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Outline


1.  Borexino and solar neutrinos


2.  (Effective) Neutrino Magnetic Moment (NMM)


3.  New Borexino analysis and results


4.  Comparison to other results on NMM 
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Borexino collaboration
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Borexino at 

Laboratori Nazionali del Gran Sasso


Laboratori Nazionali 
del Gran Sasso

Central Italy 
(~170 km from Rome)

Abruzzo

3800 m.w.e shielding
against cosmic rays

Borexino detector 
in Hall C

Entrance to underground labs

Laboratori Nazionali 
del Gran Sasso
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Borexino detector


Scintillator 
PC + PPO
(278 ton)

8.5 m

Buffer

18
 m

2212 inner
PMTs

208 outer
PMTs

Water 
µ Cherenkov veto

Nylon 
vessels
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Borexino detector




         Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector          TAUP 2017, Sudbury     


Borexino solar time-line


2007 2010 2012 2017 

PHASE I 

2018 

Solar neutrinos 
   7Be [1-3]
   8B [4]
   pep [5]
   CNO limit [5] 

References:
[1] PRL 101 (2008) 091302.
[2] PLB 658 (2008) 101-108.
[3] PRL 07 (2011) 14130.
[4] PRD 82 (2010) 033006.
[5] PRL 108 (2012) 051302.
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Borexino solar time-line


2007 2010 2012 2017 

PHASE I 

2018 

Purification 

Solar neutrinos 
   7Be [1-3]
   8B [4]
   pep [5]
   CNO limit [5] 

85Kr:  30 to 6 cpd/
100 tons
210Bi: 41 to 17 
cpd/100 tons
232Th/238U 10-19 g/g 

References:
[1] PRL 101 (2008) 091302.
[2] PLB 658 (2008) 101-108.
[3] PRL 07 (2011) 14130.
[4] PRD 82 (2010) 033006.
[5] PRL 108 (2012) 051302.
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Borexino solar time-line


2007 2010 2012 2017 

PHASE I PHASE II 

2018 

Purification 

Solar neutrinos 
  pp [6]

Solar neutrinos 
   7Be [1-3]
   8B [4]
   pep [5]
   CNO limit [5] 

85Kr:  30 to 6 cpd/
100 tons
210Bi: 41 to 17 
cpd/100 tons
232Th/238U 10-19 g/g 

References:
[1] PRL 101 (2008) 091302.
[2] PLB 658 (2008) 101-108.
[3] PRL 07 (2011) 14130.
[4] PRD 82 (2010) 033006.
[5] PRL 108 (2012) 051302.
[6] Nature 512 (2014) 383.
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Borexino solar time-line


2007 2010 2012 2017 

PHASE I PHASE II 

2018 

SOX Purification 

Solar neutrinos 
  pp [6]

144Ce/
144Pr anti-

nu 
source 
(sterile 

nu 
search)

[7]   

Solar neutrinos 
   7Be [1-3]
   8B [4]
   pep [5]
   CNO limit [5] 

85Kr:  30 to 6 cpd/
100 tons
210Bi: 41 to 17 
cpd/100 tons
232Th/238U 10-19 g/g 

References:
[1] PRL 101 (2008) 091302.
[2] PLB 658 (2008) 101-108.
[3] PRL 07 (2011) 14130.
[4] PRD 82 (2010) 033006.
[5] PRL 108 (2012) 051302.
[6] Nature 512 (2014) 383.
[7] JHEP 1308 (2013) 038.
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Borexino solar time-line


2007 2010 2012 2017 

PHASE I PHASE II 

2018 

SOX Purification 

Solar neutrinos 
  pp [6]

144Ce/
144Pr anti-

nu 
source 
(sterile 

nu 
search) 

[7]  

Solar neutrinos 
   7Be [1-3]
   8B [4]
   pep [5]
   CNO limit [5] NEW

The first spectral fit from (0.186 – 2.97) MeV!

SIMULTANEOUS MEASUREMENT OF
pp, 7Be, pep neutrinos 

See talk G. Testera on Thursday!

85Kr:  30 to 6 cpd/
100 tons
210Bi: 41 to 17 
cpd/100 tons
232Th/238U 10-19 g/g 

References:
[1] PRL 101 (2008) 091302.
[2] PLB 658 (2008) 101-108.
[3] PRL 07 (2011) 14130.
[4] PRD 82 (2010) 033006.
[5] PRL 108 (2012) 051302.
[6] Nature 512 (2014) 383.
[7] JHEP 1308 (2013) 038.
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Detecting solar neutrinos


1.  Solar neutrinos are produced along nuclear fusion reactions (dominant pp-cycle, 

sub-dominant CNO neutrinos) in the solar core as electron-flavour


2.  Undergoing MSW-LMA oscillations, they arrive on Earth as a mixture of all flavours


Production 
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Detecting solar neutrinos


1.  Solar neutrinos are produced along nuclear fusion reactions (dominant pp-cycle, 

sub-dominant CNO neutrinos) in the solar core as electron-flavour


2.  Undergoing MSW-LMA oscillations, they arrive on Earth as a mixture of all flavours


Neutral current  Charged current  

@ 1-2 MeV for electron flavour: σ ~10-44 cm2

for µ,τ flavours, σ is ~6 x smaller

Detection through 

elastic scattering off electrons


Production 
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Detecting solar neutrinos


1.  Solar neutrinos are produced along nuclear fusion reactions (dominant pp-cycle, 

sub-dominant CNO neutrinos) in the solar core as electron-flavour


2.  Undergoing MSW-LMA oscillations, they arrive on Earth as a mixture of all flavours


Neutral current  Charged current  

@ 1-2 MeV for electron flavour: σ ~10-44 cm2

for µ,τ flavours, σ is ~6 x smaller

Detection through 

elastic scattering off electrons


Production 

1.  Constructing energy spectra of “good events” reconstructed in the fiducial volume


2.  Spectral fit with signal (pp, 7Be, pep, CNO solar neutrinos) + background (14C + pile 

up, 85Kr,210Po, 210Bi, 11C, external bgr.) components


Analysis: measurement of interaction rates  
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Example of a spectral fit


Mono-energetic 7Be(867 keV) neutrinos:
Compton-like edge of scattered electrons

11C(β+)

210Bi

210Po(α)
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Neutrino magnetic moment (NMM)


1.  Discovery of the neutrino oscillations implies non-zero neutrino mass


2.  Neutrino magnetic moment µν is proportional to the neutrinos mass mν

3.  Considering the current limits on mν: µν < 10-18 µB  


That is 7-8 orders of  magnitude less than the current experimental limits


Minimal extension of the Standard Model 

µB  = Bohr magneton
G F  = Fermi coupling constant
 me = electron mass
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1.  Discovery of the neutrino oscillations implies non-zero neutrino mass


2.  Neutrino magnetic moment µν is proportional to the neutrinos mass mν

3.  Considering the current limits on mν: µν < 10-18 µB  


That is 7-8 orders of  magnitude less than the current experimental limits


Minimal extension of the Standard Model 

1.  µν proportional to the mass of charge leptons, not proportional to the mass of neutrino


2.  In such extensions: 


             expectations reach the levels of the current experimental limits     


Further extension of the Standard Model && New Physics 

Neutrino magnetic moment (NMM)


µB  = Bohr magneton
G F  = Fermi coupling constant
 me = electron mass
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•  In addition to the weak-interaction term σWI, 
there appears an additional electro-
magnetic  term σEM, proportional to NMM:

        r0 = 1.818 x 10-13 cm (electron radius)


•  µeff: for a mixture of mass eigenstates

•  1-photon exchange + ν flips helicity (WI 

and EM terms do not interfere)
•  For Te << Eν: σTOTAL ~ 1/Te, the spectrum of 

the scattered electron is influenced mostly at 
low energies.

σ(e--ν scattering)with NMM > 0


7Be-ν: strong change of the shape
 MAJOR SENSITIVTY TO NMM

pp-ν: the change of the shape is almost 
equivalent to the change of only normalization
CONSTRAINING PP FLUX HELPS!

ν(7Be) (384 keV,861 keV),
 µeff = 5 x 10-11 µB 

ν(7Be), µeff = 0

ν(pp), µeff = 5 x 10-11 µB
ν(pp), µeff = 0

Difference
for pp shapes 

dσEM
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Borexino Phase-1 and effective NMM

Phase I data (2007-2008)

192 days only

7Be spectrum


µeff < 5.4 x10-11µΒ

 (90% C.L>) 

Since i) solar neutrinos arriving at Earth are an incoherent admixture of 

mass eigenstates and ii) NMM is intrinsic to mass eigenstates, the ΝΜΜ 

limits obtained on solar neutrinos represent an effective value typical 

for a certain flavour composition µeff 
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   226        457          702         966         1253                                       2309        2970 Energy [keV]

Example of a Phase 2 fit 


For updated results on solar 
neutrino interaction rates, see 
talk G. Testera on Thursday!

ν(7Be)

ν(pp)

ν(CNO)

ν(pep)
External bgr.

11C(β+)

210Po (α)
14C

pile-up
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Phase-2 improvements 

towards a new NMM limit

3.  Extended energy range of the fit covering  pp-ν & 7Be-ν & pep-ν

     (from 260-1670 keV to 186 - 2970 keV) 

4. Improved data selection algorithm 

5. Better understanding of the detector response function both in the 
low- and in the high-energy region: specific resolution parameters, 
Cherenkov light contribution…


6. Treatment of the pile-up (mostly 14C-14C) in the fit of the low energy 
part of the spectrum (synthetic pile-up, convolution with random-data 
spectrum, energy estimators in a constant time)

7. Improved Geant-4 based Monte Carlo simulation


arxiv:1704.02291 and see talk S. Marcocci on Wednesday!




1.  Background reduction: 210Bi: factor ~2 and 86Kr: factor ~5

correlation with these backgrounds are critical for the sensitivity to µν

2. Increased statistics: 192 days ->  1291 days


Analysis 

Data 

see poster Z. Bagdasarian!


 see poster S. Caprioli!
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SAGE + Gallex/GNO combined data , Phys. Rev. C 80 (2009) 1


CC-interaction: νe + 71Ga → 71Ge + e- (Eth > 233 keV includes pp-ν, only e-flavour)


CONSTRAIN ON INTEGRAL ν-RATE R, NOT SENSITIVE TO NMM







E…. neutrino energy

i…runs through the species of solar neutrinos (pp, 7Be, pep, CNO, 8B)

Φi.... Standard Solar Model (SSM) predictions for neutrino fluxes

si(E)….solar neutrino spectral shape

Pee(E)…solar electron-neutrino survival probability

σ(E)…71 Ga-reaction cross section


Radiochemical constraint applied to Borexino takes the form:







Ri

Ga…Gallium experiments expected rates, re-estimated using updated oscillation 
parameters [Esteban et al. 2017]

Ri

Brx/Ri
SSM… ratio of corresponding rates measured in Borexino and predicted in the 

SSM (using the same SSM as for Ri
Ga)


Constraints from radiochemical experiments


δR ~4% … mostly due to Ga-σ(Ε)
δFV ~2% …Borexino FV selection

SNU
SNU = solar neutrino unit = 
10−36 captures/ atom/second



         Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector          TAUP 2017, Sudbury     


NMM results from Phase 2   
NEW

Data selection:

Fiducial volume: R < 3.021 m, |z| < 1.67 m

Muon, 214Bi-214Po, and noise suppression

Free fit parameters: solar-ν (pp, 7Be) and 
backgrounds (85Kr,210Po, 210Bi, 11C, external 
bgr.), response parameters (light yield, 210Po 
position and width, 11C edge (2 x 511 keV), 2 
energy resolution parameters)

Constrained parameters: 14C,  pile up 

Fixed parameters: pep-, CNO-, 8B-ν rates

Systematics: treatment of pile-up, energy 
estimators, pep and CNO constraints with LZ 
and HZ SSM


Without radiochemical constraint 
µeff < 4.0 x 10-11µΒ (90% C.L.)


µeff < 
 2.8 x10-11µΒ 








12/2011- 05/2016

1291 days 


Profiling µeff with σEM for pp &7Be

With radiochemical constraint 
µeff <  2.6 x 10-11µΒ (90% C.L.)


adding systematics
µeff < 2.8 x10-11µΒ (90% C.L.)  


90% C.L.
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Fit with µeff = 2.8 x10-11µΒ 
NEW

ν(7Be) WI
ν(pp) WI

ν(CNO) ν(pep)

14C

210Bi

85Kr

pile-up

226                                457               702           966     1253   1567  1916    2970 Energy [keV]

11C(β+)

210Po (α)

ν(7Be) EM
ν(pp) EM
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µ2
eff = P3ν µ2

e + (1 - P3ν) (cos2θ23 µ2
µ +  sin2θ23 µ2

τ)  



Pee = P3ν = sin4θ13 + cos4θ13P2ν

 
            


P2ν
 = sin2θ12 sin2(Δm2

12
 L/4E)


 


Limits on NMM 

of flavour states
NEW

(Dec 2011- May 2016)

1291 days 


90% C.L. 

from µeff < 2.8 x10-11µΒ:

µe < 4.8 x10-11µΒ

µµ < 6.4 x10-11µΒ



µτ < 6.8 x10-11µΒ



Assuming 
LMA-MSW
P2ν for pp- and 7Be-ν is the same


•  Individual contribution of 
each flavour state is positive,  
so the limit on each 
contribution can be obtained 
by setting other two 
contributions to zero


•  since sin2θ23 depends on the 
MH, we quote for the NMM 
limts the most conservative 
case
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Conclusions and comparison to other results

Borexio has set a new upper limit on the effective NMM 


µeff < 2.8 x10-11µΒ(90% C.L.),

 using constraints on the sum of the solar neutrino fluxes implied by 

the radiochemical gallium experiments. 
Experiment/authors
 Source of neutrinos
 x 10-11  µB


90% C.L. 

GEMMA


 [Phys. Part. Nucl. Lett. 10 (2013) 139]

reactor anti-νe
 µνe< 2.9


TEXONO  [PRD. 75 (2007) 012001]
 reactor anti-νe
 µνe< 7 .4

Raffelt & Dearborn [PRD 37 (1988) 2]

Arcea-Díaz et al. [Astrop. Ph. 2015 1]


astrophysical sources

(red giants cooling)


∼0.1




SuperK: [PRL 93 (2004) 021802]
 solar 8B-ν above 5 MeV

+ combined other solar + 

KamLAND


µeff < 36

µeff < 11


Borexino: [PRL 101 (2008) 091302]
 solar 7Be-ν
 µeff < 5.4


Borexino

will be on arXive on Wednesday


solar pp- and 7Be-ν

 


µeff< 2.8




         Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector          TAUP 2017, Sudbury     




         Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector          TAUP 2017, Sudbury     


Back-up slides
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Cañas et al.

 [PLB 753 (2016) 191 + Add. in B755 (2016) 568]


 based on Borexino 
data


µeff < 5.4
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Generally, complicated interference terms in mass-eigenstates basis.

For the case of solar neutrinos, incoherent mixture of solar neutrinos












Limits on NMM 

of mass eigen-states
NEW

(Dec 2011- May 2016)

1291 days 


x10-11µΒ [90% C.L.] 

from µeff < 2.8 


µ11 < 3.4; µ22 < 5.1 ; µ33 < 18.7

µ12 < 2.8; µ13 < 3.4 ; µ23 < 5.0  


NMM is a 3x3 matrix µk=ij

Dirac case: 

only diagonal elements µii

Majorana case: 

CPT: diagonal elements = 0

µij = µji

Ak = probability amplitude of the k-
mass state at the scattering point


Dirac case: 


Majorana 
case: 
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