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Äìèòðèé Ãîðáóíîâ

Èíñòèòóò ÿäåðíûõ èññëåäîâàíèé ÐÀÍ, Òðîèöê

Happy 60th Anniversary, Yura!
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

äàëüíîäåéñòâèå

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

×òî áóäåò èíòåðåñíî?

Áîçîí Õèããñà!

Íåéòðèííûé ñåêòîð!

×òî ñòîèò ïðîâåðÿòü â ÑÌ?
Óíèòàðíîñòü ìàòðèöû CKM:

I Îòñóòñòâèå FCNC
I Îòñóòñòâèå íîâûõ CP-ôàç

Ïàðàìåòðû EW ñåêòîðà

Ôèçèêà t-êâàðêà
Ôèçèêà Bs, Bc , b-áàðèîíîâ
QCD

. . .

NB: ÂÑ�

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 10 îêòÿáðÿ 2011 ÎÔÂÝ, ÈßÈ, Òðîèöê 5 / 36



Áîçîí Õèããñà: Íîâîå î Ñòàíäàðòíîé ìîäåëè
ИI
ЯN
ИR

Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

×òî áóäåò èíòåðåñíî?

Áîçîí Õèããñà!

Íåéòðèííûé ñåêòîð!

×òî ñòîèò ïðîâåðÿòü â ÑÌ?
Óíèòàðíîñòü ìàòðèöû CKM:

I Îòñóòñòâèå FCNC
I Îòñóòñòâèå íîâûõ CP-ôàç

Ïàðàìåòðû EW ñåêòîðà

Ôèçèêà t-êâàðêà
Ôèçèêà Bs, Bc , b-áàðèîíîâ
QCD

. . .

NB: ÂÑ�

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 10 îêòÿáðÿ 2011 ÎÔÂÝ, ÈßÈ, Òðîèöê 5 / 36



Áîçîí Õèããñà: Íîâîå î Ñòàíäàðòíîé ìîäåëè
ИI
ЯN
ИR

LHC â ãëàâíûõ öèôðàõ

Äîñòèãíóòî â pp ñòîëêíîâåíèÿõ

Epp = 7 ÒýÂ∫
Lpp dt ∼ 3 ôáàðí−1

Ïëàíèðóåòñÿ äîñòè÷ü

Epp = 14 ÒýÂ

Lpp = 100 ôáàðí−1ãîä−1

∼ 109 pp-ñòîëêíîâåíèé â
ñåêóíäó

NB: Epp↗ =⇒ Lpp↗
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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

)

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 10 îêòÿáðÿ 2011 ÎÔÂÝ, ÈßÈ, Òðîèöê 7 / 36



Áîçîí Õèããñà: Íîâîå î Ñòàíäàðòíîé ìîäåëè
ИI
ЯN
ИR

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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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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Ìÿ÷ óø¼ë. . . íî Õèããñà ïîêà òàê è íåò

Ïðîöåäóðà èñêëþ÷åíèÿ: QCD-ïîïðàâêè, QCD-ôîí, . . .
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Ïåðñïåêòèâà: Ïðîâåðêà ìåõàíèçìà ïîëó÷åíèÿ ìàññ

ht̄t :

 [GeV]Hm
110 120 130 140 150 160 170 180 190

(H
,X

)
2

g
(H

,X
)

2
 g∆
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without Syst. uncertainty

2 Experiments
-1

 L dt=2*30 fb∫

 [GeV]Hm
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2 Experiments
-1

 L dt=2*300 fb∫
-1WBF: 2*100 fb

hWW :
h→W +W−

hZZ :
h→ ZZ
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Áîçîí Õèããñà: Íîâîå î Ñòàíäàðòíîé ìîäåëè
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Ïåðñïåêòèâà: Ïðîâåðêà ìåõàíèçìà ñïîíòàííîãî
íàðóøåíèÿ ýëåêòðîñëàáîé ñèììåòðèè

h3 , h4: ÒÎËÜÊÎ h∗hh: pp→ hh + . . .

−1.1 <∆λhhh < 1.6 LHC (14TeV), Lpp = 600 ôá−1

−0.62 <∆λhhh < 0.74 SLHC, Lpp = 6000 ôá−1

∆λhhh ≡ λ/λSM−1
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Áîçîí Õèããñà: Íîâîå î Ñòàíäàðòíîé ìîäåëè
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Ìîãóò ëè Õèããñà íå íàéòè??? ÄÀ: Íà LHC è âíå ÑÌ!

Ôîðìàëüíîå îïðåäåëåíèå
95%-èíòåðâàëà

Ôîðìàëüíîå îïðåäåëåíèå
òåîðåòè÷åñêèõ îøèáîê
µR ,µF = mh/2−2mh

Ðÿä QCD-ïîïðàâîê íå
ñõîäèòñÿ...

Íåêîòîðûå èçìåðåíèÿ (t t̄ ,
W + bjets, W , etc)
ñèñòåìàòè÷åñêè ðàñõîäÿòñÿ ñ
ïðåäñêàçàíèÿìè

Âàðèàíòû ñ íîâîé ôèçèêîé

Ìíîãîõèããñîâñêèé ñåêòîð

Ðàñïàä Õèããñà â íåâèäèìóþ
ìîäó

Ïðîâåðêà Óíèòàðíîñòè!
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Ôèçèêà çà ðàìêàìè ÑÌ
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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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Îòñóòñòâèå àíòèâåùåñòâà

Óñëîâèÿ Ñàõàðîâà óñïåøíîãî
áàðèîãåíåçèñà

B (or L)-íàðóøåíèå

C- & CP-íàðóøåíèÿ

ýòè ïðîöåññû íåðàâíîâåñíû �������������3He/H p

4He

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
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ИI
ЯN
ИR

Ò¼ìíàÿ ìàòåðèÿ ãàëàêòèê è ñêîïëåíèé: àñòðîôèçèêà
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Ò¼ìíàÿ ìàòåðèÿ âî Âñåëåííîé: êîñìîëîãèÿ
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Äàííûå èç êîñìîëîãèè

0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

F
la
tBAO

CMB

SNe

No Big Bang

îöåíêà ìàññû â ãàëàêòèêàõ, ñêîïëåíèÿõ è
äðóãèõ ñòðóêòóðàõ

ïîïðàâêè ê çàêîíó Õàááëà : ñâÿçü ìåæäó
êðàñíûì ñìåùåíèåì è êðèâûìè áëåñêà äëÿ
�ñòàíäàðòíûõ ñâå÷� (SNe Ia)

àíèçîòðîïèÿ ÐÈ, ðàñïðîñòðàí¼ííîñòü
ñòðóêòóð (BAO, è äð.)

ρ
ïëîòíîñòü
ýíåðãèè (t0)≡ ρc ≈ 0.53×10−5 ÃýÂc2

ñì3

âêëàä ÐÈ: Ωγ ≡
ργ

ρc
= 0.5×10−4

Âêëàä áàðèîíîâ (âîäîðîä, ãåëèé): ΩB ≡ ρB
ρc

= 0.046

Âêëàä íåéòðèíî: Ων ≡
∑ρνi

ρc
< 0.01

Âêëàä ò¼ìíîé ìàòåðèè: ΩDM ≡ ρDM
ρc

= 0.23
Âêëàä ò¼ìíîé ýíåðãèè: ΩΛ ≡ ρΛ

ρc
= 0.73
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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)
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Ôèçèêà çà ðàìêàìè ÑÌ
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ЯN
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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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Íåíåéòðèííàÿ íîâàÿ ôèçèêà
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Ïëàí

1 Áîçîí Õèããñà: Íîâîå î Ñòàíäàðòíîé ìîäåëè ôèçèêè ÷àñòèö

2 Ôèçèêà çà ïðåäåëàìè Ñòàíäàðòíîé ìîäåëè

3 Íåíåéòðèííàÿ íîâàÿ ôèçèêà

4 Íåéòðèííàÿ íîâàÿ ôèçèêà
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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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Íîâàÿ ôèçèêà íà LHC

Ñóïåðñèììåòðèÿ

Òåõíèöâåò

Ëåïòîêâàðêè

Äîïîëíèòåëüíûå ïîêîëåíèÿ

Äîïîëíèòåëüíûå èçìåðåíèÿ

Äîïîëíèòåëüíûå
êàëèáðîâî÷íûå èëè
õèããñîâñêèå áîçîíû

Ìàññèâíûå íåéòðèíî

Íåêîììóòàòèâíîñòü

. . .

. . .
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Íåíåéòðèííàÿ íîâàÿ ôèçèêà
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Îñîáåííîñòè ðàçëè÷íûõ ìîäåëåé (I)

Ñóïåðñèììåòðèÿ

Èçâåñòíû êâàíòîâûå ÷èñëà, íî íå ìàññû è, . . . , âñåãî ∼ 200
íîâûõ ïàðàìåòðîâ

R-÷¼òíîñòü � LSP:
ñóïåðïàðòí¼ðû ðîæäàþòñÿ ïàðàìè, 2→ 2, ïîòåðÿ pt

Ñëîæíûé õèããñîâñêèé ñåêòîð:
h, H, A ,H±, gh < gCM

h , íî mh < 135 ÃýÂ!
(ìîæíî îñëàáèòü, äîáàâèâ ñêàëÿð, NMSSM)

ãðàâèòèíî, ñãîëäñòèíî, àêñèíî, . . .

ñêâàðêè, ãëþèíî: M < 2.5 ÒýÂ

+?
Ìàññèâíûå íåéòðèíî
Äîïîëíèòåëüíûå êàëèáðîâî÷íûå èëè õèããñîâñêèå áîçîíû
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Íåíåéòðèííàÿ íîâàÿ ôèçèêà
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ЯN
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Îñîáåííîñòè ðàçëè÷íûõ ìîäåëåé (II)

Äîïîëíèòåëüíûå èçìåðåíèÿ

ÊÊ-âîçáóæäåíèÿ ãðàâèòîíà

ðàäèîí

ðîæäåíèå ÷¼ðíûõ äûð?

ÊÊ-âîçáóæäåíèÿ ÷àñòèö ÑÌ...

MG & 2−5 ÒýÂ

Òåõíèöâåò: Λqq & 20 ÒýÂ, Λql & 40 ÒýÂ
Walking technicolor: ìîæíî íàäåÿòüñÿ îáîéòè ýòè îãðàíè÷åíèÿ

Íåêîììóòàòèâíîñòü
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Ðåçóëüòàòû ïîèñêà íîâîé ôèçèêè (ATLAS)
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Ïðèìåðû ïîèñêà íîâîé ôèçèêè (CMS, LHCb, . . . )

Ïîèñêè SUSY:

îáëàñòü äëÿ g−2

ë¼ãêèé t̃ : EW
áàðèîãåíåçèñ

γ̃, Z̃ , χ̃1,2, ν̃:
WIMP DM

CP â B̄s-Bs: Bs → J/ψ φ

Ïðÿìûå ïîèñêè WIMPîâ
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010)

CDMS (2011)

EDELWEISS (2011)

XENON10 (S2 only, 2011)

XENON100 (2010)

XENON100 (2011)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

Buchmueller et al.

Trotta et al.

Ðåäêèå ïðîöåññû

LHCb: @ 95%CL
Br(Bs → µ+µ−) < 1.5×10−8

CMS: @ 95%CL
Br(Bs → µ+µ−) < 1.9×10−8

ÑÌ: = 0.3×10−8

SuperK: @ 95%CL
τ(n→ n̄) > 2.44×108 s

MEG: @ 95%CL
Br(µ → eγ) < 2.4×10−12
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Ïåðñïåêòèâû ïîèñêà íîâîé ôèçèêè
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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×òî èíòåðåñíî îáúÿñíèòü?

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
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Íåéòðèííàÿ íîâàÿ ôèçèêà
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ЯN
ИR

Ïëàí

1 Áîçîí Õèããñà: Íîâîå î Ñòàíäàðòíîé ìîäåëè ôèçèêè ÷àñòèö

2 Ôèçèêà çà ïðåäåëàìè Ñòàíäàðòíîé ìîäåëè

3 Íåíåéòðèííàÿ íîâàÿ ôèçèêà

4 Íåéòðèííàÿ íîâàÿ ôèçèêà
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Îñöèëëÿöèè íåéòðèíî: ìàññû è óãëû ñìåøèâàíèÿ

Ñîëíå÷íûé 2×2 ñåêòîð Àòìîñôåðíûé 2×2 ñåêòîð

)θ(22sin
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3

| (
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2.5

3.0
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MINOS 90%

MINOS 68%

MINOS best oscillation fit

Super−K 90%

Super−K L/E 90%

K2K 90%

http://hitoshi.berkeley.edu/neutrino/ arXiv:0806.2237

m1 > 0.008 ýÂ m2 > 0.05 ýÂ

MINOS, T2K, SNO, . . . , Ãëîáàëüíûé àíàëèç: sin2 2θ13 . 0.3
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Êîñìîëîãèÿ îãðàíè÷èâàåò ñóììó ìàññ íåéòðèíî

Âêëàä íåéòðèíî:
Íà÷àëî ôîðìèðîâàíèÿ ñòðóêòóð
Ãðàâèòàöèîííûå ïîòåíöèàëû â ýïîõó

ðåêîìáèíàöèè
Ïîçäíÿÿ ýâîëþöèÿ ñòðóêòóð
Ðàñøèðåíèå Âñåëåííîé

LRG+BAO+WMAP5+SNe

∑mν < 0.28 eV (95% CL)
0911.5291

CMB+Hubble èçìåðåíèÿ

∑mν < 0.20 eV (95% CL)

0911.0976
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Ïðèìåðû îáîáùåíèé ñ �ìàññèâíûìè� íåéòðèíî

L (5) =−Fαβ

4Λ L̄αH̃ ·H†Lc
β

+ h.c. , Λ < 2.8×1014 GeV ×
(

3·10−3 eV2

∆m2
atm

)1/2
.

ïðÿìîå óêàçàíèå íà äîïëàíêîâñêóþ íîâóþ ôèçèêó

Ïåðåíîðìèðóåìàÿ òåîðèÿ: ñòåðèëüíûå íåéòðèíî

Íàèáîëåå îáùèé âèä ñ 3-ìÿ ìàéîðàíîâñêèìè íåéòðèíî NI
LMSM + N I i/∂NI− fIα L̄αNIH̃− MI

2 N
c
I NI +h.c.

Íîâûå ïàðàìåòðû ìîäåëè:

3 Ìàéîðàíîâñêèõ ìàññû Mi

15 Þêàâñêèõ êîíñòàíò
(Äèðàêîâñêàÿ ìàññîâàÿ ìàòðèöà MD = fIα〈H〉 èìååò 3 ìàññû,
6 óãëîâ ñìåøèâàíèÿ è 6 CP-íàðóøàþùèõ ôàç)

Áàðèîííàÿ àñèììåòðèÿ ÷åðåç ëåïòîãåíåçèñ Íåóáèâàåìî
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Íåéòðèííûå àíîìàëèè. . .

SN1987a íîâàÿ àñòðîôèçèêà?
LSND 1 ýÂ ñòåðèëüíûå íåéòðèíî (νs→ νγ ?)
MiniBooNE 1 ýÂ ñòåðèëüíûå íåéòðèíî (νs→ νγ ?)
ðåàêòîðíûå 1 ýÂ ñòåðèëüíûå íåéòðèíî
êîñìîëîãèÿ ë¼ãêîå ñòåðèëüíîå íåéòðèíî?
NB: LSND+MiniBooNE íå ñîãëàñóþòñÿ ñ êîñìîëîãèåé !!!

MINOS ë¼ãêîå ñòåðèëüíîå íåéòðèíî (íàðóøåíèå CPT?)
OPERA ñîâñåì íå ÊÒÏ !!!
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Â øåñòüäåñÿò âñ¼ òîëüêî íà÷èíàåòñÿ. . .
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