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Ratio of Observed To Predicted Reactor-v's

Reactor antineutrino anomaly

= Observed/predicted averaged event ratio: R=0.927x0.023 (3.0 0)
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SM-3 research reactor

Vertical and horizontal
sections of SM3
reactor

A100 MW thermal power
ACompact core 42x42x35cm
AHighly enriche®3%U fuel

ASeparated rooms for
experimental setup

AThe laboratory is poorly
protected from cosmic rays
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Due to some peculiar characteristics of its construction, reactor SN provides the most favorable conditions to
search for neutrino oscillations at short distancesHowever, SM-3 reactor, as well as other research reactors, is
| ocated on the Earthobés surface, hence, cosmic backg
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The full-scale detector with liquid scintillator volume of 3m3 (5x10 sections)
have been prepared in NR@KIEP NPI , GatchinO®, RussI
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Movable and spectrum sensitivantineutrino detectorat SM-3 reactor

Passive shielding - 60 tons

Neutrino Detector
e
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M Full -scale
detector

Range of measurements i6 d 12 meters
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internal active shielding

external active shielding
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step motor
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Liquid scin'tillator detector
50 sections 0.235x0.235 x 0 .38 5



Energy calibration of the full-scale detector

Pu-Be neutron source

The source 22Na is
installed above the
detector at distance
about 0.8 meters and
irradiate about 16
sectionsat once PMTs
were normalizedto one  ~= - -
energy scale by '
selecting voltage on
them Simultaneous
calibration of several
sectionds required For
all detector only 6
positions of the source
wereused Aa s .
Overlapping of the ‘,

irradiated sections

unifiesthe calibration

22 Na gamma source
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The neutron PuBe source
irradiatedall sectionsat once

This method has advantage
relatively to using of internal
sources The difficulty of

calibrationat energy8MeV is

that quanta from neutron
captureby gadoliniumcan'tbe
absorbedin the same row.

Therefore  the detector
calibration should be

conductedn a diffuse edgeof

spectrum



Energy calibration of the full-scale detector
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In the left- ranges of sources. In the righthe calibration of gamma quanta scale.
Registration of positrons includes inevitable loss of a part of energy of 511keV ggunamia. Because of the
threshold of registration in the adjacent section we have to increase errorbRgOt&eV.

It is the calibration which needs to be used at data processing.



Energy calibration of the full-scale detector
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Gamma background in passive shieldingloes notdepend neither on the power
of the reactor nor on distance from the reactor
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The background of fast neutrons in passive shieldindoes notdepend
neither on the power of the reactor nor on distance from the reactor

—=— Fast neutrons. Reactor ON.

— — 5 —* 124 —e— Fast neutrons. Reactor OFF.
Fast neutron flux10-3slcm?, o s W
cosmic background level E

= | Fast neutron flux9 10°%slcm?
. w4
outside (near reactor wall) =
Inside
0 20 40 60 80 o-—r o
Reactor power, MW 6 7 8 9 10 11

distance from reactor core center (m)

The background of fast neutrons in passive shielding is 10 times less than outside.
The background of fast neutrons outside of passive shielding is defined by cosmic rays and
practically does notdepend on reactor power. 11



Absence of noticeable dependence of the background
on both distance and reactor power was observed. As a
result, we consider that difference in reactor ON/OFF

sighals appears mostly due to antineutrino flux from
operating reactor.
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Measurements with the detector have
started in June 2016. Measurements
with the reactor ON were carried out | | (ONT OFF)/ OFF
for 480 days and with the reactor = S0%
OFF- for 278 days In total, the reactor

was switched on and of68 times

ON
ON 2-5 days ON 2-5 days ON 2-5 days

8-10days 8-10days 8-10days
OFF / OFF / OFF
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New detector position New detector position New detector position
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There is problems with energy spectrum therefore we proposed
the spectrum independent method of the experimental data analysis

1.6 -
1.4 ON-OFF Spectrum ( observed/
1 expected) of prompt signals
1.2
E 1.0 Spectrum ( observed/ expected) of
4 ] prompt signals in the detector for a
5 0.8 - total cycle of measurements summed
:g . over all distances (average distance
g 0.6 - 0 8.6 meters).
= Expected- Monte -Carlo simulation
O 0.4+ with neutrino spectrum of 233U, as
] the SM-3 reactor works on highly
0.2 enriched uranium.
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N Probability of antineutrino disappearance Lo
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The method of the analysis of experimental data should not rely on precise knowledge
of spectrum. One can carry out model independent analysis using equation (2), where

numerator is the rate of antineutrino events with correction to geometric fact@mtlL
denominator is its value averaged over all distances.

ﬁ([(Rﬁfp- RO 0D edsin® 22, mb)
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_ _ 2 ,
The results of the analysi®f optimal parameters DTI14 and s,|n2 I[l 4
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oscillation effect at
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It seems that the effect predicted in gallium and reactor
experiments iIs confirmed, but at sufficiently large values

D2, ° 7.3 f siF 2,= 0 .°3 9

The mixing parameter appears to be large enough in
comparison with existing limitations from the Daya Bay
and Bugey3 experiments, but the difference between
the results is0.19N0.18 i.e. one standard deviation.
Therefore, there I1s no clear contradiction.



The results of the analysi®f optimal parameters

05 06
Sir’(20,,)

Area around central values in linear scale
and significantly magnified

2 :
DTIM and sjn? 2:{14 using C° method
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sin’(26, )

Central part even further magnified
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The method of coherent addition of results of measurementslows us
to directly observe the effect of oscillations
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D, © 7 f
sir? 24,° 0

The expected effect at the different interval for distance
and for energy (ight part of equation 2)
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The first observation of oscillation of reactor antineutrino in sterile neutrino

A.P.Serebrowet al.
A (Observed, 24p, 500keV JETP Letters,
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Analysis of possible systematic effect

S
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To carry out analysis of possible systematic effects one should turn off antineutrino
flux (reactor) and perform the same analysis obackground data
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Test of systematic effects

To carry out analysis of possible systematic effects one should turn off antineutrino
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Thus no instrumental systematic errors were observed. 24


https://pnpi.nrcki.ru/mail/?_task=mail&_caps=pdf%3D1%2Cflash%3D1%2Ctif%3D0&_uid=9209&_mbox=INBOX&_action=show#add

Additional dispersion of measurement result which appears due to
fluctuations of cosmic background
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40 Sama  foer=00m Since the measurements of the background carried out during

the annual scheduled reactor repair works, then total additiona
dispersioris increasd up to~ 9%.
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Sensitivity of other experiments NEOS , DANSS , STEREO and PROSPECT together with Neutrixb

SRR ! " PROSBECT CL 95%: Neutrino-4 CL 99% Neutrino-4
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Experiment Neutringl has some advantages in sensitivity to big values b, owing to a compact reactor corainias:

detector distance from the reactor and wide range of detector movements. Next highest sensitivity to large Daiﬁelsedxbngs
to PROSPECT experiment. Currently its sensitivity is two times lower than Nedtseasitivity, but it recently has startedada
collection so it possibly caronfirm or refute our result. 26



Some advantages of experiment Neutrind

Experiment Neutrino-4 has some advantages in sensitivity
to big values of Dm{, owing to a compact reactor core,
close minimal detector distance from the reactor and wide
range of detector movementdn total, the reactor was

switched on and off58 times




New measurements
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Here is twice statistic
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at short distance where signal background ratio is much better



The results of the analysi®f optimal parameters [}nf4 and sin2 mfm
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Analysis of experimental data with two sterile neutrino
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Am’ =7.26,sin’20 =0.23, Am’ _=1.23,sin’20 =0.11
14 14 15 15

Analysis of experimental data with two sterile neutrino
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Possible conformation of our results

First of all there is no large contradiction with
Reactor Antineutrino Anomaly
and Gallium Anomaly

34



Ratio of Observed To Predicted Reactor-v’s

There is no large contradiction with Reactor Antineutrino Anomaly
= Observed/predicted averaged event ratio: R=0.92710.023 (3.0 0)
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Where our result can beconfirmed or refuted ?

1. PROSPECT,STEREO, SoLiDb-can be €eé because s ma
2. DANSST it Is difficult because big size (3.7m) of reactor core.

3. NEOST itis very difficult because big size of reactor core and distance 24 m.
4. BEST - new measurements Is going right now.

5. KATRIN, Troisk

The period of oscillation for an4 ©73 f and neutrino energy 4 MeV 1s4 m
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i V.Egorov DLNP JINR, Dubna
e (on behalf of the DANSS collaboration)
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Possible
confirmation
of effect of
anti-neutrino
osclillations
with
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MC simulation of experiment DANSS
and analysis of experimental data DANSS with two sterile neutrino
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Effect Neutrino-4

BEST experiment- Sensitivity Area 1

Am;, ~7.3eV?

...............

.........

in® 20,, ~ 0.33

Am“(eV?)

| SAGE + GALLEX + BEST ( *'Cr ) (0.807, 0.881) +
+ BEST (*°Zn ) (0.827, 0.781)
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sin®(29)

FIG. 7. Allowed regions of oscillation parameters, built on
the basis of new data, in the case of combining the results of
SAGE + GALLEX with the result of BEST for two sources
(1Cr and %°Zn), which corresponds to the best fit point.



Experiment KATRIN and sterile neutrino from Neutrino -4

Am’ =7.26,sin’20 =0.23, Am’ _=1.23,sin’20 =0.11
14 14 15 15

_ > Sirf2J,=4/U, * (1 -/U,, P)
m, =y S/ Y,/

U, 17 <1
D, °ng,  Dm; °ng /U14/2°%Sin22J14
4 1 )
m, © EJ?.B @23 #23 0.01 O0.6%

\- Y
1. There is no contradiction with restriction from experiment KATRIN - mb CleV

2. |If effect of Neutrino-4 is correct o
then prediction for neutrino mass is [mb 0'676\/]
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Standard neutrino

normal
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1.2eV?
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Two problems of fundamental interactiogbaryon asymmetry of th

universe and dark matter
(left-right asymmetry in nature)

Sterile neutrino it is mirror neutrinog candidate fordark matter particle

Coexistence is possible, transitions are complicated

world

mirror world coexistence h ®010

®> ———— (O
mirror particles particles
Dark matter CPp

mirror anti particles

@ antiparticles CP

mirror antiworld

annihilation!!

Coexistence is not possible

CP- violation
baryon number violation

®

antiworld .
baryon asymmetry of universe




average

N(L, E)/N(L,E)
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['hank you for attention

0.5

4 (Observed, 24p, 500keV
. Am2=7.34eV2, sin2(29) =0.39 s
]
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Unity

| —4— Observed, 24p, 500keV. July, 2019.

* Am’ =7.26,5in"20 =0.23, Am’, = 1.23, 5in"20, = 0.11

L
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a) The ratio of an experimental spectrum of prompt signals to the 0.25=
spectrum, expected from MC calculations for 3 ranges (~2m) with centers i —— Average Spectrum
7.3m, 9.3m and 11.1m _
b) polynomial fit of results averaged by distance (red curve) 0.2 — Expected Spectrum
1.8 - B
1.6 a :é’; -
1.4 §0.15_—
2 ~ 3! 2/DoF = 21.32/9
S 1.0 ~ s > P i XUOF = £1.
% 0.8 - :‘; ‘s 01— ——
% 0.6 : -
s osl —®— Front (7.3m) = N
| —e— Middle (9.3m) -
27 —e—Back (11.1m) Prol?lems 0.05~
0-2000 ' 20]00 ‘ 30'00 ' 4(;00 ' 50:00 ' 60100 Wlth :
Prompt Energy (keV) L '
1.6 — pt = energy IIII|IIII|IIII|IIII|IIII|II-|—.:|
_ b fioo 2000 3000 4000 5000 6000 7000
144 spectrum Prompt Energy, (keV)
1.2
f§ 107 Spectrum of prompt signals in the detector for a total cycle
o 0.8+ of measurements summed over all distances (average
= 0.6 distanced 8.6 meters). The red line shows MonteCarlo
5 0.4 ® Average simulation with neutrino spectrum of 238U, as the SM3
0.2 reactor works on highly enriched uranium.
0.0 ]

1000

T v T T T T T T 1
2000 3000 4000 S000 6000 46
Prompt Energy (keV)



Observed/Expected

Spectrum ( observed/ expected) of prompt signals

1.6
] T Problems
1.4 - with
I energy
1.2 4 spectrum
1.0
1 Spectrum ( observed/
0.8 - expected) of prompt signals
- in the detector for a total
0.6 - cycle of measurements
summed over all distances
T @
0.4 Average (average distanced 8.6
T meters). Monte-Carlo
0.2 - simulation with neutrino
* spectrum of23, as the SM
] 3 reactor works on highly
0.0 " l " l T l ' J ' 1 enriched uranium.,
1000 2000 3000 4000 5000 6000

Prompt Energy (keV) 47



ASectioning of the detector The test with a source of fast neutrons
16

AProblem of fast neutrons -
. . . __.. ....
AAllocation of a neutrino signal L P
|: m.umw,.... Soaet, s
The problem of fast neutrons 12—
False event ~  No effect for multi i section starts
- 10__
Neutrino event E& 31‘:"""““*‘-..... y
"";1 - g .u‘.uu;;“11_‘_1‘_‘_‘_““““‘
fast neutron 6 E:"T_"_,,,““ﬂ,vﬂ,v,vv“v"",n-vﬂ-v-v-.v-v-v."eﬂﬂv
4; —e— Pu-Be.
B —— Pu-Be. Single start.
21— —=— Pu-Be. Multi start.
Gd :
Neutron scattering imitate neutrino reaction ' 10 20 30 40 50 60 70 30 90 100

time, us

24 central and 16 side cells for full -scale detector i
Experimental average

central cell | side cell | angular cell |n all cells percentage of multistart
0 0 0
42% 29% 1% events for full-scale detector
Calculated percentage of multistart events  ) (37 N 4)0/0 48
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Independence of identification of effect of oscillations of a form of a neutrino spectrum
3 different ranges were chosen1) U-235 2) Expetiment,3) Monte-Carlo

A Observed, 24p, 500keV
expected, 24p, 500keV, U-235

x  predicted, 24p, 500keV, experiment
159 + predicted, 24p, 500keV, Monte-Carlo

ARl

H
**‘;w+* * J‘ "I—I—|

:' rl]_ —A—

Inexact measurement of energy
influences to definition of: Dmy,

N, E)YN@L,E)_. .

0.5 +

1.0 1.5 2.0 2.5
L/E

Apparently there is no difference. It also should not be because spectra are strictly canceled in formula (2)

o N(E. L)L [1-sin® 2g, sif Q2703 L, /E) ] s

K K _ (2)
K'li N(E. k)L, K '151[1- sin® 214 sire (1.2DmG Lk 5 )
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Analysis of possible difference in efficiency of rows of the detector,
using the background of fast neutrons which is given rise into the building from cosmic muons.

1400 - Selfshilding from
-\ fast neutrons inside
1000 __ deteCtor ,
j/;; {00 —_ -
§ 600 __ - -
200 —_ B background

The background of fast neutrons is asymmetric
because of structure of the building.

1
8
&)
N O
774 NSNS
. —

N

Active zone Antineutrino detector in
passive shielding

upper limit
o
501 less than © goy
20 ]
10 - - o=
0 - = = * L
“10 ] = ]
=0
< 304
= i
g 40 -
E 1
B S0
-60 —
70 .
-80 | background deviation
90 __
-100 ] T T T T T T T T T T
0 2 4 6 8 o

row number

The dispersion on a background when moving the
detector is within the same 8%.

We use only 8 internal rows,
the first and tenth are protective. 51



Averaging of detector rows efficiencies due to movementsbpve estimatior)

L(m) Numbers of detector row Average efficiency at various distances

6.4025
6.6375
6.8725
7.1075
7.3425
7.5775
7.8125
8.0475
8.2825
8.5175
8.7525
8.9875
9.2225
9.4575
9.6925
9.9275
10.1625
10.3975
10.6325
10.8675
11.1025
11.3375
11.5725
11.8075

20

=20 4
Average squared deviation ~ 2.5%

-40

deviation (%)

-60 -

-80 -
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distance (m)
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WL rn:

N(L, E)YN(L.E)

Test of stability of the effect by means of removal of extreme positions

A Observed, 24p, 500keV, without lirst 2 positions
Am =7.34ev", sin>(26) = 0.39
1.5
Log 1 A I
X -l" %i l - %?l %’L :L “‘%ﬁ
| L +L lHlL
5 l
1.0 I.IS Z.II'I }‘.:5
L/E,
A Observed, 24p, S00keV, without last 2 positions
L eV in (20) =039
151 ]
: ;
K L LL % [ £
O 4 i . =
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z . il bl LR g
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4  (Observed, 24p, 500keV
Am2=7.34eV2, sin2(29) =0.39

0.5 4 Am’=7.34eV’, sin’(20) = 0.39 % /DoF  10.26/17 GoF 0.89

L .L
&Jl'“ Mok ol

Unity ¥’'/MoF  22.29/19 GoF 0.27
l.l(l . 115 I 2:0
L/E_
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Conclusion

There Is no reason to
consider that the effect can
be caused by structure of the
detector. The possibility of
averaging of efficiency of
various sections by placing
them at the same distance is
the advantage of our

experiment.
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Accidental background practically does not depend on reactor, but it is rather

I, (10°s) (500keV)’

600

500

400

300

200

100

o

big at low energies.

E —+—— 7.11m distance. Reactor ON. Exposition time 383h. Accidental background.

— ~~4~ 7 11m distance. Reactor OFF. Exposition time 314h. Accidental background.

— I

— t

— 7.11m distance. Reactor ON. Accidental background.

- Integral 857.5

- 7.11m distance. Reactor OFF. Accidental background.

— Integral 743.8
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Signal of correlated events

time of
arrival of the

~ -+
Eir;rgllot second delayed signal ne + p - e II g

impulse

—— > 17, P
time window
10ns 100ns
Sum amplitude start/stop - square/triangle Time Spectrum
start 1500 - 4500 (3.0MeV -9.0MeV) | - Entries 4706
B Entries 4706 80— Integral 2245
stop 1500 - 6000 (3.0MeV - 12.0MeV) ¥ Indf  76.97/143
Integral 2302 ; p0 5.251+£0.239
70H p1 99.06+ 3.48
10 i B
2 [ ‘ reactor ON. 6.3m - 60¢ Sum(-backgr) 0 - 100mcrs 1347 + 31
—_— [~ = —
s o
X Q [
% i 20,01, 28.04, 03.02 ESO_
2 | oz N
< 2401
& | o F Sum 0 - 100mcrs 1649 + 28
= S 30f
101 20F
i 10F
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Theory of Neutrino Masses
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Neutrino mass

3 complementary methods to measure:

Method Observable curr. [V]  near/far [eV] pro con
Kurie /3 [Uei]? m2 2.3 0.2/0.1 T:l::::: ;LZi':ﬂ
Cosmo. Y . 0.7 0.3/0.05 N"I_fiH s
0w 33 S U2 ml 0.3 0.1/0.05 F“”hj'li;ﬁ:t* ”::fjli;

u _ Ve | -
; with 1, —~ mg Vversus ) with my = 107 7 m.

why so tiny?







