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  Figure from Wikipedia  
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Some facts about Solar neutrinos    
 Solar neutrinos have a long history: 

    First discovery and creation of “Solar neutrino problem (SNP)”. 
    Homestake experiment(1970).  

 SNP :1/3 discrepancy between Standard Solar Model and observations 

 Confirmation: Kamiokande(1980s), GNO/GALLEX, SAGE and   
     Super-Kamiokande (1990s) 

  Solved in 2002 in SNO experiment ( 𝐵 𝜐𝑠 
8 ) due to Neutrino  

     Oscillations (32 years!) 
  Solar neutrinos of energy range: sub-MeV to several MeVs (low  

     energies~ difficult detection)  
 Complementary to the reactor neutrinos (Same energy range≈(0-   

   10MeV), Reactor: 𝑛 → 𝑝 + 𝑒− + 𝜐 𝑒, Solar:𝑝 → 𝑛 + 𝑒+ + 𝜐𝑒 
   disappearance experiments, similar detector detection techniques…..)  

 Before Borexino their fluxes were known only indirectly by the  

    radio-chemical experiments                                                 
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Motivations for this work 
 

 First time the real-time measurement of the   

    pp1, 7Be2 and pep3 are possible at Borexino  
 pp, 7Be and pep are dominated by   

    vacuum oscillations. 
We do take into account small corrections  

   from the LMA-MSW solution (< 2% for pp, <4%    
   for 7Be and <8% for pep)  

Based on the above facts, it’s the best source to   
   probe the NSI effects at the Sun and detector  
   and can ignore NSIs at propagation at Sun. 

In addition, its also ideal to estimate the weak     
   mixing angle in the lowest energy regime to  
   date, which o.w.  is not possible in the artificial  
   neutrino sources.  

 
  1.  G, Bellini  et al, (Borexino Collaboration) , Nature 512, 383, (2014)  

 2.  G, Bellini  et al, (Borexino Collaboration) , Phys. Rev. Lett. 107, 141302 , (2011)  

 3.  G, Bellini  et al, (Borexino Collaboration) , Phys. Rev. Lett. 108, 051302, (2012)  

0. 862𝑀𝑒𝑉   

1.44𝑀𝑒𝑉   
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ℒ𝑠 = ℒ𝑠
𝑁𝑈 + ℒ𝑠

𝐹𝐶  
ℒ𝑙 = ℒ𝑙𝑁𝑈 + ℒ𝑙𝐹𝐶  

ℒ𝑠
𝑁𝑈 = −2√2𝐺𝐹 1+ 𝜀𝛼𝛼

𝑢𝑑𝐿

𝑎,𝛼

𝑙  𝛼𝛾𝜆𝑃𝐿𝑈𝛼𝑎𝜐𝑎 𝑑 𝛾𝜆𝑃𝐿𝑢
†
+ ℎ. 𝑐  

ℒ𝑠
𝐹𝐶 = −2√2𝐺𝐹  𝜀𝛼𝛽

𝑢𝑑𝐿

𝑎,𝛼≠𝛽

𝑙  𝛼𝛾𝜆𝑃𝐿𝑈𝛽𝑎𝜐𝑎 𝑑 𝛾𝜆𝑃𝐿𝑢
†
+ ℎ. 𝑐 

ℒ𝑙𝑁𝑈 = −2√2𝐺𝐹 𝑒 𝛾𝜆(𝑔 𝛼𝑅𝑃𝑅 + (𝑔 𝛼𝐿 + 1)𝑃𝐿)𝑒 𝜐 𝛼𝛾
𝜆𝑃𝐿𝜐𝛼

𝑎,𝛼

 

ℒ𝑙𝐹𝐶 = −2√2𝐺𝐹  𝜀𝛼𝛽
𝑒𝑃

𝑎,𝛼≠𝛽

𝑒 𝛾𝜆𝑃𝑒 𝜐 𝛼𝛾
𝜆𝑃𝐿𝜐𝛽  

 𝑔 𝛼𝑅 ≡ sin2 𝜃𝑊 + 𝜀𝛼𝛼
𝑒𝑅    𝑎𝑛𝑑  𝑔 𝛼𝐿 ≡ sin2 𝜃𝑊 −

1

2
+ 𝜀𝛼𝛼

𝑒𝐿  

  The Effective Interaction Lagrangian 

Source 

Detector 

 Semileptonic flavor conserving and flavor violating NSIs at source 𝜀𝛼𝛼
𝑢𝑑𝐿,𝜀𝛼𝛽

𝑢𝑑𝐿 ≡ 

𝜀𝛼𝛼
𝑒𝑅  , 𝜀𝛼𝛼

𝑒𝐿 , 𝜀𝛼𝛽
𝑒𝑅 , 𝜀𝛼𝛽

𝑒𝐿   ≡  Lepton flavor conserving and flavor violating NSIs at detector 

𝐺𝐹 ≡Fermi Constant (a & 𝛼,𝛽  are mass and flavor indices, respectively) 
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< 𝑃 >𝑒𝑒
𝑁𝑆𝐼= (1 + 2𝑅𝑒𝜀𝑒𝑒

𝑢𝑑𝐿 + 𝜀𝑒𝑒
𝑢𝑑𝐿 2

) < 𝑃 >𝑒𝑒
𝑆𝑀𝑀 − cos 𝜃23 𝜀− cos3 𝜃13 sin2 𝜃12 cos2 𝜃12

+ (cos 𝜃23 𝜀+)(
1

2
cos2 𝜃13 sin2 𝜃13 sin

22𝜃12 −sin2 𝜃13 cos2𝜃13), 

< 𝑃 >𝑒𝑒
𝑆𝑀𝑀= (cos 𝜃12 cos 𝜃13)

4  +  (sin 𝜃12 cos 𝜃13)
4 + (sin 𝜃13)

4 

cos 𝜃23 𝜀+ ≡ 𝜀𝑒𝜇
𝑢𝑑𝐿 cos(𝜙𝑒𝜇 + 𝛿𝐶𝑃) sin 𝜃23 + 𝜀𝑒𝜏

𝑢𝑑𝐿 cos(𝜙𝑒𝜏 + 𝛿𝐶𝑃) cos 𝜃23 

cos 𝜃23 𝜀− ≡ 𝜀𝑒𝜇
𝑢𝑑𝐿 cos𝜙𝑒𝜇 cos 𝜃23 − 𝜀𝑒𝜏

𝑢𝑑𝐿 cos(𝜙𝑒𝜏) sin 𝜃23 

where, 

  NSIs at the Source (Sun) 

𝑃𝛼𝛽
𝑁𝑆𝐼 = |[ 1 + 𝜀𝑢𝑑𝐿 𝑈𝑋𝑈†]𝛼𝛽|

2 

𝑋 ≡ 𝑑𝑖𝑎𝑔(1, exp(−𝑖2𝜋𝐿/𝐿21
𝑜𝑠𝑐), exp(−𝑖2𝜋𝐿/𝐿31

𝑜𝑠𝑐)) , ……..(Oscillation phase matrix) 

𝑈 ≡ PMNS (Leptonic mixing matrix), 

𝐿𝑎𝑏
𝑜𝑠𝑐 ≡ 4𝜋𝐸/(𝑚𝑎

2 −𝑚𝑏
2) ……….(Oscillation length) 

Oscillation probability: (general) 

Average oscillation probability: (Average over an oscillation length) 

No energy dependence!                                          
7  

Khan,McKay&Tahir, PhysRevD.88.113006 (2013) 
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𝜎 𝜐𝑒𝑒 𝑆𝑀+𝑁𝑆𝐼 =
2𝐺𝐹

2𝑚𝑒

𝜋
𝑇𝑚𝑎𝑥[(𝑔 𝑒𝐿+1)

2 +  𝜀𝛼𝑒
𝑒𝐿 2

𝛼≠𝑒

 

+ ((𝑔 𝑒𝑅)
2 +  𝜀𝛼𝑒

𝑒𝑅 2)(1 −
𝑇𝑚𝑎𝑥

𝐸𝜐
+
1

3
(
𝑇𝑚𝑎𝑥

𝐸𝜐
)2))

𝛼≠𝑒

 

𝜎 𝜐𝜇,𝜏𝑒 𝑆𝑀+𝑁𝑆𝐼
=
2𝐺𝐹

2𝑚𝑒

𝜋
𝑇𝑚𝑎𝑥[(𝑔 𝜇,𝜏𝐿)

2 +  𝜀𝛼𝜇,𝜏
𝑒𝐿 2

𝛼≠𝜇,𝜏

 

+((𝑔 𝜇,𝜏𝑅)
2 +  𝜀𝛼𝜇,𝜏

𝑒𝑅 2
)(1 −

𝑇𝑚𝑎𝑥

𝐸𝜐
+
1

3
(
𝑇𝑚𝑎𝑥

𝐸𝜐
)2)

𝛼≠𝜇,𝜏

 

−( 𝑔 𝜇,𝜏𝐿𝑔 𝜇,𝜏𝑅 +  𝑅𝑒[ 𝜀𝛼𝜇,𝜏
𝑒𝐿 ∗

𝜀𝛼𝜇,𝜏
𝑒𝑅 ])

𝑚𝑒𝑇𝑚𝑎𝑥

2𝐸𝜐
2 ]

𝛼≠𝜇,𝜏

 

 
   

        − ( 𝑔 𝑒𝐿+1)𝑔 𝑒𝑅 +  𝑅𝑒[ 𝜀𝛼𝑒
𝑒𝐿 ∗𝜀𝛼𝑒

𝑒𝑅])
𝑚𝑒𝑇𝑚𝑎𝑥

2𝐸𝜐
2

𝛼≠𝑒

] 

  NSIs at the Solar Detector 

𝝊𝒆𝒆 → 𝝊𝜶𝒆,  𝜶 = 𝒆, 𝝁, 𝝉    𝝊𝒆𝒆 − Cross section, 

𝝊𝝁,𝝉𝒆 − Cross sections, 𝝊𝝁,𝝉𝒆 → 𝝊𝜶𝒆,  𝜶 = 𝒆, 𝝁, 𝝉 

𝑇𝑚𝑎𝑥 ≡ 𝐸𝜐/(1 + 𝑚𝑒/2𝐸𝜐) ……..(Recoiled Electron Energy) 

0 <  𝐸𝜐 < 0.420 𝑀𝑒𝑉 (pp-spectrum)  𝐸𝜐= 0. 862𝑀𝑒𝑉 & 1.44𝑀𝑒𝑉   (7Be & pep-spectra) 

 𝜀𝛼𝑒
𝑒𝐿 𝜀𝛼𝑒

𝑒𝑅 cos(𝜙𝛼𝑒
𝑒𝐿 − 𝜙𝛼𝑒

𝑒𝑅) 

𝜀𝛼𝜇,𝜏
𝑒𝐿 𝜀𝛼𝜇,𝜏

𝑒𝑅 cos(𝜙𝛼𝜇,𝜏
𝑒𝐿 − 𝜙𝛼𝜇,𝜏

𝑒𝑅 ) 

Detector NSI phases 

Khan,McKay&Tahir Phys Rev D.90.053008 (2014) 

 Amir Khan , Phys Rev D.93.093019 (2016) 
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𝑅𝜐

= 𝑁𝑒 𝑑𝐸𝜐𝜙 𝐸𝜐 ( 𝜎 𝜐𝑒𝑒 𝑆𝑀+𝑁𝑆𝐼 < 𝑃 >𝑒𝑒
𝑁𝑆𝐼+ 𝜎 𝜐𝜇,𝜏𝑒 𝑆𝑀+𝑁𝑆𝐼

[1−< 𝑃 >𝑒𝑒
𝑁𝑆𝐼])

𝐸𝑚𝑎𝑥

0

 

  The observable (Event Rates) 

Expected counts of pp, 7Be and pep at Borexino Detector   

Defined on the last two slides! 

𝜙𝑝𝑝 𝐸𝜐 ≡ 𝜙𝑝𝑝 ×
𝑑𝜆 𝐸𝜐

𝑑𝐸𝜐
  

𝑑𝜆 𝐸𝜐
𝑑𝐸𝜐

 |𝑓𝑖𝑡 ≡ 𝑎𝑛(𝐸𝜐)
𝑛

11

1

 

 𝜙𝑝𝑝≡ 5.98 × 1010𝑐𝑚−2𝑠−1 

𝜙 𝐵𝑒7 ≡ 5.00 × 109𝑐𝑚−2𝑠−1 

𝜙𝑝𝑒𝑝 ≡ 1.44 × 108𝑐𝑚−2𝑠−1 

…………….……..( pp Flux ) 

…………….……..( 𝐵𝑒7  Flux ) 

……………………..( pep Flux ) 

𝑁𝑒 ≡ Target Electron 
    = 3.307 × 1031 

( for 100t of liquid scintillator at Borexino  ) 

BKS, PhysRevD.51.6146 (1995)                                          
9  
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𝑖 = 𝑝𝑝, 𝐵𝑒7 , 𝑝𝑒𝑝 

  The Statistical Model 

𝑅𝑖
𝑒𝑥𝑝

≡Expected no. of events (cpd per 100 tons) including the LMA-MSW effects  

𝑅𝑝𝑝
𝑜𝑏𝑠 ≡144±13(𝑠𝑡𝑎𝑡) ±10(sys) 

𝑅7𝐵𝑒
𝑜𝑏𝑠  ≡ 46 ± 1.5(𝑠𝑡𝑎𝑡) ±1.55(sys) 

𝑅𝑝𝑒𝑝
𝑜𝑏𝑠  ≡ 3.1 ± 0.6(𝑠𝑡𝑎𝑡) ±0.3(sys) 

(cpd per 100 tons)  

( ………… //.………..)  

( ………… //.………..)  

∆𝑖
𝑠𝑡𝑎𝑡 ≡ The observed statistical uncertainty at Borexino for 𝑝𝑝, 𝐵𝑒7 , 𝑝𝑒𝑝  
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𝜒2 = 
𝑅𝑖
𝑒𝑥𝑝

− 𝑅𝑖
𝑜𝑏𝑠

∆𝑖
𝑠𝑡𝑎𝑡

2

𝑖

 



     

        Kyoto meeting, Japan October 15, 2016  

  Analysis Method 
   

 For the SM fit, we set all NSI parameters to zero and fit the weak  
    mixing angle to Borexino data of pp, 7Be and pep spectra.   
 

 For all NSI parameter fits, we perform two parameters space    
   analysis, while set all the other parameters to zero, in the order    
    Source-Only, Detector-Only and then Source vs. Detector.    
    the two.  
 

 For the whole NSIs analysis we assume the PDG-14 values of all  
    the standard parameters to calculate the expected rates. 
 

 All the two parameter regions are taken 68%, 90% and 95% C.L. 
 

 The bounds are extracted in all of the above three cases at the  

    90%C.L.                                                
11  
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 The SM Fit: Lowest energy value to-date 

 sin2θW =0.249 ±0.020  

 sin2θW =0.254±0.024  

This work 

 Amir Khan , Phys. Rev. D 93, 093019 (2016) 

 J.F. Valle et al Physics Letters B. 76, 450 (2016) 

 sin2θW =0.2354±0.0015  

From parity violation 
measurement in 133Cs at 
2.4Mev. 

PDG value (MS bar scheme) 

  

 sin2θW =0.23126±0.00005 

~8% precision 
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Borexino Data: Source-Only NSIs 

 

 Miranda&Nunokaw New J. Phys. 9, 095002(2015) 
This work at 90% C.L. 

Bounds Comparison 
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Borexino Data: Detector-Only NSIs 

 

NU 

FC 

FC 

68% C.L. 
90% C.L. 
95% C.L. 
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Detector-Only NSI Bounds @90% C.L. 
 
 

Bounds Comparison 

This work 
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Borexino Data: Source vs. Det. NSIs 

 

NU 

FC 

FC 

68% C.L. 
90% C.L. 
95% C.L. 
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Source vs. Det. NSI Bounds @90% C.L. 
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Future Prospects for 1% rate measurements 

  
 G. Bellini et al. Nature 512, 283 comment on the goals 

that can be reached with 1% measurements of pp rates. 
 D. G. Cerdeno et al. “Physics from solar neutrinos in dark 

matter direct detection experiments”, JHEP 1605, 118 
(2016) aim for the magic 1%.  

J. Beacom et al. (The CJPL Collaboration), “Letter of 
Intent:Jinping Neutrino Experiment”, arXiv:1602.01733 v4 
[phys.ins-det] (2016) aims for this level of rate and flux 
determination. 

JUNO, SNO+, LENA 
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 Future Prospects: SM Fit 

 sin2θW = 0.23126±0.00384  

 sin2θW =0.249 ±0.020  

 sin2θW =0.254±0.024  

This work 

 Amir Khan , Phys. Rev. D 93, 093019 (2016) 

 J.F. Valle et al Physics Letters B. 76, 450 (2016) 

 sin2θW =0.2354±0.0015  

From parity violation 
measurement in 133Cs at 
2.4Mev. 

 sin2θW =0.23126±0.00005  

PDG value (MS bar scheme) 

 precision<2% 
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Future Prospects: Source-Only NSIs 
 

68% C.L. 
90% C.L. 
95% C.L. 
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Future Prospects: Detector-Only NSIs 
 

NU 

FC 

FC 

68% C.L. 
90% C.L. 
95% C.L. 
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Future Prospects: Source vs. Det. NSIs 

 

NU 

FC 

FC 

68% C.L. 
90% C.L. 
95% C.L. 
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 The recent real-time measurements of low energy components of    
     the solar spectrum at Borexino have very low LMA-MSW    
    contribution, thus provide a good testing ground for new physics     
    study at source (Sun) and detector. 

 We found the best fit value of sin2θW at the lowest energy to-date   
    using the Borexino results. 

  Constrained the NSI parameters at the production point at Sun and   
     detector using the current data and have future prediction study for   
     the future proposals/planned experiments Borexino(upgrade), CJPL,      
     SNO+, LENA, JUNO etc. 

  An improvement in sensitivity to the 1% level will either reveal very  
     small deviations from the SM or reduce possibilities for NSI  
     parameters by factors from 2-3 to more than an order of magnitude  

  Our results show the complementarity between solar and reactor    
     data to probes NSI simultaneously (on our To Do List!) 

Summary & Conclusion 
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As a crucial background in dark matter experiments solar neutrino   
    experiment and theory can anticipate a long future.  

 In return, they provide the key to nailing down details of solar  
    structure and dynamics and can play a vital part of progress in   
    resolving neutrino properties. 

Summary & Conclusion 
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Suggestions from the model 
experts are welcome!      
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Thank You All! 

                                         
24  



     

        Kyoto meeting, Japan October 15, 2016  

Back Ups! 
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 Spectrum Study: Effects of Sin22θ12 Uncertainty 

NH    
 IH   
a=0.06, b =0 

K+ = K- = +0.04 

Sin22θ12 - 1σ    

Sin22θ12 +1σ    

NH    
 IH   

K+= K- = 0 

K+= -0.04 
K-= + 0.04  

Khan,McKay&Tahir Phys Rev D. 88, 113006 (2013) 
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I. Δχ2 -Distributions 
 K+ = 0,    sin22θ12 = 0.881  sin22θ12 = 0.857     K+ = K-  = 0 

a=0.06, b=0 a=0.06, b=0 
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2

1
( )

NH IH

N

MH ii IH

i

dN dN

dE dE
E

dN

dE

 







 
 
 

   
 
  


Model=NH with Ks 
Data= IH without Ks  

 Landscape of the Ratio: χ2
NSI / χ2

SMM  

 I. Statistical Discrimination of MH 

a=0.06, b=0 
Sensitivity to 
MH is greater 
(P32 maximal) 

Sensitivity to 
MH is smaller 
(P32 minimal) 
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II: The Leptonic Case @ 90% C.L. 

-0.15<εeR
ee <0.08 

-1.79<εeL
ee <0.41  

   
-0.18<εeR

αe <0.18 
-0.76< εeL

αe <0.76  
   

-0.19<εeR
αe <0.19 

-0.84< εeL
αe <0.84 

   
-0.14<εeR

ee <0.08 
-1.53<εeL

ee <0.38  
   

 sin2θW =0.251±0.031  

 sin2θW =0.251±0.031  

 TEXONO Result 

Khan,McKay&Tahir PhysRevD.90.053008 (2014) 
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 II: Interplay: SL & Leptonic NSIs  @ 90% C.L. 
-1.35<ImKee<1.35 
-0.17<εeR

ee <0.07      
-0.72<ImKee<0.72 
-0.18< εeR

αe <0.18      
-0.72<ImKee<0.72 
-0.76<εeL

αe <0.76      

-0.72<ImKe α <0.72 -0.72<ImKe α <0.72 -0.72<ImKe α <0.72 -0.72<ImKe α <0.72 

εeR
 μ μ , εeR

ττ ε
eL

 μ μ εeL
ττ,ε

eR
αμ,εeR

βτ, ε
eL

αμ,εeL
βτ  are unbounded 

-0.90<ImKee<0.90 
-1.4<εeL

ee <0.34      

Khan,McKay&Tahir PhysRevD.90.053008 (2014) 


