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Abstract 

 Reactor neutrinos have played very important role in discovering and studying the 
properties of neutrino such as neutrino oscillation, mixing angle θ13 etc. In coming 
future, they will also shed light in answering about neutrino mass hierarchy and the 
existence of sterile neutrinos. In this review article, we reviewed the results of different 
reactor neutrino based experiments, which are currently operational. Their earlier 
results and recent findings have been discussed. Presently there are several reactor 
neutrino experiments, which are either under construction, or being planned to get the 
solution of unsolved problems in neutrino and other sectors. However, this journey 
started with the aim of answering the fundamental question of particle physics, but 
these developments in studying neutrino physics have also started serving the society.  
PACS: 29.40.-n; 14.60.Pq 
Keywords: Neutrino Magnetic Moment, Neutrino Oscillation, Mixing Angle θ13, 
Sterile Neutrino, Mass Hierarchy, Scattering Cross Section, Reactor Monitoring. 
 

1. Introduction 

 Though the birth of neutrino had taken place just after the big bang; almost 14 
billion years ago, but this particle remained unknown to the scientific community until 
1930. Today we know that it is the second most abundant particle after photon in the 
whole universe. Before 1930, in the study of radioactive β – decay, physicists observed 
a continuous energy spectrum. However, it is unlike the discrete energy spectra, which 
is observed in a two-body radioactive decay. If there is only two-particle decay then 
there must be a sharp peak for beta particle to conserve the energy and momentum. 
Nevertheless, experimentally it was not observed. In 1930, Wolfgang Pauli 
hypothesized for the existence of a third particle (chargeless and massless and hence 
undetectable as told by Pauli), which might carry away the observed difference of 
energy and momentum between initial and final particles of β- decay [1]. In 1934 
Enrico Fermi coined the name Neutrino (small neutron) for this third particle because, 
it is neutral; and then developed a theory of weak interactions. In the same year, Hans 
Bethe and Rudolf Peierls used Fermi theory to calculate the interaction cross section of 
Neutrino with matter. They came to know that it is of the order of barns, which led 
them to conclude that neutrino is practically undetectable [2]. However, after a series of 
experiments in 1956, Frederick Reins and Clyde Cowan succeeded in detecting the 
Neutrino in the process of inverse beta decay [3]. In this process ̅νe (electron type anti 
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neutrino) created in nuclear reactor is captured by proton and resulted in emission of a 
positron and a neutron (n) 

                                  (1) .nepe +→+ +ν

 Further, in 1962 after six year of discovery of νe, Leon Lederman established the 
existence of another type of neutrino, which is called muon neutrino (νµ) [4]. After the 
discovery of third lepton called tau (τ), physicists again started expecting the existence 
of another associated third type of neutrino (ντ: Tau neutrino). In the year, 2000 by the 
DONuT collaboration this third type of neutrino (ντ) came into existence 
experimentally [5]. 

 Then an obvious but an important question arose in the scientific community– 
whether more flavours or different types of neutrino exists or not? It was a big question 
for the physicist of that time. However, in the neutrino physics, a fundamental result 
came to light, after a precise measurement of decay width of Z-boson confirmed the 
existence of only three types of active neutrino flavors (νe, νµ, ντ). Nevertheless, 
existence of sterile neutrino could not be thrown out [6 - 8]. 

 In the Standard Model, the neutrinos and corresponding antineutrinos are 
massless and to conserve the lepton number they cannot change their flavors. But 
recent studies, show the existence of neutrino mass and flavor oscillation hence, the 
Standard Model of particles physics and neutrino physics needs to be modified. 
Therefore, study of neutrinos can lead to more generalization of the Standard Model [9 
- 10]. 

 Now, as we know that there are many sources of neutrino such as stars, nuclear 
reactors, supernova explosion, solar neutrino, atmospheric neutrino, geo neutrino, 
radioactive materials etc. However out of these sources, the reactor neutrinos are the 
best. With the help of reactors almost all types of issues related with neutrino physics 
such as measurement of the smallest mixing angle (θ13), determination of mass 
hierarchy, solving the solar neutrino puzzle, issue related to the existence of sterile 
neutrinos, neutrino oscillation etc. may be solved [10]. Among all of these issues, for 
the study of neutrino oscillation, reactors play a very good role. In coming time, the 
above listed problems may be resolved with the help of reactor neutrinos based 
experiments. 

 Through this paper we review the current status and obtained results of the above 
mentioned neutrino issues, with the help of reactor neutrinos based experiments from 
Double Chooz, RENO, TEXONO and Daya Bay. Finally, we conclude this study by 
explaining the possible role that neutrino may play for our society. 

2. Physics studies through reactor neutrino 

2.1 Criterions for reactor neutrino experiments 

 The result of any experiment is completely dependent on the experimental setup. 
If we use different type of setup then we will also get different type of results. Similar 
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thing also happens in case of reactor neutrino experiments. Some experiments are able 
to measure very precisely some property of neutrino while, other experiments measure 
some other property very precisely. This means, that every reactor experiment have 
their own criteria of working.  

 Today we have both short baseline (~1km) and long baseline (~100-1000 km) 
reactor neutrino experiments. Currently, three main reactor experiments (Double Chooz 
[11], RENO [12], and Daya Bay [13]) are going on and looking for the antineutrino 
disappearance. These are very sensitive for the measurement of third mixing angle θ13. 
All of these experiments use Gadolinium (Gd) doped liquid scintillator target in their 
detector. Also this target is surrounded by a non-doped scintillator for the purpose of 
detecting all of those gamma rays which came out after the neutron capture process on 
Gd. For the detection of antineutrinos, the target in each of the experiments is made up 
of liquid scintillator loaded with 0.1% Gd. All the antineutrino events can be identified 
by using a coincidence between the fast coming positron signal and the delayed signal, 
which are coming from the neutron capture on Gd. In addition, all of the above three 
experiments, for reducing the uncertainty from reactor flux, make use of two detectors, 
one is placed near the neutrino source and the second one is far from the source. 

 The Double Chooz experiment is the successor of earlier CHOOZ experiment 
[14]. It has two reactors of 4.25 GWth separated at a distance of 140 meter. It uses two 
detectors, which are at 400 meter (near detector), and 1050 meter (far detector) 
distances from the reactor. Both detectors are identical and consist of gadolinium-
doped liquid scintillators. Both are placed around the reactors to measure the 
disappearance of antineutrino. Of the two detectors, the far detector is situated inside a 
hill to obtain a 300-meter water equivalent of shielding from cosmic muons. The near 
detector is under a tunnel, which is able to provide a shielding of 120-meter water 
equivalent. The reason behind using identical detectors (identical in design and 
materials of the target) is to minimize the uncertainties in measurement of efficiency, 
for the reduction of cuts in the final analysis and to reduce the background at the 
negligible level. These detectors are also capable to minimize the problems, which may 
arise due to radioactivity, because in them there have been added buffer volume and 
during making their components caution has been taken in using minimum radioactive 
materials. Due to this, very less number of analysis cuts are enough and hence the 
contribution to the systematic uncertainty is very less.   

 Reactor Experiment for Neutrino Oscillations (RENO) is a short baseline reactor 
neutrino oscillation experiment. RENO also has two identical near and far detectors. 
The near detector is placed at 294 meter and far detector at 1383 meter from the Hanbit 
nuclear power plant, to observe the ̅νe produced by six reactor cores [15].  

 Daya Bay reactor neutrino experiment is established in Daya Bay, which is 52 
km northeast from Hong Kong and from Shenzhen it is 45 km east. The experiment 
uses eight detectors for detecting antineutrinos and these are situated at three places 
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within 1.9 km of total six reactor cores [17]. Every detector is filled up with liquid 
scintillators of ~20 ktons, which consist of linear alkylbenzene doped with gadolinium 
(Gd). These detectors are covered by photomultiplier tubes (PMTs) and proper 
shielding [151]. 

 In a comparative way, the parameters related to the currently working reactor 
antineutrino experiments have been given in Table 1. This table consists of their 
thermal power, distances of near and far detectors, shielding (in m. w. e: meter water 
equivalent), mass of target in detector and expected sensitivities.  

2.2 Reactor monitoring through flux of νe  

 The reactor neutrinos produce a very huge flux of⎯νe along with the production 
of very less amount of νe. The production of νe occurs through: 

1. The electron capture by fissioning products 

2. Inverse beta decay of fissioning products 

3. The neutron activation on the used fuel rod materials, also by the 
construction materials (used in making the core of reactor) [18]. 

 These νe can be detected properly by flavor dependent charged-current 
interactions (νeNCC). The calculation of flux of νe is completely dependent upon 
reactor neutron spectra (must be properly modeled) and on the amount of loaded 
materials; due to this dependency there exists only a few percent of statistical error.  

 The measurement of such monoenergetic νe flux and their detection methods 
have found possible application in the monitoring of reactor operation. This monitoring 
of reactor takes place by monitoring of unwarranted plutonium production during the 
operation of nuclear reactor [19]. This production of plutonium takes place due to the 
β-decays following 238U (n, γ) 239U. The cross section of it increases very largely at 
high energy (> 1 eV), but the νe produced through the (n, γ) are thermal [20]. 

 The neutron spectra, coming from reactor core, can be modified through making 
use of cooling water and by control rod optimization, without any kind of hindrance to 
the fission rates. With the monitoring of thermal power output, the excessive plutonium 
production can be made undetectable. By the measurement of changes in neutron 
spectra, through the time variations of νeNCC event rates, one can monitor the 239Pu 
accumulation rates. 

2.3 Neutrino Magnetic moment 

 Since a long time, the physicists were in search of getting the answer 
experimentally for the existence of neutrino magnetic moment. Based on current 
experimental results, it has been confirmed that the neutrino do oscillations and hence 
due to their oscillation they posses mass too. This makes clear that neutrinos have 
magnetic moment. However, its value might be very small and it depends whether the 
neutrino mass is of Majorana or Dirac. Suppose if, neutrino is Dirac mass then, under 
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the standard model interactions, the value of neutrino magnetic moment is ~ 3 × 10−19 
(mν/eV) in Bohr magnetons (μB). This value may be more in the case of neutrino 
interactions beyond the standard model. The measurement of neutrino magnetic 
moment will play an important role [21]. In the proper understanding of the mass 
mechanism of neutrino.  

 In Table 2, we have shown the upper limits of neutrino magnetic moment 
obtained from earlier and present experiments. Of them the most current result was 
obtained by MUNU collaboration [26] using the reactor (Bugey) neutrinos and by the 
TEXONO collaboration [27] using Kuo-Sheng reactor neutrinos. Actually the result 
obtained by MUNU, is an improvement in the earlier obtained upper limits by Rovno 
[30] and Super Kamiokande experiment [25].  

 However, these values of neutrino magnetic moment are completely model 
dependent. These limits cannot be compared in a direct way. As neutrinos mix 
together, in which different flavors (νe, νµ, and ντ) have different contributions in 
different cases of reactor, solar and other experiments. However, it is the short baseline 
experiments (relative to Eν (energy of neutrino)) using terrestrial neutrinos, which are 
originally produced as νe or ̅νe (anti-electron neutrino), have very less chance for flavor 
oscillation. Also depending on the energy of neutrinos, the long baseline experiments 
can be almost free of flavor oscillation of neutrinos and therefore they can be used for 
this purpose.  

 Now, as we know that neutrinos are found in three possible mass Eigen states 
and neutrino magnetic moment interaction occurs because of mass Eigen states. 
Therefore, after the νe interaction with photon it may reach into any possible three final 
states. For Dirac neutrinos, we have:  

 

            (2) ∑=
i

iiee U .|| 222 μμ

 

 Where, μi is the Magnetic moment in the mass Eigen state basis and |Uie|2 = 
Entries in the Maki–Nakagawa–Sakata (MNS) matrix. 

 The magnetic moments are the diagonal elements of the MNS matrix. 
Nevertheless, if they are not so (which happens only for the existence of transition) 
then Eqn. (2) must be expanded for including the transition moments. In addition, one 
has to consider this transition moment for the case of Majorana neutrinos. Now, if we 
consider the case of scattering of any νe or ̅νe into any type of neutrino (νe, νµ, and ντ) 
through the magnetic moment, then without taking into consideration of neutrino mass 
Eigen states, we can compare the results of nuclear magnetic moment obtained from 
reactor neutrinos, tritium source and beta-beams. 

 The best possible way for making improvement in the limits of nuclear magnetic 
moment (or detecting it) requires three conditions, which must be fulfilled: 
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1. The spectrum of neutrino source must be understood in a very good manner. 
2. One should be able to measure the electron recoil in the lowest possible 

energy region. 
3. Neutrino flux of very high intensity. 

 Use of large Tritium source with a very low threshold Time Projection Chamber 
(TPC) detector is a very good idea for making improvement in the limits of neutrino 
magnetic moment. As the main advantage of using this configuration is that the flux of 
neutrino will be well known (neutrino spectrum will be well understood) and at low 
recoil energy large number of counts can be obtained. With this configuration, one can 
obtain the value of neutrino magnetic moment very sensitively to a few ×10-12 µB [21]. 

 Beta-beam is a very good method to produce a very intense, well collimated and 
a pure beam of neutrino [31]. This method uses radioactive nuclei, which decay by β-
decay. Very important benefit of using this method is that the spectrum of neutrino will 
be understood deeply. This method has been proposed by Volpe to produce the low 
energy neutrino from beta beams [32]. The beta beam method is very new and now 
plans are underway to get good results for neutrino magnetic moment using it [33]. 
However, this method has the limitation of production of neutrino flux, since to reach 
the current limit of few ×10-11 µB requires approximately 1015 ions/second. Using higher 
flux of neutrino one can get a much better result of neutrino magnetic moment. 

 In case of reactor neutrino, though we get a very intense neutrino flux, but still it 
has the limits of µν ≤ 10-10 µB. As the recoil spectrum obtained from reactor is not well 
understood below ~ MeV region. Therefore, if one wants to improve the upper limit of 
neutrino magnetic moment then it is necessary to have a deep understanding of low 
energy part of the neutrino spectrum. 

 The GEMMA spectrometer at the Kalinin Nuclear Power Plant have provided 
most recently and worldwide best upper limit of 2.9 × 10−11 μB at 90% confidence level 
for the neutrino magnetic moment [28]. 

2.4 Neutrino Electron elastic scattering 

 The Savannah River Experiment was an initiative in doing the measurement of 
neutrino-electron elastic scattering experiment with reactor [34]. It is a very simple and 
purely leptonic weak process, which is capable in testing of standard model (SM) of 
electroweak interactions. This can also be used in measuring the electromagnetic 
properties of neutrinos, such as neutrino magnetic moment. 

 With the accelerator the neutrino-electron scattering has been studied, for many 
generations by making use of mostly νμ ( ̅νµ) [35, 36]. In that, it was found that Q2~10-2 
GeV2 (Q: Four momentum transfer) and up to ± 3.6% accuracy the electroweak angle 
(Sin2θw) was probed. Instead of νμ, by making use of νe, the interaction has also been 
studied, at the accelerators of medium energy and at power reactors [31-34] [42].  
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                        (3) −− +→+ ee eeee )()( νννν

 This plays an important role in making detection of solar neutrinos and from that, 
using standard model νe – e scattering cross section, it can be very easy to obtain the 
neutrino oscillation parameters [37]. This interaction can occur through the charge 
current (CC), neutral current (NC) and their interference (Int) [38], as shown in Figure 
1. The source of matter oscillation, inside the sun (solar neutrinos) is the interference 
effect in νe – e scattering [39]. Findings of different experiments on νe – e and ̅νe –e 
scattering cross-section have been given in Table 3. 

 Now, for the νμ (̅νµ) – electron, elastic scattering the differential cross section for 
the case of standard model, in the laboratory frame (means for NC only) can be given 
as [47] [48]: 
                                                        

                                       
                                                                                                                          (4) 
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 Where, Eν is the energy of incident neutrino energy; GF is the Fermi’s coupling 
constant; T is the kinetic energy of the recoil electron; gV is the vector coupling 
constants; gA is the axial-vector coupling constants and the upper (lower) sign refers to 
the interactions with νμ (̅νµ). 

 For the case of νe (̅νe) - electron scattering [38] differential cross-section can be 
given as: 
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The values of the coupling constants assigned by standard model are given as: 
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Where,                is the weak mixing angle. Therefore, in terms of              the 
differential cross-section for the case of standard model can be expressed as: 
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As we know that the event rates (Rexpt) of any experiment represents the observable is 
in the unit of kg -1 day-1, and for the case of standard model, the predicted rate can be 
given as: 

  (9) .][)( dTdE
dE
d
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dR
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Where: ρe = Electron number density per kg of target mass and dφ/dEν = Neutrino 
spectrum.  

Now, the cross section ratio 
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can be used in probing the new physics in a model independent way. For the case of 
interference effects, measured rate are as follows: 

   (11) ..exp IntNCCCt RRRR η++=

For the case of charge current – neutral current interference in νe ( ̅νe) – electron in 
standard model, it is destructive which means η(SM) = −1. With this, any deviation, 
either in sign or in magnitude of interference effect (η) can be measured.  

From Eqns. (8) and (9), the expected accuracies on Sin2θW (represented as, ∆ [Sin2θW]), 
which are related with the experimental uncertainties in cross section ratio ξ 
(represented as ∆ [ξ]) by: 
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respectively, for the reactor ̅νe –e [40] and accelerator νe - e experiments [31-32]. 
Similarly, the sensitivities of Sin2θw and (gV, gA) from reactor ̅νe - e are expected to 
improve as for the case of νe - e measurements. The relative strength of the charge 
current, neutral current and their interference are in the ratios (normalized to Rexpt = 1) 
as:  

  (13) { }.)69.0:92.0:77.0(
)93.0:16.0:77.1(

efor
efor

e

e

−
−

ν
ν~)::( IntNCCC RRR

 

The standard model was tested and the value of Sin2θw was also measured with 
accelerator experiments in both regions, high energy (Q2 > GeV2) as well as low energy 
(Q2 < 10-6 GeV2); and the value of Sin2θw derived from high energy region was almost 
3σ higher than the predicted value of standard model (SM) [47] [49]. The cross section 
ratio defined in Eqn. (10) can be obtained using a minimum χ2 fit, which is defined as 
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Where, RSM (i) = Expected event rates at ith bin by SM; Rexpt (i) = Measured event rates 
at ith bin by the experiment and ∆stat (i) = Corresponding statistical error. 

  The TEXONO collaboration applied the same procedure for the case of reactor 
OFF, as they adopted for the ON case, only the earlier predicted background was 
reduced, and they worked on the resulting residual spectrum [40]. The best fit of the 
residual spectrum with Eqn. (14) have given:  

ξ (OFF) = 0.03 ± 0.36(stat), (15) 

at χ2/dof = 10.3/9, which explains a good achievement in making control on the 
background subtraction. Taking into the consideration of systematic uncertainties and 
combining all reactor’s ON and OFF data, which have been obtained from all period’s 
data taking, the TEXONO collaboration derived the value of cross section ratio as 

ξ = 1.08 ± 0.21(stat) ± 0.16(sys)       (16) 

at χ2/dof = 8.7/9. From here, it became clear that the result of measurement of ̅νe – e 
cross section was lying on the same plane as the prediction of standard model. The 
above obtained results demonstrate a probe to SM at Q2 ~ (3 × 10−6) GeV2 and at the 
same time TEXONO collaboration also represented the improvement attained by the 
earlier reactor neutrino experiments [37 - 38] [40] [42]. 

2.5 Neutrino oscillations 

 Neutrino oscillation is a quantum mechanical phenomenon. Under this 
phenomenon, a neutrino is created with a specific lepton flavour such as electron, 
muon, or tau and can be measured to have a different flavour. As neutrinos propagate 
through the space, probability of finding a particular neutrino at a particular place is 
changing periodically [50]. Bruno Pontecorvo [51-53] first time predicted this peculiar 
behaviour of neutrino in 1957 and later by Maki, Nakagawa and Sakata [54] therefore, 
the neutrino-mixing matrix is generally called as the PMNS matrix.  

 This property of neutrino has been observed by various experiments worldwide 
in several different contexts. It is found that this property of neutrino was the main 
cause of the solar neutrino problem. Observation of neutrino oscillation property 
confirmed that the neutrino has non-zero mass and originally zero neutrino mass was 
mentioned in the Standard Model of particle physics. This ignites interest of theoretical 
as well as experimental personals towards neutrino oscillation phenomenon [50]. Last 
year (2015) Nobel Prize for Physics has been awarded to Takkaki Kajita and Arthur 
McDonald for their significant contribution in neutrino physics and providing 
discovery of proof for neutrino oscillation [55].   

https://en.wikipedia.org/wiki/Neutrino
https://en.wikipedia.org/wiki/Muon
https://en.wikipedia.org/wiki/Tau_lepton
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 Neutrinos can be found in a definite flavor such as νe, νµ, or ντ. However, if 
neutrinos have a finite mass state, the flavor composition of a neutrino could vary 
continuously as functions of the distance and neutrino’s energy. This behavior of 
neutrino is called neutrino oscillation. In the framework of quantum mechanics, the 
assumption that a neutrino of a particular flavor need not be a state of a definite mass, 
but instead it could be a coherent superposition of several states of definite masses.  

 In the quantum mechanical framework, consider only two type of massive 
neutrinos νi; i = 1, 2 having different masses mi. We know that the development of a 
function (ψ) with momentum p may be written as ψ(t) = ψ(0)eipL. Here we consider 
relativistic high-energy system of units where ħ = c = 1. For relativistic neutrinos p = 
√(E2 – m2) ~ E - m2 / 2E. Neutrinos acquires phase νi (L) = νi (0).           , as it, passes 
distance L in the vacuum and acquire additional phases when it passes in the matter, 
the so-called MSW effect [56] [57]. Further assume that the neutrinos flavour νe and νeα 

are coherent superpositions of the states νi, i.e. νe = Cosθν1 + Sinθν2, but orthogonal 
combination represents the other flavor neutrino να = - Sinθν1 + Cosθν2, where 
parameter θ is the so-called mixing angle.  

E
Limi

e 2

2
−

Consider a beam of neutrinos at initial distance (L = 0), it is pure νe having form  
)( 22 mE −
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 Weak interactions will be used to check the purity of the beam at distance (L). 
Therefore,  the  projection  of  the  νi  back to the  flavor  basis νe and να is  necessary. 
Thus 
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The square of the amplitude of  corresponding νe(0) will  provide  information about 
the probability of observing νe at a distance L. After simple algebraic steps, this 
becomes: 

P (νe → νe) = 1- Sin2 2θ Sin2  )
4

(
E

LmΔ 2
 , and P (νe → να) = Sin2 2θ Sin2 )

4
( .    (19) 

2

E
LmΔ

 Where, ∆m2 (= m2
1 – m2

2) is the neutrino mass squares difference. If we place 
∆m2 ≠ 0 instead of ∆m2 = 0 as indicated in the standard model of particle physics, and θ 
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≠ 0 or π/2, the neutrino beam composition will oscillate as a function of L / Eν with the 
amplitude Sin2 2θ and the wavelength 

 

Losc =                  ≡ Losc (m) =                         .         (20) 2.4
m
E

Δ
π

)(
)(48.2

22 eVm
MeVE

Δ
 

Observation of neutrino oscillations sheds light in the generalization of the realistic 
case of three neutrino flavors and three states of definite mass is straight forward. The 
associated mixing is characterized by three mixing angles such as θ12, θ13, θ23, with one 
possible CP violating phase δCP, and two mass square differences, Δ  and . 
The best measured values using current data are Sin2 (2θ12)=0.846 ± 0.021, Sin2 

(2θ13)=0.093 ± 0.008, Sin2 (2θ23) =  ,  = (7.53 ± 0.18) × 10-5 eV2, and 

= (2.44 ± 0.06) × 10-3eV2 (assuming m3 > m2) [58]. The neutrino mass hierarchy 
and the δCP value are still unknown.  

2 2
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 At the beginning most of the reactor-based experiments were short-baseline (L 
≤100 m) experiments [59-66]. Although they were not able to observe neutrino-
oscillation but they played an important role for the understanding of the reactor 
neutrino flux and spectrum. In the year 2000s, KamLAND experiment [67-69] – a 
reactor neutrino based experiment with enough precision showed that the long-standing 
problem of solar neutrino deficit is actually caused by neutrino oscillations. This 
experiment showed for the 1st time that the reactor anti-νe component is changing with 
L / Eν and the most accurate mass-squared difference ∆m2

21 value of that time. 

The present reactor based experiments such as Daya Bay [70, 71], RENO [72] 
and Double Chooz [73, 74] measured the value of mixing angle θ13 ~ 8.9 (Sin22θ13 = 
0.092 ± 0.016 (stat) ± 0.005 (syst.) [65] [149] [150]) with very high precision (5.2σ) 
and the measured value was unexpected from the earlier thoughts of many physicists 
[149]. In 2014 an updated result was reported by the Daya Bay collaboration [151] 
which  used  the  energy spectrum  for  placing  the  bound  on  the  mixing  angle  as 
Sin2 (2θ13) = 0.090 + 0.008 – 0.009. It is a matter of another achievement for Daya Bay, 
because by using its data for getting the signals of light sterile neutrinos they have 
exclusion of previous unexplored  mass  region  too [152].  Recently  Collaboration  
has presented a new best fit for  mixing angle  and  mass  difference  values  as [153] 
Sin2 (2θ13) = 0.084   ± 0.005,           =             × 10-3 eV2. RENO collaboration 
announced in year 2012, a 4.9σ observation of θ13 ≠ 0, with Sin2 (2θ13) = 0.113 ± 0.013 
(stat.) ± 0.019 (syst.) [158-159]. In year 2013 RENO updated its earlier results and 
given [160] better result of Sin2 (2θ13) = 0.100 ± 0.010 (stat.) ± 0.015 (syst.).  
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 The first result of the Double Chooz collaboration was in the direction of a hint 
for a non-zero value of θ13 [155]. In year 2012, Double Chooz experiment measures θ13, 
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without excluding the concept of neutrino oscillation [156] and in year 2013 
collaboration used delayed neutron capture on hydorgen measure the θ13 mixing angle 
[157] Sin2 (2θ13) = 0.097 ± 0.034 (stat.) ± 0.034 (syst.). In 2014, from the data obtained 
in reactor off condition they measured the background and reported [155] the value of 
Sin2 (2θ13) = 0.102 ± 0.028 (stat.) ± 0.033 (syst.). With this result they subtracted the 
background and systematic errors and then provide the result of Sin2 (2θ13) = 0.090 + 
0.032 –0.029 [154]. 

 The planned reactor neutrinos based experiments, such as JUNO [75] and 
RENO-50 [15], have discovery potential and may shed light on the missing 
fundamental features of the oscillations, the neutrino mass hierarchy, and the phase δCP 
that characterizes the possible charge and parity (CP) violation. Although most of the 
neutrino oscillation results are explained by the three-neutrino assumption but few 
reactor antineutrino anomalies [86] cannot be explained with this assumption.  If 
confirmed, they would indicate the presence of few more neutrino families such as 
fourth, or fifth, etc. called sterile neutrinos.  

2.6 Search for the smallest oscillation angle 

 The atmospheric [76] and long baseline accelerator [77] based neutrino 
experiments measured the mixing angles of neutrino mixing. Unlike the Cabibbo–
Kobayashi–Maskawa (CKM) matrix in quark sector [58], the mixing angle in the 
neutrino-sectors appears to be large, θ23 ∼ 45°. The solar neutrino and reactor neutrino 
based experiments such as KamLAND measured the mixing angle θ12 ~ 33°. Therefore 
it was obvious to expect similar magnitude to the third mixing angle θ13. To measure 
deficit of the electron antineutrino flux will give information about non-zero value of 
the third mixing angle and kilometer order reactor neutrino based oscillation 
experiments are the best suited for this purpose. The amount of the deficit is directly 
proportional to the value of Sin22θ13. Through the reactor neutrino-based, experiment 
high precision results can be achieved.  
 Initially CHOOZ [78] and PALO VERDE [79], two reactor neutrino based 
experiments of the order of kilometers were constructed to measure θ13. The distance of 
the CHOOZ detector from the twin core was around 1,050 m and it collected data until 
July 1998. The distances of the PALO VERDE detector were 750, 890 and 890 m from 
the 3 reactor cores and it took data until July 2000. However, unfortunately, none of 
them were able to observe the⎯νe deficit caused by θ13 oscillation and therefore only 
placed an upper limit of Sin22θ13<0.10 at 90% C.L. [78].  
 To know the precise value of θ13, the scientific community developed the second-
generation reactor neutrino based experiments such as Double Chooz [73], RENO [72] 
and Daya Bay [70]. The key parameters of such important experiments are summarized 
in Table 4.  
 We could say that the second-generation reactor neutrino based experiments 
were a great success. In a very short span of operation, Double Chooz, Daya Bay and 

http://www.nature.com/ncomms/2015/150427/ncomms7935/full/ncomms7935.html#ref22
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RENO, showed clear evidence of anti-νe disappearance at around kilometer baselines 
[70], [72 - 73].  Daya   Bay   experiment   showed   their   best-fit  value  in  2015  as  
sin2 2θ13=0.084 ± 0.005. Although, at present, the precisely measured θ13 value is now, 
the best among all three mixing angles. The KamLAND experiment shed light on the 
different oscillation component driven by θ13 and          , and pleased the best-fit 
frequency of the oscillation yields              =             × 10-3 eV2 considering normal 
mass hierarchy [80-81]. Up to the end of this year, Daya Bay experiment is expecting 
to measure both sin22θ13 and            to precisions below 3% [82]. It seems that the 
longstanding issue of θ13 value is now successfully resolved. The unexpected large 
value of θ13 opens the new window for future experiments to observe the neutrino mass 
hierarchy and to measure the CP-violating phase in the leptonic sector [10]. 
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2. 7 Determination of Neutrino Mass Hierarchy 

At present, the values of             and              are almost known. Physics community 
does not know about their sign. The positive and negative sign will tell us about the 
neutrino mass ordering which is a problem of fundamental importance. Accurate 
determination of this parameter will shed some light on the measurement of the CP-
violating phase, and on the neutrinoless double beta-decay experiments. It will 
certainly improve our understanding of the core-collapse supernovae. The information 
regarding neutrino mass hierarchy could be obtained by combining the medium 
baseline of around 60 km reactor ⎯νe oscillation analysis with the long-baseline muon 
neutrino disappearance analysis [83].  
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 JUNO [75] and RENO – 50 [15] are two proposed medium baseline reactor 
experiments with one of the goals to determine the neutrino mass hierarchy. JUNO 
experiment is under construction in the Kaiping city, China, and to be operational in 
2020. The Yangjiang Nuclear Power Plant has six reactor cores of 2.9 GWth each and 
the Taishan Nuclear Power Plant has been planned four cores of 4.6 GWth each, both 
are under construction. It is expected that in operational mode all reactor cores together 
will provide the world’s strongest flux of neutrino. JUNO will observe approximately 
60 reactor ̅νe events per day. During the six year of continuous running, the expected⎯νe 
energy spectra with and without any background has been shown in Figure 2. For the 
determination of hierarchy and oscillation-parameters can be very effectively measured 
by the multiple oscillation structure as shown in the inset plot of Figure 2 [10]. The 
estimated sensitivity for the mass hierarchy determination will exceed 3σ value in first 
six years operation [84-86] and can be improved to 3.7 – 4.4σ [87]. 

 The proposed RENO-50 experiment will be in the city of Naju, and will receive 
neutrino from six cores of the Hanbit Nuclear Power Plant having 2.8 GWth each and 
will be operational in 2021. It has similar sensitivity reaches as JUNO experiment. 
Both experiments, JUNO and RENO-50 have great potentials in the precisions better 
than 1% measurements of the neutrino oscillation parameters [88] and are important to 
guide the directions of next generation experiments as well as models. 
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3. Reactor antineutrino spectra 

 Antineutrinos are produced in the core of nuclear reactor through the decay of 
neutron rich fission fragments. A thermal neutron absorbed by the 235U in the core of 
nuclear reactor and it fragments into 140Cs and 92Rb, along with these it produces few 
more neutrons and some energy around 200 MeV is taken away by the neutrinos, 
neutrons etc. It has been observed that ~ 200 MeV energy is released and six electron 
antineutrinos are produced. A nuclear reactor of 3GW thermal output will produce 
approximately 6 × 1020 electron antineutrinos per second. 

 Fission nuclei (235U) have asymmetric fission fragments distribution into lighter 
and heavier nuclei usually peaked around atomic mass number 95 and 137, 
respectively; 235U92 + n → X1 + X2 + 2n where, X1 and X2 may most likely be 94Zr40 
and 140Ce58.  It can be seen from this reaction equation that left hand side uranium has 
92 protons and 144 neutrons while in fragments on average 98 protons and 136 
neutrons. It means that to reach stable matter nuclei have to convert on average 6 
neutrons into 6 protons through beta decay and during each decays they will produce 
one electron antineutrino.  

 From nuclear reactor, almost pure (> 99.9%) electron antineutrinos are coming 
from fissions in 235U, 238U, 239Pu and 241Pu. In Figure 3, colored band is showing the 
uncertainty in the calculation. It has been observed [89 - 90] that the mean energy of 
the emitted electron anti-neutrino is around 3.6 MeV and therefore with this energy 
only electron antineutrino disappearance experiment can be performed. 

 From Figure 4 (a), it can be seen that production of almost all isotopes may be 
observed after four months of reactor operation except 239Pu and 243Am, which has 
fastest and slowest production rate, respectively. In production calculation of isotopes, 
we must consider some corrections because the percentage of the different primary 
isotopes changes with time and different fuel components yield different spectra. 
Neutrino experiments are receiving information related to the Figure 4 (b), from the 
nuclear power companies, who understand it very well. They are using information to 
calculate a time dependent rate of neutrino with energy including ~ 5% isotopes 
uncertainty in their yield.     

4. Search for the existence of Sterile Neutrinos 

Until today, based on experimental data, a question remains as before “clearly 
unanswered”. The question is that, are there other type of neutrinos except these three 
νe, νµ, and ντ. By the decay width measurement of Z-boson it came out that, there can 
be 2.92 ± 0.05 types of active neutrino flavors [91]. Hence, it is obvious that it refers 
for the existence of only three neutrino flavors. Not only this, but also explains the 
neutrino oscillation property using any of the solar, reactor, accelerator or atmospheric 
neutrino experiments. It was found that the concept of three neutrino flavors is very 
much obvious and true. Because,  it was  observed  that  for  two  mass  squared 
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difference          and          (whose values are ~ 7.6 × 10-5 eV2 and ~ 2.4 × 10-3 eV2, 
respectively) there exists only two oscillation frequencies. However, LSND – a Liquid 
Scintillator Neutrino Detector experiment firstly given indication for the breakthrough 
of the existence of only 3-neutrino flavors.  The result obtained from the LSND 
collaboration, were very far from the above values of          and           . Though LSND 
collaboration has observed an excess of different type of event in ̅νµ → ̅νe appearance 
channel [92] [93]. This event was represented as an oscillation with ∆m2 ~ 1 eV2. This 
result of LSND experiment marked question on the existence of only three neutrino 
flavors and therefore it is known as LSND anomaly. From this LSND anomaly, it came 
out that, there could exist some other types of neutrinos in nature, with masses m ~ 1 
eV. These additional neutrinos cannot go through weak interactions; because, they 
cannot couple to Z- bosons unlike the active three neutrino (νe, νµ, ντ). Therefore, they 
are called as sterile neutrinos and may play role in solving problems related to 
cosmology and astrophysics [94-97]. 

2
31mΔ2

21mΔ

2
31mΔ2
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Other than some indications by other experiments, which support the LSND 
anomaly, so far it is not observed in any other experiment. Nevertheless, there are some 
strong motivations also towards the light sterile neutrinos from different experiments 
such as: 

1. The MiniBooNE experiment (using accelerator neutrinos) provides similar 
findings as LSND, by observing event excess in the νµ → νe and ̅νµ → ̅νe 
appearance channels [98 - 99]. 

2. The GALLEX and SAGE experiments (using 51Cr, 37Ar neutrino sources) 
observed approximately 24% event deficit in the νe disappearance channel. This 
is also known as Gallium anomaly [100 - 101]. 

3. From the reactor experiments, currently it is observed that there is an increment 
in the antineutrino flux (̅νe) than the predicted one. It is observed that there is 
approximately 4-6% deficit between measured and predicted ̅νe flux obtained 
from reactors. This is called as reactor-antineutrino anomaly [102-105] [59-65]. 

 The above-mentioned anomalies can be explained either by assuming the 
presence of light sterile neutrinos or by accepting that the theory of neutrino physics is 
still imperfect. In addition, this has been observed from some other appearance and 
disappearance events searches that the most preferred region (∆m2 ~ 1eV2 and Sin2θ ~ 
0.1) needs modification [65] [106-118]. 

 These experimental observations lead the scientific community to think and 
hence propose of several neutrino oscillation experiments [119]. These include short 
baseline reactor ̅νe experiments (Osc SNS, LAr-TPC, LAr1-ND) [120-128] and VSBR 
(very short baseline reactor)  ̅νe experiments (PROSPECT [129], NuLat [130], 

http://www.nature.com/ncomms/2015/150427/ncomms7935/full/ncomms7935.html#ref119
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NUCIFER [131], [132], STEREO [119], DANSS [133], NEUTRINO-4 [134], [135], 
POSEIDON [136],SOLID [137], HANARO [138]). To solve the LSND anomaly, it 
needs that the oscillation pattern in (L / E) must be observed. In this connection very 
short baseline reactor (VSBR) neutrino experiments can be very effective; though the 
VSBR experiments have many challenges such as:  

1. For getting the minimum oscillation inside the core of reactor, the reactor must 
be very compact in size. 

2. Since the detectors cannot be placed deep inside the earth (in VSBR 
experiments), therefore the cosmic ray background is very high. Not only this but 
presence of fast neutrons and Gamma rays are more difficult to determine 
because, they produce with ̅νe. To resolve them proper shielding is required. 

3. In VSBR experiments the detectors used are normally Gd or 6Li (solid or liquid) 
loaded scintillators. In order to reduce the background and enhance the position 
resolution some of the detectors are segmented in small cells. However, it has 
also been observed that more cells are inactive. The calibration and controlling 
mutual variation of such detectors is very difficult. In addition, to measure the ̅νe 
spectrum, it requires sufficient light yield for all segmented detectors. 

 Apart from the above-mentioned challenges, the VSBR neutrino experiments (1-
8 MeV energy range and 5-20 m baselines) are still able to give us the answer of 
existence of light sterile neutrinos and their oscillations. 

5. Neutrino Coherent Scattering 

 Coherent neutral-current (NC) neutrino-nucleus scattering (CENNS) was first 
predicted theoretically in 1974 [1] but has never been observed experimentally. To 
know the physics beyond the standard model, coherent neutrino-atom and neutrino-
nucleus scattering play a very crucial role [139-141]. Of these scattering processes, one 
of the most important out come observed is the cross section. Not only this, but 
neutrinos can scatter coherently with the nucleons as well as with the atom itself. 

 The condition of coherence requires sufficiently small momentum transfer Q to 
the nucleon so that the waves of scattered nucleons in the nucleus are all in phase and 
contribute coherently i.e. the Q must be smaller than the inverse of nucleus or atomic 
size (QR ≤ 1). While interactions for neutrino energies in MeV to GeV range have 
coherent properties. Neutrinos with energies less than 50 MeV are most favorable, as 
they largely fulfill the coherence condition in most target materials with nucleus recoil 
energy of tens of keV. Generally, it is observed that the typical size of almost all nuclei 
is in the range of 25 MeV to 150 MeV. It is found that solar, supernovae, reactor and 
artificial sources of neutrino follow this condition very strictly [142].  

http://www.nature.com/ncomms/2015/150427/ncomms7935/full/ncomms7935.html#ref120
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 However, after its prediction, the coherent neutrino nucleus scattering still 
requires its experimental confirmation. This is also one of the very challenging tasks, 
which physicists from all over the world must solve, in order to probe the physics 
beyond the standard model. 

 In neutrino-nucleus coherent scattering (NNCS) process, the associated 
wavelength of neutrino is of the order of nucleus dimension and therefore it interacts 
with the whole nucleus, and hence provides an interaction cross-section, which is 
directly proportional to the square of weak charge, which is given as 
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Where, θ = Scattering angle, Z = Number of protons in the target nucleus, N = Number 
of neutrons in the target nucleus, G = Fermi constant, θw = Weak mixing angle, and Eν 
= Neutrino energy.  

 However, NNCS interaction cross section is balanced by very small recoil 
energies, which constitute the only observable signal of such interaction process. 
Generally, such recoil energy is inversely proportional to the atomic mass A, and [145] 
can obtain its average value 
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 This shows that the value of recoil energy is of the order of few keV or less. Such 
small value of recoil energy is the one of the challenging reasons and culprit for not 
observing the NNCS still.  

 The detection of NNCS will not only shed light on specifying the fundamental 
elements of standard model but it has some other important applications too such as 

1. The neutrino flavor independent property of NNCS; allowed us to measure or 
monitor the coming neutrino flux by oscillation experiments and supernova 
explosion.  

2. For the search of sterile neutrinos [146]. 

3. In nuclear reactor monitoring [147]. 

 We all  know that  reactors can provide a very high flux of neutrinos (Φ > 1012 
cm-2 s-1) with the energy of about 10 MeV. That is the reason reactor power plants are 
recognized as a good source for NNCS measurements. Also for many different reactor 
designs, it is possible to do the relative measurements and background characterization 
during reactor-OFF. The recoil energy of neutrinos produced by 235U and 239Pu is 243 
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eV and 207 eV, respectively but the recoil energy spectra extend up to ~ 6 keV. 
Currently near about 56 interactions / (kg-day) are being observed for neutrino-nucleus 
coherent scattering off Argon nuclei [148]. 

 For the proper detection of NNCS recoil energy spectrum, the detection 
technology used is very important because in low recoil energy region dark matter and 
NNCS informations may interfere with each other. Various technologies are floating in 
the market but the dual phase detectors technique based on noble gases seem to be able 
to fulfill almost all the requirements of the experiment. However, using liquefied noble 
gas is more useful in place of gaseous or solidified, because of its higher density. Inside 
the detector, the recoil energy produces a weak ionization signal in the liquid. With the 
help of electric field signal will be send into the gas region. In the gas region, it starts 
accelerating and during this, it interacts with the gas molecules, hence produces 
excitation, and finally achieves a proportional scintillation, which is detected by the 
photomultiplier tubes (PMTs). 

 The most suitable noble gases for dual phase ionization detectors are Ar and Xe. 
Of them, though Xe has large cross section for coherent neutrino scattering but at the 
same time, it has lower average recoil energy than Ar. Due to which the average 
number of primary electrons produced in Xe will be lower than Ar. Therefore, it is 
Argon, which is used for target medium not Xe, and Ar is much cheaper than Xe. 

 Various groups around the globe are trying hard to observe neutrino – nucleus 
coherent scattering (NNCS) phenomenon including TEXONO group [143]. This 
collaboration has also indicated that with the result of detecting this NNCS, they will 
be able to make improvements in the limits of neutrino magnetic moment (NMM). In 
the search of supernova neutrino, the NOSTOS (A novel low-energy i.e. a few keV, 
neutrino-oscillation experiment) collaboration is also in the path for detection of NNCS 
[144].  

 In future, if it is possible to make use of larger (approximately 10 kg) liquid Ar 
detector at any nuclear power plant, then a few hundred events/day from NNCS 
interactions can be observed. If the signal of neutrino follows the OFF period of reactor 
then it would provide the first observation ever of the neutrino-nucleus coherent 
scattering interaction [145].  

6. Role of neutrino for the society 

 The aim of worldwide study of neutrino is to learn the fundamental physics as 
well as to understand the fundamental laws of nature but on the way of this learning 
process, we developed some new facilities and technologies, which may be very useful 
to human beings. This will certainly improve our lifestyle in future. Especially, the 
reactor and accelerator - neutrino physics experiments have the potential to make our 
life better. At present, we have some important applications of the developed 
technologies during the study of neutrino physics, which are as follows:  
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1. Without using work force, a very small and simple neutrino detector could 
monitor the activity of the nuclear reactor core very easily and automatically. The 
main aim of such detector is to inform whether the reactor is working in a safe 
mode or going towards the danger mode; without direct access to the nuclear 
core itself. For this purpose, we just have to observe if there is any significant 
change in the relative yield of fissioning isotopes and in the spectrum of 
antineutrinos and accordingly action may be taken in its monitoring. Such 
detectors are also found very useful in measuring the thermal power and 
reactivity of reactor at a level of few percent. In California, there is such a 
detector, which is named as SANDS of size 1m3. This detector is located at 25 
meter away from the core of the San Onofre reactor site [161]. This detector is 
doing their work automatically and without using any work force.  

2. At this time almost every country wants to establish nuclear reactors for 
production of electricity (mostly) and for research purposes. However, we also 
know how nuclear reactors can be misused in destroying peace on earth. To stop 
it and to make sure of using such technology in making a peaceful, safe and 
secure life, there is an international agency (IAEA – International Atomic Energy 
Agency) which works together with its member countries, in this direction. The 
main aim of IAEA is to verify the use of nuclear materials and activities by 
people / group who have absolutely no relation with military or terrorist 
whatsoever [162]. The neutrino detectors (such as Double Chooz) can help this 
agency (IAEA), in perfecting and polishing their job because, in near future 
Double Chooz will be able to get millions of neutrino events in the near detector 
and ~ 20000 events per day at the far detector. Such a huge statistics will help the 
IAEA in proper handling of its mission around the world [163]. 

3. As we know that, the heat flow rate of our earth is in between 30 to 40 TW. We 
also know that the earth contains several radioactive materials such as Uranium 
(U), Thorium (Th), Potassium (K) etc. There are several models, which suggest 
slightly changed composition of earth. These models also suggest that near about 
20 TW of heat flow produces through the decay of U, Th and K [164]. We know 
that through the decay of U, Th and K, neutrinos are also coming out from the 
earth called as geoneutrinos. The end-point energies of Uranium and Thorium are 
greater than the threshold energy for the occurrence of inverse beta reaction with 
protons and therefore they can be detected as reactor antineutrinos. In addition, 
the geoneutrinos coming from Uranium and Thorium can be easily 
discriminated, because, their energy spectra are different. Thus, the antineutrinos 
(geoneutrinos) could be used in determining the exact contribution of earth heat 
flow from radioactive content of the earth and in determining the model, which is 
able to provide more exact content of the earth. At this time KamLAND 
experiment is working for detecting the geoneutrinos [165] and LENA (at the 
Center for Underground Physics in the Pyhasalmi mine, Finland) has been 
proposed [166]. In the near future, some more proposals may come for detection 
of geoneutrinos. 
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 Thus, we see that there are many important applications of the study about 
neutrino physics, which are serving our society. In the coming future the above number 
of applications will surely increase. Therefore, one can understand the importance of 
neutrino physics has in our life is.  

7. Summary 

 In understanding the fundamentals of physics and the laws of nature, study of 
neutrino has played a very important role. In this study, reactor-neutrinos are the 
experimental initiative. Using the reactor neutrinos, many serious questions have been 
answered. This starts with the discovery of neutrino. Recently using reactor neutrino 
the question of its oscillation has been answered which leads to the generation of mass 
of neutrino. Worldwide, there are several neutrino experiments which have been 
proposed (such as JUNO, RENO) and some are working (such as Daya Bay, Double 
Chooz, TEXONO), for answering other questions, such as, whether sterile neutrinos do 
exist or not. The answer to them might lead us to a new world of many more questions. 
Finally, all these studies will help the society, which will take some time. However, the 
earlier studies on neutrino physics is helping us presently in making use of nuclear 
energy for peaceful purposes. 
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Table1. Parameters of currently working reactor antineutrino experiments [16] are 
listed. 

Experiment Thermal 
Power 
(GWth) 

Distance to 
Near/ Far 
(m. w. e) 

Shielding 
Near/Far 
(m. w. e.) 

Target 
mass (tons) 

Sensitivity 
Sin22θ13 

(90% C.L.) 
Double 
Chooz 

(France) 

 
8.4 

 
390/1050 

 
115/300 

 
8/8 

 
0.03 

RENO 
(Korea) 

17.3 290/1380 120/450 16/16 0.02 

Daya Bay 
(China) 

 
17.4 

360/ 1985  
260/910 

2 × 2 × 20 
(N) 

4 × 20 (F) 

 
0.01 

 

 

 

Table 2: The bounds on neutrino magnetic moment are listed.  

Experiment Type of 
neutrinos 

Upper limit of μB Confidence 
level 

Savannah River 
[22] 

Reactor μν < 2-4 × 10−10 μB 90% 

Kurtchatov [23] Reactor μν < 2.4 × 10−10 μB 90% 
Rovno experiment 

[24] 
Reactor μν < 1.9 × 10 -10 μB -- 

Super Kamiokande 
[25] 

Solar μν < 1.5 × 10-10 μB  90%  

MUNU 
Collaboration [26] 

Reactor Recent μν < 9 
×10−11 μB 

90% 

TEXONO [27] Reactor μν < 7.4 × 10−11 μB 90% 
GEMMA 

spectrometer [28] 
Reactor μν < 2.9 × 10−11 μB 90% 

Astrophysical/ 
Cosmological 

considerations [29] 

Big Bang 
Nucleosynthesis, 
Star Lifetime and 
Cooling, 
Supernova 
explosions  

In the range 10−11 – 
10−12μB 

-- 
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Table 3: List of neutrino-electron elastic scattering cross-section achieved from 
various experiment, using neutrinos of different energy (Eν) [40]. 

 Experiment Eν in MeV Cross-section 

 

 Accelerator 
νe  

       LAMPF [41] 7 < Eν < 50 [10.0 ± 1.5 ± 0.9] · Eν × 
10-45 cm2 

                          LSND [42] 20 < Eν < 
50 

[10.1 ± 1.1 ± 1.0]Eν ×10-

45 cm2 

 

 

 

 

   Reactor ̅νe 

 

 

Savannah 
River 

   

 

     Original 
[34] 

1.5 < Eν < 
8.0 

[0.87 ± 0.25] σ V −A 

3.0 < Eν < 
8.0 

[1.70 ± 0.44] σ V −A 

   

 

   Re- 
analyzed [43]

1.5 < Eν < 
8.0 

[1.35 ± 0.4] σ SM 

3.0 < Eν < 
8.0 

[2.0 ± 0.5] σ SM 

Krasnoyarsk [44] 3.2 < Eν < 
8.0 

[4.5 ± 2.4] × 10-46 
cm2/fission 

Rovno [45] 0.6 < Eν < 
8.0 

[1.26 ± 0.62] × 10-44 
cm2/fission 

MUNU [46] 0.7 < Eν < 
8.0 

[1.07 ± 0.34] events/day 

TEXONO [40] 3.0 < Eν < 
8.0 

[1.08 ± 0.21 ± 0.16] σ SM 
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Table 4: Key parameters of the reactor neutrino based experiments [10]. 

 Power (GWth) Baseline (m) Mass (ton) Overburden  
(m. w. e.) 

CHOOZ [78] 8.5 1,050 5 300 

PALO VERDE [79] 11.6 750–890 12 32 

Double Chooz [73] 8.5 400 8 120 

 1,050 8 300 

 

RENO [72] 

16.8 290 16 120 

  1,380 16 450 

 

Daya Bay [70] 

17.4 360 2 × 20 250 

  500 2 × 20 265 

  1,580 4 × 20 860 

 

 

 
Figure 1: Interactions of ̅νe - e for the standard model charge current and neutral 
current channels [40]. 
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Figure 2: JUNO experiment’s layout and inset is the expected signal spectrum. 

 

 

 
Figure 3: Production of neutrinos from 235U, 238U, 239Pu and 241Pu as a function of its 
energy (MeV) [89] 
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Figure 4: (a) Production of fission isotopes and (b) fission rate with respect to time is 
also shown [89]. 
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