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32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

1. Âìåñòî ïðåäèñëîâèÿ
I Ñìåøèâàíèå â Ñòàíäàðòíîé Ìîäåëè
I Ñòàòóñ (PDG2016)

2. Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ
îñöèëëÿöèé

I Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ
îñöèëëÿöèé

I Ïðîãðàììà äåéñòâèé
I Ê òåîðèè âîëíîâîãî ïàêåòà
I Êîâàðèàíòíûé âîëíîâîé ïàêåò â ÊÒÏ
I Ìîäåëü ðåëÿòèâèñòñêîãî ãàóññîâà ïàêåòà
I S-ìàòðè÷íûé ôîðìàëèçì ñ âîëíîâûìè ïàêåòàìè
I Ïðîöåññ ñ íàðóøåíèåì ôëýéâîðà
I Âåðîÿòíîñòü îñöèëëÿöèé. Ñòàöèîíàðíûé èñòî÷íèê
I Ïåðâîå îãðàíè÷åíèå èç äàííûõ Daya Bay
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3. Èçìåðåíèå θ13 è ∆m2
32 â ýêñïåðèìåíòå Daya Bay

I Àíòèíåéòðèíî îò ðåàêòîðà
I Ýêñïåðèìåíò Daya Bay
I Ðåçóëüòàòû. Ñðàâíåíèå íàáëþäåíèé â áëèæíåì è

äàëüíåì õîëëàõ
I Ðåçóëüòàòû îñöèëëÿöèîííîãî àíàëèçà
I Ðåçóëüòàòû èçìåðåíèÿ ïîòîêà àíòèíåéòðèíî
I Ðåçóëüòàòû èçìåðåíèÿ ñïåêòðà àíòèíåéòðèíî

4. Ôîðìàëüíîñòè
I Öåëè è çàäà÷è
I Îñíîâíûå ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó
I Ñïèñîê ñòàòåé ïî òåìå äèññåðòàöèè
I Àïðîáàöèÿ ðàáîòû
I Íàó÷íàÿ íîâèçíà
I Ïðàêòè÷åñêàÿ çíà÷èìîñòü
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I Ïðåìèè
I Ïóáëèêàöèè

5. Áëàãîäàðíîñòè
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Âìåñòî ïðåäèñëîâèÿ

Ñìåøèâàíèå â Ñòàíäàðòíîé Ìîäåëè

I Ïîêîëåíèÿ êâàðêîâ è ëåïòîíîâ ñ îïðåäåëåííîé ìàññîé
íå ñìåøèâàþòñÿ âî âçàèìîäåéñòâèÿõ ñ γ,Z 0, íî
ñìåøèâàþòñÿ âî âçàèìîäåéñòâèÿõ ñ W±

I Ñìåøèâàíèþ ñîîòâåòñòâóþò óíèòàðíûå ìàòðèöû VCKM

(êâàðêè) è VPMNS (ëåïòîíû)

I V3×3 ìàòðèöà ñìåøèâàíèÿ:

↪→ 3 óãëà θij ,
↪→ 1 ôàçà δ (2 äîï. ôàçû äëÿ íåéòðèíî Ìàéîðàíû) ↪→

íàðóøåíèå CP-èíâàðèàíòíîñòè.

I Ïðåäìåò èññëåäîâàíèÿ:

↪→ θij , δ è ìàññà íåéòðèíî mi
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Âìåñòî ïðåäèñëîâèÿ

Ñìåøèâàíèå â Ñòàíäàðòíîé Ìîäåëè

I Íàáëþäàåìûå, ÷óâñòâèòåëüíûå ê ýòèì ïàðàìåòðàì:

↪→ �Ìàññà ôëýéâîðíîãî íåéòðèíî�: me�
α =

∑
i |Vαi |2mi

↪→ 0ν2β ðàñïàäû: mββ = |V 2
eimi |

↪→ Ïîÿâëåíèå è èñ÷åçíîâåíèå ôëýéâîðà â íåéòðèííûõ
îñöèëëÿöèÿõ: θij , δ, ∆m2

ij

↪→ Êîñìîëîãèÿ è ãëóáîêèå îáçîðû íåáà:
∑

i mi
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Âìåñòî ïðåäèñëîâèÿ

Ñòàòóñ (PDG2016)

1. Óãëû ñìåøèâàíèÿ:
I sin2 θ12 = 0.304± 0.014
I sin2 θ23 = 0.51± 0.05
I sin2 θ13 < 0.04. Âåðõíèé ïðåäåë Chooz. Àêòóàëüíîñòü
�1

2. Ìàññû:
I ∆m2

21 = (7.53± 0.18) · 10−5 ýÂ2

I ∆m2
32 = (2.44± 0.066) · 10−3 ýÂ2 (íîðìàëüíàÿ

èåðàðõèÿ)
I ∆m2

32 = (−2.51± 0.066) · 10−3 ýÂ2 (îáðàòíàÿ
èåðàðõèÿ)

I me�
e < 2.05 ýÂ

I mββ < (0.120− 0.250) ýÂ
I
∑

i mi ≤ (0.12− 0.23) ýÂ
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Âìåñòî ïðåäèñëîâèÿ

Ñòàòóñ (PDG2016)

1. Óãëû ñìåøèâàíèÿ:
I sin2 θ12 = 0.304± 0.014
I sin2 θ23 = 0.51± 0.05
I sin2 θ13 = 0.0219± 0.0012. Îòêðûòèå Daya Bay

2. Ìàññû:
I ∆m2

21 = (7.53± 0.18) · 10−5 ýÂ2

I ∆m2
32 = (2.44± 0.066) · 10−3 ýÂ2 (íîðìàëüíàÿ

èåðàðõèÿ)
I ∆m2

32 = (−2.51± 0.066) · 10−3 ýÂ2 (îáðàòíàÿ
èåðàðõèÿ)

I me�
e < 2.05 ýÂ

I mββ < (0.120− 0.250) ýÂ
I
∑

i mi ≤ (0.12− 0.23) ýÂ
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Âìåñòî ïðåäèñëîâèÿ

Ñòàòóñ (PDG2016)

1. Íåéòðèííûå îñöèëëÿöèè � íà ñåãîäíÿ ãëàâíûé
èñòî÷íèê èíôîðìàöèè î Vαi è ∆m2

ij

2. Ïëîñêîâîëíîâàÿ ìîäåëü, îäíàêî, íåïîëíà è
ïðîòèâîðå÷èâà. Àêòóàëüíîñòü �2
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé

1. Òåîðèÿ îñöèëëÿöèé íåéòðèíî â äâóõ ñëîâàõ.
I Ýâîëþöèÿ âî âðåìåíè ôëýéâîðíîãî ñîñòîÿíèÿ

|να〉 =
∑

i V
∗
αi |νi 〉︸ ︷︷ ︸

Ôëýéâîðíîå íåéòðèíî

I ïðèâîäèò ê íåíóëåâîìó ïåðåêðûòèþ ñ äðóãèì
ôëýéâîðíûì ñîñòîÿíèåì |νβ〉

Aβα(t) = 〈νβ|να(t)〉

I êîòîðîå (ïîëàãàÿ t = L) ìîæíî îáíàðóæèòü ñ
âåðîÿòíîñòüþ îñöèëëÿöèé

Pβα(L) = |Aβα(L)|2 =
∑
ij

V ∗αiV
∗
βjVαjVβi e

iL∆m2
ij/2E

2. Vαi è ∆m2
ij èçìåðÿþòñÿ ïðè ïîìîùè Pβα(L).
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé

1. Òåîðèÿ îñöèëëÿöèé íåéòðèíî â äâóõ ñëîâàõ.
I Ýâîëþöèÿ âî âðåìåíè ôëýéâîðíîãî ñîñòîÿíèÿ

|να(t)〉 =
∑

i V
∗
αie
−iEi t |νi 〉︸ ︷︷ ︸

Ýâîëþöèÿ âî âðåìåíè

I ïðèâîäèò ê íåíóëåâîìó ïåðåêðûòèþ ñ äðóãèì
ôëýéâîðíûì ñîñòîÿíèåì |νβ〉

Aβα(t) = 〈νβ|να(t)〉

I êîòîðîå (ïîëàãàÿ t = L) ìîæíî îáíàðóæèòü ñ
âåðîÿòíîñòüþ îñöèëëÿöèé

Pβα(L) = |Aβα(L)|2 =
∑
ij

V ∗αiV
∗
βjVαjVβi e

iL∆m2
ij/2E

2. Vαi è ∆m2
ij èçìåðÿþòñÿ ïðè ïîìîùè Pβα(L).
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé

1. Òåîðèÿ îñöèëëÿöèé íåéòðèíî â äâóõ ñëîâàõ.
I Ýâîëþöèÿ âî âðåìåíè ôëýéâîðíîãî ñîñòîÿíèÿ

|να(t)〉 =
∑

i V
∗
αie
−iEi t |νi 〉︸ ︷︷ ︸

Ýâîëþöèÿ âî âðåìåíè

I ïðèâîäèò ê íåíóëåâîìó ïåðåêðûòèþ ñ äðóãèì
ôëýéâîðíûì ñîñòîÿíèåì |νβ〉

Aβα(t) = 〈νβ|να(t)〉

I êîòîðîå (ïîëàãàÿ t = L) ìîæíî îáíàðóæèòü ñ
âåðîÿòíîñòüþ îñöèëëÿöèé

Pβα(L) = |Aβα(L)|2 =
∑
ij

V ∗αiV
∗
βjVαjVβi e

iL∆m2
ij/2E

2. Vαi è ∆m2
ij èçìåðÿþòñÿ ïðè ïîìîùè Pβα(L).
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé

1. Òåîðèÿ îñöèëëÿöèé íåéòðèíî â äâóõ ñëîâàõ.
I Ýâîëþöèÿ âî âðåìåíè ôëýéâîðíîãî ñîñòîÿíèÿ

|να(t)〉 =
∑

i V
∗
αie
−iEi t |νi 〉︸ ︷︷ ︸

Ýâîëþöèÿ âî âðåìåíè

I ïðèâîäèò ê íåíóëåâîìó ïåðåêðûòèþ ñ äðóãèì
ôëýéâîðíûì ñîñòîÿíèåì |νβ〉

Aβα(t) = 〈νβ|να(t)〉

I êîòîðîå (ïîëàãàÿ t = L) ìîæíî îáíàðóæèòü ñ
âåðîÿòíîñòüþ îñöèëëÿöèé

Pβα(L) = |Aβα(L)|2 =
∑
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V ∗αiV
∗
βjVαjVβi e

iL∆m2
ij/2E

2. Vαi è ∆m2
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Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé

1. Òåîðèÿ îñöèëëÿöèé íåéòðèíî â äâóõ ñëîâàõ.
I Ýâîëþöèÿ âî âðåìåíè ôëýéâîðíîãî ñîñòîÿíèÿ

|να(t)〉 =
∑

i V
∗
αie
−iEi t |νi 〉︸ ︷︷ ︸

Ýâîëþöèÿ âî âðåìåíè

I ïðèâîäèò ê íåíóëåâîìó ïåðåêðûòèþ ñ äðóãèì
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I êîòîðîå (ïîëàãàÿ t = L) ìîæíî îáíàðóæèòü ñ
âåðîÿòíîñòüþ îñöèëëÿöèé

Pβα(L) = |Aβα(L)|2 =
∑
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V ∗αiV
∗
βjVαjVβi e
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Ãèïîòåçû è ïðèáëèæåíèÿ

(I) â ïðîöåññàõ ðîæäåíèÿ è äåòåêòèðîâàíèÿ íåéòðèíî
âçàèìîäåéñòâóåò êîãåðåíòíàÿ ñóïåðïîçèöèÿ
|να〉 =

∑
i V
∗
αi |νi〉;

(II) ñîñòîÿíèÿ |νi〉 îáëàäàþò îïðåäåëåííûìè èìïóëüñàìè
pi ;

(III) âñå èìïóëüñû pi îäèíàêîâû (pi = p);

(IV) íåéòðèíî ÿâëÿþòñÿ óëüòðàðåëÿòèâèñòñêèìè, ò.å.
p2 � max(m2

i ) (ïðèáëèæåíèå);

(V) âðåìÿ ðàñïðîñòðàíåíèÿ íåéòðèíî çàìåíÿåòñÿ
ïðîéäåííûì ðàññòîÿíèåì t = L.
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Êðèòè÷åñêèé àíàëèç ãèïîòåç

Ãèïîòåçà (I)

â ïðîöåññàõ ðîæäåíèÿ è äåòåêòèðîâàíèÿ íåéòðèíî
âçàèìîäåéñòâóåò êîãåðåíòíàÿ ñóïåðïîçèöèÿ
|να〉 =

∑
i V
∗
αi |νi〉

B Ïî÷åìó ìàññèâíûå ñîñòîÿíèÿ íåéòðèíî |νi〉
ðîæäàþòñÿ êîãåðåíòíûìè, à ìàññèâíûå çàðÿæåííûå
ëåïòîíû e, µ, τ (âèäèìî) íåêîãåðåíòíû. Èëè
îñöèëëèðóþò ëè çàðÿæåííûå ëåïòîíû?

B Ïîëÿ íåéòðèíî è çàðÿæåííûõ ëåïòîíîâ ñèììåòðè÷íû
â ÑÌ:

L = · · · − g√
2

∑
αi

Vαi ¯̀αLγµνiLW
µ + h.c.

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 11
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Êðèòè÷åñêèé àíàëèç ãèïîòåç

Ãèïîòåçà (II)

ñîñòîÿíèÿ |νi〉 îáëàäàþò îïðåäåëåííûìè èìïóëüñàìè pi

B δpν = 0 îçíà÷àåò íåîïðåäåëåííîå ïîëîæåíèå
ñîñòîÿíèÿ δxν =∞. Íåâîçìîæíî êîððåêòíî
îïðåäåëèòü L â Pβα(L).

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 12
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Êðèòè÷åñêèé àíàëèç ãèïîòåç

Ãèïîòåçà (III)

âñå èìïóëüñû pi îäèíàêîâû (pi = p)

B Ïðîòèâîðå÷èò Ëîðåíö-èíâàðèàíòíîñòè. Ïðîòèâîðå÷èò
êèíåìàòèêå ðàñïàäîâ.

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 13
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Êðèòè÷åñêèé àíàëèç ãèïîòåç

Ïðèáëèæåíèå (IV)

íåéòðèíî ÿâëÿþòñÿ óëüòðàðåëÿòèâèñòñêèìè, ò.å.
p2 � max(m2

i )

B Äëÿ âñåõ ñîâðåìåííûõ ýêñïåðèìåíòîâ ýòî
ïðèáëèæåíèå âûïîëíÿåòñÿ.

B Äëÿ ðåëèêòîâûõ íåéòðèíî íå âûïîëíÿåòñÿ

B Äëÿ ñòåðèëüíûõ íåéòðèíî ñ m ' ÌýÂ ìîæåò íå
âûïîëíÿåòñÿ

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 14
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Êðèòè÷åñêèé àíàëèç ãèïîòåç

Ãèïîòåçà (V)

âðåìÿ ðàñïðîñòðàíåíèÿ íåéòðèíî çàìåíÿåòñÿ ïðîéäåííûì
ðàññòîÿíèåì t = L

B Çàìåíà L = vt, óâåëè÷èâàåò ðàçíîñòü ôàç ϕij âäâîå:

ϕi = Ei t − piL = Ei t − pivi t =
m2

i

Ei
t ' m2

i

p
t

è

ϕij = ϕi − ϕj = 2
∆m2

ij

2p
t ' 2

∆m2
ij

2p
L

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 15
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Êðèòè÷åñêèé àíàëèç ãèïîòåç

B Â ýêñïåðèìåíòàõ, ãäå âðåìÿ ðàñïðîñòðàíåíèÿ íåéòðèíî
íå èçìåðÿåòñÿ, ïî íåìó òðåáóåòñÿ ïðîèíòåãðèðîâàòü:

Pβα(L) =
∑
i

|Vαi |2|Vβi |2

íåêîãåðåíòíàÿ ñóììà, íå çàâèñÿùàÿ îò L è p.

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 16
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Êðàòêèå èòîãè

7 Ãèïîòåçà (I) òðåáóåò êîëè÷åñòâåííîãî îáîñíîâàíèÿ.

7 Ãèïîòåçà (II) íåôèçè÷íà.

7 Ãèïîòåçà (III) íåôèçè÷íà.

3 Ïðèáëèæåíèå (IV) âûïîëíÿåòñÿ äëÿ ñîâðåìåííûõ
ýêñïåðèìåíòîâ è íàðóøàåòñÿ äëÿ ðåëèêòîâûõ
íåéòðèíî.

7 Ãèïîòåçà (V) íåîáîñíîâàííà.

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 17
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Âîëíîâîé ïàêåò

I Íåîáõîäèìî îïèñàíèå îñöèëëÿöèé íåéòðèíî â ðàìêàõ
ìîäåëè ñ âîëíîâûì ïàêåòîì.

I Îáñóæäàþòñÿ, â îñíîâíîì, äâà ïîäõîäà:
1. ÊÌ ïîäõîä: ôîðìà âîëíîâîãî ïàêåòà íåéòðèíî

ïîñòóëèðóåòñÿ. Îáû÷íî íåêîâàðèàíòíûé ãàóññîâûé
ïàêåò:
B Giunti Found.Phys.Lett. 17 (2004) 103-124
B Bilenky, Giunti, Grimus Prog.Part.Nucl.Phys. 43 (1999)

1-86
B M. Beuthe, Phys. Rev. D66 (2002) 013003
B ìíîãèå äðóãèå

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 18
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Íåïîëíîòà ïëîñêîâîëíîâîé ìîäåëè íåéòðèííûõ îñöèëëÿöèé. Âîëíîâîé ïàêåò

2. ÊÒÏ ïîäõîä: ðàñïðîñòðàíÿþùååñÿ íåéòðèíî �
âèðòóàëüíàÿ ÷àñòèöà, âñå äðóãèå ÷àñòèöû
îïèñûâàþòñÿ âîëíîâûìè ïàêåòàìè. Âîëíîâàÿ
ôóíêöèÿ íåéòðèíî âû÷èñëÿåòñÿ:
B C. Giunti, C. W. Kim, J. A. Lee, U. W. Lee. Phys.Rev.

D48 (1993) 4310-4317
B Grimus, Stockinger 1996 Phys. Rev. D54 3414;
B Cardall 2000 Phys. Rev. D 61 073006;
B D. V. Naumov and V. A. Naumov, J. Phys. G 37 (2010)

105014;
B Akhmedov and Kopp 2010, JHEP 1004 008
B ìíîãèå äðóãèå

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 19
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Ïðîãðàììà äåéñòâèé

1. Ðàçðàáîòàòü òåîðèþ êîâàðèàíòíîãî âîëíîâîãî ïàêåòà,
èññëåäîâàòü ñâîéñòâà.

2. Âû÷èñëèòü àìïëèòóäó Aαβ �ìàêðîñêîïè÷åñêîé�
äèàãðàììû, â êîòîðîé:

I �èñòî÷íèê� è �äåòåêòîð�
íåéòðèíî ðàçäåëåíû
ìàêðîñêîïè÷åñêèì ðàññòîÿíèåì;

I íà÷àëüíûå è êîíå÷íûå ÷àñòèöû
îïèñûâàþòñÿ âîëíîâûìè
ïàêåòàìè;

I íåéòðèíî � âèðòóàëüíàÿ ÷àñòèöà.

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 20
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Ïðîãðàììà äåéñòâèé

3. Âû÷èñëèòü âåðîÿòíîñòü |Aαβ|2.
4. Ïðîèçâåñòè ìàêðîñêîïè÷åñêîå óñðåäíåíèå è

âû÷èñëèòü ÷èñëî ñîáûòèé Nαβ.

5. Íàéòè óñëîâèÿ, ïðè êîòîðûõ Nαβ ôàêòîðèçóåòñÿ
Nαβ = Φν(Eν , L)× Pαβ(Eν , L;σp)× σ(Eν), ãäå ïîòîê
Φν(Eν , L) ∝ 1/L2 èç ïåðâûõ ïðèíöèïîâ.

6. Èññëåäîâàòü ôîðìóëó äëÿ �âåðîÿòíîñòè îñöèëëÿöèé�
Pαβ.

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 21
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Ê òåîðèè âîëíîâîãî ïàêåòà

I Âîëíîâîé ïàêåò (ÂÏ)

|ψ(t)〉 =

∫
dp

(2π)3
√
2Ep

e−iEptψp(p)|p〉,

ãäå ψp(p) � âîëíîâàÿ ôóíêöèÿ â èìïóëüñíîì
ïðåäñòàâëåíèè ñ ìàêñèìóìîì îêîëî ñðåäíåãî
èìïóëüñà k è äèñïåðñèåé σp.

I Ñðåäíèé 4-èìïóëüñ � èíòåãðàë äâèæåíèÿ.

I Âîëíîâàÿ ôóíêöèÿ â êîîðäèíàòíîì ïðåäñòàâëåíèè

ψx(t, x) =

∫
dp

(2π)3
e−iEpt+ipxψp(p).

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 22



Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Ê òåîðèè âîëíîâîãî ïàêåòà

I Â ñðåäíåì ÂÏ ñëåäóåò êëàññè÷åñêîé òðàåêòîðèè
〈x(t)〉 = 〈v〉t

I ÂÏ ðàñïëûâàåòñÿ ñî âðåìåíåì lim
t→∞
|ψx(t, x)| = 0

I Ïðîñòðàíñòâåííàÿ äèñïåðñèÿ σ2x(t) = 〈x2(t)〉 − 〈x(t)〉2
äàåòñÿ

σ2x(t) = σ2x(0) + (〈v 2〉 − 〈v〉2)t2 = σ2x(0) + σ2v t
2,

I Êîððåêòíîå îïðåäåëåíèå ñå÷åíèÿ è øèðèíû ðàñïàäà â
S-ìàòðè÷íîé òåîðèè èñïîëüçóåò âîëíîâîé ïàêåò.

3 Ðàñïëûâàþùèéñÿ ÂÏ ìîæíî èñïîëüçîâàòü â êà÷åñòâå
àñèìïòîòè÷åñêîãî ñîñòîÿíèÿ â S-ìàòðè÷íîé òåîðèè:

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 23
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Ê òåîðèè âîëíîâîãî ïàêåòà

I Äëÿ ëþáîãî t ïëîòíîñòü ïîòîêà j (t, x) óáûâàåò
áûñòðåå, ÷åì 1/4π|x |2.

I Èíòåãðàë ïî âðåìåíè îò j (t, x) (â ñèñòåìå ïîêîÿ) åñòü

Φ(x) =

∫ ∞
0

dt j (t, x) =
1

4π|x |2 .

è ïðåîáðàçóåòñÿ äëÿ ëàáîðàòîðíîé ñèñòåìû ñîãëàñíî
ïðåîáðàçîâàíèÿ Ëîðåíöà.

I Ñ ó÷åòîì òîãî, ÷òî íîðìèðîâêà 〈ψ(t)|ψ(t)〉 êîíå÷íà è
íå çàâèñèò îò âðåìåíè, ðàñïëûâàþùèéñÿ ÂÏ ìîæíî
èñïîëüçîâàòü â êà÷åñòâå àñèìïòîòè÷åñêîãî ñîñòîÿíèÿ
ïðè áîëüøèõ ïî ìîäóëþ (íî êîíå÷íûõ) (t1, t2) â
òåîðèè ðàññåÿíèÿ ñ S = S(t1, t2).

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 24
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Êîâàðèàíòíûé âîëíîâîé ïàêåò â ÊÒÏ

I Êîâàðèàíòíûé ÂÏ

|p, s, x〉 =

∫
dk

(2π)32Ek
e+ikxφ(k ,p)|k , s〉,

B φ(k ,p) � Ëîðåíö-èíâàðèàíòíûé ôîðì-ôàêòîð,
çàâèñÿùèé îò äèñïåðñèè èìïóëüñà σ.

B Âîëíîâàÿ ôóíêöèÿ â èìïóëüñíîì ïðåäñòàâëåíèè
ψp(k ,p) = φ(k ,p)/

√
2Ek .

B Ïðè t = x0 ñðåäíÿÿ êîîðäèíàòà ÂÏ åñòü (x)
I Â êîîðäèíàòíîì ïðåäñòàâëåíèè

ψ(p, x) ≡ ψ(p, x0, x) =

∫
dk

(2π)32Ek
φ(k ,p)e−ikx .

I Ïðèíöèï ñîîòâåòñòâèÿ è íîðìèðîâêà âîëíîâîãî ïàêåòà

lim
σ→0

φ (k ,p) = (2π)32Epδ
3(k − p).
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Êîâàðèàíòíûé âîëíîâîé ïàêåò â ÊÒÏ

I Â ñîîòâåòñòâèè ñ ïðèíÿòîé íîðìèðîâêîé ÂÏ ψ(p, x)
áåçðàçìåðíà.

I 3D-îáúåì ÂÏ â ïðîñòðàíñòâå:

V(p)
def
=

∫
dx |ψ(p, x)|2 =

V(0)

Γp

I Íîðìà ÂÏ êîíå÷íà:

〈p, x |p, x〉 = 2mV? ' 2〈Ep〉V(p)
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Ìîäåëü ðåëÿòèâèñòñêîãî ãàóññîâà ïàêåòà

I Ïðåäëîæåíà ìîäåëü ðåëÿòèâèñòñêîãî ãàóññîâà ïàêåòà

φG (k ,p) =
2π2

σ2K1(m2/2σ2)
exp

(
−EkEp − kp

2σ2

)
.

I Â íåðåëÿòèâèñòñêîì ñëó÷àå ((|k |+ |p|)2 � 4m2)

φG (k ,p) ∼ exp

[
−(k − p)2

4σ2

]
,

ôîðì-ôàêòîð, èñïîëüçóåìûé äðóãèìè àâòîðàìè.

I Âî âñåõ íåéòðèííûõ ýêñïåðèìåíòàõ ó÷àñòâóþò
ðåëÿòèâèñòñêèå ÷àñòèöû → íåîáõîäèìî èñïîëüçîâàòü
ðåëÿòèâèñòñêèå ÂÏ.
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Ìîäåëü ðåëÿòèâèñòñêîãî ãàóññîâà ïàêåòà

I Â êîîðäèíàòíîì ïðîñòðàíñòâå

ψ(p, x) =
K1(ζm2/2σ2)

ζK1(m2/2σ2)
def
= ψG (p, x),

ãäå ζ =
√
1− 4σ2

m2 [σ2x2 − i(px)].

σ x  /m2 0

|ψ  |
G

σ x  /m2 3
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Ìîäåëü ðåëÿòèâèñòñêîãî ãàóññîâà ïàêåòà

I Â ïðåíåáðåæåíèè ðàñïëûâàíèåì ÂÏ:

ψG (p, x) = exp
{
−i(px)− σ2

m2 [(px)2 −m2x2]
}

= exp
[
−iE (x0 − vpx)− σ2Γ 2

p

(
x‖ − vpx0

)2 − σ2x2⊥] .
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Ìîäåëü ðåëÿòèâèñòñêîãî ãàóññîâà ïàêåòà

Ìíîãîïàêåòíûå ñîñòîÿíèÿ
I Ïîëó÷åíû ôîðìóëû äëÿ íîðìû n-÷àñòè÷íîãî
ñîñòîÿíèÿ.

I Íàïðèìåð, íîðìà 2õ-÷àñòè÷íîãî ñîñòîÿíèÿ åñòü:

2〈p, s, x |p, s, x〉2 = (2mV?)
2
[
1± δs1s2 exp

(
−σ2|x?1 − x?2 |2

)]
,

ãäå çíàê + îòíîñèòñÿ ê áîçîíàì, à − ê ôåðìèîíàì.
I Áîçå-ýéíøòåéíîâñêîå ïðèòÿæåíèå è ôåðìèåâñêîå
îòòàëêèâàíèå, âàæíû ëèøü ïðè

σ2|x?i − x?j |2 . 1.

I Ïðè äîñòàòî÷íî áîëüøèõ ðàññòîÿíèÿõ ìåæäó ÂÏ
êâàíòîâàÿ ñòàòèñòèêà íå èãðàåò ðîëè.
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S-ìàòðè÷íûé ôîðìàëèçì ñ âîëíîâûìè ïàêåòàìè

I Àìïëèòóäà ñ ÂÏ äëÿ íà÷àëüíûõ è êîíå÷íûõ ñîñòîÿíèé:

A =
1

N 〈{pf , xf } |S− 1| {pi , xi}〉.

I Íîðìà ñîñòîÿíèé:

N 2 = 〈{pf , xf } | {pf , xf }〉 · 〈{pi , xi} | {pi , xi}〉.

I Ìèêðîñêîïè÷åñêàÿ âåðîÿòíîñòü

P({pf , xf } , {pi , xi}) = |A|2

I Ìàêðîñêîïè÷åñêè-óñðåäíåííàÿ âåðîÿòíîñòü èëè ÷èñëî
ñîáûòèé:

dN =
∏
i

dxidpi

(2π)3
fi(xi ,pi , t)

∏
f

dxf dpf

(2π)3
P({pf , xf } , {pi , xi})
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Ðàññåÿíèå âîëíîâûõ ïàêåòîâ

I Ðàññåÿíèå äâóõ ÂÏ a, b ñ ïðèöåëüíûì ïàðàìåòðîì
b = xb − xa è n = vab/|vab|

3 ×èñëî âçàèìîäåéñòâèé

dN = dσL(b) = dσL(0)e−(b×n)2/2σ2x,ab ,

ãäå

B L(b) = |vab|
∫
d4x |ψa(pa, x)|2|ψb(pb, x + b)|2 �

ìèêðîñêîïè÷åñêàÿ ñâåòèìîñòü äëÿ äâóõ ÂÏ,
B L(0) = (2πσ2x ,ab)−1,
B σ2x ,a è σ

2
x ,b � ãàóññîâû äèñïåðñèè ÂÏ ψa,b â

êîíôèãóðàöèîííîì ïðîñòðàíñòâå,
B σ2x ,ab = σ2x ,a + σ2x ,b � ýôôåêòèâíàÿ äèñïåðñèÿ

êîíâîëþöèè äâóõ ÂÏ,
B dσ � ïëîñêîâîëíîâîå ñå÷åíèå ðàññåíèÿ.
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Ðàññåÿíèå âîëíîâûõ ïàêåòîâ

Ìàêðîñêîïè÷åñêîå óñðåäíåíèå

〈dN〉 =

∫
db⊥Φabdσ

e−b
2
⊥/2σ

2
x,ab

2πσ2x ,ab
= Φabdσ

äàåò õîðîøî èçâåñòíóþ ñâÿçü ñ ïëîñêîâîëíîâûì
ïðèáëèæåíèåì. ýêñïåðèìåíòàëüíûé ïðèìåð (ÂÝÏÏ-4)
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Ïðîöåññ ñ íàðóøåíèåì ôëýéâîðà

I Ðàññìîòðèì êëàññ ïðîöåññîâ

Is⊕Id → F ′s + `+
α ⊕ F ′d + `−β .

I Àäðîííàÿ ÷àñòü àìïëèòóäû
ôàêòîðèçóåòñÿ íà áëîêè
�èñòî÷íèêà� è �äåòåêòîðà�.

I Â ïðîïàãàòîðå íåéòðèíî

B
∫
dq âû÷èñëÿåòñÿ ïðè

ïîìîùè òåîðåìû
Ãðèìóñà-Ñòîêèíäæåðà,

B
∫
dq0 âû÷èñëÿåòñÿ ìåòîäîì

ïåðåâàëà.

I Ïðèáëèæåíèå mi = 0 â
ìàòðè÷íûõ ýëåìåíòàõ.

}
}I s

ν
j

W

Fs

ℓα
+

}F's

q q’

}

} }
I d

W

Fd

ℓβ
−

F'd

q’ q

Xs

Xd

q
s

(q    = p  − p    )s,d in out

hadrons hadrons

hadrons hadrons

q
d

QCD

QCD
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Ïðîöåññ ñ íàðóøåíèåì ôëýéâîðà

Àìïëèòóäà

Aβα =
|Vs(pν)Vd(pν)|MsMd

i4π3/2NL

∑
j

V ∗αjD̃jVβj e
−Ωj−Θj .

I Ìàòðè÷íûå ýëåìåíòû
B Ms îòâå÷àåò Is → F ′s + `+

α + ν
B Md îòâå÷àåò ν + Id → F ′d + `−β

I Ôàçà

Ωj(T , L) = i(pjX )+
D̃2

j

E 2
ν

[
(pjX )2 −m2

j X
2
]
, ãäå X = Xd−Xs .

I Θj � ïîïðàâêà ê ôàçå, L = |Xd −Xs |, Vs,d(pν) �
4D-îáúåìû ïåðåêðûòèÿ ÂÏ â èñòî÷íèêå è äåòåêòîðå

I D̃j � ýôôåêòèâíàÿ äèñïåðñèÿ èìïóëüñà íåéòðèíî,
çàâèñèò îò êèíåìàòèêè è äèñïåðñèåé âñåõ ÷àñòèö

òåíçîðû ïåðåêðûòèÿ ïðèöåëüíûå òî÷êè è ò.ä. ïðèöåëüíûå âåêòîðû
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Ïðîöåññ ñ íàðóøåíèåì ôëýéâîðà

I Ìèêðîñêîïè÷åñêàÿ âåðîÿòíîñòü

|Aβα|2 =
∫
dEν

(2π)4δs(pν−qs)Vs |Ms |2∏
κ∈S 2EκVκ

(2π)4δd (pν+qd )Vd |Md |2∏
κ∈D 2EκVκ

×

× D
2
√
2π(2π)3L2

∣∣∣∑j V
∗
αjVβj e

−Ωj−Θj 1
1+irj

∣∣∣2,
I 4D-îáúåìû ïåðåêðûòèÿ ÂÏ â èñòî÷íèêå è äåòåêòîðå

Vs,d =

∫
dx

∏
κ∈S ,D

|ψκ (pκ, xκ − x)|2 =
π2 exp (−2Ss,d)

4
√
|Rs,d |

,

I Ôàêòîð exp (−2Ss,d) �ãåîìåòðè÷åñêîå ïîäàâëåíèå ïðè
íåíóëåâûõ ïðèöåëüíûõ ïàðàìåòðàõ (îáîáùåííûõ êàê
4-âåêòîðû) ðàññåèâàþùèõñÿ ÂÏ
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Ïðîöåññ ñ íàðóøåíèåì ôëýéâîðà

I ×èñëî ñîáûòèé (ìàêðîñêîïè÷åñêîå óñðåäíåíèå) çà
âðåìÿ ðàáîòû τs èñòî÷íèêà è äåòåêòèðîâàíèÿ τd :

dNαβ
τd

=

∫
dx dydEν

dΦν(x , y)

dEν
dσν(y)Pαβ(Eν , |y − x |),

I ãäå dΦν(x ,y)
dEν

è dσν(y) � ïëîòíîñòü ïîòîêà è ñå÷åíèå

ν + Id → F ′d + `−β â ïëîñêîâîëíîâîì ïðèáëèæåíèè,
ñîîòâåòñòâåííî.

ïðèöåëüíûå òî÷êè è ò.ä. ïðèöåëüíûå âåêòîðû ìàêðîñêîïè÷åñêîå óñðåäíåíèå ïîòîê

ñå÷åíèå
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Âåðîÿòíîñòü îñöèëëÿöèé. Ñòàöèîíàðíûé èñòî÷íèê

Â ðåæèìå ñòàöèîíàðíîãî èñòî÷íèêà τs =∞:

Pαβ(Eν , L) =
∑
i , j

VβiV
∗
αiVαjV

∗
βj

4

√
1 +

(
L/Ldij

)2 exp
[
−i(ϕij + ϕd

ij)−A 2
ij −B2

ij

]
.
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Âåðîÿòíîñòü îñöèëëÿöèé. Ñòàöèîíàðíûé èñòî÷íèê

Â ðåæèìå ñòàöèîíàðíîãî èñòî÷íèêà τs =∞:

Pαβ(Eν , L) =
∑
i , j

VβiV
∗
αiVαjV

∗
βj

4

√
1 +

(
L/Ldij

)2 exp
[
−i( ϕij + ϕd

ij)−A 2
ij −B2

ij

]
.

I Îñöèëëÿöèîííàÿ ïëîñêîâîëíîâàÿ ôàçà

ϕij =
2πL

Loscij

.

I Äëèíà îñöèëëÿöèé â ïëîñêîâîëíîâîì ïðèáëèæåíèè

Loscij =
4πEν
∆m2

ij

.
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Âåðîÿòíîñòü îñöèëëÿöèé. Ñòàöèîíàðíûé èñòî÷íèê

Â ðåæèìå ñòàöèîíàðíîãî èñòî÷íèêà τs =∞:

Pαβ(Eν , L) =
∑
i , j

VβiV
∗
αiVαjV

∗
βj

4

√
1 +

(
L/Ldij

)2 exp
[
−i(ϕij + ϕd

ij)− A 2
ij −B2

ij

]
.

I A 2
ij = 1

1+(L/Ldij)
2

(
L

Lcohij

)2
.

I Äëèíà êîãåðåíòíîñòè

Lcohij =
2
√
2E 2

ν

D∆m2
ij

.

I Äëèíà äèñïåðñèè

Ldij =
E 3
ν

D2∆m2
ij

.
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Âåðîÿòíîñòü îñöèëëÿöèé. Ñòàöèîíàðíûé èñòî÷íèê

Â ðåæèìå ñòàöèîíàðíîãî èñòî÷íèêà τs =∞:

Pαβ(Eν , L) =
∑
i , j

VβiV
∗
αiVαjV

∗
βj

4

√
1 +

(
L/Ldij

)2 exp
[
−i(ϕij + ϕd

ij)−A 2
ij − B2

ij

]
.

I B2
ij =

(
∆Eij

2
√
2D

)2
=

(
πn√
2DLoscij

)2

=
(√

2πσxn
Loscij

)2
I Ïðîñòðàíñòâåííàÿ äèñïåðñèÿ ÂÏ íåéòðèíî

σx =
1

2D
.
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Âåðîÿòíîñòü îñöèëëÿöèé. Ñòàöèîíàðíûé èñòî÷íèê

Â ðåæèìå ñòàöèîíàðíîãî èñòî÷íèêà τs =∞:

Pαβ(Eν , L) =
∑
i , j

VβiV
∗
αiVαjV

∗
βj

4

√
1 +

(
L/Ldij

)2 exp
[
−i(ϕij + ϕd

ij )−A 2
ij −B2

ij

]
.

I Ïîïðàâêà ê îñöèëëÿöèîííîé ôàçå

ϕd
ij(L) = − 1

1 +
(
L/Ldij

)2
(

L

Lcohij

)2

L

Ldij
+
1

2
arctan

L

Ldij
.
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Âåðîÿòíîñòü îñöèëëÿöèé. Ñëåäñòâèÿ

I D = 0 (ïëîñêàÿ âîëíà)

B Íåéòðèíî ðîæäàåòñÿ/äåòåêòèðóåòñÿ íåêîãåðåíòíî
B Íåò îñöèëëÿöèé ôëýéâîðà

I D =∞ (òî÷å÷íûé èñòî÷íèê)

B Íåìåäëåííàÿ ïîòåðÿ êîãåðåíòíîñòè
B Íåò îñöèëëÿöèé ôëýéâîðà

I Êîãåðåíòíîñòü è èíòåðôåðåíöèÿ òåðÿþòñÿ ïðè
L > Lcoh äëÿ D 6= 0,∞
B Íåéòðèíî îò äàëåêèõ àñòðîôèçè÷åñêèõ èñòî÷íèêîâ

íåêîãåðåíòíû (ïðè ëþáûõ ðàçóìíûõ ïðåäïîëîæåíèÿõ
î âåëè÷èíàõ σp).
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Âåðîÿòíîñòü îñöèëëÿöèé. Ñëåäñòâèÿ

I Íåéòðèíî ðîæäàþòñÿ
êîãåðåíòíûìè êîãäà
D� ∆Eij êàê â
ýêñïåðèìåíòå ñ äâîéíîé
ùåëüþ

I Çàðÿæåííûå ëåïòîíû íå
îñöèëëèðóþò ïîòîìó ÷òî
D� ∆E`α`β (ñì. òàêæå
E.Akhmedov, JHEP 0709
(2007) 116 )
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Âåðîÿòíîñòü îñöèëëÿöèé. Ñëåäñòâèÿ

Ïîòåðÿ êîãåðåíòíîñòè ìîæåò áûòü âàæíà äëÿ áóäóùèõ
ýêñïåðèìåíòîâ (Ïðèìåð: îæèäàåìûé ñïåêòð â ýêñïåðèìåíòå
JUNO)

2 3 4 5 6 7 8 9 10
Eν, MeV

0.0
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0.4
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1.0
Su

rv
iv

al
 P

ro
ba
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L = 52.0 km       
no decoherence      
σrel= 0.05
σrel= 0.2

Òåîðèÿ íåñòàöèîíàðíîãî èñòî÷íèêà
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Ïåðâîå îãðàíè÷åíèå èç äàííûõ Daya Bay

I Âåðîÿòíîñòü îñöèëëÿöèé
â ìîäåëè âîëíîâîãî
ïàêåòà çàâèñèò îò
σrel = D/Eν

I Îöåíêè îñöèëëÿöèîííûõ
ïàðàìåòðîâ â ìîäåëÿõ
âîëíîâîãî ïàêåòà è
ïëîñêîâîëíîâîé ìîäåëè
ìîãóò îòëè÷àòüñÿ

0.96

0.98

1.00

R
o
b

s
/
R

p
re

d
,
n

o
o
sc

EH1 + EH2

θ13, ∆m2
32 fixed

θ13, ∆m2
32 free

1 2 3 4 5 6 7 8
Evis, MeV

0.90

0.94

0.98

EH3

data

PW

WP (σrel = 8 · 10−17)

WP (σrel = 0.33)
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Êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé

Ïåðâîå îãðàíè÷åíèå èç äàííûõ Daya Bay

I Ïîëó÷åííûå ïðåäåëû

2.38 · 10−17 < σrel < 0.23

I ñ ó÷åòîì ðàçìåðîâ
ðåàêòîðà/äåòåêòîðà:

10−11 cm . σx . 2m.

I Ýòè ðåçóëüòàòû
îáåñïå÷èâàþò
íåñìåùåííóþ îöåíêó
sin2 2θ13 è ∆m2

32 â
ïëîñêîâîëíîâîé ìîäåëè
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Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Àíòèíåéòðèíî îò ðåàêòîðà

Ðåàêòîð êàê èñòî÷íèê νe :

I Èíòåíñèâíûé:

B ∼ 1020 νe/s/GWth.
B ∼ 6νe íà äåëåíèå

I Îäèí ôëýéâîð: νe

I Áåñïëàòíî

Äåòåêòèðîâàíèå:

I Ðåàêöèÿ îáðàòíîãî
β-ðàñïàäà (IBD)
νe + p −→ e+ + n
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−
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Îñöèëëÿöèè

B Ýôôåêò âåùåñòâà
ïðåíåáðåæèì

B Íåò çàâèñèìîñòè îò δCP
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Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Àíòèíåéòðèíî îò ðåàêòîðà
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Pdis = sin2 2θ13
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sin2 θ12sin2 ∆32 + cos2 θ12sin2 ∆31

)
+ cos4 θ13 sin2 2θ12 sin2 ∆21

∆jk = 1267 · ∆m2
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[
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]
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Àíòèíåéòðèíî îò ðåàêòîðà
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)2 (
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)
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Èçìåðåíèå θ13, ∆m2
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Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay

Daya Bay collaboration

Asia (23):

Beijing Normal Univ., CGNPG, CIAE, Chinese Univ.

of Hong Kong, Chongqing Univ., Dongguan

Polytech., ECUST, IHEP, NCEPU, NUDT, Nanjing

Univ., Nankai Univ., National Chiao Tung Univ.,

National Taiwan Univ., National United Univ.,

Shandong Univ., Shanghai Jiao Tong Univ.,

Shenzhen Univ., Tsinghua Univ., USTC, Univ. of

Hong Kong., Xi'an Jiaotong Univ., Zhongshan Univ.

Europe (2) and Sourth America (1):

Charles University, Joint Institute for Nuclear

Research, Catholic Univ. of Chile.

North America (16):

Brookhaven Natl Lab, Illinois Institute of

Technology, Iowa State, Lawrence Berkeley Natl

Lab, Princeton, Rensselaer Polytech., Sienna

College, Temple Univ., UC Berkeley, Univ. of

Cincinnati, Univ. of Houston, UIUC, Univ.

Wisconsin, Virginia Tech, William & Mary, Yale.
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Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay
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Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay

Àíòèíåéòðèííûé äåòåêòîð

3-çîííûé àíòèíåéòðèííûé äåòåêòîð:

Âíóòðåííÿÿ çîíà 20 t Gd-ÆÑ

Ñðåäíÿÿ çîíà 20 t ÆÑ

Âíåøíÿÿ çîíà 40 t Ìèíåðàëüíîå ìàñëî
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Èçìåðåíèå θ13, ∆m2
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Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay

Àíòèíåéòðèííûé äåòåêòîð

3-çîííûé àíòèíåéòðèííûé äåòåêòîð:

Âíóòðåííÿÿ çîíà 20 t Gd-ÆÑ

Ñðåäíÿÿ çîíà 20 t ÆÑ

Âíåøíÿÿ çîíà 40 t Ìèíåðàëüíîå ìàñëî

Âíóòðåííÿÿ çîíà:

I Ìèøåíü νe .
I Çàäàåò äîâåð. îáúåì.
I Ñîäåðæèòñÿ âíóòðè àêðèëîâîé åìêîñòè.

Îáðàòíûé β-ðàñïàä:

I νe + p −→ e+ + n
I e+ + e− −→ 2γ
I n + Gd −→ Gd +

∑
γ (8 MeV)

I Ïåðâè÷íàÿ ýíåðãèÿ ≈ Eν − 0.8MeV
I Çàäåðæàííàÿ ýíåðãèÿ: ∼ 8 MeV

νe e+

n

p

e
e+

1 MeV

Ee ∝ Eν

157
64Gd

n

7.9 MeV

〈tcap〉 ≈ 28 µs

p n

2.2 MeV

tcap ∼ 200 µs

nGd (main)(complementary) nH
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Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay

Àíòèíåéòðèííûé äåòåêòîð

3-çîííûé àíòèíåéòðèííûé äåòåêòîð:

Âíóòðåííÿÿ çîíà 20 t Gd-ÆÑ

Ñðåäíÿÿ çîíà 20 t ÆÑ

Âíåøíÿÿ çîíà 40 t Ìèíåðàëüíîå ìàñëî

Ñðåäíÿÿ çîíà:

I γ-çàõâàò÷èê.
I êîíâåðòèðóåò γ èç νe âç-é âî âíóòðåííåì
îáúåìå.

I Ñîäåðæèòñÿ âíóòðè àêðèëîâîé åìêîñòè.
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Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay

Àíòèíåéòðèííûé äåòåêòîð

3-çîííûé àíòèíåéòðèííûé äåòåêòîð:

Âíóòðåííÿÿ çîíà 20 t Gd-ÆÑ

Ñðåäíÿÿ çîíà 20 t ÆÑ

Âíåøíÿÿ çîíà 40 t Ìèíåðàëüíîå ìàñëî

Âíåøíÿÿ çîíà:

I Áóôåð îò ôîíà.
I Ïîäàâëÿåò âíåøíþþ ðàäèîàêòèâíîñòü (îò
ÔÝÓ, ñòàëè).

I Ïîäàâëÿåò ñöèíòèëëÿöèþ âî âíåøíåé çîíå.
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è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay

Àíòèíåéòðèííûé äåòåêòîð

3-çîííûé àíòèíåéòðèííûé äåòåêòîð:

Âíóòðåííÿÿ çîíà 20 t Gd-ÆÑ

Ñðåäíÿÿ çîíà 20 t ÆÑ

Âíåøíÿÿ çîíà 40 t Ìèíåðàëüíîå ìàñëî

ÔÝÓ 192 8� Hamamatsu

Çàùèòà Acryl

Êàëèá. ÔÝÓ 6 2� Hamamatsu

Îòðàæàòåëü 2 ESR �lm

ACU 3

I ∼163 p. e./MeV.
I Ðàçðåøåíèå ýíåðãèè: (7.5/

√
E + 0.9)%.
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32
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Ýêñïåðèìåíò Daya Bay

Êàëèáðîâêà

Òðè àâòîìàòè÷åñêèå êàëèáðîâî÷íûå
ñòàíöèè:

I Öåíòð ìèøåíè (ACU-A):
íåîäíîðîäíîñòü, non-uniformity,
ýíåðãåòè÷åñêàÿ øêàëà, íåëèíåéíîñòü.

I Êðàé ìèøåí (ACU-B):
íåîäíîðîäíîñòü, ýôôåêòèâíîñòü.

I Ãàììà çàõâàò÷èê (ACU-C):
íåîäíîðîäíîñòü, ýôôåêòèâíîñòü.

ACU îáîðóäîâàíèå:

I Ñâåòîäèîä:
Âðåìÿ ÔÝÓ, óñèëåíèå è îòíîñèò. QE.

I 241Am-13C íåéòðîííûé èñòî÷íèê:
âðåìÿ çàõâàòà íåéòðîíà.

I 68Ge γ èñòî÷íèê (2× 511 keV):
ýíåðãåòè÷åñêèé ïîðîã, íåëèíåéíîñòü.

I 60Co γ source (1.17 + 1.33 MeV):
ýíåðãåòè÷åñêàÿ øêàëà è îòêëèê.

ACU-A ACU-BACU-C
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Êàëèáðîâêà

Îòíîñèòåëüíàÿ íåîïðåäåëåííîñòü

ýíåðãåòè÷åñêîé øêàëû â nGd

àíàëèçå: 0.2%.

ACU-A ACU-BACU-C
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Ýêñïåðèìåíò Daya Bay

Ìþîííàÿ âåòî ñèñòåìà
I Âîäíûé áàññåéí:

I Çàùèòà îò âíåøíåé
ðàäèîàêòèâíîñòè è êîñìîãåííîãî
ôîíà.

I ×åðåíêîâñêèé ìþîííûé òðåêåð.
I 288 8� ÔÝÓ â êàæäîì áëèæíåì
õîëëå.

I 384 8� ÔÝÓ â äàëüíåì õîëëå.
I Âíåøíÿÿ âîäíàÿ çàùèòà (1 ì).
I Âíóòðåííÿÿ âîäíàÿ çàùèòà (>2.5
ì).

I 4-ñëîéíîå âåòî èç ÐÏÊ:
I Ìþîííûé òðåêåð.
I 54 ìîäóëÿ â êàæäîì áëèæíåì
õîëëå.

I 81 ìîäóëÿ â êàæäîì äàëüíåì õîëëå.
I Òðåáóåìàÿ ýôôåêòèâíîñòü 99.5% ñ
íåîïðåäåëåííîñòü < 0.25%.

RPCs
inner water shield

AD

PMTs

Tyvek

outer water shield

AD support stand
concrete
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Ýêñïåðèìåíòàëüíûé õîëë 1
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Ýêñïåðèìåíòàëüíûé õîëë 3
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Âíóòðè ν̄e äåòåêòîðà
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Îöåíêà ôîíà
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Îöåíêà ôîíà

Áëèæíèå
õîëëû

Äàëüíèé
õîëë

Íåîïð. Ìåòîä îöåíêè

B/S, % B/S, %

Ñëó÷àéíûå ñîâ-
ïàäåíèÿ 1.4 2.3

∼ 1%
Íåêîððåëèðîâàííûå ñèã-
íàëû

9Li/8He 0.4 0.4 50%
Èçìåðåíî ñ ñîáûòèÿìè
ïîñëå µ

Áûñòðûå íåé-
òðîíû

0.1 0.1 50%
Èçìåðåíî ñ òàããèðîâàí-
íûìè µ

241Am-13C 0.03 0.2 50%
MC, ïðîâåðåííîå íà îäè-
íî÷íûõ γ è èíòåíñèâíîì
èñòî÷íèêå 241Am-13C

13C(α, n)16O 0.01 0.1 50%
Âû÷èñëåíî èç èçìåðåí-
íîé ðàäèîàêòèâíîñòè

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 53



Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Èçìåðåíèå θ13 è ∆m2

32
â ýêñïåðèìåíòå Daya Bay

Ýêñïåðèìåíò Daya Bay

Ýôôåêòèâíîñòü ðåãèñòðàöèè àíòèíåéòðèíî

Êðèòåðèé îòáîðà ε δεcorr δεuncorr
Âñïûøêè ÔÝÓ 99.98% 0.01% 0.01%
Ýíåðãèÿ çàäåðæàííîãî ñèãíàëà 92.7% 0.97% 0.08%
Ýíåðãèÿ ïåðâè÷íîãî ñèãíàëà 99.8% 0.10% 0.01%
Ìíîæåñòâåííîñòü 0.02% 0.01%
Âðåìÿ çàõâàòà íåéòðîíà 98.7% 0.12% 0.01%
Îöåíêà ε δεcorr δεuncorr
Ïðîòîíû ìèøåíè - 0.92% 0.03%
Äîëÿ çàõâàòîâ íà ãàäîëèíèè 84.2% 0.95% 0.10%
Íåéòðîíû, ðîæäåííûå âíå ÆÑ, íî çàõâà÷åííûå â ÆÑ 104.9% 1.00% 0.02%
Æèâîå âðåìÿ íàáîðà äàííûõ - 0.002% 0.01%
Èòîãî 80.6% 1.93% 0.13%

Òàáëèöà: Êðàòêàÿ ñâîäêà îöåíîê ýôôåêòèâíîñòåé (ε) è èõ îòíîñèòåëüíûõ
êîððåëèðîâàííûõ (δεcorr) è íåêîððåëèðîâàííûõ (δεuncorr) íåîïðåäåëåííîñòåé ìåæäó
äåòåêòîðàìè.
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Ðåçóëüòàòû. Ñðàâíåíèå íàáëþäåíèé â áëèæíåì è äàëüíåì õîëëàõ
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Ðåçóëüòàòû îñöèëëÿöèîííîãî àíàëèçà

2

4

6

8
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0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12

sin2 2θ13

2.1
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2.8

∆
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2 e
e
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2
×

1
0
−

3
)

2 4 6 8 10

∆χ2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Leff/Eν, (km/MeV)

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

P
(ν

e
→
ν
e
)

Best fit EH1 EH2 EH3

sin2 2θ13 = (8.41± 0.27(stat.)± 0.19(syst.))× 10−2

|∆m2
ee| = (2.50± 0.06(stat.)± 0.06(syst.))× 10−3 eV2

χ2/NDF = 234.7/263
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Ðåçóëüòàòû îñöèëëÿöèîííîãî àíàëèçà

I Íàèáîëåå òî÷íîå èçìåðåíèå sin2 2θ13. Îòëè÷èå îò íóëÿ
> 25σ

I Íàèáîëåå òî÷íîå èçìåðåíèå ∆m2
ee

I Íîðìàëüíàÿ èåðàðõèÿ:
∆m2

32 = (2.45± 0.06(stat.)± 0.06(syst.))× 10−3 eV2

I Îáðàòíàÿ èåðàðõèÿ:
∆m2

32 = (−2.56± 0.06(stat.)± 0.06(syst.))× 10−3 eV2

Experiment Value (10−3 eV2)

Daya Bay

2.3 2.4 2.5 2.6 2.7 2.8

|∆m2
32| (10−3eV2)

2.45±0.08

T2K 2.545+0.081
−0.084

MINOS 2.42±0.09

NOνA 2.67±0.12

Super-K 2.50+0.13
−0.20

IceCube 2.50+0.18
−0.24

RENO 2.57+0.24
−0.26

Experiment Value

Daya Bay

0.02 0.04 0.06 0.08 0.1 0.12 0.14

sin2 2θ13

0.0841±0.0033

RENO 0.082±0.010

D-CHOOZ 0.111±0.018

T2K 0.100+0.041
−0.017

MINOS
NH 0.051+0.038

−0.030

IH 0.093+0.054
−0.049

ê áþäæåòó îøèáîê
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Ðåçóëüòàòû èçìåðåíèÿ ïîòîêà àíòèíåéòðèíî

I 217 äíåé íàáîðà äàííûõ (6AD
ïåðèîä)

I Ðåçóëüòàòû ñîãëàñóåòñÿ â ðàçíûõ
äåòåêòîðàõ

I Ðåçóëüòàò ñîãëàñóåòñÿ ñ ìèðîâûì
ñðåäíèì

I Daya Bay ñîãëàñóåòñÿ ñ
àíîìàëèåé

Huber+Mueller

Äàííûå/ìîäåëü: 0.946± 0.022

ILL+Vogel

Äàííûå/ìîäåëü: 0.991± 0.023

Huber+Mueller (global)

Äàííûå/ìîäåëü:
0.943± 0.008 (exp)± 0.025 (model)
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Ðåçóëüòàòû èçìåðåíèÿ ñïåêòðà àíòèíåéòðèíî
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I Ïèê â îáëàñòè 5�6 MeV.
I Ñîãëàñèå ñ äðóãèìè ýêñïåðèìåíòàìè.
I Íàáëþäàåòñÿ äëÿ
Huber+Mueller/ILL+Vogel ìîäåëåé.

I Ãëîáàëüíàÿ

çíà÷èìîñòü: 2.6σ.
I Ëîêàëüíàÿ

çíà÷èìîñòü: 4σ.
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Ðåçóëüòàòû èçìåðåíèÿ ñïåêòðà àíòèíåéòðèíî
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Antineutrino spectrum correction

dybOscar (pull)

dybOscar (cov)

dybOscar (cov) total uncertainty

Daya Bay [1607.05378]

I Ôîðìà ñïåêòðà ïîäãîíÿåòñÿ ñîâìåñòî ñ îñö.
ïàðàìåòðàìè. Õîðîøåå ñîãëàñèå ñî ñïåö. àíàëèçîì.

I Êîððåëÿöèÿ ñïåêòðàëüíûõ è îñö. ïàðàìåòðîâ
ïðåíåáðåæèìà ìàëà.
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Ôîðìàëüíîñòè

Öåëè è çàäà÷è

I Ïðåäìåò èññëåäîâàíèÿ:

Ñìåøèâàíèå ëåïòîíîâ

I Îáúåêò èññëåäîâàíèÿ:

Îñöèëëÿöèè íåéòðèíî

I Öåëü:

Ðàçðàáîòêà êâàíòîâî-ïîëåâîé òåîðèè íåéòðèííûõ
îñöèëëÿöèé â ìîäåëè ðåëÿòèâèñòñêîãî âîëíîâîãî
ïàêåòà, ïðåöèçèîííîå èçìåðåíèå sin2 2θ13 è ∆m2

32 â
ýêñïåðèìåíòå Daya Bay.

I Àêòóàëüíîñòü:
I Âåëè÷èíà óãëà ñìåøèâàíèÿ θ13 áûëà íåèçâåñòíà äî
2012

I Ïëîñêîâîëíîâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé
íåïîëíà è íå ñàìîñîãëàñîâàííà
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Ôîðìàëüíîñòè
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1. Ðàçðàáîòêà òåîðèè ðåëÿòèâèñòñêîãî âîëíîâîãî ïàêåòà.
Èññëåäîâàíèå ñâîéñòâ ðåëÿòèâèñòñêîãî âîëíîâîãî
ïàêåòà. Âû÷èñëåíèå ñå÷åíèÿ ðàññåÿíèÿ
ðåëÿòèâèñòñêèõ âîëíîâûõ ïàêåòîâ â êâàíòîâîé òåîðèè
ïîëÿ.

2. Äîêàçàòåëüñòâî òîãî, ÷òî ïðîñòðàíñòâåííàÿ äèñïåðñèÿ
âîëíîâîãî ïàêåòà â ïëîñêîñòè, ïåðïåíäèêóëÿðíîé
íàïðàâëåíèþ åãî äâèæåíèÿ, ïðèâîäèò ê ïîäàâëåíèþ
âèäà 1/4π|x |2 ïëîòíîñòè ïîòîêà, ïðîèíòåãðèðîâàííîãî
ïî âðåìåíè, íà ðàññòîÿíèè |x | îò èñòî÷íèêà ðîæäåíèÿ
âîëíîâîãî ïàêåòà.
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3. Âû÷èñëåíèå âåðîÿòíîñòè ïðîöåññà, íàðóøàþùåãî
ëåïòîííîå ÷èñëî, ñ ðåëÿòèâèñòñêèìè âîëíîâûìè
ïàêåòàìè, ñîîòâåòñòâóþùèìè ÷àñòèöàì â íà÷àëüíîì è
êîíå÷íîì ñîñòîÿíèÿõ, íåéòðèíî â âèðòóàëüíîì
ñîñòîÿíèè, èñòî÷íèêîì è äåòåêòîðîì íåéòðèíî,
ðàçäåëåííûìè ìàêðîñêîïè÷åñêèì ðàññòîÿíèåì.

4. Ðàçðàáîòêà ìåòîäà ìàêðîñêîïè÷åñêîãî óñðåäíåíèÿ
êâàíòîâî-ïîëåâîé âåðîÿòíîñòè ïðîöåññà ñ ó÷àñòèåì
âîëíîâûõ ïàêåòîâ.

5. Âû÷èñëåíèå ôîðìóëû äëÿ âåðîÿòíîñòè îñöèëëÿöèé
íåéòðèíî â ìîäåëè ðåëÿòèâèñòñêîãî âîëíîâîãî ïàêåòà
ñ ó÷åòîì ïðîñòðàíñòâåííîé äèñïåðñèè ýôôåêòèâíîãî
âîëíîâîãî ïàêåòà íåéòðèíî è êîíå÷íûõ èíòåðâàëîâ
àêòèâíîñòè �èñòî÷íèêà� è �äåòåêòîðà�.
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6. Ðàçðàáîòêà ìåòîäèêè èçìåðåíèÿ îñöèëëÿöèîííûõ
ïàðàìåòðîâ â ðåàêòîðíîì ýêñïåðèìåíòå è ñîçäàíèå
êîìïëåêñà êîìïüþòåðíûõ ïðîãðàìì àíàëèçà
ýêñïåðèìåíòàëüíûõ äàííûõ ýêñïåðèìåíòà Daya Bay.

7. Èçìåðåíèå ïàðàìåòðà ñìåøèâàíèÿ íåéòðèíî sin2 2θ13.

8. Èçìåðåíèå ðàçíèöû êâàäðàòîâ ìàññ ∆m2
32.

9. Èçìåðåíèå ýíåðãåòè÷åñêîãî ñïåêòðà ðåàêòîðíûõ
àíòèíåéòðèíî.
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Ôîðìàëüíîñòè

Íàó÷íàÿ íîâèçíà

4. Âïåðâûå ïîëó÷åíà ôîðìóëà äëÿ âåðîÿòíîñòè
îñöèëëÿöèé íåéòðèíî â ìîäåëè ðåëÿòèâèñòñêîãî
âîëíîâîãî ïàêåòà ñ ó÷åòîì ïðîñòðàíñòâåííîé
äèñïåðñèè ýôôåêòèâíîãî âîëíîâîãî ïàêåòà íåéòðèíî è
êîíå÷íûõ èíòåðâàëîâ àêòèâíîñòè �èñòî÷íèêà� è
�äåòåêòîðà�.

5. Âïåðâûå èçìåðåíî îòëè÷íîå îò íóëÿ çíà÷åíèå sin2 2θ13
â ýêñïåðèìåíòå Daya Bay íà óðîâíå äîñòîâåðíîñòè,
ïðåâûøàþùåì 25 ñòàíäàðòíûõ îòêëîíåíèé.

6. Âïåðâûå äîñòèãíóòà ðåêîðäíàÿ òî÷íîñòü èçìåðåíèÿ
sin2 2θ13 è ∆m2

32.
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Ôîðìàëüíîñòè

Ïðàêòè÷åñêàÿ çíà÷èìîñòü

1. Ðàçðàáîòàííàÿ òåîðèÿ ðåëÿòèâèñòñêîãî âîëíîâîãî
ïàêåòà ìîæåò áûòü ïðèìåíåíà äëÿ èññëåäîâàíèÿ ôàçû
ìàòðè÷íîãî ýëåìåíòà â ñòîëêíîâåíèÿõ ïó÷êîâ ÷àñòèö;
äëÿ èçìåðåíèÿ âîëíîâîé ôóíêöèè ñòàëêèâàþùèõñÿ
÷àñòèö; äëÿ èññëåäîâàíèÿ îñöèëëÿöèé íåéòðèíî,
ðîæäåííûõ â óñêîðèòåëÿõ ÷àñòèö, â ðåàêòîðàõ, â
àòìîñôåðå è â äðóãèõ èñòî÷íèêàõ è äëÿ äðóãèõ
èññëåäîâàíèé.

2. Ïîëó÷åííàÿ îáùàÿ ôîðìóëà äëÿ âåðîÿòíîñòè
îñöèëëÿöèé íåéòðèíî ìîæåò ïðèìåíÿòüñÿ ïðè àíàëèçå
ýêñïåðèìåíòàëüíûõ äàííûõ ñ èñòî÷íèêàìè íåéòðèíî.
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Ôîðìàëüíîñòè

Ïðàêòè÷åñêàÿ çíà÷èìîñòü

3. Îáíàðóæåííîå íåíóëåâîå çíà÷åíèå sin2 2θ13 îòêðûëî
ïóòü ê èçìåðåíèþ èåðàðõèè ìàññ íåéòðèíî è ôàçû,
îòâåòñòâåííîé çà íàðóøåíèå CP-èíâàðèàíòíîñòè, ÷òî
èñïîëüçóåòñÿ â ðÿäå ýêñïåðèìåíòîâ (T2K, NOνA) è
ïðè ïîäãîòîâêå íîâûõ ýêñïåðèìåíòîâ (JUNO,
RENO-50, T2HK, DUNE è äð.).

4. Ïðåöèçèîííûå èçìåðåíèÿ sin2 2θ13 è ∆m2
32 óìåíüøàþò

ñèñòåìàòè÷åñêóþ íåîïðåäåëåííîñòü â îïðåäåëåíèè
èåðàðõèè ìàññ íåéòðèíî è ïàðàìåòðà ëåïòîííîé
ìàòðèöû ñìåøèâàíèÿ � ôàçû δ, îòâåòñòâåííîé çà
íàðóøåíèå CP-èíâàðèàíòíîñòè.
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Ôîðìàëüíîñòè

Ïðåìèè

I �Breakthrough Prize in Fundamental Physics

2016�

I �Ïåðâàÿ Ïðåìèÿ ÎÈßÈ� çà öèêë ðàáîò ïî
ýêñïåðèìåíòó Daya Bay (2012)

I �Âòîðàÿ Ïðåìèÿ ÎÈßÈ� çà öèêë ðàáîò ïî
ýêñïåðèìåíòó NOMAD (2001)

I �Ïåðâàÿ Ïðåìèÿ ÎÈßÈ� çà öèêë ðàáîò ïî
ýêñïåðèìåíòó NOMAD (2001)

I �Ïåðâàÿ Ïðåìèÿ ËßÏ ÎÈßÈ� çà ðàáîòû ïî
ýêñïåðèìåíòó NOMAD (2000, 2001, 2006)

I �Âòîðàÿ Ïðåìèÿ ËßÏ ÎÈßÈ� çà ðàáîòû ïî
ýêñïåðèìåíòó NOMAD (2004)
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Ôîðìàëüíîñòè

Ïóáëèêàöèè

Ñîãëàñíî INSPIRE íàéäåíî 105 ñòàòüè, 90 èç íèõ
îïóáëèêîâàíû èëè â arXiv

Êðàòêèå ñâåäåíèÿ Öèòèðóåìûå Îïóáëèêîâàííûå
Ïîëíîå ÷èñëî ñòàòåé 90 64
Ïîëíîå ÷èñëî öèòèðîâàíèé 5662 4978
Ñðåäíåå ÷èñëî öèòèðîâàíèé íà ñòàòüþ 62.9 77.8
hHEP 30 27
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Áëàãîäàðíîñòè

I Ìîåìó ñîàâòîðó ðàáîò ïî òåîðèè íåéòðèííûõ
îñöèëëÿöèé: Â. À. Íàóìîâó.

I Êîëëåãàì, ñ êåì ÿ îáñóæäàë òåîðèþ íåéòðèííûõ
îñöèëëÿöèé: Å. Àõìåäîâó, Ò. À. Àíòîøêèíîé,
Ì. È. Âûñîöêîìó, Ì. Î. Ãîí÷àðó, Ì. À. Äîëãàðåâîé,
È. Ï. Èâàíîâó, À. Å. Êàëîøèíó, Ñ. Ý. Êîðåíáëèòó,
Â. À. Ðóáàêîâó, Ä. Â. Òàé÷åíà÷åâó, Î. Â. Òåðÿåâó,
Ä.Ñ.Øêèðìàíîâó, À.Ñ.Øåøóêîâó.

I Ìîåìó ñîàâòîðó ïî îñöèëëÿöèîííîìó àíàëèçó:
Ì. Î. Ãîí÷àðó.
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Áëàãîäàðíîñòè

I Êîëëåãàì ïî ýêñïåðèìåíòó Daya Bay: È. Âàíã
(Y. Wang), Â. Âàíã (W.Wang), Ñ. Âîíã (S. Wong),
Õ. Âîíã (Hin-Lok Henoch Wong), Þ. À. Ãîðíóøêèí,
×. Äæàíã (C. Zhang), Ä. Äæàôôå (D. Ja�e),
Ä. Äâàéåð (D. Dwyer), Êàì-Áüþ Ëþê (Kam-Biu Luk),
Ð. Ëåéòíåð (R. Leitner), Ë. Ëåáàíîâñêè
(L. Lebanowski), Ë. Ëèòòåíáåðã (L. Littenberg),
ß. Íàêàäæèìà (Y. Nakajima), Õ.Î÷îà
(J. P. Ochoa-Ricoux), Á. Ðîñêîâåö (B. Roskovec),
Äæ.Ñÿî (J. Cao), Ì. Õå (M. He), Ê. Õååãåð
(K. Heeger), Ý. Õóàíã (En Chuan Huang).

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 86



Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Áëàãîäàðíîñòè

I Êîëëåãàì èç ÎÈßÈ: Þ. À. Áàòóñîâó, Â. À. Áåäíÿêîâó,
Ñ. À. Áóíÿòîâó, Ñ. Ã. Çåìñêîâîé, Ã. À. Êàðàìûøåâîé,
À. À. Êóëüêîâó, Å. Ñ. Ìîðîçîâîé, Â. À. Íàóìîâó,
Å. À. Íàóìîâîé, Ò. Ò. Íàóìîâîé, À. Ã. Îëüøåâñêîìó,
Î. Á. Ñàéìîëîâó, Î. Þ. Ñìèðíîâó, Ê. À. Òðåñêîâó,
Ä. Â. Òàé÷åíà÷åâó, À. Â. ×óêàíîâó, È. È. Ñèäîðêèíîé.

I Ìîåìó ó÷èòåëþ: À.Í. Âàëëó

I Ìîåé ñåìüå: Ò. Ò. Íàóìîâîé, Â. À. Íàóìîâó,
Å. À. Íàóìîâîé.
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Âñïîìîãàòåëüíûå ñëàéäû

×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

Âûáîðêà ðåïðåçåíòàòèâíûõ (ïî ìíåíèþ àâòîðà) ðàáîò.

1. C. Giunti, C. W. Kim, J. A. Lee, U. W. Lee, �On the
treatment of neutrino oscillations without resort to weak
eigenstates�. Phys.Rev. D48 (1993) 4310-4317,
hep-ph/9305276

3 Èäåÿ è ïåðâîå âû÷èñëåíèå ìàêðîñêîïè÷åñêîé
ôåéíìàíîâñêîé äèàãðàììû ñ âèðòóàëüíûì íåéòðèíî.

3 Pαβ ñîäåðæèò ïîäàâëåíèå èíòåðôåðåíöèè èç-çà Lcoh è
ëîêàëèçàöèîííîãî ÷ëåíà.

7 Íå ïðîâåäåíî ìàêðîñêîïè÷åñêîå óñðåäíåíèå.
↪→ Íå ïîëó÷åíà ôîðìóëà äëÿ ÷èñëà ñîáûòèé.
↪→ Íåâîçìîæíî êîððåêòíî âûâåñòè âåðîÿòíîñòü

îñöèëëÿöèé Pαβ .

7 Íåêîâàðèàíòíûé ôîðìàëèçì
↪→ Íåïðèìåíèìî íè ê îäíîìó ýêñïåðèìåíòó.
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Âñïîìîãàòåëüíûå ñëàéäû

×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

↪→ Íåâîçìîæíî ãàðàíòèðîâàòü ïîëîæèòåëüíóþ
îïðåäåëåííîñòü ôîðì xTWx è êîððåêòíî âûïîëíèòü
èíòåãðèðîâàíèå.

7 Âñå âîëíîâûå ïàêåòû ñòàëêèâàþòñÿ â îäíîé òî÷êå xS
(xD) â îäèí ìîìåíò âðåìåíè.

7 Íå ó÷òåíà äèñïåðñèÿ âîëíîâîãî ïàêåòà íåéòðèíî.

2. W. Grimus, P. Stockinger,�Real oscillations of virtual
neutrinos�, Phys.Rev. D54 (1996) 3414-3419,
hep-ph/9603430

3 Äîêàçàíà î÷åíü ïîëåçíàÿ äëÿ âû÷èñëåíèé òåîðåìà∫ dq
(2π)3

Φ(q)e iqL

s−q2+i0
∼
{
−Φ(

√
s L/L)
4πL exp

(
i
√
sL
)

+O
(
L−3/2

)
ïðè s > 0,

O
(
L−2
)

ïðè s < 0.

7 Ðàññìîòðåíû ñòàöèîíàðíûå íåñòàáèëüíûå ñîñòîÿíèÿ
(âíóòðåííåå ïðîòèâîðå÷èå).

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 89



Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

7 Âñå âîëíîâûå ïàêåòû ñòàëêèâàþòñÿ â îäíîé òî÷êå xS
(xD) â îäèí ìîìåíò âðåìåíè.

7 Íå ó÷òåíà äèñïåðñèÿ âîëíîâîãî ïàêåòà íåéòðèíî.
7 Ïðåäïîëàãàåòñÿ Lcoh =∞.
7 Íå ïîëó÷åíà ôîðìóëà Pαβ .
7 Íå ïðîâåäåíî ìàêðîñêîïè÷åñêîå óñðåäíåíèå.

↪→ Íå ïîëó÷åíà ôîðìóëà äëÿ ÷èñëà ñîáûòèé.
↪→ Íåâîçìîæíî êîððåêòíî âûâåñòè âåðîÿòíîñòü

îñöèëëÿöèé Pαβ .

3. C. Y. Cardall, �Coherence of neutrino �avor mixing in
quantum �eld theory�, Phys.Rev. D61 (2000) 073006,
hep-ph/9909332

3 Ïåðâàÿ ïîïûòêà âû÷èñëèòü ÷èñëî ñîáûòèé,
ñîîòâåòñòâóþùåå ìàêðîñêîïè÷åñêîé ôåéíìàíîâñêîé
äèàãðàììå ñ âèðòóàëüíûì íåéòðèíî.
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Âñïîìîãàòåëüíûå ñëàéäû

×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

7 Âñå âîëíîâûå ïàêåòû ñòàëêèâàþòñÿ â îäíîé òî÷êå xS
(xD) â îäèí ìîìåíò âðåìåíè.

7 Íå ó÷òåíà äèñïåðñèÿ âîëíîâîãî ïàêåòà íåéòðèíî.
7 Íåêîâàðèàíòíûé ôîðìàëèçì ((WS)µν â óð.15 íå

ÿâëÿåòñÿ òåíçîðîì, íî ïðåäïîëàãàåòñÿ...)
↪→ Íåïðèìåíèìî íè ê îäíîìó ýêñïåðèìåíòó.
↪→ Íåâîçìîæíî ãàðàíòèðîâàòü ïîëîæèòåëüíóþ

îïðåäåëåííîñòü ôîðì xTWx è êîððåêòíî âûïîëíèòü
èíòåãðèðîâàíèå.

7 Ïðîöåäóðà ìàêðîñêîïè÷åñêîãî óñðåäíåíèÿ íå
êîððåêòíà è íå îáîñíîâàííà
↪→ |ψ(k , x)|2 → dk

(2π)3 f (k , x)

↪→ Îáúåì ïåðåêðûòèÿ VS èíòåðïðåòèðóåòñÿ êàê dx0SdxS

7 Pαβ íå ñîäåðæèò ïîäàâëåíèå èíòåðôåðåíöèè èç-çà
ëîêàëèçàöèîííîãî ÷ëåíà.
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Âñïîìîãàòåëüíûå ñëàéäû

×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

7 Íå ðàññìîòðåí ñëó÷àé êîíå÷íûõ âðåìåííûõ
èíòåðâàëîâ â èñòî÷íèêå è äåòåêòîðå

4. M. Beuthe, �Oscillations of neutrinos and mesons in
quantum �eld theory�, Phys.Rept. 375 (2003) 105-218,
hep-ph/0109119

3 Îáçîð ñóùåñòâóþùåé ëèòåðàòóðû â åäèíîì êëþ÷å.
3 Ó÷òåíû ïðîäîëüíàÿ è ïîïåðå÷íàÿ äèñïåðñèè

âîëíîâîãî ïàêåòà (ÂÏ).
3 Ïðèâåäåíû ôîðìóëû Pαβ â ðàçíûõ ðåæèìàõ

ðàñïëûâàíèÿ ÂÏ
7 Íå ïðîâåäåíî ìàêðîñêîïè÷åñêîå óñðåäíåíèå.

↪→ Íå ïîëó÷åíà ôîðìóëà äëÿ ÷èñëà ñîáûòèé.
↪→ Íåâîçìîæíî êîððåêòíî âûâåñòè âåðîÿòíîñòü

îñöèëëÿöèé Pαβ .
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Âñïîìîãàòåëüíûå ñëàéäû

×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

7 Âñå âîëíîâûå ïàêåòû ñòàëêèâàþòñÿ â îäíîé òî÷êå xS
(xD) â îäèí ìîìåíò âðåìåíè.

7 Íåêîâàðèàíòíûé ôîðìàëèçì.
↪→ Íåïðèìåíèìî íè ê îäíîìó ýêñïåðèìåíòó.
↪→ Íåâîçìîæíî ãàðàíòèðîâàòü ïîëîæèòåëüíóþ

îïðåäåëåííîñòü ôîðì xTWx è êîððåêòíî âûïîëíèòü
èíòåãðèðîâàíèå.

5. D. V. Naumov, V. A. Naumov, �A Diagrammatic
treatment of neutrino oscillations�, J.Phys. G37 (2010)
105014, arXiv:1008.0306
D. V. Naumov, V. A. Naumov, �Relativistic wave packets
in a �eld theoretical approach to neutrino oscillations�,
Russ.Phys.J. 53 (2010) 549-574, Izv.Vuz.Fiz. 6 (2010)
5-27

3 Ïîëíîñòüþ êîâàðèàíòíûé ôîðìàëèçì âîëíîâûõ
ïàêåòîâ (ÂÏ).
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3 Ïðîèçâîëüíûå òî÷êè ñòîëêíîâåíèÿ ÂÏ.
↪→ 4D-îáîáùåíèå ïðèöåëüíîãî ïàðàìåòðà.
↪→ Êîððåêòíîå îïðåäåëåíèå òî÷åê xS è xD .
↪→ Ãåîìåòðè÷åñêîå ïîäàâëåíèå äëÿ íåêîëëèíåàðíûõ

ñòîëêíîâåíèé.
↪→ Îáúåìû ïåðåêðûòèÿ ñ ó÷åòîì íåíóëåâûõ ïðèöåëüíûõ

ïàðàìåòðîâ.

3 Ó÷òåíà ïðîäîëüíàÿ äèñïåðñèÿ ýôôåêòèâíîãî
âîëíîâîãî ïàêåòà íåéòðèíî.

3 Ïðåäëîæåíà íîâàÿ ìîäåëü ðåëÿòèâèñòñêîãî ãàóññîâà
ÂÏ (ÐÃÏ).

3 Ðàçðàáîòàí è ïðèìåíåí êîððåêòíûé ìåòîä
ìàêðîñêîïè÷åñêîãî óñðåäíåíèÿ.
↪→ Ñ ó÷åòîì êîíå÷íûõ âðåìåííûõ èíòåðâàëîâ ðàáîòû

�èñòî÷íèêà� è �äåòåêòîðà�.
↪→ Âðåìåíà â èñòî÷íèêå è äåòåêòîðå ìîãóò áûòü

ñèíõðîíèçèðîâàíû è íå ñèíõðîíèçèðîâàíû.
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↪→ Ïîëó÷åíà ôîðìóëà äëÿ ÷èñëà ñîáûòèé,
ñîîòâåòñòâóþùåãî ìàêðîñêîïè÷åñêîé ôåéíìàíîâñêîé
äèàãðàììå.

↪→ Âû÷èñëåíà âåðîÿòíîñòü îñöèëëÿöèé Pαβ .

3 Â ïðåäåëüíûõ ñëó÷àÿõ Pαβ ñîãëàñóåòñÿ ñ èçâåñòíûìè
ôîðìóëàìè. Íîâûì ÿâëÿåòñÿ:
↪→ Çàâèñèìîñòü îò êîíå÷íûõ âðåìåííûõ èíòåðâàëîâ

ðàáîòû �èñòî÷íèêà� è �äåòåêòîðà�. Âàæíî äëÿ
óñêîðèòåëüíûõ íåéòðèíî.

↪→ Ïîäàâëåíèå ÷èñëà íåñèíõðîíèçèðîâàííûõ ñîáûòèé.
↪→ Ó÷åò äèñïåðñèè ýôôåêòèâíîãî ÂÏ íåéòðèíî.
↪→ Åäèíñòâåííûé äîïîëíèòåëüíûé ïàðàìåòð �

äèñïåðñèÿ èìïóëüñà íåéòðèíî, çàâèñèò îò
êèíåìàòèêè ñîáûòèé â èñòî÷íèêå è äåòåêòîðå.

7 Èçó÷åí ñèììåòðè÷íûé ÐÃÏ.
7 Òåîðåìà Ãðèìóñà-Ñòîêèíäæåðà ìîæåò áûòü íå

ïðèìåíèìà íà ìàëûõ ðàññòîÿíèÿõ.
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×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

6. E. Kh. Akhmedov, J. Kopp, �Neutrino oscillations:
Quantum mechanics vs. quantum �eld theory�, JHEP
1004 (2010) 008. Erratum: JHEP 1310 (2013) 052,
arXiv:1001.4815

3 Ñðàâíåíèå ÊÒÏ è ÊÌ ïîäõîäîâ.
3 Óñëîâèÿ ïðèìåíèìîñòè ãàóññîâûõ ÂÏ.
3 Ïðîèçâåäåíî âû÷èñëåíèå ÷èñëà ñîáûòèé è ïîëó÷åíà

ôîðìóëà äëÿ âåðîÿòíîñòè îñöèëëÿöèé â ÊÒÏ
ïîäõîäå.

7 Îòñóòñòâóåò ïðîöåäóðà ìàêðîñêîïè÷åñêîãî
óñðåäíåíèÿ. Íîðìèðîâàííîå ÷èñëî ñîáûòèé
âû÷èñëåíà íà ýâðèñòè÷åñêîì óðîâíå ñòðîãîñòè.

7 Âñå âîëíîâûå ïàêåòû ñòàëêèâàþòñÿ â îäíîé òî÷êå xS
(xD) â îäèí ìîìåíò âðåìåíè.

7 Íåêîâàðèàíòíûé ôîðìàëèçì
↪→ Íåïðèìåíèìî íè ê îäíîìó ýêñïåðèìåíòó
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×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

↪→ Íåâîçìîæíî ãàðàíòèðîâàòü ïîëîæèòåëüíóþ
îïðåäåëåííîñòü ôîðì xTWx è êîððåêòíî âûïîëíèòü
èíòåãðèðîâàíèå

7 Óòâåðæäàåòñÿ, ÷òî â ÊÌ ïîäõîäå íîðìèðîâêó Pαβ
ïðèõîäèòñÿ äåëàòü �ðóêàìè�. Â íàøåé ðàáîòå ïîêàçàí
êîððåêòíûé ñïîñîá (ìàêðîñêîïè÷åñêîå óñðåäíåíèå),
ïðèâîäÿùèé ê ïðàâèëüíîé íîðìèðîâêå.

7 Èíòåãðèðîâàíèå ïî âðåìåíè ïóòàåòñÿ ñ óñðåäíåíèåì
ïî âðåìåíè.

7 Ôîðìà ïàêåòà íåéòðèíî óñðåäíÿåòñÿ ïî íàïðàâëåíèþ
â A âìåñòî |A|2.

7 Òåõíè÷åñêèå íåñîâåðøåíñòâà
↪→ íå óêàçàí êîíòóð îáõîäà ïîëþñà ïðè èíòåãðèðîâàíèè

ïî ýíåðãèè

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 97



Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

↪→ Èíòåãðèðîâàíèå ïî âðåìåíàì â èñòî÷íèêå è
äåòåêòîðå íå ó÷èòûâàåò âðåìåíè ðàñïðîñòðàíåíèÿ
íåéòðèíî. Ñïðàâåäëèâî òîëüêî äëÿ L = 0.

7. V. A. Naumov, D. S. Shkirmanov, �Covariant asymmetric
wave packet for a �eld-theoretical description of neutrino
oscillations�, Mod.Phys.Lett. A30 (2015) no.24, 1550110,
arXiv:1409.4669. V. A. Naumov, D. S. Shkirmanov,
Eur.Phys.J. C73 (2013) 11, 2627, arXiv:1309.1011)

3 Èçó÷åíû îáùèå ñâîéñòâà êîâàðèàíòíûõ âîëíîâûõ
ïàêåòîâ, ïðèãîäíûõ äëÿ îïèñàíèÿ àñèìïòîòè÷åñêè
ñâîáîäíûõ in- è out-ñîñòîÿíèé.

3 Ïîäðîáíî èçó÷åí ïðîñòåéøèé [ïîñëå ÐÃÏ]
àñèììåòðè÷íûé ÂÏ

3 Äîêàçàíà îáîáùåííàÿ òåîðåìà ÃÑ è íàéäåíû
ïîïðàâêè ê ÃÑ àñèìïòîòèêå â âèäå àñèìïòîòè÷åñêîãî
ðàçëîæåíèÿ ïî îáðàòíûì ñòåïåíÿì 1/L2.
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×òî íîâîãî ïî ñðàâíåíèþ ñ äðóãèìè ðàáîòàìè?

3 Óòî÷íåí äóàëèçì ìåæäó ïðîïàãàòîðîì è
ýôôåêòèâíûì âîëíîâûì ïàêåòîì íåéòðèíî.

3 Ïîëó÷åíû ÿâíûå ôîðìóëû äëÿ îáðàòíîãî òåíçîðà
ïåðåêðûòèÿ äëÿ ïðîèçâîëüíîãî ÷èñëà
âçàèìîäåéñòâóþùèõ âíåøíèõ ïàêåòîâ.

7 Äèñïåðñèåé ÂÏ íåéòðèíî ïðåíåáðåãàåòñÿ, ïîñêîëüêó
èçó÷àþòñÿ îòíîñèòåëüíî ìàëûå (ìàêðîñêîïè÷åñêèå)
ðàññòîÿíèÿ
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Ïî÷åìó ãàóññîâûé âîëíîâîé ïàêåò?

I Áîëüøîé êëàññ âîëíîâûõ ïàêåòîâ (ÂÏ) ìîæåò áûòü ñ
õîðîøåé òî÷íîñòüþ àïïðîêñèìèðîâàí ãàóññîâûì.

I Ñ ãàóññîâûì ÂÏ âîçìîæíî àíàëèòè÷åñêîå âû÷èñëåíèå
÷èñëà ñîáûòèé.

I Åñòü êëàññ ÂÏ, êîòîðûé íå ìîæåò áûòü îïèñàí
ãàóññîâûì ÂÏ. Íàïðèìåð,

f (p) =
Cn

[(p − P)2 + γ2]n

îïèñûâàåòñÿ ãàóññîâûì ÂÏ òîëüêî ïðè n� 1.

E. Kh. Akhmedov, J. Kopp, �Neutrino oscillations: Quantum
mechanics vs. quantum �eld theory�, JHEP 1004 (2010) 008.
Erratum: JHEP 1310 (2013) 052, arXiv:1001.4815

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 100



Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

Â êíèæêå Òýéëîðà íàïèñàíî...

÷òî óñðåäíåííîå ñå÷åíèå íå çàâèñèò îò ôîðìû ÂÏ. Ó âàñ
ïîëó÷àåòñÿ, ÷òî çàâèñèìîñòü îñòàåòñÿ. Ïî÷åìó?

I Àìïëèòóäà A = 〈{pf , xf } |S− 1| {pi , xi}〉 ðàññåÿíèÿ ÂÏ:

A =
∫
d4x

(∏
i ,f

∫ dqiφ(qi ,pi )e
+iqi (xi−x)

(2π)32Eqi

dkf φ
∗(kf ,pf )e−ikf (xf −x)

(2π)32Ekf

)
·

· 1
N iM({qi , kf }),

↪→ íîðìèðîâêà ñîñòîÿíèé
N =

√
〈{pf , xf } | {pf , xf }〉 · 〈{pi , xi} | {pi , xi}〉

↪→ iM({qi , kf }) � ìàòðè÷íûé ýëåìåíò â ïëîñêîâîëíîâîì
ïðèáëèæåíèè

I Â ïðèáëèæåíèè çàâèñèìîñòè iM({qi , kf }) îò
èìïóëüñîâ ({qi , kf }) ãîðàçäî áîëåå ñëàáîé, ÷åì
çàâèñèìîñòü φ(qi ,pi) âîçìîæíà ôàêòîðèçàöèÿ:
A ' 1

N

(∫
d4x

∏
i ,f ψ(pi , x − xi)ψ

∗(pf , x − xf )
)

iM({pi ,pf })

Ä. Â. Íàóìîâ, ÎÈßÈ Ñåìèíàð ÏÈßÔ, 7 ôåâðàëÿ 2017 101



Èçìåðåíèå θ13, ∆m2

32
è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

Â êíèæêå Òýéëîðà íàïèñàíî...

I Â òàêîì ñëó÷àå, ìàêðîñêîïè÷åñêè óñðåäíåííàÿ
âåëè÷èíà 〈|A|2〉 íå çàâèñèò îò âèäà ÂÏ (Òýéëîð, 1972)

I Ïðèáëèæåíèå Òýéëîðà íå àäåêâàòíî, åñëè:

↪→ Çàâèñèìîñòü iM({pi ,pf }) îò èìïóëüñîâ ({qi , kf })
ìîæåò áûòü ñèëüíîé (íàïðèìåð, àäðîííûå ðåçîíàíñû)

↪→ Â ñëó÷àå èíòåðôåðåíöèè

iM({qi , kf }) ∼
∑
k

VαkV
∗
βkM′d

1
q2 −m2

k

M′s

íåëüçÿ îòôàêòîðèçîâàòü â îäíîé òî÷êå ïî 4-èìïóëüñó
q. Ïðàâèëüíûé ó÷åò ýòîãî ïðèâîäèò ê
êâàíòîâî-ïîëåâîé òåîðèè íåéòðèííûõ îñöèëëÿöèé.
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Íàáëþäàåìîñòü âîëíîâîãî ïàêåòà

I �Âåðîÿòíîñòü îñöèëëÿöèé� çàâèñèò îò äèñïåðñèè
èìïóëüñà íåéòðèíî, êîòîðàÿ, â ñâîþ î÷åðåäü ôóíêöèÿ
äèñïåðñèé èìïóëüñîâ âîëíîâûõ ïàêåòîâ ó÷àñòâóþùèõ
â ðåàêöèè ÷àñòèö.

I C ó÷åòîì âîëíîâûõ ïàêåòîâ ìîæíî èçìåðèòü ôàçó
ìàòðè÷íîãî ýëåìåíòà:
https://arxiv.org/abs/1608.08858,
http://inspirehep.net/record/1386359.

I Â ïó÷êàõ ñ çàêðó÷åííûìè ýëåêòðîíàìè
(ðàçíîâèäíîñòü âîëíîâîãî ïàêåòà)
http://inspirehep.net/record/1482955,
http://inspirehep.net/record/902045?ln=en òîæå
óòâåðæäàåòñÿ î âîçìîæíîñòè èçìåðåíèÿ ôàçû
ìàòðè÷íîãî ýëåìåíòà.
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Íàáëþäàåìîñòü âîëíîâîãî ïàêåòà

I Ýôôåêòû âîëíîâûõ ïàêåòîâ äàâíî îáíàðóæåíû è äàþò
çíà÷èòåëüíûé âêëàä â èçìåðÿåìîå ñå÷åíèå ïðè
ñòîëêíîâåíèÿõ ïó÷êîâ â óñêîðèòåëÿõ. Íàïðèìåð,
https://arxiv.org/pdf/0903.2907.pdf.
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Ïðîöåññû ñ áîëüøèì ïðèöåëüíûì ïàðàìåòðîì íà êîëëàéäåðàõ

I Ñïåêòð òîðìîçíûõ ôîòîíîâ â ðåàêöèè e+e− → e+e−γ
(ÂÝÏÏ-4, Íîâîñèáèðñê) íå ñîãëàñóåòñÿ ñ
ïëîñêîâîëíîâûì ñå÷åíèåì â ÊÝÄ

I Òåîðèÿ ïðîöåññà äàíà â ðàáîòå G.L.Kotkin, V.G.Serbo,
A.Schiller, Int.J.Mod.Physics A. 7, 20 (1992)

ê ðàññåÿíèþ ÂÏ
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è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

Òåíçîðû ïåðåêðûòèÿ

I Îïðåäåëèì òåíçîð

T µν
κ = σ2κ (uµκu

ν
κ − gµν) ,

ãäå uκ = pκ/mκ = Γκ(1, vκ) � 4-ñêîðîñòü ïàêåòà κ.
I Ïîëîæèòåëüíàÿ ëîðåíö-èíâàðèàíòíàÿ êâàäðàòè÷íàÿ
ôîðìà âîëíîâîãî ïàêåòà

T µν
κ xµxν = σ2κ

[
(uκx)2 − x2

]
= σ2κx

2
?

I Òåíçîðû ïåðåêðûòèÿ:

Rµν
s =

∑
κ∈S

T µν
κ è Rµν

d =
∑
κ∈D

T µν
κ .
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Âñïîìîãàòåëüíûå ñëàéäû

Òåíçîðû ïåðåêðûòèÿ

I Ñóùåñòâóþò ïîëîæèòåëüíî-îïðåäåëåííûå òåíçîðû
R̃µν

s è R̃µν
d òàêèå, ÷òî

R̃µλ
s (Rs)λν = δµν è R̃µλ

d (Rd)λν = δµν (1à)

èëè, â ìàòðè÷íîé ôîðìå,

R̃s,d = ||R̃µν
s,d || = g R−1s,d g , Rs,d = ||Rµν

s,d ||, (1á)

ãäå g = ||gµν || = diag(1,−1,−1,−1). Ðàçóìååòñÿ,

|Rs,d | > 0 è |R̃s,d | = |Rs,d |−1. Ìû áóäåì íàçûâàòü Rµν
s,d

è R̃µν
s,d òåíçîðàìè ïåðåêðûòèÿ è îáðàòíûìè òåíçîðàìè

ïåðåêðûòèÿ ñîîòâåòñòâåííî.

ê A ê |A|2
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Âñïîìîãàòåëüíûå ñëàéäû

Îáúåì ïåðåêðûòèÿ, ïðèöåëüíûå òî÷êè, ãåîìåòðè÷åñêîå ïîäàâëåíèå

I 4D- îáúåì ïåðåêðûòèÿ:

Vs,d(q) = (2π)4δ̃s,d (q∓qs,d) exp [−Ss,d ± i (q∓qs,d)Xs,d ] ,

I Àíàëîã Äèðàêîâñêîé äåëüòà-ôóíêöèè:

δ̃s,d(K ) =
1

(4π)2
√
|Rs,d |

exp

(
−1
4
R̃µν

s,dKµKν

)
,

I Ïðèöåëüíûå òî÷êè:

X µ
s,d = R̃µν

s,d

∑
κ

T λ
κνxκλ = R̃µν

s,d

∑
κ

σ2κ [(uκxκ)uκν − xκν ] ,
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Âñïîìîãàòåëüíûå ñëàéäû

Îáúåì ïåðåêðûòèÿ, ïðèöåëüíûå òî÷êè, ãåîìåòðè÷åñêîå ïîäàâëåíèå

I Ãåîìåòðè÷åñêîå ïîäàâëåíèå:

Ss,d =
∑
κ,κ′

W µν
κκ′xκµxκ′ν , κ,κ′∈S èëè D.

I Òåíçîðû W µν
κκ′ èìåþò âèä

W µν
κκ′ = δκκ′T

µν
κ − T µ

κµ′ R̃
µ′ν′

s,d T ν
κ′ν′ , W µν

κκ′ = W νµ
κ′κ,

ãäå èíäåêñû s, d íå âûïèñàíû ÿâíî, íî
ïîäðàçóìåâàþòñÿ.

ê A ê |A|2
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Âñïîìîãàòåëüíûå ñëàéäû

Ïðèöåëüíûå âåêòîðû

I Îáîáùåíèå ïðèöåëüíîãî ïàðàìåòðà íà 4D:

b0κ =
(
x0κ − X 0

s,d

)
− |vκ|−1nκ (xκ −Xs,d) ,

bκ = (xκ −Xs,d)− [nκ (xκ −Xs,d)]nκ.

I Ãåîìåòðè÷åñêèé ôàêòîð ìîæåò áûòü çàïèñàí â
ïðîçðà÷íîé ôîðìå ÷åðåç ïðèöåëüíûå ïàðàìåòðîâ ÂÏ
â ññî:

Ss,d =
∑

κ∈S ,D
σ2κ

[(
Γ 2
κ − 1

) (
b0κ
)2

+ b2κ

]
=
∑

κ∈S ,D
σ2κ
∣∣b(κ)

κ
∣∣2.

ê A ê |A|2
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Âñïîìîãàòåëüíûå ñëàéäû

Ìàêðîñêîïè÷åñêîå óñðåäíåíèå

Ìàêðîñêîïè÷åñêîå óñðåäíåíèå ìèêðîñêîïè÷åñêîé
âåðîÿòíîñòè dNαβ = 〈〈|Aβα|2〉〉:

dNαβ =
∑
spins

∫ ∏
a∈Is

dxadpafa(pa,sa,xa)
(2π)32EaVa

∫ ∏
b∈Fs

dxbdpb
(2π)32EbVb

Vs

×
∫ ∏

a∈Id
dxadpafa(pa,sa,xa)

(2π)32EaVa

∫ ∏
b∈Fd

dxbdpb
(2π)32EbVb

Vd

×
∫
dEν(2π)4δs(pν − qs)|Ms |2(2π)4δd(pν + qd)|Md |2

× D
2
√
2π(2π)3L2

∣∣∣∑
j

V ∗αjVβj e
−Ωj 1

1+irj

∣∣∣2.
Ñ ó÷åòîì

Vs,d =

∫
dx

∏
κ∈S,D

|ψκ (pκ, xκ − x)|2 ,Vκ =

∫
dx |ψκ (pκ, x)|2
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Âñïîìîãàòåëüíûå ñëàéäû

Ìàêðîñêîïè÷åñêîå óñðåäíåíèå

âû÷èñëÿþòñÿ èíòåãðàëû∫ ∏
b∈Fs

dxb
Vb

Vs = 1

è

dNαβ =
∑
spins

∫
dx(2π)4δs(pν − qs)|Ms |2

∏
a∈Is

dna
dxa

1
2Ea

∏
b∈Fs

dpb
(2π)32Eb∫

dy (2π)4δd(pν + qd)|Md |2
∏

a∈Id
dna
dxa

1
2Ea

∏
b∈Fd

dpb
(2π)32Eb∫

dEν
D

∣∣∣∣∑j V
∗
αjVβj e

−Ωj 1
1+irj

∣∣∣∣2
2
√
2π(2π)3|y−x |2 ,

ê |A|2
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Âñïîìîãàòåëüíûå ñëàéäû

Ïîòîê

I Ïëîòíîñòü ïîòîêà íåéòðèíî íà ðàññòîÿíèè L = |y − x | îò
åäèíèöû îáúåìà èñòî÷íèêà åñòü

dΦν
dEν

=
∑
spins

(2π)4δs(pν−qs)|Ms |2
[∏
a∈Is

dna
dx

1

2Ea

∏
b∈Fs

dpb

(2π)32Eb

]
Eν

16π3L2
.

I Ôóíêöèÿ ðàñïðåäåëåíèÿ∑
sa

∫
dxadpa

(2π)3
fa(pa, sa, xa) = na(x0a ) (a ∈ Is,d),

ãäå na(x0a ) � ïîëíîå ÷èñëî ÷àñòèö a â ìîìåíò âðåìåíè x0a .
I Cîîòíîøåíèÿ äëÿ ïëîòíîñòè ÷èñëà ÷àñòèö a â èìïóëüñíîì è
êîíôèãóðàöèîííîì ïðîñòðàíñòâàõ:∫

dpa

(2π)3
fa(pa, sa, xa) =

dna(sa, xa, x
0
a )

dxa
,

∫
dxafa(pa, sa, xa) =

dna(sa,pa, x
0
a )

dpa
.

ê |A|2
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è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

Ñå÷åíèå

Ñå÷åíèå âçàèìîäåéñòâèÿ áåçìàññîâîãî íåéòðèíî ñ ÷àñòèöàìè â
åäèíèöå îáúåìà äåòåêòîðà ðàâíî

dσν =
∑
spins

(2π)4δd(pν + qd)|Md |2
1

2Eν

∏
a∈Id

dna
dy

1

2Ea

∏
b∈Fd

dpb

(2π)32Eb
.

ê |A|2
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è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

Âåðîÿòíîñòü îñöèëëÿöèé. Íåñòàöèîíàðíûé èñòî÷íèê

Â ðåæèìå íåñòàöèîíàðíîãî èñòî÷íèêà τs 6=∞ (óñêîðèò.
ýêñï):

Pαβ(Eν , L) =
1

S0

∑
ij

VαiVβjV
∗
αjV

∗
βiSij exp

(
iϕij −A 2

ij

)
.

I ßâíûé âèä

Sij =
exp

(
−B2

ij

)
4τdD

2∑
l ,l ′=1

(−1)l+l ′+1Ierf
[
2D
(
x0l − y0l ′ +

L

vij

)
− iBij

]
.

ãäå

Ierf(z) = z erf(z) +
1√
π
e−z

2

,

I Äèàãîíàëüíàÿ ôóíêöèÿ íå çàâèñèò îò èíäåêñà:

Sii = S0
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è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

Âåðîÿòíîñòü îñöèëëÿöèé. Íåñòàöèîíàðíûé èñòî÷íèê

Íåñèíõðîíèçîâàííûå èçìåðåíèÿ.

I Åñëè èíòåðâàëû âðåìåí â èñòî÷íèêå (x01 , x
0
2 ) è â

äåòåêòîðå (y 01 , y
0
2 ) íå ñèíõðîíèçîâàííû, òî:

B ôàêòîð Sij → 0.
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è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

Âåðîÿòíîñòü îñöèëëÿöèé. Íåñòàöèîíàðíûé èñòî÷íèê

Ñèíõðîíèçîâàííûå èçìåðåíèÿ.
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Âñïîìîãàòåëüíûå ñëàéäû

Âåðîÿòíîñòü îñöèëëÿöèé. Íåñòàöèîíàðíûé èñòî÷íèê

I Èçìåðåíèå ýíåðãèè-èìïóëüñà ïðè êîíå÷íûõ âðåìåíàõ
ýêâèâàëåíòíà âíåñåíèþ äîïîëíèòåëüíîé
íåîïðåäåëåííîñòè â èõ îïðåäåëåíèå,

B íåéòðèííûå ñîñòîÿíèÿ ñòàíîâÿòñÿ áîëåå
êîãåðåíòíûìè.

I Óñêîðèòåëüíûå ýêñïåðèìåíòû èìåþò äîïîëíèòåëüíóþ
÷óâñòâèòåëüíîñòü ê äèñïåðñèè (D) âîëíîâîé ôóíêöèè
íåéòðèíî.

ê âåðîÿòíîñòè îñöèëëÿöèé â ÊÒÏ
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è êîâàðèàíòíàÿ êâàíòîâî-ïîëåâàÿ òåîðèÿ íåéòðèííûõ îñöèëëÿöèé.

Âñïîìîãàòåëüíûå ñëàéäû

×óâñòâèòåëüíîñòü Daya Bay

sin2 2θ13 error projection ∆m2
ee error projection
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Âñïîìîãàòåëüíûå ñëàéäû

Êðèòåðèè îòáîðà âçàèìîäåéñòâèé àíòèíåéòðèíî

1. Îòáðàñûâàíèå ÔÝÓ-ôëýøåðîâ
(99.98%).

2. Ýíåðãèÿ ïåðâè÷íîãî ñèãíàëà
(ïîçèòðîí):
0.7 MeV < Ep < 12 MeV
(99.88%).

3. Ýíåðãèÿ çàäåðæàííîãî ñèãíàëà
(çàõâàò íåéòðîíà):
6 MeV < Ep < 12 MeV (90.9%).

4. Âðåìÿ çàõâàòà íåéòðîíà:
1 µs < ∆t < 200 µs (98.6%).

5. Îòáðàñûâàíèå ìþîíîâ:
I Water pool muons Nhits>12:
0.6 ms

I AD muons with E>12 MeV:
1 ms

I AD shower muon E>2.5 GeV:
1 s

6. Ìíîæåñòâåííîñòü: íåò äðóãèõ
ñèãíàëîâ ñ E > 0.7 MeV â
±200 µs ðÿäîì ñ IBD
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Âñïîìîãàòåëüíûå ñëàéäû

Êðèòåðèè îòáîðà âçàèìîäåéñòâèé àíòèíåéòðèíî

1. Îòáðàñûâàíèå ÔÝÓ-ôëýøåðîâ
(99.98%).

2. Ýíåðãèÿ ïåðâè÷íîãî ñèãíàëà
(ïîçèòðîí):
0.7 MeV < Ep < 12 MeV
(99.88%).

3. Ýíåðãèÿ çàäåðæàííîãî ñèãíàëà
(çàõâàò íåéòðîíà):
6 MeV < Ep < 12 MeV (90.9%).

4. Âðåìÿ çàõâàòà íåéòðîíà:
1 µs < ∆t < 200 µs (98.6%).

5. Îòáðàñûâàíèå ìþîíîâ:
I Water pool muons Nhits>12:
0.6 ms

I AD muons with E>12 MeV:
1 ms

I AD shower muon E>2.5 GeV:
1 s

6. Ìíîæåñòâåííîñòü: íåò äðóãèõ
ñèãíàëîâ ñ E > 0.7 MeV â
±200 µs ðÿäîì ñ IBD
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Âñïîìîãàòåëüíûå ñëàéäû

Êðèòåðèè îòáîðà âçàèìîäåéñòâèé àíòèíåéòðèíî

1. Îòáðàñûâàíèå ÔÝÓ-ôëýøåðîâ
(99.98%).

2. Ýíåðãèÿ ïåðâè÷íîãî ñèãíàëà
(ïîçèòðîí):
0.7 MeV < Ep < 12 MeV
(99.88%).

3. Ýíåðãèÿ çàäåðæàííîãî ñèãíàëà
(çàõâàò íåéòðîíà):
6 MeV < Ep < 12 MeV (90.9%).

4. Âðåìÿ çàõâàòà íåéòðîíà:
1 µs < ∆t < 200 µs (98.6%).

5. Îòáðàñûâàíèå ìþîíîâ:
I Water pool muons Nhits>12:
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6. Ìíîæåñòâåííîñòü: íåò äðóãèõ
ñèãíàëîâ ñ E > 0.7 MeV â
±200 µs ðÿäîì ñ IBD
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Flashers � PMTs
spontaneously emitting light:

I ∼ 5% of PMTs

I ∼ 5% of the events

I Rejected based on the
topology

dmax = Qmax/Qsum

dquad = Q3/(Q2 + Q4)

FID = log10

[(
dquad
1

)2
+
(
dmax

0.45

)2]
< 0
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Âñïîìîãàòåëüíûå ñëàéäû

Æèäêîñòè àíòèíåéòðèííîãî äåòåêòîðà

Target mass:

I Ìàññà ìèøåíè èçìåðÿåòñÿ
âî âðåìÿ çàïîëíåíèÿ ñ
òî÷íîñòüþ ∼ 3kg, 0.015%.

I Ïåðåïðîâåðÿåòñÿ
Êîðèîëèñ-ìåòðîì ñ
òî÷íîñòüþ 0.1%.

I Mtarget = M�ll - Mover�ow
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Ñîñòàâ æèäêîãî ñöèíòèëëÿòîðà:

I LAB + Gd (0.1%) + PPO (3
g/L) + bis-MSB (15mg/L)

I One year 1-ton prototype
monitoring on GdLS stability.

Liquids storage and �lling:

I Fill each AD from all 5
storage tanks.

I Fill ADs in pairs.
I Recirculate storage tanks.
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Âñïîìîãàòåëüíûå ñëàéäû

Òðèããåð

Trigger criteria:

I Signal > 0.25 p. e.:
I Nhit > 45.
I Esum > 0.4 MeV.

I Water pool:
I Nhit > 12.
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Trigger e�ciency:

I Measured from LED light
and 68Ge source.

I No measurable ine�ciency
above 0.7 MeV.

I Minimal Ep ≈ 0.95 MeV.
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Âñïîìîãàòåëüíûå ñëàéäû

Ôîí: ñëó÷àéíûå ñîâïàäåíèÿ

Accidental event � two independent signals accidentally
satisfy event selection criteria.

I Calculated based on prompt and delayed rates.
I Cross-checks:

I Prompt-delayed distance distribution.
I O�-window coincidence.
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Âñïîìîãàòåëüíûå ñëàéäû

Ôîí: 9Li/8He

I Calculated by �tting the time-after-last-muon events
distribution. Based on known half-life times:

I 9Li λ = 178ms
I 8He λ = 119ms

I Cross-checks:
I Analyze muon samples with and without followed
neutrons.
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Âñïîìîãàòåëüíûå ñëàéäû

Ôîí: áûñòðûå íåéòðîíû
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I Method I:
I Collect events
with 12 MeV <
Ep < 100 MeV

I Extrapolate the
spectrum to the
Ep < 12MeV

I Method II:
I Use water pool
and RPC to
determine the
number of fast
neutrons.
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Âñïîìîãàòåëüíûå ñëàéäû

Ôîí: 241Am-13C è 13C(α, n)16O

Correlated background from
241Am-13C sources (ACU):

I Neutron inelastic
scattering on 56Fe +
neutron capture on
Fe/Cr/Mn/Ni.

I Estimated based on
simulation.

I Cross checked with data.

Correlated 13C(α, n)16O
background:

I 238U, 232Th, 227Ac and
210Po α rates are
measured.

I Neutron yield is calculated
with MC.
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Âñïîìîãàòåëüíûå ñëàéäû

Áþäæåò îøèáîê

sin2 2θ13

Stat error

76.4%

Relative eff./energy scale

11.5%
Fission fractions

3.6% Thermal power

3.2%
9Li/8He normalization

2.5%

other (14)
2.9%

∆m2
32

Stat error

59.0%

Relative eff./energy scale

26.7%

IAV

6.7%
LSNL

1.9%

other (15)
5.7%

I Íàèáîëüøèé âêëàä â îøèáêó sin2 2θ13 âíîñèò ñòàòèñòèêà è
íåîïðåäåëåííîñòü â îöåíêå îòíîñèòåëüíîé ýôôåêòèâíîñòè.

I Íàèáîëüøèé âêëàä â îøèáêó ∆m2
32 âíîñèò ñòàòèñòèêà è

íåîïðåäåëåííîñòü â îöåíêå îòíîñèòåëüíîé ýíåðãåòè÷åñêîé øêàëû.

I Ñòàòèñòèêà è ñèñòåìàòèêà âíîñÿò ïî÷òè ðàâíûé âêëàä â îøèáêó
∆m2

32.

ê ðåçóëüòàòàì îñö. àíàëèçà
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