
ИI
ЯN
ИR

Íåéòðèíî âîêðóã íàñ

Äìèòðèé Ãîðáóíîâ

gorby@ms2.inr.ac.ru

Èíñòèòóò ÿäåðíûõ èññëåäîâàíèé ÐÀÍ, Ìîñêâà

CERN, Æåíåâà

18 îêòÿáðÿ 2012

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 18 îêòÿáðÿ 2012 CERN, Æåíåâà 1 / 26



ИI
ЯN
ИR

Íåéòðèíî âîêðóã íàñ

Äìèòðèé Ãîðáóíîâ

gorby@ms2.inr.ac.ru

Èíñòèòóò ÿäåðíûõ èññëåäîâàíèé ÐÀÍ, Ìîñêâà

CERN, Æåíåâà

18 îêòÿáðÿ 2012

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 18 îêòÿáðÿ 2012 CERN, Æåíåâà 1 / 26



ИI
ЯN
ИR

Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

äàëüíîäåéñòâèå

10−13 ñì êîðîòêîäåéñòâèå 10−16 ñì
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

1 2 3 ← ïîêîëåíèÿ

È àíòè÷àñòèöû ìàòåðèè (e+, . . . )

Ó àíòè÷àñòèö ïðîòèâîïîëîæíûé çàðÿä!
(e+, . . . )

Ó âñåõ ïîêîëåíèé îäèíàêîâû

ñèëüíûå

ñëàáûå

ýëåêòðîìàãíèòíûå

âçàèìîäåéñòâèÿ!
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e (−1)
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µ (−1)

) (
ντ (0)

τ (−1)

)
W + (+1) , W− (−1) ,

NB: îñòàëüíûå íåéòðàëüíû!
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

1 2 3 ← ïîêîëåíèÿ

Ó àíòè÷àñòèö òà æå ìàññà! (Me+ = Me− , . . . )

×òî èõ ðàçëè÷àåò?

ÌÀÑÑÛ è çíà÷èò

ãðàâèòàöèîííûå

âçàèìîäåéñòâèÿ!

Â ìàññàõ ýëåêòðîíà è ïðîòîíà,

mp ≈ 2000me ≈ 1.7×10−27 êã

(
mu ≈ 5me

md ≈ 10me

) (
mc ≈ 1.3mp

ms ≈ 0.1mp

) (
mt ≈ 175mp

mb ≈ 4.5mp

)
(

mνe−?

me

) (
mνµ
−?

mµ ≈ 200me

) (
mντ
−?

mτ ≈ 1.8mp

)
mW + = mW− ≈ 80mp , mZ ≈ 90mp

mH > 115mp

0 < mν c2 < 10−6 me c2 ∼ ýÂ<Ry !! λγ ∼ 0.1 µm

NB: îñòàëüíûå (γ, g) áåçìàññîâû!
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

1 2 3 ← ïîêîëåíèÿ

md −mu ≈ 5me , mn−mp ≈ 3me

äîëãîæèòåëü: ìþîí τµ ∼ 10−6 ñ

Ïî÷åìó ñòîëü ðàçëè÷íûå
ìàññû???

Ïî÷åìó 2- è 3-ãî ïîêîëåíèé
íåò â ïîâñåäíåâíîé æèçíè?

íåéòðîí

ïðîòîí

Ñïàñèáî
ñëàáûì âçàèìîäåéñòâèÿì!
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Ðîëü íåéòðèíî â ñëàáûõ âçàèìîäåéñòâèÿõ

Â.Ïàóëè (1930)

Ñîõðàíÿåò ýíåðãèþ (ýêñïåðèìåíòàëüíî
ñïåêòð ïîçèòðîíîâ íåïðåðûâåí!)

ßäðî(A,Z )→ßäðî(A,Z + 1) + e + ?

Ñîõðàíÿåò óãëîâîé ìîìåíò (ôåðìèîíû!

ñïèíû! Âñïîìèíàåì õèìèþ. . . ïðèíöèï

Ïàóëè)

n → p + e + ν̄e

Ñïèíû:
1
2
→ 1

2
1
2

1
2

Ñîõðàíÿåò ëåïòîííûå ÷èñëà Le, Lµ , Lτ

Le (n) = 0 =⇒ Le (ν̄e) =−Le (e)

Le (νe) =−Le (ν̄e)
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Ñïåêòð e : ïðÿìûå ïîèñêè ìàññû (àíòè)íåéòðèíî

T→ 3He + e + ν̄e

(pnn)→ (ppn) + e + ν̄e

ÈßÈ, 1990-2000-å ãîäû: mν̄e . 2 ýÂ/ñ2

Êîñìîëîãèÿ:
îáúÿñíèëè áû ò¼ìíóþ ìàòåðèþ ïðè
mν̄e ∼ 20 ýÂ/ñ2

ñîâðåìåííûå îãðàíè÷åíèÿ èç êîñìîëîãèè:

∑
i

mνi . 0.5ýÂ/ñ2
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Ñâîéñòâà íåéòðèíî

íåéòðèíî î÷åíü ë¼ãêèå (â Ñòàíäàðòíîé ìîäåëè � áåçìàññîâû!)
àíòèíåéòðèíî ν̄e ðîæäàþòñÿ â β−-ðàñïàäå (âìåñòå ñ ýëåêòðîíîì), ∆Le = 0

â ÿäðå: n → p + e− + ν̄e

íåéòðèíî νe ðîæäàþòñÿ â β +-ðàñïàäå (âìåñòå ñ ïîçèòðîíîì), ∆Le = 0

â ÿäðå: p → n + e+ + νe

âñ¼ çàâèñèò îò ýíåðãåòè÷åñêîãî áàëàíñà
(íóæíî ðîäèòü ýëåêòðîí(ïîçèòðîí) çà ñ÷¼ò mn−mp è ðàçíèöû ýíåðãèé ñâÿçè):

Mÿäðà (A,Z ) = Z mp + (A−Z ) mn−Eñâÿçè (A,Z )

Âàæíåéøåå ñâîéñòâî:

ó÷àñòâóþò òîëüêî â ñëàáûõ âçàèìîäåéñòâèÿõ
(W +→ e+ νe, W +→ e− ν̄e, Z → νe ν̄e)

âçàèìîäåéñòâóþò î÷åíü ðåäêî!
ν̄e èç ÿäåðíîãî ðåàêòîðà ïðîëåòàåò â âîäå áåç
ñòîëêíîâåíèé áîëåå 1013 êì
ñòîëüêî ñâåò ïðîëåòèò çà ãîä!!!
1) îòîâñþäó âûëåòàåò, 2) íóæíû áîëüøèå äåòåêòîðû
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Íåéòðèíî è àíòèíåéòðèíî âîêðóã íàñ
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Ðåëèêòîâûå íåéòðèíî è àíòèíåéòðèíî�������������3He/H p
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2 3 4 5 6 7 8 9 101

0.01 0.02 0.030.005

C
M

B

B
B

N

Baryon-to-photon ratio η × 1010

Baryon density Ωbh2

D___
H

0.24

0.23

0.25

0.26

0.27

10−4

10−3

10−5

10−9

10−10

2

5
7Li/H p

Yp

D/H p

10−17

10−18

10−19

10−20

10−21

10−22

101 100 1000

10 1.0 0.1
Wavelength (cm)

Frequency (GHz)

FIRAS

DMR

UBC

LBL-Italy

Princeton

Cyanogen

COBE satellite

COBE satellite

sounding rocket

White Mt. & South Pole

ground & balloon

optical

2.726 K  blackbody

I
ν 

 (
W

 m
−2

 s
r−1

 H
z

−1
)

Äîëæíû áûòü ðåëèêòîâûå íåéòðèíî ñ
ïëàíêîâñêèì ñïåêòðîì è T = 1.8Ê !!!
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2.4 < Nν < 4.2 @ 95%CL

10

20

30

40

50

60
-45o

-42o
-39o

21 h

22 h

23 h
 0 h 1 h

 2 h

 3 h

 4 h

South

12434 galaxies

cz (1000 km/s)

RA

Dec

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 18 îêòÿáðÿ 2012 CERN, Æåíåâà 10 / 26



ИI
ЯN
ИR

Íåéòðèíî îò Ñîëíöà: ñèíòåç p+p→ D+e+ +νe, . . .

ìîíèòîðèíã Ñîëíöà!
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Èçìåðåíèå ïîòîêà ñîëíå÷íûõ íåéòðèíî

Ñîëíöå: p + p→ 2H + e+ + νe Çåìëÿ: 71Ga + νe→ 71Ge + e−
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Íåéòðèíî îò Ñîëíöà íå õâàòàåò!!! ïîäòâåðæäåíî

Âñå íåéòðèíî
âçàèìîäåéñòâóþò
îäèíàêîâî � ìîãóò
�ñìåøèâàòüñÿ� !

νe→ νµ

ïðîöåññ çàïðåù¼í â ÑÌ
èáî íåéòðèíî áåçìàññîâû
Íåéòðèíî ìàññèâíû!
ÑÌ íåïîëíà!
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Àòìîñôåðíûå íåéòðèíî

Çíàåì îòíîøåíèå ïîòîêîâ νe è νµ

Ãàëàêòè÷åñêèå
êîñìè÷åñêèå ëó÷è:
óñêîðåíèå â îñòàòêàõ
ñâåðõíîâûõ çâ¼çä

Â àòìîñôåðå Çåìëè

ðîæäàþòñÿ ïèîíû
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Îñöèëëÿöèè àòìîñôåðíûõ íåéòðèíî: νµ → ντ

OPERA: ïîÿâëåíèå ντ

×åðåíêîâñêèé
ñâåò îò e è µ

(v÷àñòèöû <
c â ñðåäå )

← SuperK

Ïîòîêµ ↑<Ïîòîêµ ↓

Ïîòîêe ↑=Ïîòîêe ↓
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Íåéòðèííûå îñöèëëÿöèè: ìàññû è óãëû ñìåøèâàíèÿ

�ñîëíå÷íûé� 2×2 ñåêòîð �àòìîñôåðíûé� 2×2 ñåêòîð
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Super−K 90%
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K2K 90%

m1 > 0.008 ýÂ m2 > 0.05 ýÂ

DAYA-BAY, RENO: sin2 2θ13 ≈ 0.1 òàêæå T2K
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�Ïðÿìàÿ� è �îáðàòíàÿ� èåðàðõèè ìàññ íåéòðèíî

Îïðåäåëåíû òîëüêî ðàçíîñòè êâàäðàòîâ ìàññ, äëÿ ñàìèõ ìàññ åñòü
âàðèàíòû. . .

âîçìîæíî, èõ îïðåäåëÿò ýêñïåðèìåíòû T2K & Noνae
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Êîñìîëîãè÷åñêèå îãðàíè÷åíèÿ íà ∑mν Planck (2013)

Íåéòðèíî âëèÿþò íà:
� Ðîñò ñòðóêòóð (íà÷àëî ôîðìèðîâàíèÿ: ðàäèàöèÿ, ñåãîäíÿ: â ñêîïëåíèÿõ v < 10−2)
� Àíèçîòðîïèÿ ÐÈ (âåëè÷èíó ãðàâ. ïîòåíöèàëîâ íà ðåêîìáèíàöèè, åñëè m ∼ 0.1 ýÂ)
� ñòàíäàðòíûå ñâå÷è (ðàñøèðåíèå Âñåëåííîé: ñåãîäíÿ 2 ñïåöèè òî÷íî
íåðåëÿòèâèñòñêèå!)

LRG+BAO+CMB+SNe

∑mν < 0.28 ýÂ (95% CL)
CMB+Hubble

∑mν < 0.20 ýÂ (95% CL)
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Íåéòðèíî îò àñòðîôèçè÷åñêèõ óñêîðèòåëåé,
àííèãèëÿöèè ò¼ìíîé ìàòåðèè?

Ì. Ìàðêîâ

Áîëüøèå ýíåðãèè, íî ñëàáûé
ïîòîê. . .

Èäåÿ: åñòåñòâåííûé âîäî¼ì êàê
ýôôåêòèâíûé äåòåêòîð!
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Áàéêàëüñêèé íåéòðèííûé òåëåñêîï ÈßÈ ÐÀÍ
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Íåéòðèííûé òåëåñêîï íà Þæíîì ïîëþñå: ICECUBE

Îáú¼ì ïîä íàáëþäåíèåì: 1 êì3 ïîêà òîëüêî àòìîñôåðíûå íåéòðèíî
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Íåéòðèíî: ïîäâîäÿ èòîã
Óñòàíîâëåííûå ôàêòû:

Ôåðìèîíû, ñïèí 1/2
(êàê ýëåêòðîí!)

Ýëåêòðè÷åñêè íåéòðàëüíû
(íå êàê ýëåêòðîí!)

Åñòü íåéòðèíî è åñòü àíòèíåéòðèíî
(èç Ñîëíöà (ñèíòåç) è èç ÿäåðíîãî
ðåàêòîðà (ðàñïàä))

Ó÷àñòâóþò òîëüêî â ñëàáûõ
âçàèìîäåéñòâèÿõ
(íåéòðèíî èç ÿäåðíîãî ðåàêòîðà
äîëåòèò äî çâ¼çä, äàæå åñëè
Âñåëåííàÿ çàïîëíåíà âîäîé!)

Î÷åíü ë¼ãêèå!
(ìèëëèîí íåéòðèíî ëåã÷å ýëåêòðîíà!)

Íåéòðèíî îñöèëëèðóþò!
(ïðîöåññ âíå ðàìîê Ñòàíäàðòíîé
ìîäåëè ôèçèêè ÷àñòèö!)

Åñòü ðåëèêòîâûå íåéòðèíî
(ïåðâè÷íûé íóêëåîñèíòåç, îáðàçî-
âàíèå âîäîðîäà è ãàëàêòèê)

Ôàêòû, ãèïîòåçû è èäåè:

Íàáëþäåíèÿ ñîëíå÷íûõ íåéòðèíî �
ìîíèòîðèíã òåðìîÿäåðíûõ ïðîöåññîâ
â öåíòðå Ñîëíöà
(óæå èä¼ò! Óòî÷íåíèå ìîäåëè Ñîëíöà)

Íàáëþäåíèÿ ãåîíåéòðèíî �
ìîíèòîðèíã ÿäåðíûõ ïðîöåññîâ â
öåíòðå Çåìëè
(åñòü ïåðñïåêòèâà, ãåîíåéòðèíî
çàðåãèñòðèðîâàíû !!!)

Ìîíèòîðèíã ÿäåðíûõ ðåàêòîðîâ
(óæå ïðîâîäèëè! ïåðñïåêòèâà
ïîäâèæíûõ óñòàíîâîê)

ïîèñê ïîëåçíûõ èñêîïàåìûõ
ãëóáîêîãî çàëåãàííèÿ
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Âçàèìîäåéñòâèå ìàññèâíûõ íåéòðèíî ñ ôîòîíàìè

⇒ ~µν
~B , ~dν

~E

Â ðàìêàõ ÑÌ ñ ìàññèâíûìè íåéòðèíî µB = e/2me

µν ∼ 10−19×µB×
(

1ýÂ
mν

)
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Óñêîðèòåëüíûå íåéòðèíî, νµ → νe, νµ → . . .

ßïîíèÿ, T2K: JPARC → SuperK
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MINOS è NOνA: ãåîãðàôèÿ
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