM)
¤  All other experiments (e.g. Borexino) can measure the fluxes, only 

relying on our understanding of oscillations
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STATUS	OF	OSCILLATIONS	

Current	picture	of	neutrino	oscillations	–	see	Alexei	Smirnov	for	the	
detailed	explanation	of	how	this	works	in	practice,	specially	for	the	solar	
neutrinos	
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Current picture of oscillations

¥  there are three light weak-interacting neutrinos 
νe, νμ, ντ 

¥  solar and atmospheric neutrinos proved 
oscillations - Nobel 2015

¥  tests and measurements at reactor & 
accelerator experiments

¥  consistent with observational cosmology (BBN 
and CMB)


solar neutrino anomaly? D/N and shape of 8B in SK 

(see next page for a new test)
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SNO 8B & 
Borexino 7Be, 
pp, pep rates 

agree with 
KamLAND 
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Which	solar	neutrino	experiment	after	KamLAND	&	Borexino?	

①  In	 2001	 with	 A.	 Strumia	 we	 examined	 the	 prospects	 of	
measuring	 the	 parameters	 of	 oscillation:	 We	 found	 that	
KamLAND	&	Borexino	were	enough	for	this	purpose.	

②  Indeed	this	happened;	due	to	the	specific	parameters	(LMA	
solution	of	solar	anomaly)	KamLAND	succeeded.	

③  This	 is	 not	 the	 same	 as	 testing	 directly	 solar	 neutrino	
oscillations;	 note,	 e.g.,	 that	 KamLAND	 uses	 antineutrinos.	
Independent	tests	of	solar	neutrino	are	important.	

④  The	current	discussion	is	even	more	interesting,	for	Super-
Kamiokande	 best	 fit	 parameters	 (based	 on	 boron	
neutrinos)	agree	only	at	2σ	with	KamLAND’s.			
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STERILE	NEUTRINOS?	

¥ LSND-MiniBooNe anomaly is with us since 
1995; in latest data is mostly/only at lowest 
energies. Again with A Strumia, we have 
examined them in a global analysis

¥ Ga- & reactor anomalies tested with movable 
detector close to reactors. Not supported by 
DANSS, Stereo, NEOS

¥ Adding sterile neutrinos does not help: the 
ensuing theory is predictive, leading to 
inconsistencies between these and other data
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THE	LUMINOSITY	CONSTRAINT	[1]	

Introduction	to	the	relationship	between	the	measured	solar	luminosity	
and	the	neutrino	fluxes.	A	closer	look	at	the	PP	chain	
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According to Perrin’s rudimental ideas (1919) 
4 H à 4He    

4×M(H)-M(4He)=26.7 MeV 
 

According to most recent SSM (2017) 
4 pà α+2 e++2 νe 

4 p+4 e-à α+4 e-+2 e++2 νe 

4 Hà 4He + Q +2 νe 

Q=heat or kinetic energy=26.1 MeV 
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The naïve estimation 
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The most accurate position of  Bahcall, 2002 
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3×M(1H) – M(3He) = Eγ,i+ Eν,i  = 6.936 MeV 
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production	of	3H	fully	tagged	by	pp	+	pep	neutrinos		
	

consumption	of	3H	=	(3H3H)	+	7Be	+	8B	+	hep	neutrinos			
	

4	×	1H	 3He	 4He	

pp	

pep	

(3He3He)	
	

7Be	

8B	

hep	

1H	+	
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THE	LUMINOSITY	CONSTRAINT	[2]	
Improved	coefficients	and	comparison	with	Bahcall’s	results	
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The	beryllium	lines	
Two	 beryllium	 lines	 cause	 energy	 losses.	 The	 procedure	
advocated	by	Bahcall	requires	two	steps:	
	
“one	must	average	over	the	two	7Be	neutrino	lines	with	
the	appropriate	weighting	and	include	the	γ-ray	energy	
from	the	10.3%	of	the	decays	that	go	to	the	first	excited	

state	of	7Li.”		
	
1)	The	energy	loss	of	EC	on	7Be	is	due	to	the	transition	to	
the	ground	state	in	∼90%	the	cases	and	to	1st	excited	level	
in	 the	 rest;	 the	 average	 energy	 loss	 is	 0.895	 ×	 863.1	 +	
0.105	 ×	 385.5	 =	 813.0	 keV	 (we	 change	 10.3	 →	 10.5%,	
using	Tilley	et	al	2002).		
	
2)	 The	 gain	 of	 energy	 due	 to	 the	 γ-ray	 of	 477.61	 keV,	
emitted	in	10.5%	of	the	cases	by	the	first	excited	state	of	
7Li,	amounts	to	50.1	keV;	however,	we	do	not	include	it	as	
Bahcall	for	this	amounts	to	double	counting:	in	fact,	863.1	
−	813.0	=	50.1.		
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12C 14N 

13N	

15O	

(+	1H)	 (+	1H)	

(+	1H)	 (+	1H)	

synthesis	of	14N	=	tagged	by	13N-neutrinos	
	

conclusion	of	4He-catalysis	=	tagged	by	15O-neutrinos	
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Summary

•  The luminosity L¤ is known with σ=0.4% accuracy (much better than neutrino’s)

•  The treatment of 7Be decreases the luminosity; the different ascription to the N and O-
neutrinos increases it, just as the inclusion of F-neutrinos.

•  The SSM roundoff errors on pp-neutrinos, unfortunately, are twice σ. Both the new 
and old coefficients agree with the tabulated SSM values 
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7Be	 N+O	 F	 total	

AGSS	 -0.64σ	 +1.33σ	 +0.15σ	 +0.84σ	

GS98	 -0.70σ	 +1.62σ	 +0.24σ	 +1.16σ	
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SOME	APPLICATION	

Link	 between	 pp	 and	 CNO	 flux	 from	 the	 luminosity;	 a	 quasi-empirical	
model	 for	 the	 flux	 of	 the	 chain;	 CNO	 neutrinos	 from	 radiochemical	
experiments;	 ditto	 from	 Borexino;	 a	 very	 weak	 hint	 for	 CNO	 neutrino;	
how	to	determine	pep	precisely	to	help	future	Borexino’s	search	of	CNO	
neutrinos		
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Luminosity and the pp-flux

Ø  The luminosity constrain fixes precisely a combination of 
fluxes. Writing as usual Φ = φ × 10α/cm2s, we have 

L¤ ∞ φpp  + 9.6% φBe + 1.9% φCN + 0.9% φpep + small

Ø The Be-contribution is measured by Borexino

Ø The pep is directly related to pp-one

Ø Thus, changing the central value of CNO changes the pp-
value. Let us begin the discussion setting it to zero.






Dresden, 14 June 2018 Francesco Vissani, Gran Sasso lab 31



Measurements	
	
1.  pp	neutrinos	 constrained	by	Gallium	

exps	&	seen	by	Borexino		
2.  beryllium	 and	 pep	 neutrinos	 as	

measured	by	Borexino	
3.  boron	neutrinos	as	measured	by	SNO		
4.  hep	neutrinos	as	bound	by	SNO	&	SK	

	
Quasi	Empirical	Model	
	
precise	value	of	pp-neutrinos	follows	from	
luminosity	constraint	(χ2	analysis)	
	
ratio	 pep/pp	 is	 free	 from	 nuclear	 physics	
uncertainties	
	
hep	set	to	the	theoretical	value	
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•  Φcno=4.88 and 3.51 in units 108/cm2s for GS98 and AGSS

•  Φcno=2.34±2.85 reproduces best fit (fig.6 of Borexino) and 2σ bound

at 1σ compatible with expectations-and with zero-a bit smaller

By combining this hint with those from gallium, we have

Φcno= (2.69±2.77)  × 108/cm2s 

same conclusion as above
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We	can	use	the	luminosity	constraint	to	determine	the	pp	neutrino	flux	
accurately,	 then	 employing	 the	 known	 ratio	 between	 pep	 and	 pp:	
2.35×10-3	(possibly	including	also	a	%	error,	to	be	estimated	precisely).	
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Summary

•  After the discovery of oscillations, we had great observational results 
on solar neutrinos and more to come 

•  The luminosity constraint, based on the hypotheses that we 
understand nuclear physics and the Sun is in equilibrium, is a 
precious tool to proceed

•  We have examined it accurately and proposed slight revisions

•  This constraints and various other facts show that the PP and CNO 
neutrinos, that are two independent astrophysical mechanisms, are 
intertwined by the need to extract them from observations.
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MORE	ON	THE	CNO	CYCLES	
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Ø  A set of  four catalytic cycles.  
 
Ø  CNO-II neutrinos are rare: p15N prefers to end α than γ. So 

CNO-III and –IV are not active.

Ø  17F and 15O neutrinos are experimentally indistinguishable from 
each other, due to almost identical shape. 

Ø  The key part for the Sun is the CNO-I (or CN) cycle: let us 
examine it closely, noting that it is composed by 2 semi-cycles 
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12C 14N 

13N	

15O	

(+	1H)	 (+	1H)	

(+	1H)	 (+	1H)	

synthesis	of	14N	=	tagged	by	13N-neutrinos	
	

conclusion	of	4He-catalysis	=	tagged	by	15O-neutrinos	
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When we focus o CNO-I, the most important remark is simply that:  
the slowest node is p14N 

 
(In fact, the S-factor is similar for p14N and p12C, but Z=7 has more 
Coulomb repulsion) 
 
In the Sun, there are two populations of  CNO-I neutrinos: 
1.  In R<0.1R¤, CNO-I does cycle: As many neutrinos from 13N decays as from 15O 
2.  In R>0.1R¤, reactions stop at 14N: neutrinos only from 13N decays  
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NUCLEAR	SPECIES,	INTERACTION	
RATES	AND	NEUTRINO	FLUXES	
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All these species are in local kinetic equilibrium in 

excellent approximation, their time derivative is ZERO. 

 

We obtain a condition on the rates. 
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S Γi(x)	d3x= 4 π au2	×	Φi 	
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