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Mainstream Three Neutrino Mixing Paradigm
I Supported by robust, abundant, and consistent solar, atmospheric and

long-baseline (accelerator and reactor) neutrino oscillation data.
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 〉

 =

U∗
e1 U∗

e2 U∗
e3

U∗
µ1 U∗

µ2 U∗
µ3

U∗
τ1 U∗

τ2 U∗
τ3

|ν1〉
|ν2〉
|ν3〉

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

I Pνα→νβ (L) =
∑
k,j

UβkU∗
αkU∗

βjUαj exp

(
−i

∆m2
kjL

2E

)
(α, β = e, µ, τ)

I The oscillation probabilities depend on

U (osc. amplitude) and ∆m2
kj ≡ m2

k − m2
j (osc. phase)
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I In the mainstream 3ν mixing paradigm there are two independent
∆m2’s:

I ∆m2
SOL = ∆m2

21 ' 7.4 × 10−5 eV2 Solar Mass Splitting

I ∆m2
ATM ' |∆m2

31| ' 2.5 × 10−3 eV2 Atmospheric Mass Splitting

I The solar and atmospheric mass splittings generate oscillations that are
detectable at the distances

I Losc
SOL &

Eν

∆m2
SOL

≈ 50 km Eν

MeV

I Losc
ATM &

Eν

∆m2
ATM

≈ 1 km Eν

MeV

I The solar and atmospheric mass splittings cannot explain flavor neutrino
transitions at shorter distances.
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Short-Baseline Neutrino Oscillation Anomalies
Reactor Anomaly: ν̄e → ν̄x (∼ 3σ)
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Gallium Anomaly: νe → νx (∼ 3σ)
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LSND Anomaly: ν̄µ → ν̄e (∼ 4σ)

Minimal perturbation of 3ν mixing: effective 3+1 with |Ue4|, |Uµ4|, |Uτ4| � 1
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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, arXiv:1412.1479,

arXiv:1507.03986, arXiv:1605.09376; Palazzo et al, arXiv:1412.7524,

arXiv:1509.03148; Kayser et al, arXiv:1508.06275, arXiv:1607.02152]

and solar exp. sensitive to ∆m2
SOL [Long, Li,

Giunti, arXiv:1304.2207]
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Short-Baseline Reactor Neutrino Oscillations
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ATM
I SBL oscillations are averaged at the Daya Bay, RENO, and Double

Chooz near detectors =⇒ no spectral distortion
I The reactor antineutrino anomaly is model dependent (depends on the

theoretical reactor neutrino flux calculation; is it reliable?).
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Reactor Antineutrino 5 MeV Bump
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[Double Chooz, arXiv:1406.7763]

[Daya Bay, arXiv:1508.04233]

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

I If it is due to a theoretical
miscalculation of the spectrum, it
can have opposite effects on the
anomaly:

[see: Berryman, Huber, arXiv:1909.09267]

I If it is a 4-6 MeV excess it
increases the anomaly:
new HKSS flux calculation

[Hayen, Kostensalo, Severijns, Suhonen, arXiv:1908.08302]

I If it is a 1-4 MeV suppression it
decreases the anomaly:
new EF flux calculation

[Estienne, Fallot, et al, arXiv:1904.09358]
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Model Indep. Measurements of Reactor ν Osc.
Ratios of spectra at different distances

NEOS
DANSS

Neutrino-4

PROSPECT

MOTIVATION AND DETECTOR DESIGN

PRECISION REACTOR OSCILLATION AND SPECTRUM EXPERIMENT
1. SEARCH FOR SHORT-BASELINE OSCILLATIONS FROM STERILE NEUTRINOS 

INDEPENDENT FROM REACTOR MODEL INPUTS 
2. MEASURE 235U ENERGY SPECTRUM TO RESOLVE THE SPECTRAL ANOMALY 

▸ Experimental Strategy: 

▸ Measure spectrum at a range of 
baselines (7-9m in current position) 

▸ Reactor-model independent search 
for oscillations throughout the 
detector 

▸ High-statistics, high-resolution 235U 
neutrino energy spectrum  

▸ Challenges: 

▸ Minimal overburden (<1mwe) 

▸ High-background environment  

�4

Antineutrino 
Detector

HFIR Core

7-13m

Thomas Langford - Yale UniversityNEUTRINO 2018 - Heidelberg

STEREO SoLid
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I No compelling indication of oscillations
I In practice these reactor experiments exclude large values of

sin2 2ϑee ' 4|Ue4|2 for 0.1 . ∆m2
41 . 10 eV2
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Neutrino-4
[arXiv:1708.00421, arXiv:1809.10561, arXiv:2003.03199, arXiv:2005.05301, arXiv:2006.13639]

Reactor SM-3 Week protection from cosmic 
rays (3-5 m w. e.)

100 MW thermal power

Compact core 42x42x35cm

Highly enriched 235U fuel

Due to some peculiar characteristics of its construction, reactor SM-3 provides the most favorable conditions to 

search for neutrino oscillations at short distances. However, SM-3 reactor, as well as other research reactors, is 

located on the Earth’s surface, hence, cosmic background is the major difficulty in considered experiment. 

5

[A. Serebrov, 17 September 2020]
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1. detector (5x10 cells)

2. internal active shielding

3. external active shielding

4. steel and lead

5. borated polyethylene

6. moveable platform

7. feed screw

8. step motor

9. shielding

Movable and spectrum sensitive antineutrino detector at SM-3 reactor

Neutrino 
channel 
outside 
and 
inside

Passive shielding - 60 tons Range of measurements is 6 – 12 meters
Liquid scintillator detector 
50 sections 0.235x0.235x0.85м3

Detector
prototype

Full-scale 
detector 
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6

[A. Serebrov, 17 September 2020]
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2σ1σ 3σ

solar ν bound

I Neutrino-4 best fit:

sin22ϑee = 0.26
∆m2

41 = 7.25 eV2

I Very large mixing!

I Not a small perturbation
of 3ν mixing.

I Tension with solar
neutrino bound.
[Palazzo, arXiv:1105.1705, arXiv:1201.4280]

[Giunti, Laveder, Li, Liu, Long, arXiv:1210.5715]

[Gariazzo, Giunti, Laveder, Li, arXiv:1703.00860]
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Energy calibration of the full-scale detector

Pu-Be neutron source

22 Na- gamma source

15

Energy resolution

500 – 700 keV

I We approximate the energy resolution with the function

R(Ep,E ′
p) =

1√
2πσEp

exp

(
−
(Ep − E ′

p)
2

2σ2
Ep

)
with σEp = 0.19

√
Ep

MeV MeV
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I Neutrino-4 data:
I nL = 24 distances between 6.4 m and 11.9 m from the center of the reactor,

at intervals of 23.5 cm.
I nE = 9 bins of prompt energy Ep from 1.5 to 6 MeV with uniform

∆Ep = 500 keV width (Eν = Ep + mn − mp − me ' Ep + 0.78 MeV)

I 24 × 9 = 216 ratios Rexp
ik =

Nexp
ik L2

k
n−1

L
∑nL

k′=1 Nik′L2
k′

I Theoretical event rates:

Nthe
ik =

N0
i

L2
k

[
1 − sin22ϑee

〈
sin2

(
∆m2

41L
4E

)〉
ik

]
I Theoretical ratios:

R the
ik =

1 − sin22ϑee
〈
sin2

(
∆m2

41L
4E

)〉
ik

1 − sin22ϑee n−1
L
∑nL

k′=1

〈
sin2

(
∆m2

41L
4E

)〉
ik′

Independent of uncertain reactor neutrino flux!
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I The data were analized and published in bins of L/E collecting the 216
Rexp

ik ’s in groups of ng = 8 values that correspond to neighboring L/E
intervals:

Rexp
j =

1
ng

∑
i,k∈g(j)

Rexp
ik =

1
ng

∑
i,k∈g(j)

Nexp
ik L2

k
n−1

L
∑nL

k′=1 Nik′L2
k′

I Corresponding theoretical averages:

R the
j =

1
ng

∑
i,k∈g(j)

R the
ik

=
1
ng

∑
i,k∈g(j)

1 − sin22ϑee
〈
sin2

(
∆m2

41L
4E

)〉
ik

1 − sin22ϑee n−1
L
∑nL

k′=1

〈
sin2

(
∆m2

41L
4E

)〉
ik′
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Wilks Theorem (1938)
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Deviations from χ2 Distribution (Wilks’ Theorem)
[Agostini, Neumair, arXiv:1906.11854; Silaeva, Sinev, arXiv:2001.10752; Giunti, arXiv:2004.07577]

[PROSPECT+STEREO, arXiv:2006.13147; Coloma, Huber, Schwetz, arXiv:2008.06083]

Even in the absence of real oscillations, binned data can often be fitted
better by oscillations that reproduce the statistical fluctuations of the bins.

statistical fluctuations. As expected, the best-fit point of the
real dataset also falls into this distribution (red star in
Fig. 32). Comparing the goodness of fit of our best-fit point
and the no-oscillation hypothesis in Table V, we find no
strong preference for the best-fit point.
When introducing a constraint on the normalization of

the overall spectrum, the fit model no longer employs high
values of sin2ð2θeeÞ and Δm2

41 to describe the pseudodata.
For this study, we introduced a pull term similar to the ones
in Eq. (15), where the constrained parameter is the sum of
the free normalization parameters ϕi across all cells
[cf. Eq. (15)]. Instead of constraining this sum to the
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FIG. 31. Values of the nuisance parameters used in the
oscillation fit [cf. Eq. (15)] for the best-fit to the no-oscillation
model in phase-Iþ II. All parameters are contained within �1
standard deviation with respect to their corresponding pull terms.
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41.
The best-fit of the real dataset is [sin2ð2θeeÞ ¼ 0.63, Δm2

41 ¼
8.95 eV2] (star) and falls into this region, as well.

TABLE V. Goodness of fit and hypothesis rejection for the
no-oscillation hypothesis, the RAA best-fit point [13], and the
STEREO best-fit point (cf. Fig. 32). All p-values are derived from
comparisons of the experimental data with MC-distributions of
104 pseudodatasets. See Eqs. (18) and (19) for the definitions of
χ2 and Δχ2, respectively. The degrees of freedom (n.d.f.) are
derived from the 6 cells and 11 (10) energy bins in phase-II
(phase-I) on the one hand, and the 11 (1) bin-wise (phase-wide)
free normalization parameters and 2 oscillation parameters on the
other hand. Note that for the STEREO best-fit point,Δχ2 ¼ 0 and
p ¼ 1 by definition [cf. Eq. (18)].

Goodness of fit Hypothesis test

χ2/n.d.f. p-value Δχ2 p-value

No-oscillation 137.4=114 0.07 9.0 0.09
STEREO best-fit 128.4=112 0.09 0 1
RAA best-fit 159.2=114 0.003 30.8 <10−3
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FIG. 30. Absolute (top) and relative (bottom) comparison
between the measured rates of IBD events Al;i for phase-II in
each cell l (green) and the fitted no-oscillation model
Ml;ið0; 0; α⃗Þϕi (blue) after a simultaneous fit to phase-Iþ II data.
All spectra are available in Ref. [72].

H. ALMAZÁN et al. PHYS. REV. D 102, 052002 (2020)

052002-26

[STEREO, arXiv:1912.06582]

1.5× 10
6
events

1.5× 10
4
events

[Coloma, Huber, Schwetz, arXiv:2008.06083]
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MC evaluation of test statistic distribution
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I MC calculations are unfortunately difficult and require a lot of computer time.
I They must be completely redone for each combination of experiments.
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Monte Carlo confidence intervals
I For each point on a grid in the (sin22ϑee ,∆m2

41) plane we generated a
large number of random data sets (of the order of 105) with the
uncertainties of the Neutrino-4 data set.

I For each random data set:

I We calculated the value of χ2 corresponding to the generating values of
sin22ϑee and ∆m2

41: χ2
MC(sin

22ϑee ,∆m2
41).

I We found the minimum value of χ2 in the (sin22ϑee ,∆m2
41) plane:

χ2
MC,min(sin

22ϑee ,∆m2
41).

I In this way, we obtained the distribution of ∆χ2
MC(sin

22ϑee ,∆m2
41) =

χ2
MC(sin

22ϑee ,∆m2
41)− χ2

MC,min(sin
22ϑee ,∆m2

41).

I This distribution allows us to determine if the value of
∆χ2(sin22ϑee ,∆m2

41) = χ2(sin22ϑee ,∆m2
41)− χ2

min(sin
22ϑee ,∆m2

41)
obtained with the analysis of the actual Neutrino-4 data is included or
not in a region with a fixed confidence level.
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Best-fit distribution in absence of oscillations
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P(0.1 < sin22ϑee < 0.5) 0.680 0.625
P(0.5 < sin22ϑee < 0.9) 0.152 0.184

P(sin22ϑee > 0.9) 0.159 0.183
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Summary and Conclusions
I The Neutrino-4 collaboration caimed a discovery of large-mixing

short-baseline neutrino oscillations at more than 3σ.

I There is a strong tension between the Neutrino-4 large mixing and the
exclusion curves of KATRIN, PROSPECT, STEREO, and solar νe ’s.

I We found that the results of the Neutrino-4 collaboration can be
reproduced approximately only by neglecting the effects of the energy
resolution of the detector.

I Including these effects, the best-fit point and the surrounding 1σ allowed
region in the (sin22ϑee ,∆m2

41) plane lie at even larger values of the
mixing.

I The 3σ allowed region is much larger than that claimed by the
Neutrino-4 collaboration and include the case of zero mixing, i.e. the
absence of oscillations.

I The statistical significance of short-baseline neutrino oscillations
decreases from 3.2σ to 2.7σ.
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I With a Monte Carlo evaluation of the distribution of ∆χ2 = χ2 − χ2
min,

the statistical significance of short-baseline neutrino oscillations further
decreases to about 2.2σ.

I Monte Carlo simulations of a large set of Neutrino-4-like data show that
it is not unlikely to obtain a best-fit point that has a large mixing, even
maximal, in the absence of oscillations.

I We conclude that the claimed Neutrino-4 indication in favor of
short-baseline neutrino oscillations with very large mixing is rather
doubtful.
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