n from supernova,
high energyn,
reactor electron antneutrino

Fedor Danevich
Institute for Nuclear Research, Kyiv, Ukraine
http://Ipd.kinr.kiev.ua
danevich@kinr.kiev.ua, danevich@Ings.infn.it

F.A. Danevich Univ. Tor Vergata April 15, 2015



Questions (1)

A Why there is no radioactive elements in the Earth core?

Al 2¢ GKS 9flowdarkoa astinkated U

A Which radionuclides provide the main radiogenic heat flow?

A Why we cannot detect neutrino frof¥K by using liquid
scintillator?
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Questions (2)

A ldea of the atmospheric neutrino experiments?

A Main reasons of the lorbaseline experiments?

A The main advantage of the OPERA experiment?

A For what reason new accelerator experiments are
developed?

A Role of Monte Carlo simulations and calibration
measurements in the atmospheric and lebgseline
experiments?
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- Water Purificatiom

HyperKamiokande

The HypeiKamiokande is a next generation underground water Cherenkov detector. The total
(fiducial) mass is 0.99 (0.56) million tons, about 20 (25) times larger than that of&ulpevill serve

as a far detector of a long baseline neutrino oscillation experiment envisioned for the upgkaded
PARC (acceleratognd as a detector capable of observimtar beyond the sensitivity of the Super
Kamiokande (Supdf) detectorg proton decays, atmospheric neutrinos, and neutrinos from
astronomical origins. Hypéd{ can extend the sensitivity to nucleon decays beyond what was achieve
by SupeiK by an order of magnitude or more.

K. Abe et alLetter of Intent: The Hyfmmniokande Experingemetector Design and Physics Potential,
arXiv:1109.3262v1 fezpl5 Sep 2011
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Plan of lecture

A Neutrino from supernova
A High energy: IceCube
A Reactor electron antheutrino
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Neutrino from supernova

stellar evolution

The theory of stellar evolution predicts that the
final stage of a massive star (typically more than
eight solar masses) is a core collapse followed by &
neutron star or a black hole. As the temperature
and density at the centre of stars increase, nuclear
fusion produces heavier elements. This leads

T L by finally to an iron core of about one solar mass;
The LargévagellanicCloud with SN1987A further nuclear fusion is prevented as iron has the

(centre) in an optical image created from largest binding energy of all elements. When the
several images of the region taken by the core becomes gravitationally unstable it triggers

Hubble Space Telescope during the 1990s.  the supernova explosion.
The gravitational potential energy of the iron core

gives the energy released by the core collapse,
which is about 3 103 ergs. Predictions indicated
that neutrinos would release most of the energy,
since other particles, such as photons, are easily
trapped by the massive material of the star.

6
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Neutrino from supernova
1987A: Kamiokande

A neutrino burst was observed in the Kamiokande Il detector on 23 February 1987,
7:35:35UT (+ 1 min) during a time interval of 13 sec. The signal consisted of eleven
electron events of energy 7.5 to 36 MeV, of which the first two point back to the Large

MagellanicCloud with angles 18 18 and15 ° 27 sof T,
_ ']_: a0 ! 2 ® |
< |
T 11 L4
1.0 E.DA TIME
fw — - : K : { (sec)
i A s : = : 4
= = 5a0 -||,2x10" ;
- i 7 éﬁo- Jo_gmo"ﬁi
. 1 Cle - = i} -
: ;:: 2 %40 L | . | O.GﬂO"g
“ ) 20f : . FE' w2 0.3x10°g
3 2. Z o ‘ :
- -30.0 100 200 TIME
UTO'? 35 35 2/23'87) (sec)

Kamiokande Cherenkov detector
contains 3000 tons of water of which
2140 tons are fiducial volume.

The time sequence of events in a-4é&c interval centered
on 07:35:35UT, 23 February 1987. The vertical height of
each line represents the relative energy of the event.

K. Hiratat al., Observation of a neutrino burst from the supernoveP8id. 98&a., eft8(1987)1490

K. S. Hiratat al., Observation in the KamicKatetector of the neutrino burst from supernova
SN1987APhys. Re® 3819885148
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Neutrino from supernova
1987A: IMB
A burst of eight neutrino events preceding the optical detection of the supernova in

the LargeMagellanicCloud has been observédy the IMBCherenkov detector. The
events span an interval @&s and have visible energies in the raiafe40 MeV.

TABLE IIl. Characteristics of the contained neutrino events recorded on 23 February.

Time Energy® Angular distribution®
Event No.* (uT) No. of PMT's (MeV) (degrees)
3ile2 T:35:41.37 47 38 74
33loed T:35:41.79 61 17 52
33167 T7:35:42.02 49 40 a6
33168 T:35:42.52 G0 35 63
33170 7:315:42.94 52 29 40
33173 7:35.44.06 Gl 37 32
EE] I T:35:46.38 44 20 i9
33184 7:35:46.96 45 24 102

*The event numbers are nol sequential. [nterspersed with the comtained neutrino events are fteen enter-
INg COSMIG-ray muons,

PError in energy determination is <+ 25% (systematic plus statistical),

“Individual track reconstruction uncertainty is 15%, Mote that this angular distribution will he systemati-
cally biased toward the source because of the location of the inoperative PMT's

J. C. Van Der Vektal., Neutrinos from SN1987A in the IMB ddtettorstrum. MeiB64198828.
R. M. Bion&t al., Observation of a neutrino burst in coincidence with supernova SN1987A in the L:

Magellanic Cloudhys. Rev. LeaB(1987)1494.
8
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Neutrino from supernova
1987A: Baksan

The Baksan neutrino telescope is
located at a depth of 85M.w.g, in = o)
the mountains of the North =™
Caucasus. The telescope consists of E
3150 scintillation detectors arranged  **7
in eight planes forming a £

“ll"}_

I L ! | I|r||| M | T JI‘!.I-I:'IH"];
21521320 2:52:30 ERLERT 1] 2:52:50 253000 2453410 ]

B 20+

parallelepiped shape with two " o] |

internal horizontal layers. Each of the il eilim o zae rorme zmece zeaho

3150 elements (70 X 7030 cn?) rime (o)

contains an otbased liquid The time sequences of events detected by the LSD (a)
scintillator viewed by one 15 cm and the Baksan telescope (b) at 2:52 UT on February

photomultiplier tube. The total target 23, 1987.
mass is ~ 330 t.

A signal of 5 events within 9.1 s was found in the Baksan scintillation telescope with &
fiducial mass of 200 t on February 23, 1987.

E. N. Alekseev et al., Detection of the neutrino signal from sn1987a in the Imc using the inr baksan
scintillation telescopdys. LetB 2051988209
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Neutrino from supernova

| summary
. AThe eventobserved by Kamiokanelé, HH {

IMB and Baksan few hours before ——

SN1987A are consistent with the i | I +

hypothesis that the supernova emitted  **|: }

about 51 10P2erg in electron

~ —— 1 antineutrinos with an average energy of -

S mer T 7" one dozen of MeV N

A There is no clear indication of other physics from the observed energy spectra and that the
agreement with the theory is satisfactory even though there are some issues that remain
unsolved to date

A it seems fair to conclude that the observations from SN1987A have deseful benchmark and
a precious occasion to test our knowledge of what happens during a gravitatiafegse

A TheSuperNoveaEarly Warning System (SNEWS) is a network of neutrino detectors (Borexino,
DayaBay,KamLANDIceCube, LVIBuperKamiokandg organizedo give early warning to
astronomersto studythe supernova phenomenon atvery early stage of theollapse by
different telescopes (radio, optical, X ray, gamma3 ray

& [10% erg]

Francesco Vissani, Comparative analysi9®A3dtineutrino fluent®hysG42(2015013001

M. Koshiba, Observational neutrino astroptyscse220(1992229381

D. Denegri, B. Sadoulet, M. Spiro, The number of neutrifespdtoes,PhyE2 (1990 1

V. Trimbld,98°A: The greatest supernova since KegleiMod. Phy(1988859871
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High energyn

IceCube: largest Cherenkov detectdl &t

IceCube Lab
s
50 meters e e
oom | -3 ¥ ‘u.‘.. i
IceCube Array - i |
86 strings, 60 sensors each X0 h"‘\_l
5,160 optical sensors = =
T / /'.
1,450 meters DeepCore 4 :
6 strings optimized A
for low energies - L

Eiffel Tower
324 meters

2,450 meters
2,820 meters

Photomultiplier in special encapsulation to
, prevent PMT fromhigh-pressure in the ice
AmundserScott South Pole Station
Experimental goals

A Point sources of high energy neutrinos

A Gamma ray bursts coincident with neutrinos
A Indirect dark matter searches

A Neutrino oscillations

"‘lk A Galactic supernovae
failed A Sterile Neutrinos
2
Principle of high energydetection .

F.A. Danevich Univ. Tor Vergata April 15, 2015



High energyn

lceCube: results

:
. Galactic
IceCube has detected the highest energy
. . . [ — |
neutrinos ever recorded, with energies of 1.0, 0 TS=2log(L/L0)
1.1 and 2.PeV(1PeV=10~eV,peta-eV) Arrival directions of the 37 very high energy events
T found in IceCube after analyzing three years of dat:
MSSM incl. XENON (2012) ATLAS + CMS (2012) . .. .
S -~ Gl 7 (201G;2013). No significant clustering was
el L PIoRSS0 (2012) i | /| observed
T SupER Bor) Wy
1 AN Y =777 .7/ | Upper limits on the spidependent cross section for
~ g Vg T o L — . ]
3 ~— =T e %= hard and soft annihilation channels over a range of
R R ~ e i - WIMP masses using IceCube data. Results are sho

in comparison to recent results by other accelerator,
, cosmological, and direct dark matter search
'''' IceCube 2012 (bb) .
-40f==— loeCube 2012 (W'W)* | ‘ | Constra|nts
O(rtl1‘ormrv<mml,=80<]4(EeV)l | | 1 1 | ' |

1 1 2 3 1 1 1 1 4
log10 ( mX/GeV)

http://icecube.wisc.edu/science/highlights
F.A. Danevich Univ. Tor Vergata April15, 2015

-39 —




Reactor electron antineutrino
basic principles

Neutrino can be detected through charged current interaction:
a,+p- e+n (1)

The energy thresholi ~ 1.8MeV r+ time
— e* event _
gquanta @ particleg after
~10-2001s neutron capture by
08 107 « »  protons Gd CdALi,3He)
08 E_ %—, II". measured spectrum f-f - E-

A A <4 5 1.0
S AV AN/
E ﬂ.ﬁ:_ Fer "' \\“x ] o = 0.6
80k, [ " t 3 £
'E 0.32—_ o) ":". E 5‘5 0.4k
© ok B L 0.2

2 g

pE 1, 1 =

’ 1 : Antineutrino Energy (MeV) - 1 . IID 1 'I:'D

] _ ] Distance [km]

Detection of reactor1, Spectra of from the Illustration of neutrino oscillations. The expected
isotopes?3U, 23%Pu,238U, 241Pu. (blue) Cross flavor composition of the reactor neutrino flux, for
section of the reactionl). (red) Energy neutrinos of4 MeV energy, is plotted as a function
spectrum measured by the detector. of distance to the reactor core

P.Vogel, L.J.Wen, C.Zhbegtrino Oscillation Studies with Reac{ord,503.01059v1 {eepp3 Mar 2015
13
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Reactor electron antineutrino

history: first neutrino detection

Reines and Cowatt9531959[1, 2]
Theseexperimentsdefinitely confirmedthe existenceof the free neutrino

Savannah River Plant of the U.S. Atomic Energy Commission

o v f 27 (1) liquid scintillatordetector (140diters);
;_,f; - ! A, (2) scintillationanticoincidence countelio suppress
5 fie s Ad1T/ cosmieray background;
% ?m;-h _ I i Bl @ (3) two groupsof photomultipliersconnectedfor
Aoy I o coincidence;
] Cﬂ;-w?&; ] —~ = (4)electronicequipment;
£ il ﬂ-j;a— 0#see (5)double beanpscillograph;
R Ty (6) leadand paraffinshieldsagainstreactorradiation

A reactorpower-dependent signal was observed.
Acrosssectionof * =(11N2.6)1 104 cm? wasobtained. Thetheoreticalvalueof the cross

sectionaveragedover the antineutrinospectrumwasestimated to bg(10c14)1 1044 cne

F. Reines, C. L. Cowan, Detection of the free PleygriRey. 92 (1953) 830
C. Cowan et alDetection of the free neutrino: A comfhation, Science 124 (1956) 103
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Reactor electron antineutrino

early experiments: Grenoble

Search for neutrino oscillations at a fission reactoGatnoble, France: detector

Detector was at an effective distano€8.76 m (antineutrino flux of 9.8x10cnm! s?)

Ummbrella | }

T Z7 T

N\

NEZ235C

3 , | AN
He wire chamber |~--:

u

LA N

L

i

Chambers

0 0.5m

e

] :
\\\\\MN\‘\\W

NS}
T

Detector consisted of 377 | of scintillation
counters (to detect the positron signal) afide
counters to detect neutron

=5 |

]
|

el

REACTOR ON
REACTOR GFF

accidental

Ege+ (MeV)

Positron energy spectra for reactor
on (3088.7 h live time) and reactor
off (1181.8 h live time)

H. Kwon et al., Search for neutrino oscillations at fission reactor. Phys. Rev. D 24 (1981) 1097
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Reactor electron antineutrino
early experiments: Grenoble

Search for neutrino oscillations at a fission reactoGatnoble, France: result

1.0 T T T T T T T T

I
COUNTS COUNTS | e Uncer oy
() - + Present results %,1.-".-_'_‘.1_,'_ | f,-,:-, I‘:."r-:- - I| 3 .-II:-:Ir i _.-.-.“. i _!._ Ti.._
MeV' h QT ° s |LL, from € spectrum ) I f'}:}LL 11 *
o a aF—--- - c) oyl T, =S S SO ) [
Lray = D et al, calculation el _J‘”}} r __]_ ’ i fwve
: S oy IR L1 s s sy il £
0.5 > AG, calculation | L _f{rr," =T i____l_az__u
. YAl sin® 2000,3 )
05 ol ae® snf 803 7
I — __.E%.__
O 1 1 1 | | 1 L 1 I:h i 2 IJI 4 &
0 2 3 4 5 6 7 8 ey
Ee (MeV) ey

Positron energy Spectrum_ The solid curve The ratio of the experimental to the theoretical

represents the expected positron spectrum positron yield. The ratio assuming no

based on the reactor electrespectrum oscillations was determined to be
YSIF&dZNBYSY i O6L[[ 0D ¢ KS YedYnooess 0.955° 0.035 (stat.f 0. 110(syst.) ¢

YR d45¢ IINB Ffaz aKz2gyo
No oscillation effect was detected

H. Kwon et al., Search for neutrino oscillations at fission reactor. Phys. Rev. D 24 (1981) 1097
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Reactor electron antineutrino

early experiments: Grenoble

Search for neutrino oscillations at a fission reactoGatnoble, France: result

50
=
e The limits on the neutrinescillation parameters
30f.2 Dm?2 versus sif2q given by theGrenobleexperiment [1]
o ol for 68% and 90% confidence level (C.L.). The regions to
' .
L5k the right of the curve can be excluded. The allowed
2 i regions proposed in Ref. [2] are shown as a shaded ares
{%v‘"} or contained by the curves labeled UCI.
0.7 Uch 88% ( -
08
0.5 !
o4k |
1
0.3 F ||II
\
I o . ILL
0.5} ~3 Typically the results of oscillation experiments are
o CTven L presented as twalimensional ploDm? versus sif2q
) 0.5 1.0
sin® 28

[1] H. Kwon et al., Search for neutrino oscillations at fission reactor. Phys. Rev. D 24 (1981) 1097

[2]F. Reines et al., Evidence for Neutrino Instability, Phys. Rev. Lett. 45 (1980) 1307
17
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Reactor electron antineutrino
SI NI &8 SELISNARYSylGay DI
Search for neutrino oscillations at tf2e8 GWnuclear reactor iD | & JBvifzerland)

The reactor provided%10%° 7, per second

The energy spectrum of the antineutrinos was measured at three distances, 37.9, 45
and 64.7 m, from the reactor core.

Defection principle Detector assembly

30 liguid scintillater cells
Pl I

S e |
~ Liguid  Multiwire & e MWPL
Seintillator cells Err::lpr:tbiurumi €5 comcrere  EED en. T moo
The neutrino detector is nearly identical to Detector assembly of the neutrino
the one previously used for the meastre experimentsat 3 sgen

ments at theGrenoblereactor

G. Zacek et al., Neutasaillation experiments abthes gen nucl ear p o WEIB6RG2E a
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Reactor electron antineutrino
SI NI &8 SELISNARYSylGay DI

Search for neutrino oscillations at ti2e8 GWhuclear reactor iD | & JBvifzerland)

: | 1L7 mn B! 1 a) Experimental spectra for reacton and reactor
N vof 1 off periods. The contributions of the accidental
:0 g e | o8 ] background are indicated by the dashed curves. ib)
o Lhu Lﬂli 4 oaf { Measured and_predicted positro_n yields. The
.. 2w ™ | measured positron spectra obtained from the
5t - b 1 subtraction of reactoion and reactooff spectra
im' . o mmm - oep are shown for experiments at distances 37.9, 45.9
Bl Gb e £ o6 and 64, 7 mThe solid and dashed curves represent
G Ltﬁlh "ﬁ ;“; o4r the predicted positron yields derived by using the
05| Lw:“b}ﬂ: CoseT different approaches based on characteristics of the
o [T o0y ¢ reactor.
s | ﬂ%‘i b7 m o4t / "
10 ‘ !*;Lr 2:::: ::r * e
_ i 0.2t i
0.5 ! "?.,;15'1__“‘_ ] oAt

Ega+(MeV)

G. Zacek et al., Neutasaillation experiments abthes gen nucl ear p o wWEIB6R6G2E a
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Reactor electron antineutrino
SI NI &8 SELISNARYSylGay DI
Search for neutrino oscillations at tf2e8 GWnuclear reactor iD | & JBvifzerland)

1
3 10
:

1
10 [ T 1 T T T
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(b} J
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N‘_- ("‘:-‘.
= B =
w 90% CL| 3 Parameter @
e 68 % (L, Analysis o
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07 N/ 90% LU 6 Parameter — 10 !
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- ) |

Analysis
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Exclusion plots for the oscillation paramet&s1? and sirf2q utilizing different antineutrino spectra
and some other characteristicEhe results are consistent with the absence of neutrino oscillations:
limits on the oscillation parameters a@m? <0.019 e¥(90% C.L.) for maximum mixirginf2q = 1) and
sinf2g < 0.21 (90% C.L.) fBbm?2> 5 eV.

G. Zacek et al., Neutanaillation experiments abthes gen nucl ear p c3WE86262Ek a
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Reactor electron antineutrino

early experiments: Rovno

Search for neutrino oscillations at tlie375GW nuclear reactor irRovno (Ukraine)

o The important feature of the Rovno experiment was using of two
different detectors in the samé.  flux.

AU o

T Azj EI'I"IE
\ E

R 7.0

?"

]

&g

)
T T TrET]

]

AN NN N s
o A e

B e &
AN AN \\r\

e I 0.1
L 1 | |
a i 2 Jm B
Main details of the experimental setupiritegrating ! 0.2 o 0.6 e "5“'2” _
detector; 2-scintillation-counter spectrometer3- Limitson the oscillation paramete®m?, sirr2q

polyethylene; Gscintillatorsf the anticoincidence
shield;5- anticoincidence detectors;

A. | Afoniret al., A study of the reaition- €'pt n on a nuclear reactor. J. TExqmrPhys. 671988213
21

The oscillation effecta/ere not confirmed
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Reactor electron antineutrino
early experiments

Krasnoyarsk neutrino oscillation experiment

Am?(ev?)
Detector in shape of hexagonal prism filled by Y s i i B B B Bt S
458 kg of granulated polyethylene. The prism ’> S5 VU O R WA A AR
contained903He proportional counters to L 11_ 1 Frejus
detect neutrons. The measurements were 11 2
carried out in the flux of antineutrino fror@ o |
reactors at distancé7m, 57.6m and232m.

.01

SR S S— — ——

0001

Sin® 20

G.S.Vidyakiet al., A study of the reagtion- €p- n on a nuclear reactor. JETB2€1994 390 -
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Reactor electron antineutrino
early experiments

Savannah River Site experiment

Neutrino Oscillation Detector

A search for vacuum neutrino oscillations in the rabg# >0.01e\?
with sirf2q >0.05was performed with a detector placed at two

e 1 different distancesi8 and 24 m) from a production reactor. The results
% 7 observed are inconsistent with oscillations in this region and consistent
~E 7 with other reactorexperiments.
-] — -
4 ?, 30 : 20 g_ (v)
7 lf;' . "-6‘ 17.5 B
LAgh 7 275liters of 3P 15
\ \K\ / xylene based g 125 |
7 S " g liquid scintillator S ?‘z g
j ’ a with 0.5% of FLN: :
B (o sl 5 gadolinium 5 F 25 E
:l 1 1 1 I 1 1 L I | - L | L
[ NE 313 3004 : 2 N ° ’
11004 MINERAL OIL SCINTILLATOR Pesitron Energy {(MeV) Positron Energy {MeV)}
771 ANTICOINCIDENCE 3" PLASTIC SCINT ) .
W SHIELDING 2" Pb + 8' Pb The positron spectra normalized for reactor power at
The detector was situated 12 m  positions 1 (a) and 2 (byhe solid lines represent the Monte
below the2.0 GW reactor Carlo predictions assuming no oscillatians

Z.D.Greenwood et al., Results ojpasitron reactoeutrinascillation experiment. Phys. Re(1D%&$H054
23
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Reactor electron antineutrino

early experiments

Experiment usingugey2.8 GW reactor

Measurements of neutrino energy spectra at
15, 40and 95 m with SLiloaded liquid
scintillator
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The neutron capture energy spectra for reactor and
reactor-off periods (upper part) and the difference of the
reactoron and reactooff periods (lower part).

B. Achkaket al., Search for neutrino oscillations at 15, 40, and 95 meters from a nuclear power react
at Bugey, Nucl. Phys. B434 (1995) 503

see also reviewC.Bemporad, G. Gratta, P. Vogel, Reattased neutrino oscillation experiments, Rev.
Mod. Phys. 742002)297.
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Reactor electron antineutrino

early experiments

Experiment usingdugey2.8 MW reactor L f | |
N = l&
The ratio of the observed == _z ;
and the predicted positron = = |
spectra in the absence of ] ﬁ\ S
oscillations: atl5m N Qe A
(upper), at40m (middle), i I
and at95m (lower part). o 5K

162 19

The exclusion contour obtained from the positron energy
spectra at40, 15and95 m. Results of earlier reactor and
Kamiokande experiments are also shown.

No oscillations were observed

The early experiments (slides 4%b) were not able to detect neutrino oscillations since they
were directed to be sensitive to the too large neutrinmass scal®m? on the levelof ~0.:10eV

B. Achkaket al., Search for neutrino oscillations at 15, 40, and 95 meters from a nuclear power react

at Bugey, Nucl. Phys. B434 (1995) 503
see also reviewC.Bemporad, G. Gratta, P. Vogel, Reattased neutrino oscillation experiments, Rev.

Mod. Phys. 742002)297.
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