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Minuly update Evropské Strategie z roku 2013 pravi o neutrinové fyzice toto:

High-priority large-scale scientific activities

f) Rapid progress in neutrino oscillation physics, with significant European involvement, has established a strong scientific
case for a long-baseline neutrino programme exploring CP violation and the mass hierarchy in the neutrino sector. CERN
should develop a neutrino programme to pave the way for a substantial European role in future long-baseline
experiments. Europe should explore the possibility of major participation in leading long-baseline neutrino projects in
the US and Japan.

Budu se soustredit na tyto priority

Other scientific activities essential to the particle physics programme

j) A range of important non-accelerator experiments take place at the overlap of particle and astroparticle physics, such as
searches for proton decay, neutrinoless double beta decay and dark matter, and the study of high-energy cosmic-rays.
These experiments address fundamental questions beyond the Standard Model of particle physics. The exchange of
information between CERN and ApPEC has progressed since 2006. In the coming years, CERN should seek a closer
collaboration with ApPEC on detector R&D with a view to maintaining the community’s capability for unique projects in
this field.
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Hlavni otazky soucasné neutrinové fyziky

1.Naruseni CP v oscilacich neutrin — s tim jak uvidime souvisi dil¢i
otazky, zejména velikost uhlu 013, poradi (hierarchie) hmot, je
Uhel 623 vétsi anebo mensi nez 45 stupnti

2. Naruseni leptonoveho Cisla — jsou neutrina Dirakovské nebo Majoranovské castice,
existuje bezneutrinovy dvojny rozpad?

3. Co vime o velikosti hmot neutrin?

4. Existuji dalsi druhy neutrin?

14.09.2018 CZ SK Strategie, Praha 3



Neutrino mixing - 3 flavors x 3 mass case:

Canonical representation of Pontecorvo-Magi-Nakagawa-Sakata mixing matrix is done by ordered

product of 12, 13 and 23 rotations, one CP violating phase & connected to the smallest mixing angle
013 and two Majorana phases a1,2.
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Majorana phases a are
irrelevant for oscillations. They are non zero if

neutrinos are equal to anti-neutrinos (Majorana

neutrinos).
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2x2 Mixing Amplitude of oscillations = sin?(20),
oscillation length is inversely proportional to Am?

P_(L/E)=1 in2 £
B, (L/E) Hic £

Oscillations (in vacuum) are not
sensitive to the sign of dm”2

L/E= (7[/2)4hc/Am

| | | . . . | | | | | | | |
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Pro dvé amlitudy je vysledna pravdépodobnost stejna pro otaceni ve
sméru i proti sméru hodinovych ruci¢ek
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OSCILLATION PARAMETERS — MASS diferences

From Solar neutrino experiments we know that m2 (mass state with Two mass splits differ by

1/3 of nue) is heavier than m1 (1/3 of nue), we do not know if m3 a factor of app 30
is the lightest or the heaviest neutrino mass eigenstate
vV, | 4 V.
Yo Vi % R R o
2 2
m; 2_22 . =I;7.54><10—5e1/2
‘U€3 ‘U,u,_%‘ ‘Uﬂ ! | 5(8.7 meV)2
INVERSE
NORMAL MASS ORDERING (IO) (IH)
MASS ORDERING (NO), _
HIERARCHY (NH) Vel [Ua Un Us) (W |
Vu |=|U, U, Ups|-| v, ~2.43x10 el
Ve Uy, U, U, Vs = (49 meV’)
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OSCILLATION PARAMETERS — mixing angles

(V A /1 O 923 =~ 45° O A Half of both muon and Y
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Hlavni otazky soucasné neutrinové fyziky
1. Naruseni CP v oscilacich neutrin — s tim jak uvidime souvisi dilCi otazky,

zejména velikost uhlu 813, poradi (hierarchie) hmot, je uhel 823 vétsi anebo
mensi nez 45 stupnu

CP and T violation in lepton sector can
be investigated with neutrino oscillations

CPT:
-
]

CP violation:
CP Icp - D
o ,
T violation:
P - —p _ o- 0O
VIB —2>V i
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Currently there are no high energy electron neutrinos available

Peve |ESMNNENS | |5

ve—ve
Few

P events })_ })_

seen - - - -
viL—ve VH—VU V=2V = VH—Ve VUV VUVT

No tau neutrino sources

To investigate CP violation one can measure the difference P Y S —
ViL—Ve Vi—Ve
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Ve X AYie +ve Jaké oscilacni experimenty muzeme

Zdroj antineutrin(napf: reaktor) délat s elektronovymi (anti)neutriny

N

Po cesté k detektoru elektronova
antineutrina osciluji na ostatni typy

Ve > Ve,Vu,Vre
MUlzZeme proto meérit pouze mizeni a

znO_VUObj.evovem elektrononCh ] V detektoru muazu rozpoznat typ antineutrina
antineutrin. Tento typ experimentu
nazyvame DISAPPEARANCE EXPERIMENT E,>1.8MeV

E, >~100MeV  v,+p—>n+u'

Vet p—o>n+e'

Dnes nemame dostatecné intenzivni zdroje elektronovych
neutrin ani antineutrin s energiemi vys$simi nez ~10 MeV EV > 3500MelV ; +p—on+ ot
T
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Jaké oscilacni experimenty mlizeme
ILI A4 [ ] r 4 [ ® [
Zdroj mionovych neutrin dEIat S mloncvyml (antl)nEUtrlny

(urychlovace)

+ +
V, T U +v,

Po cesté k miononova neutrina osciluji na ostatni typy
Vﬂ —> Vﬂ sV, V.,

MulzZeme proto méfit nejen mizeni a
znovuobjevoveni mionovych (anti)neutrin.
DISAPPEARANCE EXPERIMENT V detektoru mlzZu rozpoznat typ antineutrina

N vV, tn—>p+u
Ale také objeveni neutrin elektronovych a E, >=100MeV H
pokud maji dostatecnou energii, tak také E, >0MeV v,+n—>p+te

tauonovych neutrin )
APPEARANCE EXPERIMENT E, >3500MeV  v_+n— p+71
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Vysledek NOvVA z Neutrino 2018
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méri sin(2t23) blizko k jedné, ale pro

pr@vdépodobnost potrebujeme zndt hodnotu sin(t23) a zdleZi

a tom, zda je t23 vétsi anebo mensi neZ 45 stupnd.
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Visechny neurcitosti (hmotova hierarchie, T23 vs
45 stuprnid, velikost CP fdaze delta) nevyresi jeden
> experiment, je tfeba nezavislych metod pro urceni

P zejména hmotové hierarchie.
viu—>ve




T. Kajita, Experimental Outlook at Neutrino 2018

News in Neutrino 2018
Super-K atmospheric (Y. Hayato) T2K (M. Wascko) NOVA (M. Sanchez)
<4 = . : NOVAFD  8.85x10%° POT equiv v + 69x10° POT ¥
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Already some interesting indications:
=» NO favored by these 3 experiments at ~(1 ~ 2) sigma level each.

=» These experiments give some favored ., region(s).
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Meéreni hierarchie v experimentu JUNO

Am§ L Am3 L
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Inverted lnerarchy

2 06

= 4 ---=+ Non oscillation

E‘ —— 0, oscillation
Pro tfi amplitudy zavisi = 05 Normal hierarchy

vysledna ] ? To je podstatou méreni

pravdépodobnost na SR ..-" ' hierarchie hmot v

tom, zda se nejmensi sk 7 1 experimentu JUNO.
amplituda otaci ve i ; "~‘ VyZaduje presnou
smeéru anbo proti 0 5 energetickou kalibraci a
smeéru hodinovych - skvélé energetické
rucicek, tj. na 0.1F rozlieni.

znaménku Dm31.

10 15 20 25 J'D
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Future experiments that will tell us the neutrino masses hierarchy

We would like to be convinced the neutrino mass ordering by consistent results
from several different technologies/methods with > 3 ¢ CL from each exp.

= [ DTN EClbe |
> ool U d BN NI \heepCorg |

T. Kajitay;Experimental Outlook at Neutrino2018

18



Definitivni méreni CP faze delta bude mozné pravdepodobné az v
budoucich experimentech DUNE a Hyper-K

Sensitivities

DUNE Hyper-K
(E. Worcester) (M. Shiozawa)
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Hlavni otazky soucasné neutrinové fyziky
2. Naruseni leptonového cCisla — jsou neutrina Dirakovské nebo
Majoranovské castice, existuje bezneutrinovy dvojny rozpad?

Dvojny beta rozpad Double beta decay

Je mozny u nékterych sudo-sudych jader

W Mo—") Ru+2e +2v.

M, MeV|

100
‘ 41Nb
.0

' 100 @
.ma:_— o MO

Velmi zajimavou moznosti by bylo nalezeni

. =73 10" years

A=100
100
1007, sRh
wle %7 mpg
o ,
_}.__1,,0-0
4 Rut

tzv. bezneutrlnoveho dvolneho beta rozpadu

A 4 4
X—)Z Y+ 28 Ten je mozny, pokud maji neutrina hmotu a jsou totoznas Z
antineutriny. Jde o proces, ktery nezach&\gﬁggalteé)mﬂ%ve

14.09.2018
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Cislo. R. Leitner, Fyzika V, Pfednaska 5 ¢ I

Energeticky nenl' mozné se dostat na

sVvV/

existuje dvojny beta rozpad



Pokud by neutrina byla totozna s anti neutriny, byl by mozny i tzv.
bezneutrinovy dvojny beta rozpad s nezachovanim leptonového cisla

1/2 ~ l/m Chceme-li dvakrat upfesnit limit na hmotu neutrin, musime mérit 4x delsi polo¢asy rozpadu
l: ' 2 2 2 :
-IUell M, + el | U, | M+e'°‘|Ue3| M | 5
—1—/—‘&——6{9,—2—)—& Ml .uﬁﬁ - Soucasné experimenty
S 107 5 t T
Q. : : Dosazitelné limity
o Inverted Ordering (10) l soucasnych experimentd
=
1073} l Budouci plany / sny
Normal Ordering (NO)
107
; Dlouhodobad aktivni uéast CZ a SK tym( v
experimentech. F. Simkovic je expertem pro
g Phys. Rev. D90, 033005 (2014) vypocty jadernych maticovych elementd.
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What next ?

Mg [eV]- E

source = detector NOW " MID-TERM /  LONG-TERM
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Very exciting that the
near future

experiments begin to
explore the IO region!

T. Kajita, Experimental Outlook at Neutrino 2018
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3. Co vime o hmotach neutrin. Shrnuti

meéreni hmoty neutrin

Soucasné horni limity
mve<2 eV — pfimé méreni z konce beta rozpadu, bude upresnéno na

v experimentu KATRIN s aktivni CZ ucasti

ml+m2+m3<0,5eV (0,2 eV) nepfimy limit z kosmologie

mbb<0,3 eV — jen pokud jsou Majoranovska

Soucasné spodni limity

Oscilace

mve>4 meV (50 meV) normalni (inverzni) hierarchie hmot
m1l+m2+m3>58 meV (100 meV) normalni (inverzni) hierarchie hmot

Kombinace vysledk( oscilaci a kosmologickych experimentll muze byt brzy citlivd na tvar hmotové hierarchie.
e podarilo zmérit hmotu neutrin anebo posunoz’%hornl’

Samozrejmé s napétim ¢ekdme na vysledky KATRIN, zejména pokud by s
14.09.2018 CZ SK'Strategie, Praha

limit pod 50 meV.
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Hlavni otazky soucasné neutrinové fyziky
4. Existuji dalsi druhy (lehkych, sterilnich) neutrin?

Y x 10" em?2 GW! day-!

Data/Prediction

Reaktorova anomalie

Celd rada experimentl méfi asi 5% deficit toku reaktorovych

1.7
5 + Daya Bay (stat.) —6a - neutrin v porovnanim s modelem.
= ¢ Daya Bay w fission—! fraction corr. (stat.) - =
B ——— Daya Bay near site combined (syst.) ] @
| === Huber-Mueller g2 &  To by mohlo byt zplsobeno velmi rychlymi oscilacemi
ILL-Vogel 1 % . . o . . 1o
1.6 I 5  zpusobenych sterilnimi neutriny s amlitudou asi 10%.
g 1. 2
3 ; 1 % =60 S
& = F Lt [ CEorreer n X
5 = 2 { % } % : C
- —{5.8
>—AD1 AD2 AD3 ADa AD5 AD6 Wodel
1.2
: = + +
- | Ko red 0.952+£0.014(exp.) £ 0.023(model)
77777777777 77 AT AL & 7 ] o
R 2k 1ﬁ- tl B Peesteny ' Daya Bay measurements confirm ~5% deficit of
- —— Previous data reactor neutrino flux compared to latest calculations
0.8— —=— Daya Bay . . .
= Global average in accord with other experiments.
n 1-0 Experiments Unc.
L 1-0 Model Unc.
D e .
10 10 10 _
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A DayaBay
= e Huber model w/ 68% C.L.
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5.2 56 60 64 6.8 7.2
o35 [10* cm? / fission] U235
14.09.2018

ALE:

1. Novy vysledek Daya Bay ukazuje, ze
5% deficit reaktorovych neutrin
je zpUsoben jenom rozdilem v

neutrinovém toku U235, Pu239 souhlasi.

Efekt je ale jen asi 2,5 sigma.

Odkud sterilni neutrina védi, Zze maji
vznikat jen v rozpadech stépnych
produkti U?

qo
2. Navic se ukazuje, Ze modely 3
nepredpovidaji spravné tok E
reaktorovych neutrin v oblasti okolo 5
MeV. :
Tento efekt vidi vsechny tfi reaktorové &
experimenty Daya Bay, Double Chooz i &

RENO. Navic RENO a Double Chooz
prokazaly, Ze efekt je Umérny vykonu
reaktoru, tj. je zplisoben neutriny ze
gtépéﬁffK Strategie, Praha
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Novy vysledek MiniBooNE

8GeV o

Booster (1Y

magnetic horn
and target

+ +
T u v, —>
T —>u +v, —>

14.09.2018

decay pive &5 450 m dirt
25 0r50 m 30*25&

v,tn—>e +p
Ve+p—e +n
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Novy vysledek MiniBooNE

T T T I T T T I LI T I T T T I T T T I T T T I T T T I T
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1.8

—e— v, 12.84x10%° POT
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1.6

14

Excess Events/MeV
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1
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FIG. 2: The MiniBooNE total event excesses as a function
of EX¥ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 x 102° POT and 11.27 x 10?° POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing stﬁl&a%]l 8two—neutrino oscillations.

N J'TT1 T

0.020 : ' . .
— best fit
¢ v mode: 12.84 x 10¥ POT
oo1sL| # #mode:11.27x10% POT
8 LSND
>
i
S 0010f
3
a.
(]
z
€ ooos}
E I
L4
0.000 |
—0.005 : . , .
0.0 0.5 1.0 15 2.0
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FIG. 3: A comparison between the L/EZ¥ distributions for
the MiniBooNE data excesses in neutrino mode (12.84 x 10*°
POT) and antineutrino mode (11.27 x 10?° POT) to the L/E
distribution from LSND [1]. The error bars show statistical
uncertainties only. The solid curve shows the best fit to the
LSND and MiniBooNE data assuming standard two-neutrino
oscillations. The excess of MiniBooNE electron-neutrino can-

7 SK Strategie‘,imge events is consistent with the LSND excess. 27



dm’® =0,04eV?

sin’ 20 = 0,894

MeV] EMeV] 1,27dm’[eV

1,27dm2[€V2]E[Lﬂ_ﬂ'/2:> L[m] 72 J-=31m/MeV

Vysledek méreni v oblasti 0 aZz 3 m/MeV predpovidd exi

|
tenci oscilacniho maxima v 31 m/Me v??

31m/ MeV
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FIG. 4: MiniBooNE allowed regions in neutrino mode (12.84 x
102° POT) for events with 200 < EZ¥ < 1250 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND #, — #. allowed regions. The black
circle shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [34] and OPERA [35]

experiments.
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Predpovézeny vysledek lezi v oblasti vyloucené jinymi experimenty.
Situace kolem existence sterilnich neutrin je dale nejasna.

14.09.2018
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T. Kajita, Experimental Outlook at Neutrino 2018

A comment before Summary

 Although | essentially discussed future large neutrino projects, |
think one of the strength of the neutrino field is the diversity of
the researches.

* As we heard in this conference, there are variety of research
activities, from small experiments to very large projects. Varieties
of experimental techniques, various experimental,
phenomenological and theoretical ideas.

* We should keep this style.

14.09.2018 CZ SK Strategie, Praha 30



Update Evropské Strategie 2013:

f) Rapid progress in neutrino oscillation physics, with significant
European involvement, has established a strong scientific case for a
long-baseline neutrino programme exploring CP violation and the mass

hierarchy in the neutrino sector. EVROPA
. NOVA 193 authors [51] US

CERN should develop a neutrino programme to pave the way for a

substantial European role in future long-baseline experiments. ASIA

VZNIKLA NEUTRINOVA PLATFORMA V CERN

Europe should explore the possibility of major participation in leading
long-baseline neutrino projects in the US and Japan.
TO SE PODARILO JAK VIDNO Z PRILOZENYCH GRAFU

T2K 322 authors [50]
Pro soucasny update Strategie ocekavam, ze v ném bude vyjadreni ohledné budoucich
experimentd DUNE a Hyper-K.
Urcité se bude diskutovat detekce neutrin z exploze Supernov, pripadné detekce v koincidenci z
pozorovanim gravitacnich vin.
Je skvelé, ze jsme zapojeni v experimentu DUNE.
Méli bychom zvazit ucast v Hyper-K? Také proto, ze Hyper-K bude nejlepsim detektorem pro
hledani rozpadu protonu na pi0 a pozitron.
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Urcité se bude diskutovat otazka, zda potfebujeme vysokoenergetické zdroje elektronovych
neutrin?

P P

ve—ve ve—vil

P - P

ve—ve ve—viu

P P P P P /&2

Vi—>ve VUV VIU—VT Vi—>Vve VIV VI—VT

V soudasnosti miizeme zkoumat naruseni CP pouze z rozdilu: P — P _
VH—Ve vi—ve

Pokud by se podafilo ozivit plany na dostatecné silné zdroje vysokoenergetickych elektronovych neutrin (napf. NUSTORM,
neutrina z rozpadu urychlenych mion(), byla by moznost studovat

CP také v p a navic naruseni T invariance v

e n— P P, —P, . P __—P

ve—vu ve—viu ViH—Ve ve—>Vviu vi—ve

Ziskali bychom presnd data o ucinnych prarezech interakci elektronovych neutrin na jadrech, nutnd pro
presnou interpretaci vysledkl DUNE a Hyper-K.
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Dalsi dulezita prilezitost diskutovat budoucnost neutrinové fyziky bude
Neutrino Town Meeting, CERN 22.-24.10.



