
ИI
ЯN
ИR

Ìîäåëè ñ ë¼ãêèìè ýêçîòè÷åñêèìè áîçîíàìè:
òåîðèÿ è ýêñïåðèìåíò

Äìèòðèé Ãîðáóíîâ

gorby@ms2.inr.ac.ru

Èíñòèòóò ÿäåðíûõ èññëåäîâàíèé ÐÀÍ, Ìîñêâà

Âñåðîññèéñêîå ñîâåùàíèå ïî ïðåöèçèîííîé ôèçèêå è ôóíäàìåíòàëüíûì
ôèçè÷åñêèì êîíñòàíòàì, ÎÈßÈ, Äóáíà

8 äåêàáðÿ 2011

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 8 äåêàáðÿ 2011 ÔÔÊ11, ÎÈßÈ 1 / 27



Ïëàí
ИI
ЯN
ИR

Ïëàí

1 Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû

2 Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû

3 À áûëè ëè ñèãíàëû?

4 Ïðèìåðû: Ñïèí-0 è Ñïèí-1

5 Ïåðñïåêòèâû. . .

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 8 äåêàáðÿ 2011 ÔÔÊ11, ÎÈßÈ 2 / 27



Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
ИI
ЯN
ИR

Ïëàí

1 Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû

2 Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû

3 À áûëè ëè ñèãíàëû?

4 Ïðèìåðû: Ñïèí-0 è Ñïèí-1

5 Ïåðñïåêòèâû. . .

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 8 äåêàáðÿ 2011 ÔÔÊ11, ÎÈßÈ 3 / 27



Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

äàëüíîäåéñòâèå

10−13 ñì êîðîòêîäåéñòâèå 10−16 ñì
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Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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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!

Ïðèìåð: ýëåêòðîìàãíåòèçì(
u
(
+2

3

)
d
(
−1

3

)) (
c
(
+2

3

)
s
(
−1

3

)) (
t
(
+2

3

)
b
(
−1

3

))
(

νe (0)

e (−1)

) (
νµ (0)

µ (−1)

) (
ντ (0)

τ (−1)

)
W + (+1) , W− (−1) ,

NB: îñòàëüíûå íåéòðàëüíû!
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Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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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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Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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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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Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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ЯN
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Ìåõàíèçì Õèããñà: ñïîíòàííîå íàðóøåíèå

SU(3)s×SU(2)w ×U(1)Y −→ SU(3)s×U(1)em

H : (0,2,1)−→ 〈H†H〉=
υ2

2

L self = DµH†DµH−λ

(
H†H− υ2

2

)2

DµH ≡
(

∂µ − ig
τa

2
V a

µ − ig′
YH

2
Aµ

)
H

óíèòàðíàÿ êàëèáðîâêà: H =

(
0

υ√
2

+ h√
2

)
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Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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Ðîëü áîçîíà Õèããñà â ÑÌ: ìàññû ÷àñòèö

óíèòàðíàÿ êàëèáðîâêà: H =

(
0

υ√
2

+ h√
2

)

DµH†DµH −→ g2υ2

4
W +

µ W µ−+

(
g2 + g

′2
)

υ2

8
ZµZ µ

Y l
j L̄jHEj + h.c.−→mj

(
ēLj eRj + ēRj eLj

)
L1 ≡

(
νe

e

)
L

, E1 ≡ eR , mj = Yj
υ√
2
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Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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Êàê ïðîâåðèòü ðîëü áîçîíà Õèããñà?

óíèòàðíàÿ êàëèáðîâêà: H =

(
0

υ√
2

+ h√
2

)

DµH†DµH −→ g2

4
h2|W−

µ |2 +
g2 + g

′2

8
h2ZµZ µ

+
g2

2
υh|W−

µ |2 +
g2 + g

′2

4
υhZµZ µ

Yf Hf̄ f −→ Yf hf̄ f/
√

2 =
mf

υ
hf̄ f

×èñëåííî:
g ≈ 0.5, g′ ≈ 0.3, Yf = 10−6−10−2, Yb ≈ 1/60, Yt ≈ 0.6

1 Íîâàÿ (5-ÿ) êîðîòêîäåéñòâóþùàÿ ñèëà:
Þêàâñêèé ïîòåíöèàë ìåæäó ìàññèâíûìè ÷àñòèöàìè!

2 Óíèòàðíîñòü â WW →WW
3 Óíèòàðíîñòü â f f̄ →WW
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Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû
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Ñòàíäàðòíàÿ ìîäåëü: óñïåõè è ïðîáëåìû

Êàëèáðîâî÷íûå ïîëÿ (âçàèìîäåéñòâèÿ): γ , W±, Z , g
Òðè ïîêîëåíèÿ ìàòåðèè: L =

(
νL
eL

)
, eR ; Q =

(
uL
dL

)
, dR , uR

Îïèñûâàåò
I âñå ýêñïåðèìåíòû ñ ó÷àñòèåì ñèëüíûõ è ýëåêòðîñëàáûõ
âçàèìîäåéñòâèé

Íå îïèñûâàåò

I Íåéòðèííûå îñöèëëÿöèè

I Áàðèîííàÿ àñèììåòðèÿ

I Ò¼ìíàÿ ìàòåðèÿ (ΩDM)

I Ò¼ìíàÿ ýíåðãèÿ (ΩΛ)

I Èíôëÿöèÿ: R2, RH†H, . . .

I CP-ïðîáëåìà â ÊÕÄ:
íåòðèâèàëüíàÿ òîïîëîãèÿ, . . .

I Èåðàðõèÿ êàëèáðîâî÷íûõ
ìàcøòàáîâ: íåò íîâûõ

I Êâàíòîâàÿ ãðàâèòàöèÿ

ôèçèêà ÷àñòèö îáúÿñíÿåòñÿ ôèçèêîé íà ìàñøòàáå

äîëæíà îáúÿñíÿòü ýòî E ∼ 1/
√

GN ∼ 1019 ÃýÂ ?
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×òî èíòåðåñíî îáúÿñíèòü? (Óêàçàíèå íà íîâîå. . . )

Λ�M4
Pl ,M

4
W ,Λ4

QCD ?

ΩΛ 6= 0 ?

ΩB ∼ ΩDM ∼ ΩΛ ?
δT 2

CMB
T 2

CMB
∼∆B ∼ 10−10 ?

θGµνGλρεµνλρ , θ < 10−9 ?

me�mτ �mtop ?

. . .

Èåðàðõèÿ ìàñøòàáîâ âçàèìîäåéñòâèé MW �MPl ?

Êâàäðàòè÷íûå ðàñõîäèìîñòè � ñòàáèëüíîñòü ýëåêòðîñëàáîãî
âàêóóìà ïðîïàëà èç îôèöèàëüíûõ äîêëàäîâ

Ïðåöèçèîííûå èçìåðåíèÿ EW-ñåêòîðà

Õèíò îò Õèããñà: âåëè÷èíà ìàññû

105 1010 1015 MP1020
Μ,GeV

0.5

1

1.5

2

�!!!!
Λ

mH=126.3 GeV

mH=174 GeV

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 8 äåêàáðÿ 2011 ÔÔÊ11, ÎÈßÈ 12 / 27



Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû
ИI
ЯN
ИR

Ïëàí

1 Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû

2 Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû

3 À áûëè ëè ñèãíàëû?

4 Ïðèìåðû: Ñïèí-0 è Ñïèí-1

5 Ïåðñïåêòèâû. . .

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 8 äåêàáðÿ 2011 ÔÔÊ11, ÎÈßÈ 13 / 27



Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû
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ÒÅÎÐÈß è ÝÊÑÏÅÐÈÌÅÍÒ

Ñïèí-0:
DLP (ñêàëÿð)
ALP (ïñåâäîñêàëÿð)

Ñïèí-1:
ïàðàôîòîí
àêñèàë

Ñïèí-2:
ìàññèâíûå ãðàâèòîíû
áèãðàâèòàöèÿ

Ïðÿìûå ïîèñêè:
5-ÿ ñèëà
ðåäêèå ðàñïàäû 1→ 2
ïðîíèêíîâåíèå ÷åðåç çàùèòó

Àñòðîôèçèêà:
îõëàæäåíèå çâ¼çä
çàòóõàíèå ñèãíàëà
ðàñïðîñòðàíåíèå áåç ïîòåðü

Êîñìîëîãèÿ:
ïåðâè÷íûé íóêëåîñèíòåç,
ðåëèêòîâîå èçëó÷åíèå
îáðàçîâàíèå ñòðóêòóð
ò¼ìíûå ìàòåðèÿ è ýíåðãèÿ
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Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû
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×ÀÑÒÈÖÛ è ÌÎÄÅËÈ

Ñïèí-0:
DLP (ñêàëÿð)
ALP
(ïñåâäîñêàëÿð)

Ñïèí-1:
ïàðàôîòîí
àêñèàë

Ñïèí-2:
ìàññèâíûå
ãðàâèòîíû
áèãðàâèòàöèÿ

Ñóïåðñèììåòðèÿ: (ïñåâäî)ñêàëÿðíîå ñãîëäñòèíî O'R
(ïñåâäî)âåêòîðíîå ñãîëäñòèíî FI

Ñèëüíàÿ CP-ïðîáëåìà: PQ-àêñèîí

Ìîäèôèêàöèÿ ãðàâèòàöèè: ìàññèâíûé ãðàâèòîí (LIV?)
âòîðîé ãðàâèòîí (LIV)

íîâûå ñêàëÿðû è âåêòîðû

Çåðêàëüíûé ìèð: ïàðàôîòîíû

Ãîëäñòîóíû: ôàìèëîí, ìàéîðîí, . . .

Äîïîëíèòåëüíûå èçìåðåíèÿ: ðàäèîí
ÊÊ-ãðàâèòîíû

�Òåîðèè ñòðóí�: äèëàòîí

Óñêîðåííîå ðàñøèðåíèå: êâèíòýññåíöèÿ

Çâ¼çäû, íåéòðèíî, . . . õàìåëåîí

ÑÌÅÑÜ
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Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû
ИI
ЯN
ИR

ÒÅÎÐÈß: îáùèå çàìå÷àíèÿ î ë¼ãêèõ áîçîíàõ

Ìàññû

áåçìàññîâûå
Ãîëäñòîóíû?

(î÷åíü) ë¼ãêèå

I ñâîáîäíûå
(èíîãäà çàêðûòû!
êîñìîëîãèÿ. . . )

I âçàèìîäåéñòâóþò ñî
ÑÌ
Ïî÷åìó ë¼ãêèå?
ïñåâäîãîëäñòîóíû?

èçìåíÿþùàÿñÿ ìàññà

Âçàèìîäåéñòâèÿ

Ìîãóò áûòü ñëàáûìè
(ïñåâäî)ãîëäñòîóíû

g X∂µJµ , g ∝
1
Λ
,

Ìîãóò áûòü î÷åíü ñëàáûìè
(ñ)ãîëäñòèíî

g ∝
1

Λ2 ∼
m
Λ

1
Λ
,

Òîëüêî â âåùåñòâå:
õàìåëåîí g = g (nMatter )
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Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû
ИI
ЯN
ИR

ÝÊÑÏÅÐÈÌÅÍÒ: îáùèå çàìå÷àíèÿ î ë¼ãêèõ áîçîíàõ

Ïðÿìûå ïîèñêè

Ðîæäåíèå ∝ g2, Ðàñïàä ∝ g2

Ðàñïàä âáëèçè ðîæäåíèÿ ∝ g2×g2 áîëüøîé ôîíîâûé ïîòîê
Ðàñïàä äàëåêî ∝ g2×e−l/lX ×g2 íåâèäèìàÿ ìîäà?

Àñòðîôèçèêà
Åäèíè÷íûå èëè ðåãóëÿðíûå íàáëþäåíèÿ
Äîëæíû ðîæäàòüñÿ è óëåòàòü

· · ·< σ < .. . =⇒ . . . ... < Λ < .. .

Êîñìîëîãèÿ
Êàê ïîÿâëÿþòñÿ âî Âñåëåííîé?
Ðàáîòàåò ëè òåîðèÿ âîçìóùåíèé?
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À áûëè ëè ñèãíàëû?
ИI
ЯN
ИR

Ïëàí

1 Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû

2 Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû

3 À áûëè ëè ñèãíàëû?

4 Ïðèìåðû: Ñïèí-0 è Ñïèí-1

5 Ïåðñïåêòèâû. . .
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À áûëè ëè ñèãíàëû?
ИI
ЯN
ИR

À áûëè ëè ñèãíàëû?

Ïðÿìûå èçìåðåíèÿ:
I PVLAS
I HyperCP
I DAMA, CoGent?
I . . .

Àñòðîôèçèêà:
I ñêîððåëèðîâàííîñòü ïîëÿðèçàöèè äàë¼êèõ êâàçàðîâ?
I óñêîðåííîå îõëàæäåíèå áåëûõ êàðëèêîâ?
I ïðîçðà÷íîñòü Âñåëåííîé äëÿ ÒýÂíûõ ôîòîíîâ?
I . . .

Êîñìîëîãèÿ:
I òåìï ðàñøèðåíèÿ Âñåëåííîé â ýïîõó BBN
I èíòåðâàë âðåìåíè ìåæäó �ðàâåíñòâîì� è ðåêîìáèíàöèåé
I êàðëèêîâûå ãàëàêòèêè, óñòðîéñòâî ãàëàêòè÷åñêèõ öåíòðîâ, . . .
I . . .
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Ïðèìåðû: Ñïèí-0 è Ñïèí-1
ИI
ЯN
ИR

Ïëàí

1 Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû

2 Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû

3 À áûëè ëè ñèãíàëû?

4 Ïðèìåðû: Ñïèí-0 è Ñïèí-1

5 Ïåðñïåêòèâû. . .
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Ïðèìåðû: Ñïèí-0 è Ñïèí-1
ИI
ЯN
ИR

Ëþáèìûé ïðèìåð: àêñèîí

Òåîðèÿ è ïðèðîäà:

∆L ∝ θGµν Gλρ ε
µνλρ

θ < 10−9

íå àíòðîïíûé
ïàðàìåòð!

θ → θ + a(x)/fa
maxion = fπ mπ/fa

Ñèãíàë: PVLAS

Èíòåðåñ: ò¼ìíàÿ
ìàòåðèÿ

Ωaxion

ΩDM
= θ̄

2
i ·
(

4 ·10−6 eV
maxion

)1.2

Êîñìîëîãèÿ. . .
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Ïðèìåðû: Ñïèí-0 è Ñïèí-1
ИI
ЯN
ИR

ÑÅÃÎÄÍß2.7 Ê 14 ìëðä.ëåò
óñêîðåííîå ðàñøèðåíèå

4.1 Ê ïûëåâèäíàÿ ñòàäèÿ 7.1 ìëðä.ëåò

0.26 ýÂ ðåêîìáèíàöèÿ 370 òûñ.ëåò e + p→ H + γ

ïûëåâèäíàÿ ñòàäèÿ
0.76 ýÂ 57 òûñ.ëåò

ðàäèàöèîííî-äîìèíèðîâàííàÿ ñòàäèÿ

80 êýÂ 3 ìèí 3H + 4He→ 7Li + γ

ïåðâè÷íûé íóêëåîñèíòåç 2H + 2H→ n + 3He

1 ÌýÂ 1 ñ p + p→ 2H + γ

îòùåïëåíèå íåéòðèíî2.5 ÌýÂ 0.1 ñ

ôàçîâûé ïåðåõîä ÊÕÄ êîíôàéíìåíò↔ñâîáîäíûå êâàðêè200 ÌýÂ 10 µs

Ýëåêòðîñëàáûé ïåðåõîä100 ÃýÂ 0.1 íñ

ãîðÿ÷àÿ Âñåëåííàÿ

ðàçîãðåâ

èíôëÿöèÿ

ïðîèçâîäñòâî ò¼ìíîé ìàòåðèè

áàðèîãåíåçèñ
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Ïðèìåðû: Ñïèí-0 è Ñïèí-1
ИI
ЯN
ИR�������������3He/H p

4He

2 3 4 5 6 7 8 9 101

0.01 0.02 0.030.005

C
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B

B
B

N

Baryon-to-photon ratio η × 1010

Baryon density Ωbh2

D___
H
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2

5
7Li/H p

Yp

D/H p

Yp = 0.2581±0.025 ,

D/H
∣∣
p = (2.87±0.21)×10−5

1103.1261
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N
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CMB+
2
H+

4
He

CMB+
2
H

low
+
4
He

2
H+

4
He

àíàëîãè÷íûå îòâåòû ó äðóãèõ

1001.4440, 1001.5218

Nν < 4.2 @ 95%CL

Nν < 4.3 åñëè íåéòðîí æèâ¼ò

ìåíüøå...

1 ýÂ ñòåðèëüíîå íåéòðèíî: LSND,

MiniBooNE, ðåàêòîðíûå ýêñï.
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Ïðèìåðû: Ñïèí-0 è Ñïèí-1
ИI
ЯN
ИR

Çåðêàëüíûé ìèð: P-÷¼òíîñòü
Àáåëåâ ïîðòàë

∆L =− ε

2
F µν F ′µν

Êîñìîëîãèÿ: ãåíåðàöèÿ
çåðêàëüíîé ìàòåðèè â ðàííåé
Âñåëåííîé
ñî Ñòàíäàðòíûì BBN, CMB,
ôîðìèðîâàíèåì ñòðóêòóð:

ε < 4×10−10

ñ àíîìàëüíûìè (R. Foot)

ε . 10−8

Ops-Ops' îñöèëëÿöèè:
(S.Gninenko,P.Cirelli)
íàïðèìåð â ðàìêàõ AEgIS

εmin = 10−9
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ìàññà çåðêàëüíîãî ÿäðà m′A 1106.2688

äîëÿ çåðêàëüíîé ìàòåðèè â íèõ ξA′
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Ïåðñïåêòèâû. . .
ИI
ЯN
ИR

Ïëàí

1 Ìèð ýëåìåíòàðíûõ ÷àñòèö è åãî ïðîáëåìû

2 Ë¼ãêàÿ ýêçîòèêà: ìîäåëè è ýêñïåðèìåíòû

3 À áûëè ëè ñèãíàëû?

4 Ïðèìåðû: Ñïèí-0 è Ñïèí-1

5 Ïåðñïåêòèâû. . .
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Ïåðñïåêòèâû. . .
ИI
ЯN
ИR

Ïîèñê ýêçîòèêè: ÷àñòî íè÷åãî íå óòî÷íÿåì. . .
Ìû òîëüêî çàïóñòèëè LHC. . .

Íå âñå ôîíîâûå
êàíàëû èçìåðåíû

Ìíîæåñòâåííûå
ñòîëêíîâåíèÿ â ïó÷êå

Belle II:

Super B factory @ Cabibbo Lab:

Ñèãíàë îò àííèãèëÿöèè DM:

Óòî÷íåíèå êîñìîëîãè÷åñêèõ
ïàðàìåòðîâ: PLANK
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Ïåðñïåêòèâû. . .
ИI
ЯN
ИR

Ðåçóëüòàòû ïîèñêà òàêîé ôèçèêè íåïðåäñêàçóåìû
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ИI
ЯN
ИR

Backup slides
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Íàèáîëåå íàòóðàëüíûé êàíäèäàò
ИI
ЯN
ИR

Weakly Interacting Massive Particles (WIMPs)

Ìàññèâíûå ñëàáîâçàèìîäåéñòâóþùèå ÷àñòèöû
Ïðåäïîëîæåíèÿ:

1 íåò X − X̄ àñèììåòðèè nX = nX̄

2 ïðè T < MX îíè â òåðìàëüíîì ðàâíîâåñèè â ïëàçìå Áîëüöìàí!

nX = nX̄ = gX

(
MX c2 k T

2π

)3/2

e−
MX c2

k T

Òîãäà:

Âñåëåííàÿ ðàñøèðÿåòñÿ =⇒ T ↘, nX ↘
T k �Mx c2: ïåðåñòàþò ðîæäàòüñÿ, îñòàâøèåñÿ ÷àñòè÷íî àííèãèëèðóþò

X + X̄ −→ ë¼ãêèå ÷àñòèöû Ñòàíäàðòíîé ìîäåëè

τ
−1
àííèãèëÿöèè ∝ nX

àííèãèëÿöèÿ çàâåðøàåòñÿ ïðè òåìïåðàòóðå Tf , êîãäà

τ
−1
àííèãèëÿöèè . H
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Íàèáîëåå íàòóðàëüíûé êàíäèäàò
ИI
ЯN
ИR

Ìàññèâíûå ñëàáîâçàèìîäåéñòâóþùèå ÷àñòèöû → ÁÀÊ

ïîñëå çàêàëêè: nX(t) ∝ a−3 (t)

X + X̄ âêëàä â ñîâðåìåííóþ ïëîòíîñòü ýíåðãèè:

ΩX = 2MXnX(T0)
ρc

' 0.1×
(

0.01×σñëàáîå
σàííèãèëÿöèè

)
σñëàáîå � ñëàáûå âçàèìîäåéñòâèÿ � ýíåðãèè E ∼ 100 ÃýÂ
σàííèãèëÿöèè � �ñâåðõ�ñëàáûå âçàèìîäåéñòâèÿ � ýíåðãèè E & 1-10 TýÂ

áëèçêèå ìàñøòàáû � �íàòóðàëüíàÿ� ò¼ìíàÿ ìàòåðèÿ

íàòóðàëüíî �ë¼ãêàÿ� äëÿ ÁÀÊ

ñå÷åíèå íå áîëüøå ãåîìåòðè÷åñêîãî � σ0 .
h2

M2
X c2 −→MX . 100 ÒýÂ c2

Íàéòè �íàòóðàëüíóþ� ò¼ìíóþ ìàòåðèþ íà ÁÀÊ âåñüìà âåðîÿòíî
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Íàèáîëåå íàòóðàëüíûé êàíäèäàò
ИI
ЯN
ИR

Ñâîéñòâà ò¼ìíîé ìàòåðèè

Åñëè íîâûå ÷àñòèöû (X ):
1 ñòàáèëüíûå íà êîñìîëîãè÷åñêèõ âðåìåíàõ (t � 14 ìëðä. ëåò)
2 íåðåëÿòèâèñòñêèå (èíà÷å ïîêèíóò ãàëàêòèêè!
Ìëå÷íûé ïóòü: vX ∼ vçâ¼çäû ∼ 10−3 c ' 300êì/ñ )

3 (ïî÷òè) áåññòîëêíîâèòåëüíû
4 (ïî÷òè) ýëåêòðè÷åñêè íåéòðàëüíû

(êâàíòîâîå!) óñëîâèå ëîêàëèçàöèè â ãàëàêòèêàõ:

âîëíà äå Áðîéëÿ äëÿ áîçîíîâ
λ = h/(MXvX), λ .Lãàëàêòèêà −→ MX & 3×10−22 ýÂ/ñ2

äëÿ ôåðìèîíîâ
ïðèíöèï Ïàóëè: 1 ñîñòîÿíèå ≤ 1 ÷àñòèöà MX & 750 ýÂ/ñ2

f (p,x) =
ρX(x)

MX
· 1(√

2πMXvX

)3 ·e
− p2

2M2
Xv2

X

∣∣∣∣∣
p=0

≤gX

h3
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Íàèáîëåå íàòóðàëüíûé êàíäèäàò
ИI
ЯN
ИR

Êàíäèäàòû â ÷àñòèöû ò¼ìíîé ìàòåðèè

WIMPs (íåéòðàëèíî, . . . ) Íàòóðàëüíîå, íî ïî÷åìó òÿæ¼ëîå???

ñòåðèëüíûå íåéòðèíî Óâû: Íå seesaw !!!

àêñèîí

ãðàâèòèíî, àêñèíî Âåñüìà ñèëüíî îãðàíè÷åíû

Òÿæ¼ëûå ðåëèêòû Åñëè íåñòàáèëüíû, òî UHECRs ???

Çåðêàëüíûå áàðèîíû Â îñíîâíîì â ò¼ìíûõ çâ¼çäàõ

(Òîïîëîãè÷åñêèå) äåôåêòû

Massive Astrophysical Compact Halo Objects

Ïåðâè÷íûå ÷¼ðíûå äûðû (îñòàòêè)

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 8 äåêàáðÿ 2011 ÔÔÊ11, ÎÈßÈ 33 / 27



Íàèáîëåå íàòóðàëüíûé êàíäèäàò
ИI
ЯN
ИR

Ò¼ìíàÿ ìàòåðèÿ: Ïðÿìûå ïîèñêè

WIMPs (íåéòðàëèíî, . . . )
ýíåðãèÿ îòäà÷è, (LHC, Baksan, PAMELA, . . . )

ñòåðèëüíûå íåéòðèíî ëèíèÿ: νs→ νa + γ , (XMM, INTEGRAL,
. . . )

ë¼ãêîå ñêàëÿðíîå ïîëå

àêñèîí êîíâåðòàöèÿ a + B→ γ

ãðàâèòèíî, àêñèíî ïîòåðÿ ýíåðãèè & LHC, . . .

Òÿæ¼ëûå ðåëèêòû åñëè íåñòàáèëüíû: êîñìè÷åñêèå ëó÷è

Çåðêàëüíûå áàðèîíû Ops-Ops', n-n' îñöèëëÿöèè

(Òîïîëîãè÷åñêèå) äåôåêòû ëåíçèðîâàííèå ÐÈ

Massive Astrophysical Compact Heavy Objects
ìèêðîëèíçèðîâàíèå

Ïåðâè÷íûå ÷¼ðíûå äûðû (îñòàòêè?) êîñìè÷åñêèå ëó÷è
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Íàèáîëåå íàòóðàëüíûé êàíäèäàò
ИI
ЯN
ИR

Òàê ÷òî ìû óâèäèì íà LHC?

Óêàçûâàþò íà LHC (êîíå÷íî æå â ÑÌ: áîçîí Õèããñà)

ÿâëåíèÿ: WIMPS
òåîðèÿ: ïðîáëåìà ñòàáèëüíîñòè EW-ìàñøòàáà îòíîñèòåëüíî
êâàíòîâûõ ïîïðàâîê

íåò
FCNC,
ðàñïàäà ïðîòîíà,
è ò.ï.

Ñðàçó �ìíîãî�
èëè

ñîâñåì ìàëî íîâîé ôèçèêè
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Íàèáîëåå íàòóðàëüíûé êàíäèäàò
ИI
ЯN
ИR

Ðåçóëüòàòû ïðÿìûõ ïîèñêîâ WIMPs
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010)

CDMS (2011)
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Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

Buchmueller et al.

Trotta et al.
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Neutron decoupling p + e←→ n + νe

typical energy scales

T & ∆m = 1.3 MeV, T & me = 0.5 MeV

neutron interaction rate

τn↔p =
1

Γn↔p
=

1
CnG2

F T 5

neutron decoupling Γn↔p(T )∼ H(T ) = T 2/M∗Pl

Tn =
1(

CnM∗PlG
2
F

)1/3 ∝ g1/6
∗

g∗ = 2 + 7
8 ·4 + 7

8 ·2 ·Nν t = 1
2H(Tn) =

M∗Pl
2T 2

n
' 1 s Tn ≈ 0.8 MeV
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Neutron density after decoupling

nn = gn

(
mnT
2π

)3/2

e
µn−mn

T µn + µν = µp + µe

nn

np
= e−

mn−mp
T e

µn−µp
T

for relativistic e+ and e−

ne−−ne+ ∼ µeT 2 −→ µe

T
∼ ne−−ne+

T 3 =
np

T 3 ∼ ηB ∼ 10−9

nn

np
= e−

mn−mp
Tn ≈ 1

5
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Helium abundance (NO chemical equilibrium)

Neutrons remain mostly in helium

n4He(TNS) =
1
2

nn(TNS) ,

neutron-to-proton ratio τn ≈ 886 s

nn(TNS)

np(TNS)
≈ e−

mn−mp
Tn ·e−

tNS
τn ≈ 1

5
·e−

tNS
τn ≈ 1

7
,

Yp ≡
m4He ·n4He(TNS)

mp (np(TNS) + nn(TNS))
=

2
np(TNS)
nn(TNS) + 1

≈ 25% .

relic helium abundance grows with Tn (with Nν) and τn

Recent estimates: Yp↗ and τn↘ !!! Hence Tn↗ and Nν ↗
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Yp = 0.2581±0.025 ,

D/H
∣∣
p = (2.87±0.21)×10−5
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similar results from other recent

studies

1001.4440, 1001.5218

Nν < 4.2 @ 95%CL

Nν < 4.3 with shorter neutron's

life...
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6 CMB and LSS
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matter-radiation (RD/MD) transition

(
ȧ
a

)2

=
8π

3
Gρc

[
ΩM

(a0

a

)3
+ Ωrad

(a0

a

)4
]

RD: a(t) ∝
√

t smooth transition MD: a(t) ∝ t2/3

zeq + 1 = a0
aeq

= 0.6 ΩM
Ωrad
≈ 3×103 , Teq = T0(1 + zeq)≈ 0.7 eV

0.3-1 eV neutrinos are still relativistic!

More accurately: e+e− heat photons Tν =
(

4
11

)1/3
Tγ

ρν = Nν ·2 · 7
8

π2

30T 4
ν , ρrad = ργ + ρν =

[
2 + Nν

7
4

( 4
11

)4/3
]

π2

30T 4
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Standard ΛCDM

0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

F
la
tBAO

CMB

SNe

No Big Bang
ρtotal(t0)≡ ρc ≈ 0.53×10−5 GeVc2

cm3

CMB: Ωγ ≡
ργ

ρc
= 0.5×10−4

baryons: ΩB ≡ ρB
ρc

= 0.046

neutrino: Ων ≡
∑ρνi

ρc
< 0.01

dark matter: ΩDM ≡ ρDM
ρc

= 0.23
dark energy: ΩΛ ≡ ρΛ

ρc
= 0.73

It seems we should �x

ΩM = ΩDM + ΩB + Ωs ,

since today 1 eV sterile neutrinos are nonrelativistic!

Even lower ΩDM , even lower Teq !
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Light sterile neutrinos at recombination and later

With larger Nν and �xed ΩM we get later
RD/MD transition, hence:

DM perturbations start to grow
δρDM/ρDM ∝ a later

gravity potential evolution changes later

oscillations in baryon-photon plasma
change

CMB is sensitive to
(
Teq −Trec

)
!

LSS is sensitive to Teq
if initial δρDM/ρDM is �xed

Sterile neutrinos become nonrelativistic at
T ∼Mνs/3∼ 0.1−0.3 eV . . .

neutrinos start to contribute to
ρM ∝ 1/a3

neutrino perturbations of large lengths
contribute to DM perturbations δρM

neutrino perturbations of small scales
disappear because of free streaming
(Landau damping)

oscillations in baryon-photon plasma
change

LSS is sensitive to both Nν and Mνs . . .
Not to forget about active neutrino masses!
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Cosmological limits on active neutrino masses

LRG+BAO+WMAP5+SNe+BAO CMB+Hubble measurements

∑mν < 0.28 eV (95% CL) ∑mν < 0.20 eV (95% CL)
0911.5291 0911.0976
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