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Oscillation curve of neutrino signal from

the Neutrino-4 experiment

Am%, = (7.3 £0.135 + 1.16),) eV?

Comparison of the results of the Neutrino-4

experiment with the results of other experiments.
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Comparison of the results of the experiment Neutrino-4 with gallium anomaly (GA),
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Neutrino-4 and BEST with GA indicate the existence of sterile neutrino with oscillation
parameters: Amf, = (7.30 £ 0.13; + 1.164,5,) eV 2, sin® 261, = 0.357037



Comparison of Neutrino-4 results with IceCube and LSND, MiniBooNE results
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Comparison of Neutrino-4 results with LSND, MiniBooNE and MicroBooNE results
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Comparison of the results of Neutrino-4 with the results of the PROSPECT, STEREO, DANSS and NEOS experiments
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The talk [23] reports that the new results of the STEREO experiment exclude the 16 region of the Neutrino-4
experiment. We believe that the STEREO, PROSPECT experiments, should present the data in the form of
the L/E dependence to compare their own results with the results of the Neutrino-4 experiment correctly.
Only then the closing of the result of the Neutrino-4 experiment can be discussed.



Reactor Antineutrino Anomaly (RAA)
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Comparison of the results of the experiment Neutrino-4 and the solar model
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Conclusions of the presented analysis

1. The results of direct experiments on the search for sterile neutrinos - Neutrino-4 and BEST
with GA indicate the existence of a sterile neutrino with oscillation parameters:

Am?3, = 7.3 eV?, sin®>20,, = 0.38. The confidence level is 5.8c

2. The range of values of the effect of neutrino appearance in the MiniBooNE, LSND
experiments is not excluded the existence of a sterile neutrino with oscillation parameters:

Am?%, = 7.3 eV?, sin*20,, = 0.38

3. STEREO, PROSPECT experiments for a correct comparison of their own results with the
results of the Neutrino-4 experiment should present the data in the form of the L/E
dependence. Only then we can discuss the closure or confirmation of the result of the
Neutrino-4 experiment.

4. The claimed contradiction with solar models still contain significant uncertainties
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STRUCTURE OF THE 3 + 1 NEUTRINO MODEL AND PRESENTATION OF THE
PROBABILITIES OF DIFFERENT OSCILLATIONS
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PMNS matrix in the 3+1 neutrino model

Our calculations

Stages of development of the Universe.
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General statements We begin our study of this process with the case of two neutrinos.
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The neutrino potential is formed from the contributions of the first
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and secondorder by constant G
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a

The sign of the first term is different for particles and antiparticles, but it depends on parameter n,
which is responsible for the difference between particles and antiparticles. This contribution
dominates in the Sun and leads to the resonant MSW effect. But in the primary plasma,
particles and antiparticles are approximately the same, therefore, in the region we are

considering, we can restrict ourselves to the second-order contribution in G%.

The negative potential suppresses oscillations in the region where it significantly exceeds the

Am?

contribution from the mass matrix V > —

MSW effect 1s absent



Adiabatic energy levelsin a
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The iInteraction of neutrino with cosmic plasma radically
suppresses the process of oscillations, especially at the early stages.

The effective mixing matrix gradually changes from the diagonal
matrix at t = 10">s to the form which almost coincide with the
vacuum mixing matrix att = 1 s:
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Interactions of neutrinos with cosmic plasma radically suppress the process of oscillations, especially in the
early Universe.The effective mixing matrix gradually changes from a diagonal matrix ¢t = 107> s.

For a sterile neutrino, freeze-out occurs at ' .
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Collision frequency, oscillation frequency, oscillation amplitude, neutrino
hardening times.
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For a sterile neutrino, hardening
occurs at 3-10‘3;1c, and plasma
temperature 1.9 - 10 K.

For tau neutrinos, hardening occurs
at 3-107%c and  plasma
temperature 6 - 10 K.

For the muon neutrino, the
hardening occurs at1-1qo‘1c and
plasma temperature 3.3 - 10 K.

For an electron neutrino, hardening

occurs at 2 - 101_01c, H TeMmmeparype
miaasmbl 2.3 -10 K.



Equality of inflow and outflow of sterile neutrino
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This equation can be applied over a wide range of times if there is an
equilibrium between inflow and outflow
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Generation and sink of sterile neutrinos Relative neutrino densities
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Contribution of the Sterile Neutrino to the Energy Density of
the Universe
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Heavy sterile neutrinos with very small mixing angles
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Heavy sterile neutrinos with very small mixing angles can be considered as warm dark
matter and explain the structure of the Universe??




From the above analysis, we can conclude that heavy Dirac neutrinos should have a
small mixing angle due to cosmological limitations. This means that heavy sterile
neutrinos do not contribute to reactor neutrino experiments.

The following conclusions can also be drawn from this analysis.

1. Sterile neutrino with parameters Am%, = 7.3 eV?, sin?20,, = 0.36
contributes approximately 5% to dark matter, but is relativistic and does
not explain the structure of the universe.

2. To explain the structure of the Universe, heavy sterile neutrinos with
very small mixing angles are needed.

3. Extension of the neutrino model by introducing two more heavy sterile
neutrinos will make it possible to explain the structure of the Universe
and bring the contribution of sterile neutrinos to the dark matter of the
Universe to the level of 27%.
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Restrictions on the sterile neutrino parameters.

Q(sin®(26,), Am?)

m4|EVI
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el
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Q< 5%

This article (Fig. 1
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| 95% CL[24)

L
/ \\ KATRIN

-1 -
- 10 final
sensilivity [24]

Constraints on the sterile neutrino parameters.

1) Red spot — result of the Neutrino-4 experiment; 2) This
article (Fig.12) — area of the Qg values in 5-25% range;
3) A.D. Dolgov [16] — result from the Ref.[16] for v, —
vemixing with Q; = 30% (it should be noted that result of
calculation presented in this work based on equation (19) is
consistent with A.D. Dolgov results presented in Ref.[16]; 4)
Eqg.(325) from A.D. Dolgov [16] — constraints from equation
(325) in Ref.[16]; 5) DGB — experimental constraints based
on diffuse gamma background; 6) experimental constraints
from SN1987 observation; 7) constraints from NuSTAR
experiment [23]; 8) KATRIN excluded 95% CL — constraints
on eV-scale sterile neutrino from KATRIN experiment; 9)
KATRIN final sensitivity — sensitivity limit of the KATRIN
experiment for eV-scale sterile neutrino; 10) excluded 95%
CL - constraints from neutrino mass measurements
experiment from Ref. [24]; 11) KATRIN stat. limit[24] -
statistical limit of the KATRIN experiment for keV-scale
sterile neutrino
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Restrictions on the sterile neutrino parameters.
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Constraints on the sterile neutrino parameters.

Red spot — result of the Neutrino-4
experiment;
This article (Fig.12) — area of the Q, values

In 5-25% range;

-=== A.D. Dolgov [16] — result from the
Ref.[16] for v, — vsmixing with Q¢ = 30%
(it should be noted that result of calculation
presented in this work based on equation
(19) is consistent with A.D. Dolgov results
presented in Ref.[16];
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primordial nucleosynthesis and

distribution of light nuclei [16, 17]

1) Eq.(325) from A.D. Dolgov [16]
— constraints from equation (325)
in Ref.[16];

(Amgs)
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sin*20;,; =

2 2
Amm!fv | Q(sin%(26,),Am?) '"41[37" | 1)
10 ' '
Fq. 325 from
10" A.D. Dolgov [16] - 10°
10" Q> 25% %

" excluded
10" - 95% CL |25]
10° 4

A.D. Dolgov [ 16]
4 N\
10 KATRIN stat. limit [25] KATRIN
10° 4 o' excluded
- | 95%CL[24]
10° - This article (Fig.12) /
. KATRIN
- <
104 Neulrino-4 10 final
sensitivity [24]
10° —— . . 10°
0% 10" 10°  10° 10" 107

g
=3.16-10—5<

28



Restrictions on the sterile neutrino parameters.

Constraints on the sterile neutrino parameters.

5) DGB — experimental constraints based on
diffuse gamma background;

6) experimental constraints from SN1987
observation;

7) constraints from NuSTAR experiment [23];
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Restrictions on the sterile neutrino parameters.
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ﬂmH[eV | Q(SIHZ(ZH ), ﬂmZ) my|eV]

14 5 5 10?

excluded [23] e Fq. 325 from
10" —% z3 A.D. Dolgov[16] - 10°
: E

10| DGB B 5 1 10°
10 cxcluded [ 16] > 25%

] excluded
1079 95% CL [25]
10°

A.D. Dolgov [ 16]
10° KATRIN stat, limit [25]3 P
10° - 10 excluded
] 95% CI. [24
Q< 5% o _ oLl
10° - This article (Fig.12) / “hq0°
\ : KATRIN
) Neulrino-4 )
107 - Sk 410" final
sensilivity [24]
10° | —T— T T——T1—— 10°
10" 10" 100 10 100 107

sin®20,,

Constraints on the sterile neutrino parameters.

8) KATRIN excluded 95% CL — constraints on
eV-scale sterile neutrino from KATRIN
experiment;

9) KATRIN final sensitivity — sensitivity limit
of the KATRIN experiment for eV-scale sterile
neutrino;

10) excluded 95% CL - constraints from
neutrino mass measurements experiment from
Ref. [24];

11) KATRIN stat. limit[24] — statistical limit
of the KATRIN experiment for keV-scale sterile
neutrino
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If we consider a sufficiently large Large lepton asymmetry

asymmetry, then the diabatic energy levels
of active and sterile neutrinos can
intersect, which will lead to resonant
oscillations into a sterile state, by analogy
with  resonant oscillations between
electron and muon neutrinos in the Sun
(MSW resonance).

Considering the potentials of the form:
Ve =095 X GmT3 —3.5% 25 X Gf X T* X E
V=0
for different values of n, we obtain

dependence curves for the ratio of the density e
of the number of sterile and active neutrinos. 10 10° 10 10" 10° 10’ 102

time [s]

Ration /n_, n (t=0.0001)=0.0

n n

In this regard, it can be noted that in the work of A. D. Dolgov “Neutrino oscillations in the early Universe. Resonance case” [25]
similar situation was considered. The idea of that work is the transition v, - v, may be more favorable than the transition of the
corresponding antineutrinos. The feedback is positive and leads to a further increase in asymmetry and makes the transition v, —» v more
and more efficient compared to v, — v,. The lepton asymmetry generated in the early Universe by neutrino oscillations on sterile partners
reaches the asymptotic values of the asymmetry at the 0.2 — 0.3 [25]. Of course, a detailed consideration of such a scenario with
experimental oscillation parameters is required.



The decay of a sterile neutrino.

10’ e
10" t =infinity

0
iy — 1,=2x10™s
10" rc=2x10'145
107 —=2x10"s

7,=2x107s
1,=2x10°%

7,=2x10"'s

n/
-
o

time [s]

The ratio of sterile neutrino density to the electron
neutrino density, taking into account the decay of a
sterile neutrino. The lifetime of a sterile neutrino In the
comoving coordinate system is 7, . Oscillation
parameters are sin? 260,, = 0.36, Am%, ~ 7 eV?2.

Substituting the decay time into equation as an
additional channel for sterile neutrino losses, we
arrive at a value of ny/n, «<0.01 by the start of
nucleosynthesis at approximately 1s.

Figure shows the behavior of the density ratios of
the sterile neutrino to the electron neutrino for
various decay times. The result of the
calculations shows that in a wide range of
possible values of z, it is possible to achieve the
contribution of the sterile neutrino to dark matter
at a level that does not contradict cosmological
limitations. For example, at 7, =2x10"7s S
the ratio ng/n, i1s 0.1.

The value 7, > 2 x 107 s can be considered
as the upper limit on the sterile neutrino decay
time, established from the cosmological
constraints on nucleosynthesis.



Experimental the lower limit of sterile neutrino decay time

A natural limitation from the experiment is the fact that the neutrino leaves an oscillatory
signal in our experimental setup, so it does not decay over a length of about 10 meters. From
this we get the lower limit of the decay period of the order T, > 2 x 10~ 1% s. . If in addition
we consider that reactor anomaly can be observed at distances up to 1 km, then the lower limit
can be increasedto 7y > 2 x 10 1% s.

Finally, an estimate can be made if we assume that the effect of oscillations is also
observed in the IceCube [26] experiment, then considering the distance (diameter of the Earth)
and neutrino energy (~100 GeV) we get Ty > 2 x 107 1% s.

The upper limit of sterile neutrino decay time from cosmological constraints

The value Ty < 2 x 10~7 s can be considered as the upper limit on
the sterile neutrino decay time, established from the cosmological
constraints on nucleosynthesis.




Conclusion

If the Neutrino-4 result I1s confirmed at a confidence level of
more than 5¢ at our new experimental facility with three times the
sensitivity, as well as by other scientific groups, then the above
theoretical limitations will have to be revised.

Since direct observation of a sterile neutrino in a laboratory
experiment can become the defining criterion,

significant revision of the entire model of the dynamics of the
early universe will be required.
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Ipenckazanue 3QpPeKTUBHON MACCHI 3JIEKTPOHHOI0 HEUTPUHO M3

IKcnepuMenTa HedTpuHo-4 U cpaBHEHHE C IKCIIEPMMEHTAMM 110 H3MEPEHHUIO
macchbl HeUTpuHO: KATRIN n1 GERDA

Ym, =my +m, + mg = 054+ 0.11eV

2 2 2 2

m¢! = m?|U,;|2; sin?20q4 ~ 4|Uq4|%;
4vy ] el 14 14
e 2 ~ ZN 2
Ami, = my=7.3eV*, mim;m3; K my

my = (2.70 + 0.22)eV | | sin?26,, ~ 0.35+ 0.07 (4.90) |

1 .
mzehfzfe ~ \/m421|Ue4|2 ~ 5\/7"42} Sin” 2614

‘ m¢!) = (0.82 + 0.18)eV ‘ m%, =0.68 +0.29

B skcnepuMeHTax no ABOMHOMY [-pacmaay Macca
MaKlOPaHbI ONIPEACIIAETCA COOTHOIIICHUEM:

m(OvBB) =/ UZm,/

m(OvBB) = mUZ | m(0vBp) = (0.25 + 0.09)eV |
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CPABHEHUE IMPOTHO3A MACCHI HEUTPUHO-4 C UBMEPEHUMEM MACCHI HEUTPUHO

Neutrino-4 KATRIN

eff _ 2|U,, |2 eff _
My, JZ m; Ui m4ve =0.821+0.18 m§££< 0.8 eV (90%)

2 g vnd
Am7i, ~ my

2
(mgf) =0.68+0.29| m$/? = 0.26 +0.34

2 2 2 2
ml,mz,mg << m4_ effz

squared: m$T, m? my) = =7

Effective mass and mass

IapaMeTpbl YeTBEPTOro HEHTPUHO, MOJy4YeHHbIe B IKcnepuMenTe «Heiitpuno-4» sin® 20,4 ~ 0.35 +
0.07(4.90) n mﬁ ~ 7.3 eV?, nomkHbI ObITh HMCHOJBL30BAHBI B KAYeCTBE TAKHX JOMOJHHTEIbLHBIX
napametrpoB. Mbl aymaem, uto kosuiadopanuss KATRIN mpeacraBur Tako aHaju3 B OHOM U3 CBOMX

Oyaymux myoJMKanuu 11 MOJIyYeHHs] OLeHKHU miz,g




KATRIN
g

2
mslf<08eV (90%) (m5)f) =0.26+0.34 mJ/? =7

Ve

. 2
m§, = (0.82+0.18)eV (== Neutrinod =— (miflf) —0.68+0.29

\\ ------ cos26 3z (mp)

.\ —== sin209L(m,)

O
o

—— sin20$L(m4) + cos26 3= (mp)

Active -
branch Characteristic distortion

of the spectrum

Sterile branch

Differential decay rate (a.u.)
o
S

I 1 1 I 1 1 I I I 1 1 I I 1 1 I

1 1 l 1
18560 18565 18570
Energy (eV)

<

m,= 10 eV 24
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Yto nomxHa BuieTb KATRIN ¢ y4eTOM CTEPUIIBHOTO HEUTPUHO C apaMETPAMM:

| my = (2.70 £ 0.22)eV |

| sin?26,4 ~ 0.35 + 0.07 (4.90) |

diff.decay rate (arb.units)

1.0 -

0.8

0.6

0.4 -

0.2

0.0

2
— (1-1U_[") dr/dE(m,)
—|U_[* dr/dE(m )
—|U_,[*dr/dE(m ) + (1 - [U_,|) dI/dE(m )

m=0,m =27 eV,|U_|’=0.0936, E =18574 eV

calculations performed by R. Samoilov

diff.decay rate (arb.units)

1E-5 -

1E-6

2
——(1-|U_[) dr/dE(m)
— U, drdE(m )
—|U,[ dridE(m ) + (1 - |U_|) dr/dE(m )
m=0,m_ =27 eV, |U_[’=0.0936, E =18574 eV

18560

T T
18565 18570
E(

18560
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CpaBHeHHE C OTPAHMYEHUSIMHA HA MACCY HEUTPHUHO M3 IKCIIEPUMEHTOB IO IMOUCKY
JABOMHOI0 OeTa-pacnaga 0e3 HEUTPHUHO

10 BBIpakeHHE JJis Mojenu 3 + 1 u ¢ npeanonoxenueM ml, m2, m3<«<Km4 M0OXHO YIPOCTHUT:

)

9 0 / 0 9 9 '} 77 RS, 9 9 > R [ AT ! .
mociacis + \/ Am3y + misiycize™ ™M + [ Am3zy + Am3y + migsiae “cp+m)| in NO,

) ST 2 2 2 2i(na+dcp bl 2 2 2 2 2i(n+dcp) T
mosi3 +\/mj — Am3ysiacize” PP + 4 fmg — Am3, — Am3 ciacize HRTooP) in [O |

|
Mee = E mUZ| =
i .

YHuciieHHbIN pe3yJIbTaT B IIOKA3aH HUXKE.

m(0vBB) = (0.25+0.09)eV | m(OvBB)~ m, U2 | m(OVBB) <[0.080—0.182]eV
our estimation experlments

Haunydmue orpanrueHust Ha maccy MakopaHnbl ObLIM nojiydeHbl B akcnepume te GERDA.

3HaueHHE, IOYUCHHOE ¢ mapamMeTpaMu ocumnisinui Helirpuao-4, cocrasiaser m (0vgBf) = (0.25 + 0.09) eV,
4yTO B TpPU pasza INpeBblIaeT npeaen, 3agBiaeHHbId skcrepuMmeHToMm GERDA. 310 cymectBeHHoe
HECOOTBETCTBHUE, HO J€JaTh JOCTOBEPHBIE BBIBOJABI MOKa paHo. Ecau B Oyayumiem mnpeaes MauopaHOBCKOM
MacChl JKCIEPUMEHTa MO0 BOWHOMY OeTa-pacmaay OyleT IOHHMKEH M Pe3yJbTaT 3SKCIEePUMEHTA
HeliTpuHo-4 mnoOATBEPAMTCS, 3TO 3aKpPOeT THUIOTE3y O TOM, YTO HEWTPHHO SIBJISETCH YaCTHIEH
MAaMOPAHOBCKOI'0 THUIIA. a0



