Rozdzial 6

Oscylacje neutrin slonecznych

i atmosterycznych.

Eksperymenty Superkamiokande,
SNO i inne.

Macierz mieszania Maki-Nakagawy-
Sakaty (MNS)
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Kilka interesujgcych faktow

Kazdy cztowiek wysyta dziennie okoto 340
milionéw neutrin (z rozpadu 4°K)

W kazdym cm? wszechswiata znajduje sie
okoto 330 neutrin reliktowych (z Wielkiego
Wybuchu)

Kazdy cm? powierzchni ziemi wysyta
okoto 6 milionow neutrin na sekunde

Na kazdy cm? powierzchni ziemi pada w ciggu
sekundy okoto 70 miliardow neutrin ze Stonca

Standardowa elektrownia jgdrowa wysyta
w ciggu sekundy okoto 5 - 1020 neutrin
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1. Neutrina stoneczne O

2. Neutrina atmosferyczne @ = W' +v,

) _
e TV, TV,
- _} - Py
T Wt v,
e t+v, T vy,
3. Neutrina z akceleratorow Ve, Vi Ve V)

4. Neutrina z reaktorow Ve

5. Neutrina z wybuchow Supernowych (SN 1987A)
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Neutrina stoneczne
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Pp reaction
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Widmo energii neutrin stonecznych

Flux
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Neutrina atmosferyczne

Cosmic-ray
shower

~30 kilometers

Obserwacje
Vi )
Atmospheric neutrino source V.,
/
Underground
detector
Tttt v, e
pr—=e"+v_+v, w—=e +v, +v,
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ATMOSPHERIC NEUTRINOS

Ratio of Vj/Ve ~ 2
(for Ey < few GeV)

Isotropic flux of z--'/
cosmic rays \
o, 0/& L /

e o

Up-Down Symmetric Flux
(for Ey > few GeV)

!\
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Homestake

—

Raymond Davis
(zbieranie danych 1968-1995)

F —_— zbiornik 680 000 litrow C,Cl,
e (na gtebokosci 1500 m)

v, + 37Cl - e + 37Ar

(prog 0,814 MeV)

SNU (Solar Neutrino Unit) = 1 wychwyt na s na 103¢ atoméw tarczy
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Eksperymenty z galem

v, t71Ga — e +71Ge (prég 0, 233 MeV)

(¢

SAGE (Soviet-American Gallium Experiment)
50 ton ciektego galu

GALLEX (Gallium Experiment) 1992-1997
(od 1998 r. GNO — Gallium Neutrino Observatory)

GaCl; w Gran Sasso
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Wyniki eksperymentow radiochemicznych

Homestake

GALLEX

GNO

GNO + GALLEX

SAGE

v, + 3Cl — e + 37Ar

2,56+023 SNU  (SSM: 8,1 £ 1,3)

v, +1Ga—e +71Ge

77,5+6,2 +4,5SNU (SSM: 126 = 10)
62,9 +£55+2)5

69,3 +£4,1 £3,6

70,8 £5,3+3,7
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Superkamiokande

57 '.‘f.:"&, ..,‘-"‘~."
: 3 . :r; - .7:0

S (Kamiokande od 1987 1.)
. ,‘O .
- '.E,:'-‘, e v p"./

s (V

pt

Glownie
v, te v t+e

prog ok. 5 MeV

te —»v, te)=0,156(v, te —v +e)

50 000 litrow ultraczyste; wody, 11146 fotopowielaczy na Scianach
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u-like

e-like
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Neutrina stoneczne w Superkamiokande

Event/day/bin
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1000 ton ciezkie] wody
7000 ton zwyktej wody
9456 fotopowielaczy

OOOOOOOO
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Solar v Interactions in SNO|

Elastic Scattering (ES) Ve, +€e — U, +e”
e Directional sensitivity (¢~ forward peaked)

e Cross-section for /. is 6.5 x larger than for v/,

Charged Current (CC) Ve +d —p+p-+ e

e Some directional information (1 — %(w)s 0..,)

e good F, sensitivity (1, spectrum)

Neutral Current (NC) Ve +d— n+p+ vy
e Total flux of active neutrinos above 2.2 MeV

e Detect neutrons by n + d — t + 6.25 MeV
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|Measured SNO FquesI

Assuming ~B energy spectrum ...

B =
2 s
# Z
w6 z
= = 16 ~pn—2 -1
= 3 Fluxes (x 10" em™ = sec™ ')
X 5 1.0 &
'é
i dcc = LT76%0708 (stat.) £ 0.09 (sys.)
5 ant0.24 :
23 Ops = 2..{!)_:',:5_.'{ (stat.) £ 0.12 (sys.)
s 4 = na+0.44 +0.46 ;.
3 onc = 3.097,73 (stat.) o 4q (SVsS.)
1
L] 0.0

¢cc < Pes < Pnc

NC flux in agreement with SSM prediction!
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Wyniki Solar Neutrino Observatory
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Aphelion Perihelion

2005-07-05 2005-01-02
152.10 million km 147.10 million km
31.46 arc-mins 32.53 arc-mins
Altitude @ 73.87° Altitude @ 28.84°
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Zmiany strumienia neutrin spowodowane eliptycznoscig orbity Ziemi

.
T

—
—
-d
—
—
—
—

SuperKamiokande

Flux (x106/cm2/s)
N N
N IS
J
i
| .
[ )l

2 | 1 | 1 ] | | |

Z 0oxaoc>ZJ00 k>0

g W« O € D=2 W O O

= i SRel: 3P "3 S ) O 220
2 I ‘l’ ] l']‘l l Il"l’l’lf
: 208 -
Solar Neutrino Observatory 5 ' | .
‘= 1.05 il
& | B
0.95 | + ]
‘)") '-llll‘lll lllLl llJ' ll[l' 'llll 'Lll liLll-‘
0 S0 100 150 200 250 300 350

Days since perihelion

czwartek, 19 kwietnia 2012




Eksperymenty akceleratorowe 1 reaktorowe

Produkcja wigzki neutrin mionowych przez rozpady @ — 1 —= v
wdisappearance experiments” detekcja v

}W roznych odlegtosciach
.appearance experiments” detekcja v, , v,

Detekcja v, w roznych odlegtosciach od reaktora (reaktorow)
V.tp—=n+e’

disappearance experiments’”
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Table 13.1: Sensitivity of different oscillation experiments.

Source Type of v E[MeV] L[km] min(Am?)[eV?]
Reactor Ve ~ 1 1 ~ 103
Reactor U, o | 100 ~ 10-5
Accelerator Vi, Uy <o 10° 1 .
Accelerator Vs Vg ~ 103 1000 -~ 10-3
Atmospheric v’s V. Vpe  ~ 103 104 ~ 10-4
Sun Ve ~ 1 1.5 x 10° ~ 1011
PDG 2010
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Mieszanie 2 neutrin

\' cosO,, smn0O,,)\/v,
V. - —sin®,, cos0,, J{v,
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v, (0)>=lv, >=-smb lv, >+ cosb lv,>

v, (0> = - sind exp (- i(E,/h)0) Iv, >
+ cosb exp (- i(E,/h)t) lv, >

[h=c=1] E=(p?*+m?»!2=p+m?2p,

Am?=m?-m,% t=L/c

v, ()>=exp[-it(p+m?2E)] X
X [ -sm0 lv;> + cosO lv,> exp (i Am? t/2E )]
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P(v, = v,)=lcos 0 sin 0 (1 - exp (i Am? t /2E, ) I =
=sin? 20 sin*(Am* L /4E ) =
= sin? 20 sin*(1,27Am? L/E ) =
= sin? 20 sin*(p L/1 )

Mose =TE_ /1,27 Am?> =25 E /Am?

[wspotczynnik 1,27 jesli Am? w (eV)?, Lw m (km), E. w MeV (GeV), hc = 197 MeV fm]

P(v,—v)=1- sin” 20 sin*(1,27Am? L /E,))
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0 Time, ¢
Source
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—_— L L4 "
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Mieszanie 3 neutrin

(V. (Uag U, Ug\(v,)
vV, |= UMl UMz UM3 v,
er ) \Url UrZ Ut3/ \V3)

( Uel UeZ Ue3 \
U= Uul Uuz UM3 =UpUpUy
\Utl Ur2 Ur3 )

Macierz Maki-Nakagawy-Sakaty

U23

( cosO,, sinO,, O)
—sin@, cosO, O
.0 0 1y

(cosO,, O smn0O,;)
0 1 0

| —sinB;; 0 cosB,;)

(1 0 0

0 cosB,, sinb,

(0 —smB,; cos6,;)

[W bardziej ogodlnej postaci jeszcze jeden parametr: faza — jak w macierzy CKM]
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P(v, — V) =8, -4 2 U, Uy U "Uy" sin2(mok,)

j>i

P(v, — vu) =4U_, UlLLl U, Uu2 sin(nl/x,,) +
+4 U, UMl U, Uu3 SIn?(TL/L, ;) +

+4 U, UM2 U, UM3 sin?(mL/L,,)
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Discovering Mass
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Przyktadowe wyniki dotyczace neutrin atmosferycznych

(Superkamiokande)
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Eksperyment K2K
[M. H. Ahn et al., Phys. Rev. D74, 072003 (2006)]

Detektor bliski (300 m):
1 kton H,O licznik Czerenkowa — o~ ®F "~
Detektor daleki (250 km) E 5 _ 4
Superkamiokande e |
~ 4 F '
E [ '
Obserwacja (VII 1999 — X1 2004) = ¢ \
112 events 3t
2 - :
Przewidywanie (bez oscylacji) e i
158 = 9 events il = A K2K 99% .
S — SK L/E 90 -
%2704 06 08 1
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MINOS

[D. G. Michael et al., Phys. Rev. Lett. 97, 191801 (2006)]

Detektor bliski: 1 km (Fermilab)
Detektor daleki: 735 km (Soudan)

Obserwacja:
215 events

Przewidywanie (bez oscylacji):
336 £ 14 events

%103
- L | . N M | ! ! | ! ol
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baseline = 180 Km
P = ] - sin?20 sin? (AmzL/‘4Ev)
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5
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Figure 13.1: The v, () survival probability P(ve — ve) = P(Ue — Ue).
Eq. (13.30), as a function of the neutrino energy for L = 180 km, Am? =
7.0 x 1075 V2 and sin® 20 = 0.84 (from [48]) .
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KAMLAND experiment
(K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003)
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KAMLAND II

Nuclear Power Plants in Japan
gwan:m (Commessal plarts, 25 of December 2006}

i Sk bt Effective baseline
Tohoky Elechc Powar Co.-Onag ""]80 km

Tohoks Eecme Power Co -Name -Ocssa

Tape Encae e (o Faades Dach
[ 7 J| &
Tonpe Bocte Poser (o Fuadens Our

Events/ year / kton

£33 E8 2N 3K

| bkl bbbl LLLL] ALY LLLL LLib] LLLL] LAY Wil

The Jagan A Power Co - Toka Dany

World reactors + Research reactors : 0.96% %100 200 300 300 500 600 700 TR
Korean reactors : 3.2%

- 55 nuclear power reactor units in Japan
- 70 GW (7% of world total) is generated at

130~220 km distance from KamLAND
- well-known anti-neutrino energy spectra
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KAMLAND II

Lo/E oscillatory shape is clearly seen

e L
P(Ve—>Ve) =1 - sin2263in26 27Am2?0> <Lo> = 180 km

« BG-subtracted data PRL 100, 221803 (2008)
— best-fit osci.
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FIG. 4: (a) Neutrino oscillation parameter allowed region from KamLAND anti-neutrino data (shaded regions) and solar neutrino experiments
(lines) [12]. (b) Result of a combined two-neutrino oscillation analysis of KamLAND and the observed solar neutrino fluxes under the
assumption of CPT invariance. The fit gives Am*=7.9

range.

406

0%
-0 5

T. Araki et al. Phys. Rev. Lett. 94, 081801 (2005)

%1077 eV? and tan® #=0.407) 17 including the allowed 1-sigma parameter
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FIG. 4: SNO-only neutrino oscillation contours, including pure D,O Y :,."d.o.f.=70.2,"8 1. (b) Solar global + KamLAND. The best-fi t point

day and night spectra, salt CC, NC, ES fluxes, with *B flux free and
hep flux fi xed. The best-fi t point is Am = 4.7 x 10%, tan’ @ = 0.43,

is Am® = 7.1 x 107°, tan’ 8 = 0.41, fz = 1.02. In both (a) and (b) the

fo = 1.03, with x3/d.0.£.526.2/34. B flux is free and the hep flux is fi xed.
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Porodwnanie wynikow eksperymentow

L I UL ] LI L I Y I | l 1 B
. - 1 < 0.006——————————— :
combined | 2 - % MINOS Best Fit MINOS Preliminary -
2 0.005F T filoc s ot
3 80004 -
- £ L ]
1 T 0003
g 0.002} -------------------
- 5 SuperK 90% C.L.
- mmm-—— SuperK (LE) 90% C.L. :
00 K2K 90% C.L. 4
10-5:-.'_ I ‘ I l _'j 0”.A.{....1.‘.1‘.‘1A.. M
L 04 05 06 07 08 09 1
0 0.2 04 06 08 1

D
sin 612

czwartek, 19 kwietnia 2012



L3

@
o |4
AD3 Ling Ao-11 NPP
EH3 ® |2
ADO _ i1 Ling Ao NPP
L AD5
AD1 AD2
e DI
200 m @ D2

-

FIG. 1. Layout of the Daya Bay experiment. The dots represent
reactors, labeled as D1, D2, L1, L2, L3 and L4. Six ADs, AD1-

Daya Bay NPP

ADG6, are installed in three EHs.
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Daya Bay (marzec 2012)
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The expected signal 1s corrected with the
best-fit normalization parameter. Reactor and survey data were used
to compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and ADG data points are displaced by -30 and +30 m for
visual clarity. The v versus sin® 26,4 1s shown in the inset.
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( cosO,, sinB,, O)
U,=|-sm0, cosO, O

.0 0 Ly

(cosB,; O sm0;)
U, = 0 1 0

|\ —sinB;; 0 cosB,;)

(1 0 0 )
Uy,=|0 cosO,, sinb,,

|0 —smB,; cosO,;)

stoneczne, Kamland

sin? 0y = 030413922 Am2 = 765102 x 10-5eV?
Daya Bay
sin?20,, = 0,092 £ 0,016, + 0,005,

atmosferyczne, K2K, Minos

sin? B,y = 0.501997

Py . 2019 V4 D
|Am3, | = 2.40F, 17 x 10~¥ e\
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mieszaniu neutrin
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" All limits are at 90%CL
unless otherwise noted

PDG 2010
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Wiele innych eksperymentow neutrinowych

T2K
Borexino
MiniBoone
Opera
Nova
IceCube
Antares
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