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Reactor Neutrinos
I Nuclear reactors are the most intense terrestrial sources of

electron antineutrinos ν̄e

I n + 235U → A + B + 2.5n + 6e− + 6ν̄e + 200 MeV
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I Nν̄e ' 2 × 1020 s−1 GW−1
th

I Φν̄e ' 1.6 × 1013 cm−2 s−1 GW−1
th at 10 m

I Comparison: ΦSun
νe ' 6.4 × 1010 cm−2 s−1 on Earth.

I Reactor Neutrinos are a great opportunity for Neutrino Physics!

I Indeed neutrinos were detected for the first time by Cowan and Reines in
1956 at the Savannah River nuclear reactor.

I Further advantages:

I The ν̄e flux is under control: background measurement when reactor is off.

I The ν̄e detection cross section is well-known.
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Detection: Inverse beta Decay

just due to reactor neutrons leaking into the detector.
These marginal results merely served to whet our
appetites—we figured that we had to do better than that.
Back home, we puzzled over the origin of the reactor-

independent signal. Was it due to ‘‘natural’’ neutrinos?
Could it be due to fast neutrons from the nuclear cap-
ture of cosmic-ray muons? The easiest way to find out
was to put the detector underground. So back at Los
Alamos we performed an underground test that showed
that the background was in fact from cosmic rays. While
we were engaged in this background test, some theorists
were rumored to be constructing a world made predomi-
nantly of neutrinos!

THE SAVANNAH RIVER EXPERIMENT

Encouraged by the Hanford results, we considered
how it might be possible to build a detector that would
be even more discriminating in its rejection of back-
ground. We were guided by the fact that neutrons and
positrons were highly distinctive particles and that we
could make better use of their characteristics.
Figure 4 is a schematic of the detection technique

used in the new experiment. An antineutrino from fis-
sion products in the reactor is incident on a water target
containing cadmium chloride. As previously noted, the
n̄e1p reaction produces a positron and a neutron. The
positron slows down and is annihilated with an electron,
producing two 0.5 MeV gamma rays, which penetrate
the water target and are detected in coincidence by two
large scintillation detectors on opposite sides of the tar-
get. The neutron is slowed down by the water and cap-

tured by the cadmium, producing multiple gamma rays,
which are also observed in coincidence by the two scin-
tillation detectors. The antineutrino signature is there-
fore a delayed coincidence between the prompt pulses
produced by e1 annihilation and those produced micro-
seconds later by the neutron capture in cadmium.
These ideas were translated into hardware and associ-

ated electronics with the help of various support groups
at Los Alamos. Figure 5 is a sketch of the equipment. It
shows the target chamber in the center, sandwiched be-
tween the two scintillation chambers. Figure 6 shows
one of the banks of 55 photomultiplier tubes that was
used to view the scintillation chambers. Then, in the fall
of 1955, at the suggestion and with the moral support of
John A. Wheeler, the detector was taken to a new, pow-
erful (700 MW at that time), compact heavy-water mod-
erated reactor at the Savannah River Plant in Aiken,
South Carolina.
The Savannah River reactor was well suited for neu-

trino studies because of the availability of a well
shielded location 11 meters from the reactor center and
some 12 meters underground in a massive building. The
high n̄e flux, 1.231013/cm2/sec, and reduced cosmic-ray
background were essential to the success of the experi-
ment which, even under those favorable conditions, in-
volved a running time of 100 days over the period of
approximately one year.

Observation of the neutrino

At Savannah River we carried out a series of mea-
surements (Reines et al., 1950) to show that:

FIG. 3. Photograph of Clyde Cowan (right) and me (left) with
some of the equipment we used in the Hanford experiment.

FIG. 4. Schematic of the detection scheme used in the Savan-
nah River experiment. An antineutrino from the reactor inter-
acts with a proton in the target, creating a positron and a neu-
tron. The positron annihilates on an electron in the target and
creates two gamma rays, which are detected by the liquid scin-
tillators. The neutron slows down (in about ten microseconds)
and is captured by a cadmium nucleus in the target; the result-
ing gamma rays are detected in the liquid scintillators.

321F. Reines: The neutrino: from poltergeist to particle

Rev. Mod. Phys., Vol. 68, No. 2, April 1996

ν̄e + p → n + e+

Cowan and Reines 1956

I The delayed (. 200µs) neutron capture signal is crucial for the
background suppression.

I Well-known cross section obtained by crossing from the neutron lifetime.
I Neutrino energy measurement: Eν̄e ' Te + 1.8 MeV

Te = Eprompt − 2me
Eprompt is total visible prompt energy from positron annihilation
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Nuclear Fuel
I Nuclear reactor energy is produced by the fissions of

235U 238U 239Pu 241Pu
I 235U, 239Pu, and 241Pu are fissile nuclides, i.e capable of sustaining a

nuclear fission chain reaction.
I They have large fission cross section and small neutron capture cross

section for slow “thermal” neutrons (En ≈ 0.025 eV).
I 238U can be fissioned by the fast neutrons (En ≈ 2 MeV) emitted in

fissions but it has a small fission cross section and a large neutron
capture cross section.

I 235U is the only natural fissile nuclide. Natural Uranium: 0.72% of 235U.
I Neutrons are slowed down by the moderator (H2O, D2O, C).
I In typical light water reactors (LWR) the moderator is H2O that has a

significant neutron capture cross section.
I LWR use Low Enriched Uranium (LEU) with 3-5% of 235U to sustain the

nuclear chain reactions.
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Commercial Light Water Reactors

I In a commercial LWR nuclear power plant as Daya Bay a reactor burning
cycle (18 months) starts with the replacement of 1/3 of the fuel
elements with fresh LEU.
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[Daya Bay, Chin. Phys. C 41 (2017) 013002]

I 239Pu is generated from 238U:

n + 238U → 239U + γ
↓

239Np + e− + ν̄e
↓

239Pu + e− + ν̄e

I 241Pu is generated from 239Pu:

n + 239Pu → 240Pu + γ

n + 240Pu → 241Pu + γ
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Research Reactors

I Optimized as neutron sources for testing of materials and production of
radioisotopes.

I Use Highly Enriched Uranium (HEU): about 93% of 235U (weapons
grade).

I The burning cycle is short (about 1 month), minimizing the production
of 239Pu and 241Pu.

I The 235U fission fraction is larger than 99%.

I Small core sizes (good for neutrino oscillation measurements).

I The frequent reactor-off periods during refueling allow a precise
background determination.
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Reactor ν̄e Flux Calculation
Reactor ν̄e flux produced by the β decays of the fission products of

235U 238U 239Pu 241Pu

aimed to determine cumulative fission yields. Examples of

such campaigns include work performed at Los Alamos in

the 1970s to support the inter-laboratory liquid metal fast

breeder reactor reaction rate collaboration, which relied on

determining the number of fissions using fission chambers

and beta counting to quantify fission products [2–4]. Pos-

sibly due to the complexity in quantifying a multitude of

short- and medium-lived fission products using radio-

chemical separations and beta counting, this effort focused

on long-lived nuclides and the determination of cumulative

fission yields.

Gamma spectrometry has been used by other authors,

such as Laurec, Metz et al. and Finn et al. in order to

quantify fission products [4–6]. These studies efforts have

also focused on measuring cumulative fission yields.

To date, independent yields have been primarily found

using semi-empirical models to describe the distribution of

fission products in terms of mass, charge, and isomer di-

rectly following fission. The product of these three mar-

ginal distributions gives the independent fission yield [7].

The fractional independent fission yield, which describes

the distribution of charge for a fission product given a

particular mass, has been studied by Wahl [8]. Wahl de-

fines the most likely charge for a nuclide with mass A,

called ZpðAÞ; and suggests a normal charge distribution

about ZpðAÞ with a charge distribution width r: Further

work revealed regular variation in r related to the number

of protons and number of neutrons (later called the even–

odd effect) and overestimations versus underestimations in

predicted yields based on lighter versus heavier fission

products, and Wahl’s ZpðAÞ model was updated to incor-

porate these effects [9, 10].

Using measurements of cumulative yields (in effect, the

sums of independent yields along a decay chain), the pa-

rameters in these hypothesized models have been fit in

order to ensure agreement between the predicted and

measured values. However, measurements of independent

yields are needed to ensure that all major effects are cap-

tured by the models and variations along a decay chain and

reflected in the nuclear data. This requires measurements of

independent yields and increased focus on short- and

medium-lived fission products.

Shortcomings of present data

The existing data for neutron-induced FPY has three sig-

nificant shortcomings: discrepancies between the values

reported by different data libraries, reported uncertainties

on cumulative and independent fission yields that fail to

capture the apparent uncertainty in the true value in light of

the disagreement between data libraries, and a lack of

empirical measurements of independent fission yields.

Table 1 shows the independent fission yields for a por-

tion of the high-yield 131 mass chain as reported by the

JEFF and ENDF data libraries [1, 11]. The large differ-

ences between the values reported by each data library

suggest that additional measurements are needed to better

determine the true value for the reported yields.

Given the significant differences between the values re-

ported in the ENDF and JEFF libraries, the reported standard

Fig. 1 Cumulative fission

product yields for thermal-

neutron-induced fission of 235U

and 239Pu. Crosses show data

taken from the ENDF/B-VII

data library and lines are

provided to aid visualization [1]

214 J Radioanal Nucl Chem (2015) 305:213–223

123

[Dayman, Biegalski, Haas, Rad. Nucl. Chem. 305 (2015) 213]
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I For each allowed β decay the electron spectrum is

Sβ(Ee) = KpeEe (Ee − E0)
2 F (Z ,Ee) (Eν = E0 − Ee)

Sν(Eν) = K
√

(E0 − Ee)2 − m2
e (E0 − Ee)E2

ν F (Z ,Ee)

I Aggregate reactor spectrum (electron or neutrino):

Stot(E , t) =
∑

k
Fk(t)
↑

fission fractions

Sk(E) (k = 235, 238, 239, 241)

Sk(E) =
∑

n
Y k

n
↑

cumulative
fission yield

∑
b

BRb
n Sb

n (E)
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I The ab initio calculation of each Sν
k (Eν) requires knowledge of about

1000 spectra and branching ratios (k = 235, 238, 239, 241).

I Nuclear data tables are incomplete and sometimes inexact.

I Semi-empirical method: conversion of the aggregate β spectra Sβ
k (Ee)

measured at ILL in the 80’s with ∼ 30 virtual β branches.

[Schreckenbach, Colvin, Gelletly, Von Feilitzsch, PLB 160 (1985) 325]
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I In the 80’s Schreckenbach et al. measured the aggregate β spectra of
235U, 239Pu, and 241Pu exposing thin foils to the thermal neutron flux of
the ILL reactor in Grenoble.

I The standard reactor ν̄e fluxes and spectra from 235U, 239Pu, and 241Pu
were obtained with the virtual-branches conversion method:
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[Huber, PRC 84 (2011) 024617]

I The conversion method was estimated to have about 1% uncertainty.
[Vogel, PRC 76 (2007) 025504]

I Estimated total uncertainties on the neutrino detection rates:

2.4%(235U) 2.9%(239Pu) 2.6%(241Pu)
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I The 238U ν̄e flux was calculated ab initio with estimated 8% uncertainty.
[Mueller et al, PRC 83 (2011) 054615]

I Approximate agreement with the 2014 β spectrum measurement at
FRM II in Garching using a fast neutron beam. [Haag et al, PRL 112 (2014) 122501]
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[Haag et al, PRL 112 (2014) 122501]
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Reactor Electron Antineutrino Anomaly
[Mention et al, PRD 83 (2011) 073006]

New reactor ν̄e fluxes: Huber-Mueller (HM)
[Mueller et al, PRC 83 (2011) 054615; Huber, PRC 84 (2011) 024617]
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I The Reactor Electron Antineutrino Anomaly can be due to Neutrino
Oscillations that generate the disappearance of reactor ν̄e .

Standard Three Neutrino Mixing

I Flavor Neutrinos: νe , νµ, ντ produced in Weak Interactions

I Massive Neutrinos: ν1, ν2, ν3 propagate from Source to Detector

I Neutrino Mixing: a Flavor Neutrino is a superposition of Massive
Neutrinos |νe〉

|νµ〉
|ντ 〉

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

|ν1〉
|ν2〉
|ν3〉


I U is the 3 × 3 unitary Neutrino Mixing Matrix
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Neutrino Oscillations

|ν(t = 0)〉 = |να〉 = Uα1 |ν1〉+ Uα2 |ν2〉+ Uα3 |ν3〉

να

ν3

ν2

ν1

source L

νβ

detector

|ν(t > 0)〉 = Uα1 e−iE1t |ν1〉+ Uα2 e−iE2t |ν2〉+ Uα3 e−iE3t |ν3〉 6= |να〉

E2
k = p2 + m2

k t = L

Pνα→νβ (L) = |〈νβ|ν(L)〉|2 =
∑
k,j

UβkU∗
αkU∗

βjUαj exp

(
−i

∆m2
kjL

2E

)

The oscillation probabilities depend on U and ∆m2
kj ≡ m2

k − m2
j
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I In the standard framework of three-neutrino mixing there are two
independent ∆m2’s:

I ∆m2
SOL = ∆m2

21 ' 7.4 × 10−5 eV2

I ∆m2
ATM ' |∆m2

31| ' 2.5 × 10−3 eV2

I For a typical reactor neutrino energy of a few MeV atmospheric and
solar neutrino oscillations are detectable at the distances

I Losc
ATM ≈ Eν

∆m2
ATM

≈ 1 km

I Losc
SOL ≈ Eν

∆m2
SOL

≈ 50 km

I The atmospheric and solar neutrino oscillations cannot explain the
Reactor Antineutrino Anomaly deficit that is observed at L ≈ 10 m.
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Beyond Three-Neutrino Mixing: Sterile Neutrinos
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Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile
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Short-Baseline Reactor Neutrino Oscillations
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I SBL oscillations are averaged at the Daya Bay, RENO, and Double
Chooz near detectors =⇒ no spectral distortion
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Reactor Antineutrino 5 MeV Bump
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[Daya Bay, arXiv:1508.04233]

I Cannot be explained by neutrino
oscillations (SBL oscillations are
averaged in RENO, DC, DB).

I It is likely due to a theoretical
miscalculation of the spectrum.

I Heretic solution: detector energy
nonlinearity. [Mention et al, PLB 773 (2017) 307]

I ∼ 3% effect on total flux, but if it is
an excess it increases the anomaly!

I No post-bump complete calculation
of the neutrino fluxes.

I Nominal Huber-Mueller flux
calculation uncertainty: ∼ 2.7%.

I Post-bump estimate of the flux
uncertainty due to unknown
forbidden decays: ∼ 5%.

[Hayes and Vogel, ARNPS 66 (2016) 219]
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Further Bump Puzzles
Not seen at Bugey-3 (1995)
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LEU

RENO: correlated with F235?

235F
0.5 0.55 0.6 0.65Fr

ac
tio

n 
of

 5
 M

eV
 e

xc
es

s 
(%

)

2.2

2.4

2.6

2.8

3

3.2
Data

Constant 5 MeV excess

Best fit

239F
0.250.30.35

[RENO, arXiv:1806.00574]

LEU

PROSPECT: bump or no bump?

[PROSPECT, arXiv:1812.10877]

HEU

STEREO: no bump
[STEREO @ Moriond EW 2019]

HEU
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Reactor Fuel Evolution
I Reactor ν̄e flux produced by the β

decays of the fission products of
235U 238U 239Pu 241Pu

I Effective fission fractions:
F235 F238 F239 F241

I Cross section per fission (IBD yield):
σf =

∑
k=235,238,239,241

Fk σf ,k
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σf (F239) = σ̄f +
dσf

dF239

(
F239 − F 239

)
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OSC: Pν̄e→ν̄e = 0.939 ± 0.024
χ2/NDF = 16.3/15 GoF = 37%

235+OSC:
{

r235 = 0.938 ± 0.029
Pν̄e→ν̄e = 0.986 ± 0.022

χ2/NDF = 8.8/14 GoF = 85%
[Giunti, Li, Littlejohn, Surukuchi, arXiv:1901.01807]
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I Daya Bay and RENO favor a suppression of the 235U flux (235) over
oscillations (OSC).

I However the best fit is obtained for the hybrid model 235+OSC.

I Moreover, the addition of other reactor data favors oscillations or,
better, 235U and/or 239U flux suppression plus oscillations.

[Giunti, Ji, Laveder, Li, Littlejohn, JHEP 1710 (2017)]

I Even if there are short-baseline neutrino oscillations, it is likely that the
reactor antineutrino flux calculations must be corrected (most likely the
235U flux) to fit:

1. The 5 MeV bump

2. The fuel evolution data

I The search for short-baseline neutrino oscillations needs
model-independent information

⇑
ratios of spectra at different distances
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[PRL 118 (2017) 121802, arXiv:1610.05134]

I Hanbit Nuclear Power Complex in
Yeong-gwang, Korea.

I Thermal power of 2.8 GW.

I Detector: a ton of Gd-loaded
liquid scintillator in a gallery
approximately 24 m from the
reactor core.

I The measured antineutrino event
rate is 1976 per day with a signal
to background ratio of about 22.
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DANSS
[PLB 787 (2018) 56, arXiv:1804.04046]

I Installed on a movable platform
under a 3 GW reactor.

I Large neutrino flux.
I Reactor shielding of cosmic rays.
I Variable source-detector distance

with the same detector!
Down = 12.7 m

Up = 10.7 m
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Model-Independent ν̄e SBL Oscillations
[Gariazzo, Giunti, Laveder, Li, PLB 782 (2018) 13, arXiv:1801.06467]
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∼ 3.7σ

∆m2
41 = 1.29 ± 0.03

|Ue4|2 = 0.012 ± 0.003

|Ue3|2 = 0.022 ± 0.001

[See also Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, arXiv:1803.10661]
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Comparison with the Reactor and Gallium Anomalies
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I 3σ agreement.

I 2σ tension.

I Small overestimate of the
reactor fluxes.

I Small overestimate of the
GALLEX and SAGE
efficiencies.

C. Giunti − Nuclear Reactor Neutrinos for BSM Physics − ECT* − Trento − 15 April 2019 − 28



Global Model-Independent νe and ν̄e Disappearance
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I NEOS and DANSS.
I Reactor rates with free 235U

and 239Pu fluxes: r235 and
r239.

I Gallium data with free
GALLEX and SAGE
efficiencies: ηG and ηS.

I New reactor experiments:
PROSPECT, STEREO,
Neutrino-4, SoLiD

I Kinematic ν4 mass
measurement: KATRIN

[See also Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, arXiv:1803.10661]
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PROSPECT
[PRL 121 (2018) 251802, arXiv:1806.02784]
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✂�☛✁
✄ . Averaging the results over 3 positions (2 meters 

each) one cannot observe oscillations with period less 

than 2 meters.  

The results of the analysis of experimental data 

using equation (2) with ✂✞✄method and applying CLs 

method are shown in fig 8a. 

 
Fig. 8. ☎ ✆ Restrictions on parameters of oscillation into 

sterile state with 99.73% CL (pink), area of acceptable with 

99.73% CL values of the parameters (yellow), area of 

acceptable with 95.45% CL values of the parameters 

(green), area of acceptable with 68.30% CL values of the 

parameters (blue).  b ✆ Area around central values in linear 

scale and significantly magnified, c ✆ even further magnified 

central part. 

The area of oscillation parameters colored in pink 

are excluded with CL more than 99.73% ✝✟✠✡☞✌ 

However, in area ✂�☛✁
✄ ✍ ✒✎✏✑✓ ✔ ✕✏✖✗✘✙✄  and 

✚✛✜✄ ✢✣☛✁ ✍ ✕✏✑✤ ✔ ✕✏✖✢ and the oscillation effect is 

observed at CL 99% ✝✠✡☞✥ and it is followed by a few 

satellites. Minimal value ✞✄  occurs at ✂�☛✁
✄ ✦

✎✏✑✓✘✙✄. 

The satellites appear due to effect of harmonic 

analysis where in presence of noises along with base 

frequency we also can obtain frequencies equal to 

base frequency multiplied by integers and half-

integers.  

The stability of the results of the analysis can be 

tested. Using obtained experimental data  

✧★✩✪✫ ✔ ✂★✩✪✫✬ one can perform data simulation using 

randomization with normal distribution around ★✩✪✫ 

with dispersion ✂★✩✪✫ . Applying this method, 60 

virtual experiments were simulated with results lying 

within current experimental accuracy. One can carry 

out the analysis described above for virtual 

experiments and average results over all distributions. 

It was observed that exclusion area (pink area in fig. 

8a) coincide with experimental one and oscillation 

effect area is gathered around value ✭�☛✁
✄ ✦ ✎✏✑✘✙✄. 

Finally, one can simulate the experimental results 

with same accuracy but in assumption of zero 

antineutrino oscillations. Obtained result reveals that 

amplitude of perturbations in horizontal axes, i.e. 

values of ✚✛✜✄ ✢✣☛✁ , is significantly reduced. It 

signifies that big perturbations in figure 8a indicate an 

existence of the oscillation effect. Simulated 

experimental data distributions with same accuracy, 

but in assumption of zero oscillation allows us to 

estimate sensitivity of the experiment at CL 95% and 

99%. Obtained estimations can be used to compare 

our results with other experiments.  

 

4.1. Coherent summation 

Since, according to equation (1), oscillation effect 

depends on ratio L/E, it is beneficial to make 

experimental data selection using that parameter. That 

method we call the coherent summation of the 

experimental results with data selection using variable 

L/E and it provides direct observation of antineutrino 

oscillation. 

For this purpose, we used 24 distance points (with 

23.5 cm interval) and 9 energy points (with 0.5MeV 

interval). The selection for left part of equation (2) (of 

total 216 points each 8 points are averaged) is shown 

in fig. 9 with blue triangles. 

Same selection for right part of equation (2) with 

most probable parameters ✂�☛✁
✄ ✦ ✎✏✑✓✘✙✄  and 

✚✛✜✄ ✢✮☛✁ ✦ ✕✏✑✤ is also shown in fig.9 with red dots. 

Fit with such parameters has goodness of fit 89%, 

while fit with a constant equal to one (assumption of 

no oscillations) has goodness of fit only 31%. It is 

important to notice that attenuation of sinusoidal 

a 

b 

c 

SoLiD sensitivity [arXiv:1710.07933]
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C. Giunti − Nuclear Reactor Neutrinos for BSM Physics − ECT* − Trento − 15 April 2019 − 30



0.90 0.92 0.94 0.96 0.98 1.00

0
.8

5
0

.9
0

0
.9

5
1

.0
0

1
.0

5
1

.1
0

r235

r
2
3
9

Free r235, r239

0
4

8

∆
χ

2

0 4 8

∆χ
2

MIνeDis

1σ

2σ

3σ

0.5 0.6 0.7 0.8 0.9

0
.5

0
.6

0
.7

0
.8

0
.9

ηG
η

S

0
4

8

∆
χ

2

0 4 8

∆χ
2

MIνeDis

1σ

2σ

3σ

I Indication of r235 < 1.
I Likely small overestimate of the GALLEX and SAGE efficiencies.
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Neutrino Electromagnetic Interactions
I Effective Hamiltonian: H(ν)

em (x) = j(ν)µ (x)Aµ(x) =
∑

k,j=1
νk(x)Λkj

µ νj(x)Aµ(x)

I Effective electromagnetic vertex: νi(pi)

Λ

γ(q)

νf (pf )

〈νf (pf )|j(ν)µ (0)|νi(pi)〉 = uf (pf )Λ
fi
µ(q)ui(pi)

q = pi − pf

I Vertex function:
Λµ(q) =

(
γµ − qµ/q/q2) [FQ(q2) + FA(q2)q2γ5

]
− iσµνqν

[
FM(q2) + iFE (q2)γ5

]
form factors:

Lorentz-invariant
charge anapole magnetic electric

q2 = 0 =⇒ q a µ ε

I Hermitian form factor matrices =⇒ q = q
† a = a† µ = µ† ε = ε†
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Neutrino Electromagnetic Interactions
I Effective Hamiltonian: H(ν)

em (x) = j(ν)µ (x)Aµ(x) =
∑

k,j=1
νk(x)Λkj

µ νj(x)Aµ(x)

I Effective electromagnetic vertex: νi(pi)

Λ

γ(q)

νf (pf )

〈νf (pf )|j(ν)µ (0)|νi(pi)〉 = uf (pf )Λ
fi
µ(q)ui(pi)

q = pi − pf

I Vertex function:
Λµ(q) =

(
γµ − qµ/q/q2) [FQ(q2) + FA(q2)q2γ5

]
− iσµνqν

[
FM(q2) + iFE (q2)γ5

]
form factors:

Lorentz-invariant
charge anapole magnetic electric

q2 = 0 =⇒ q a µ ε

I Majorana neutrinos =⇒ q = −qT a = aT µ = −µT ε = −εT

no diagonal charges and electric and magnetic moments
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Neutrino Electromagnetic Interactions
I Effective Hamiltonian: H(ν)

em (x) = j(ν)µ (x)Aµ(x) =
∑

k,j=1
νk(x)Λkj

µ νj(x)Aµ(x)

I Effective electromagnetic vertex: νi(pi)

Λ

γ(q)

νf (pf )

〈νf (pf )|j(ν)µ (0)|νi(pi)〉 = uf (pf )Λ
fi
µ(q)ui(pi)

q = pi − pf

I Vertex function:
Λµ(q) =

(
γµ − qµ/q/q2) [FQ(q2) + FA(q2)q2γ5

]
− iσµνqν

[
FM(q2) + iFE (q2)γ5

]
form factors:

Lorentz-invariant
charge anapole magnetic electric

q2 = 0 =⇒ q a µ ε

I For ultrarelativistic neutrinos γ5→− 1 ⇒ The phenomenology of the charge
and anapole moments are similar and the phenomenology of the magnetic and
electric moments are similar.
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Neutrino Electromagnetic Interactions
I Effective Hamiltonian: H(ν)

em (x) = j(ν)µ (x)Aµ(x) =
∑

k,j=1
νk(x)Λkj

µ νj(x)Aµ(x)

I Effective electromagnetic vertex: νi(pi)

Λ

γ(q)

νf (pf )

〈νf (pf )|j(ν)µ (0)|νi(pi)〉 = uf (pf )Λ
fi
µ(q)ui(pi)

q = pi − pf

I Vertex function:
Λµ(q) =

(
γµ − qµ/q/q2) [FQ(q2) + FA(q2)q2γ5

]
− iσµνqν

[
FM(q2) + iFE (q2)γ5

]
form factors:

Lorentz-invariant
charge anapole magnetic electric

q2 = 0 =⇒ q a µ ε

I For ultrarelativistic neutrinos the charge and anapole terms conserve helicity,
whereas the magnetic and electric terms invert helicity.
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Neutrino Charge Radius

I In the Standard Model neutrinos are neutral and there are no
electromagnetic interactions at the tree-level.

I Radiative corrections generate an effective electromagnetic interaction
vertex

Λµ(q) =
(
γµ − qµ/q/q2)F (q2)

W

ℓ ℓ

γ

ν ν
ℓ

W W

γ

ν ν

I F (q2) =���H
HHF (0) + q2 dF (q2)

dq2

∣∣∣∣
q2=0

+ . . . = q2 〈r2〉
6 + . . .

I In the Standard Model: [Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

〈r2
ν`
〉SM = − GF

2
√

2π2

[
3 − 2 log

(
m2

`

m2
W

)]
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Neutrino Charge Radius

I In the Standard Model neutrinos are neutral and there are no
electromagnetic interactions at the tree-level.

I Radiative corrections generate an effective electromagnetic interaction
vertex

Λµ(q) =
(
γµ − qµ/q/q2)F (q2)

W

ℓ ℓ

γ

ν ν
ℓ

W W

γ

ν ν

I F (q2) =���H
HHF (0) + q2 dF (q2)

dq2

∣∣∣∣
q2=0

+ . . . = q2 〈r2〉
6 + . . .

I In the Standard Model: [Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

〈r2
νe 〉SM = −8.2 × 10−33 cm2 〈r2

νµ〉SM = −4.8 × 10−33 cm2 〈r2
ντ 〉SM = −3.0 × 10−33 cm2
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Experimental Bounds
Method Experiment Limit [10−32cm2] CL Year

Reactor ν̄e e−
Krasnoyarsk |〈r2

νe 〉| < 7.3 90% 1992
TEXONO −4.2 < 〈r2

νe 〉 < 6.6 90% 2009

Accelerator νe e−
LAMPF −7.12 < 〈r2

νe 〉 < 10.88 90% 1992
LSND −5.94 < 〈r2

νe 〉 < 8.28 90% 2001

Accelerator νµ e−
BNL-E734 −5.7 < 〈r2

νµ〉 < 1.1 90% 1990
CHARM-II |〈r2

νµ〉| < 1.2 90% 1994

dσν̄ee−

dTe
=

G2
Fme

2π

{
(g ν̄e

V + g ν̄e
A )2 + (g ν̄e

V − g ν̄e
A )2

(
1 − Te

Eν

)2

+
[
(g ν̄e

A )2 − (g ν̄e
V )2

] meTe

E 2
ν

}

Weak interactions: g ν̄e
V = 2 sin2 θW + 1/2 g ν̄e

A = −1/2

Neutrino charge radius: sin2ϑW → sin2ϑW

(
1 +

1
3m2

W 〈r2
ν̄e 〉
)

[see the review Giunti, Studenikin, RMP 87 (2015) 531, arXiv:1403.6344]
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Magnetic and Electric Moments
I Extended Standard Model with right-handed neutrinos and ∆L = 0:

µD
kk ' 3.2 × 10−19µB

(mk
eV

)
εD

kk = 0

µD
kj

iεD
kj

}
' −3.9 × 10−23µB

(
mk ± mj

eV

) ∑
`=e,µ,τ

U∗
`kU`j

(
m`

mτ

)2

off-diagonal moments are GIM-suppressed
[Fujikawa, Shrock, PRL 45 (1980) 963; Pal, Wolfenstein, PRD 25 (1982) 766; Shrock, NPB 206 (1982) 359;

Dvornikov, Studenikin, PRD 69 (2004) 073001, JETP 99 (2004) 254]

I Extended Standard Model with Majorana neutrinos (|∆L| = 2):

µM
kj ' −7.8 × 10−23µBi (mk + mj)

∑
`=e,µ,τ

Im [U∗
`kU`j ]

m2
`

m2
W

εM
kj ' 7.8 × 10−23µBi (mk − mj)

∑
`=e,µ,τ

Re [U∗
`kU`j ]

m2
`

m2
W

[Shrock, NPB 206 (1982) 359]

GIM-suppressed, but additional model-dependent contributions of the scalar
sector can enhance the Majorana transition dipole moments

[Pal, Wolfenstein, PRD 25 (1982) 766; Barr, Freire, Zee, PRL 65 (1990) 2626; Pal, PRD 44 (1991) 2261]
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(
dσνe−

dTe

)
mag

=
πα2

m2
e

(
1

Te
− 1

Eν

)(
µν

µB

)2
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Method Experiment Limit [µB] CL Year

Reactor ν̄e e−

Krasnoyarsk µνe < 2.4 × 10−10 90% 1992
Rovno µνe < 1.9 × 10−10 95% 1993
MUNU µνe < 9 × 10−11 90% 2005
TEXONO µνe < 7.4 × 10−11 90% 2006
GEMMA µνe < 2.9 × 10−11 90% 2012

Accelerator νe e− LAMPF µνe < 1.1 × 10−9 90% 1992
Accelerator (νµ, ν̄µ) e− BNL-E734 µνµ < 8.5 × 10−10 90% 1990

LAMPF µνµ < 7.4 × 10−10 90% 1992
LSND µνµ < 6.8 × 10−10 90% 2001

Accelerator (ντ , ν̄τ ) e− DONUT µντ < 3.9 × 10−7 90% 2001

Solar νe e−
Super-Kamiokande µS(Eν & 5 MeV) < 1.1 × 10−10 90% 2004
Borexino µS(Eν . 1 MeV) < 2.8 × 10−11 90% 2017

[see the review Giunti, Studenikin, RMP 87 (2015) 531, arXiv:1403.6344]

I Gap of about 8 orders of magnitude between the experimental limits and
the . 10−19 µB prediction of the minimal Standard Model extensions.

I µν � 10−19 µB discovery ⇒ non-minimal new physics beyond the SM.
I Neutrino spin-flavor precession in a magnetic field

[Lim, Marciano, PRD 37 (1988) 1368; Akhmedov, PLB 213 (1988) 64]
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Conclusions
I Exciting model-independent indication of light sterile neutrinos at the eV

scale from the NEOS and DANSS experiments =⇒ New Physics beyond
the Standard Model!

I Agreement with the Reactor and Gallium Anomalies =⇒ Needed
revision of the 235U calculation and small decrease of the GALLEX and
SAGE efficiencies.

I Can be checked in the near future by the reactor experiments STEREO,
Neutrino-4, SoLid, PROSPECT.

I Independent tests through effect of m4 in β-decay (KATRIN), EC
(ECHo, HOLMES) and ββ0ν-decay.

I The reactor antineutrino 5 MeV bump is a puzzle.

I Reactor antineutrinos can be powerful probes of other neutrino BSM
properties as electromagnetic interactions.

I Coherent elastic neutrino-nucleus scattering. [G. Rich talk]
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Short-Baseline Neutrino Oscillations

Three-Neutrino Mixing

|νsource〉 = |να〉 = Uα1 |ν1〉+ Uα2 |ν2〉+ Uα3 |ν3〉

να

ν1

source L

νβ

detector

ν2

ν3

|νdetector〉 ' Uα1 e−iEL |ν1〉+ Uα2 e−iEL |ν2〉+ Uα3 e−iEL |ν3〉 = e−iEL|να〉

Pνα→νβ (L) = |〈νβ|νdetector〉|2 ' |e−iEL〈νβ|να〉|2 = δαβ

No Observable Short-Baseline Neutrino Oscillations!
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Short-Baseline Neutrino Oscillations
3+1 Neutrino Mixing

|νsource〉 = |να〉 = Uα1 |ν1〉+ Uα2 |ν2〉+ Uα3 |ν3〉+ Uα4 |ν4〉

ν2

source L detector

ν3

ν1

να νβ

ν4

|νdetector〉 ' e−iEL (Uα1 |ν1〉+ Uα2 |ν2〉+ Uα3 |ν3〉) + Uα4 e−iE4L |ν3〉 6= |να〉

Pνα→νβ (L) = |〈νβ|νdetector〉|2 6= δαβ

Observable Short-Baseline Neutrino Oscillations!

The oscillation probabilities depend on U and
∆m2

SBL = ∆m2
41 ' ∆m2

42 ' ∆m2
43
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Effective 3+1 SBL Oscillation Probabilities
Appearance (α 6= β)

PSBL
(−)

να→
(−)

νβ

' sin2 2ϑαβ sin
2
(
∆m2

41L
4E

)

sin2 2ϑαβ = 4|Uα4|2|Uβ4|2

Disappearance

PSBL
(−)

να→
(−)

να

' 1 − sin2 2ϑαα sin2
(
∆m2

41L
4E

)

sin2 2ϑαα = 4|Uα4|2
(
1 − |Uα4|2

)

U =

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4




SBL

I 6 mixing angles
I 3 Dirac CP phases
I 3 Majorana CP phases

I ∆m2
SBL = ∆m2

41 ' ∆m2
42 ' ∆m2

43
I CP violation is not observable in SBL

experiments!
I Observable in LBL accelerator exp.

sensitive to ∆m2
ATM [de Gouvea et al, PRD 91 (2015)

053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD

91 (2015) 073017, PLB 757 (2016) 142; Kayser et al, JHEP 1511 (2015)

039, JHEP 1611 (2016) 122] and solar exp. sensitive
to ∆m2

SOL [Long, Li, Giunti, PRD 87, 113004 (2013) 113004]
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3+1: Appearance vs Disappearance

I SBL Oscillation parameters: ∆m2
41 |Ue4|2 |Uµ4|2 (|Uτ4|2)

I Amplitude of νe disappearance:

sin2 2ϑee = 4|Ue4|2
(
1 − |Ue4|2

)
' 4|Ue4|2

I Amplitude of νµ disappearance:

sin2 2ϑµµ = 4|Uµ4|2
(
1 − |Uµ4|2

)
' 4|Uµ4|2

I Amplitude of νµ → νe transitions:

sin2 2ϑeµ = 4|Ue4|2|Uµ4|2 ' 1
4 sin2 2ϑee sin

2 2ϑµµ

quadratically suppressed for small |Ue4|2 and |Uµ4|2

⇓
Appearance-Disappearance Tension

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, Giunti, Grimus, EPJC 1 (1998) 247]
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