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Ôèçèêà ÷àñòèö

Çàêîíû Ïðèðîäû, ñâîéñòâà ýëåìåíòàðíûõ ÷àñòèö íàäåæíîîïèñûâàþòñÿ Ñòàíäàðòíîé ìîäåëüþ âïëîòü äî ðàññòîÿíèé
10−16 ñì, ýíåðãèé 100 �ýÂ

Ïåðåä �óíäàìåíòàëüíîé �èçèêîé âñòàëè âîïðîñû ñîâåðøåííîíîâîãî õàðàêòåðà
Ñêîðåå âñåãî, â áëèæàéøèå ãîäû âçãëÿä íà ïðèðîäóáóäåò ñóùåñòâåííî äîïîëíåí.Â áîëüøîé ñòåïåíè áëàãîäàðÿ LHC.



Êîñìîëîãèÿ: íóæåí âûõîä çà ðàìêèÑòàíäàðòíîé ìîäåëè

Êîñìîëîãèÿ ñòàëà òî÷íîé íàóêîé çà ïîñëåäíèå 15 � 20 ëåòÑâîéñòâà Âñåëåííîé èçìåðåíû ðàçëè÷íûìè ñïîñîáàìè�Ñòàíäàðòíûå ñâå÷è� � ñâåðõíîâûå òèïà 1àÈçìåðÿåòñÿ òåìï ðàñøèðåíèÿ Âñåëåííîé ñåé÷àñ èñðàâíèòåëüíî íåäàëåêîì ïðîøëîì�ëóáîêèå îáçîðû ãàëàêòèê è êâàçàðîâáîëåå 106 îáúåêòîâ =⇒ êàðòà Âñåëåííîéâïëîòü äî ðàññòîÿíèé 5000Ìïê= 15·109 ñâåòîâûõ ëåòÑòðóêòóðû âî Âñåëåííîé è èõ ýâîëþöèÿ ñåé÷àñè â ïðîøëîì
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Las Campanas, ñåðåäèíà 90'õ



�àëàêòèêè ÊâàçàðûSDSS, 2000-å



Ñâîéñòâà ñîâðåìåííîé Âñåëåííîé:

Âèäèìàÿ Âñåëåííàÿ âåçäå îäèíàêîâàÿ (îäíîðîäíîñòü èèçîòðîïèÿ)Âñåëåííàÿ ðàñøèðÿåòñÿÂñåëåííàÿ �òåïëàÿ�Çàïîëíåíà òåïëîâûì ýëåêòðîìàãíèòíûì èçëó÷åíèåì(Ïåíçèàñ�Âèëüñîí, 1950-å),
T = 2.725ãðàäóñîâ Êåëüâèíà

Â ïðîøëîì áûëà ãîðàçäî áîëåå ãîðÿ÷åé.Îñòûëà èç-çà ðàñøèðåíèÿ.



Ïåðåõîä ïëàçìà�ãàç



Èçìåðåíèÿ òåìïåðàòóðû ðåëèêòîâîãî èçëó÷åíèÿ âçàâèñèìîñòè îò íàïðàâëåíèÿ íà íåáå
⇓�îòîñíèìîê Âñåëåííîé â âîçðàñòå 380 òûñ. ëåò(ñåãîäíÿ � 13.7 ìëðä. ëåò)



.
− WMAP

T = 2.725◦K, δT
T
∼ 10−5



�àçëîæåíèå �Ôóðüå� �ëóêòóàöèé òåìïåðàòóðû:
δT
T

(θ ,ϕ) = ∑
l,m

almYlm(θ ,ϕ)

〈a∗lmalm〉= Cl èçìåðÿþòñÿ; îáû÷íî ïîêàçûâàþò Dl = l(l+1)
2π Cláîëüøèå l ⇐⇒ ìàëûå óãëîâûå ìàñøòàáû, ìåíüøèå äëèíû âîëíÔèçèêà:Ïåðâè÷íûå íåîäíîðîäíîñòè ïëîòíîñòè, çàëîæåíû äîãîðÿ÷åé ñòàäèè (èí�ëÿöèÿ?)�àçâèòèå çâóêîâûõ âîëí â êîñìè÷åñêîé ïëàçìå ñðàííåé ãîðÿ÷åé ñòàäèè äî ðåêîìáèíàöèè

=⇒ ñîñòàâ êîñìè÷åñêîé ïëàçìû�àñïðîñòðàíåíèå �îòîíîâ ïîñëå ðåêîìáèíàöèè

=⇒ èñòîðèÿ ðàñøèðåíèÿ Âñåëåííîé+ ãåîìåòðèÿ ïðîñòðàíñòâà





Íàøå ïðîñòðàíñòâî åâêëèäîâî

Ñóììà óãëîâ òðåóãîëüíèêà = 180 ãðàäóñàì.�å÷ü èäåò î òðåóãîëüíèêàõ ñî ñòîðîíàìè40 ìëðä. ñâåòîâûõ ëåò !Âèäèìàÿ ÷àñòü Âñåëåííîé � íå áîëåå 1/100 åå ïîëíîãî îáúåìà.



�àííÿÿ Âñåëåííàÿ:

T = 1 MeV−50 keVâîçðàñò Âñåëåííîé = 1 ñåêóíäà → 3 ìèíóòû (!)
p+n → 2H

2H + p → 3He
3He+n → 4He

. . .Ïðèìåñè ëåãêèõ ýëåìåíòîâ èçìåðåíûÑðàâíåíèå íàáëþäåíèé ïðèìåñè ëåãêèõ ýëåìåíòîâ ñòåîðèåé:Ïðîâåðêà òåîðåòè÷åñêîãî îïèñàíèÿ ðàííåé Âñåëåííîé÷åðåç 1 ñåêóíäó ïîñëå Áîëüøîãî Âçðûâà



Ýòàïû ýâîëþöèè Âñåëåííîé è äàííûå î íèõ

109 Ê 1 ñíóêëåîñèíòåç
3000Ê �åëèêòîâîå èçëó÷åíèå 380 òûñ. ëåò

2.7 Ê Ñåãîäíÿ�ëóáîêèå îáçîðû, ñòàíäàðòíûå ñâå÷è 13.7 ìëðä. ëåò



Ñîãëàñîâàííàÿ êàðòèíà ñîâðåìåííîé è ðàííåé ÂñåëåííîéÍî �îðòîãîíàëüíàÿ� èìåþùåéñÿ êàðòèíå �èçèêè ÷àñòèöÈçìåðåííûé òåìï ðàñøèðåíèÿ
d lnR

dt
= H0 =

1
14·109 ëåòÓðàâíåíèÿ Ýéíøòåéíà�Ôðèäìàíà:

H2
0 =

8π
3

Gρ0

G: íüþòîíîâñêàÿ ãðàâèòàöèîííàÿ ïîñòîÿííàÿ

ρ0: ïîëíàÿ ïëîòíîñòü ýíåðãèè âî Âñåëåííîé



Ïîëíàÿ ïëîòíîñòü ýíåðãèè ñåãîäíÿ

ρ0 = (5.3±0.5)

GeVm3Ïëîòíîñòü ýíåðãèè (ìàññû) áàðèîíîâðåëèêòîâîå èçëó÷åíèå, íóêëåîñèíòåç

ρB = 0.24

GeVm3ÂÑÅ�Î ÎÊÎËÎ 4.5%Íåéòðèíî, �îòîíû, ýëåêòðîíû äàþò åùå ìåíüøèé âêëàäÎñíîâíàÿ ýíåðãèÿ ñîñðåäîòî÷åíà â íåèçâåñòíûõ �îðìàõÁîëåå òîãî...Íóæíà è òåìíàÿ ìàòåðèÿ ≈ 20%è òåìíàÿ ýíåðãèÿ ≈ 75%



Òåìíàÿ ìàòåðèÿ

äàííûå îá îáðàçîâàíèè ãàëàêòèê è ñêîïëåíèé ãàëàêòèê âïðîöåññå ýâîëþöèè Âñåëåííîéãðàâèòàöèîííûå ñèëû â ñêîïëåíèÿõ ãàëàêòèê,
R∼ 3 Ìïê∼ 107 ñâåòîâûõ ëåòêðèâûå âðàùåíèÿ íà ïåðè�åðèè ãàëàêòèê,
R∼ 30 êïê∼ 105 ñâåòîâûõ ëåò



�ðàâèòàöèîííîå ëèíçèðîâàíèå ÑÊÎÏËÅÍÈÉ



Ñòîëêíóâøèåñÿ ñêîïëåíèÿ ãàëàêòèê



Êðèâûå âðàùåíèé Â �ÀËÀÊÒÈÊÀÕ



Òåìíàÿ ìàòåðèÿ æèçíåííî âàæíà äëÿ íàñÍåîäíîðîäíîñòè ïëîòíîñòè îáû÷íîé ìàòåðèè (áàðèîíîâ) â ýïîõóðåêîìáèíàöèè, T = 3000K

δB ≡
(

δρB

ρB

)

rec
≃

(

δT
T

)

CMB
= (a few) ·10−5

Íåîäíîðîäíîñòè ðàñòóò êàê δρ
ρ (t) ∝ T−1Åñëè áû íå òåìíàÿ ìàòåðèÿ, òî

(

δρ
ρ

)

today
= 1100× (a few) ·10−5 = (a few) ·10−2

Íè ãàëàêòèê, íè çâåçä ...Íåîäíîðîäíîñòè òåìíîé ìàòåðèè íà÷èíàþò ðàñòè ãîðàçäîðàíüøå



�îñò íåîäíîðîäíîñòåé ïëîòíîñòè

tΛtrecteq t

Φ

δB

δDM

δγ

�àäèàöèîííîå äîìèíèðîâàíèå Äîìèíèðîâàíèå ìàòåðèè Äîìèíèðîâàíèåòåìíîé ýíåðãèè



Àñèììåòðèÿìåæäó ìàòåðèåé è àíòèìàòåðèåé âî Âñåëåííîé �åùå îäíà ïðîáëåìà êîñìîëîãèèÂåùåñòâî åñòü, àíòèâåùåñòâà íåò.Â ÷åì çäåñü ïðîáëåìà?�àííÿÿ Âñåëåííàÿ (T > 3·1012 Ê= 300MeV):ðîæäåíèå è àííèãèëÿöèÿ êâàðê-àíòèêâàðêîâûõ ïàð ⇒
nq−nq̄

nq +nq̄
∼ 10−9

Êàêèì îáðàçîì òàêàÿ àñèììåòðèÿ âîçíèêëà â ðåçóëüòàòåýâîëþöèè? À. Ä. Ñàõàðîâ'67, Â. À. Êóçüìèí'70Òðåáóåòñÿ íàðóøåíèå çàêîíà ñîõðàíåíèÿ áàðèîííîãî ÷èñëà



109 Ê 1 ñíóêëåîñèíòåç
3000Ê �åëèêòîâîå èçëó÷åíèå 380 òûñ. ëåò

2.7 Ê Ñåãîäíÿ�ëóáîêèå îáçîðû, ñòàíäàðòíûå ñâå÷è 13.7 ìëðä. ëåò

�àçäóâàíèå(èí�ëÿöèÿ)

�åíåðàöèÿòåìíîé ìàòåðèè �åíåðàöèÿ àñèììåòðèèìåæäó ìàòåðèåéè àíòèìàòåðèåé



Òåìíàÿ ìàòåðèÿ è áàðèîííàÿ àñèììåòðèÿïðèíöèïèàëüíî âàæíû äëÿ íàøåãî ñóùåñòâîâàíèÿÁåç òåìíîé ìàòåðèè íå áûëî áû ãàëàêòèê è çâåçäÅñëè áû íå áûëî áàðèîííîé àñèììåòðèè, êâàðêèïðîàííèãèëèðîâàëè áû ñ àíòèêâàðêàìè, è âî Âñåëåííîé íåîñòàëîñü áû âåùåñòâàÏðîèñõîæäåíèå íåïîíÿòíîÒðåáóåòñÿ âûõîä çà ðàìêè Ñòàíäàðòíîé ìîäåëèØÀÍÑ ÄËß ÁÎËÜØÎ�Î ÀÄ�ÎÍÍÎ�Î ÊÎËËÀÉÄÅ�À



Ïðàâäîïîäîáíàÿ ãèïîòåçà: WIMP

Íîâàÿ, íåéòðàëüíàÿ ñòàáèëüíàÿ (ïî êîñìîëîãè÷åñêèììåðêàì) òÿæåëàÿ ÷àñòèöàÎòñóòñòâóåò â Ñòàíäàðòíîé ìîäåëèÑòàáèëüíîñòü: íîâîå ñîõðàíÿþùååñÿ êâàíòîâîå ÷èñëî
⇐⇒ íîâàÿ ñèììåòðèÿ�îæäàþòñÿ ïàðàìè â ðàííåé Âñåëåííîé ïðè T ≃M,àííèãèëèðóþò ïàðàìè ïðè T < M, êîíöåíòðàöèÿ çàìîðàæèâàåòñÿïðè T ∼M/30Ñîâðåìåííàÿ ïëîòíîñòü ìàññû ñëàáî (ëîãàðè�ìè÷åñêè)çàâèñèò îò M è ñèëüíî � îò ñå÷åíèÿ àííèãèëÿöèè, 1/σ



Åñëè àííèãèëÿöèÿ â s-âîëíå, σ = σ0/v, òî îòíîøåíèå ìàññû êýíòðîïèè (òðåáóåòñÿ 3·10−10 GeV)

Mn
s

= #
ln(MMPlσ0)

σ0MPlÑîâðåìåííàÿ ïëîòíîñòü ïðàâèëüíàÿ, åñëèÎáëàñòü ìàññ: M ∼ (10−1000) GeVÂçàèìîäåéñòâèÿ ñðàâíèìû ñî ñëàáûìè:íåðåëÿòèâèñòñêîå ñå÷åíèå àííèãèëÿöèè
σ0 = (1÷2) ·10−36 
m2NB: Êîìáèíàöèÿ ãðàâèòàöèîííîãî è ýëåêòðîñëàáîãî ìàñøòàáîâÊàê ðàç â îáëàñòè LHC



Ñóïåðñèììåòðèÿ: íåéòðàëèíî χÎäíàêî, ñå÷åíèå àííèãèëÿöèè òèïè÷íî ñëèøêîì ìàëî

Ôàêòîð ïîäàâëåíèÿ: 〈σv〉 ∝ v ∝
√

T/Mχèç-çà àííèãèëÿöèè â p-âîëíå â ñëó÷àå χχ → Z∗→ qq̄, ll̄:�åëÿòèâèñòñêèå qq̄, (àêñèàëüíî)-âåêòîðíîåâçàèìîäåéñòâèå =⇒ ïîëíûé óãëîâîé ìîìåíò J = 1

χχ : îäèíàêîâûå �åðìèîíû =⇒ïðèíöèï Ïàóëè çàïðåùàåò L = 0 è ïàðàëëåëüíûå ñïèíû =⇒
p-âîëíîâàÿ àííèãèëÿöèÿ



mSUGRA ïðè íåáîëüøîì tgβ
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Áîëüøèå tgβ ëó÷øå
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Òåïëàÿ òåìíàÿ ìàòåðèÿ: ãðàâèòèíî?WIMPs: õîëîäíàÿ òåìíàÿ ìàòåðèÿ (CDM), ñêîðîñòè ÷àñòèöâñåãäà ïðåíåáðåæèìî ìàëû.Îáëà÷êà íàä CDM×èñëåííûå ñèìóëÿöèè �îðìèðîâàíèÿ ñòðóêòóð â ìîäåëèCDM äàþòÑëèøêîì ìíîãî êàðëèêîâûõ ãàëàêòèêïðåäñêàçûâàåòñÿ íåñêîëüêî ñîòåí êàðëèêîâ � ñïóòíèêîâíàøåé �àëàêòèêèäî ñèõ ïîð îáíàðóæåíî îêîëî 20Ñëèøêîì áîëüøàÿ ïëîòíîñòü â öåíòðàõ ãàëàêòèê(�
usps�)Åùå íå êðèçèñÍî ÷òî åñëè ñòðóêòóðû íà ìàëûõ ìàñøòàáàõ äåéñòâèòåëüíîïîäàâëåíû?Âûñîêèå íà÷àëüíûå ñêîðîñòè ÷àñòèö òåìíîé ìàòåðèè =⇒Òåïëàÿ òåìíàÿ ìàòåðèÿ



Òåïëàÿ òåìíàÿ ìàòåðèÿ

×àñòèöû îòùåïëÿþòñÿ ðåëÿòèâèñòñêèìè, Tf ≫ m.Îñòàþòñÿ ðåëÿòèâèñòñêèìè äî T ∼ m (â ïðåäïîëîæåíèèíà÷àëüíîãî òåïëîâîãî ðàñïðåäåëåíèÿ). �îñò ñòðóêòóðíà÷èíàåòñÿ òîëüêî ïîñëå ýòîãî.Íåîäíîðîäíîñòè ìàëûõ ìàñøòàáîâ ðàçãëàæèâàþòñÿ =⇒îáúåêòû ìàëûõ ìàññ íå �îðìèðóþòñÿ (�free streaming�)Ïîäàâëåíèå �îðìèðîâàíèÿ êàðëèêîâûõ ãàëàêòèê ïðè

m∼ 1−10 keV
Ïîäõîäÿùèé êàíäèäàò � ãðàâèòèíîâ ìîäåëÿõ ñ íèçêèì ìàñøòàáîì íàðóøåíèÿ ñóïåðñèììåòðèè



�îæäåíèå ãðàâèòèíî â ðàñïàäàõ ñóïåðïàðòíåðîâ S̃:
m3/2n3/2

s
≃ #∑̃

S

M3
S̃

m3/2

1
MPlÄëÿ m3/2 = a few keV, çíà÷åíèå 3·10−10 GeV ïîëó÷àåòñÿ ïðè

MS̃ ≃ 100−300GeVÍóæíû ëåãêèå ñóïåðïàðòíåðûè íèçêàÿ ìàêñèìàëüíàÿ òåìïåðàòóðà âî Âñåëåííîé Tmax . 1 TeV(èíà÷å ïåðåïðîèçâîäñòâî â ïðîöåññàõ ðàññåÿíèÿ,�gravitinosstrahlung�)Íå î÷åíü ïðàâäîïîäîáíî,íî ñ òåïëîé òåìíîé ìàòåðèåé âñåãäà òàêNB: ΓNLSP ≃
M5

S̃
m2

3/2M2
Pl

=⇒ cτNLSP = a few ·mm÷a few ·100mïðè m3/2 = 1÷10 keV, MS̃ = 100÷300GeV



Â ëþáîì ñëó÷àå, òåìíàÿ ìàòåðèÿ, ñêîðååâñåãî, ñâÿçàíà ñ öåëûì ïëàñòîì íîâîé�èçèêèÑåðüåçíûå è îáîñíîâàííûå íàäåæäû íà LHC

�àðàíòèðîâàííî?Îòíþäü íåò. Êàíäèäàòû, íåïîäâëàñòíûå LHC:� àêñèîí� ñòåðèëüíûå íåéòðèíî� åùå áîëüøàÿ ýêçîòèêà.



Áàðèîííàÿ àñèììåòðèÿ: óñëîâèÿ Ñàõàðîâà

Òðè íåîáõîäèìûõ óñëîâèÿ ãåíåðàöèè àñèììåòðèè äîëæíûâûïîëíÿòüñÿ â îäíî âðåìÿ:

íåñîõðàíåíèå áàðèîííîãî ÷èñëà
C- è CP-íàðóøåíèå:ìèêðî�èçèêà ðàçëè÷àåò ÷àñòèöû è àíòè÷àñòèöûÍàðóøåíèå òåïëîâîãî ðàâíîâåñèÿ

Ìîæåò ëè áàðèííàÿ àñèììåòðèÿ ãåíåðèðîâàòüñÿ çà ñ÷åò�èçèêè íà ìàñøòàáå ýíåðãèé 100 �ýÂ � ÒýÂ ?Íà ïåðâûé âçãëÿä ÍÅÒ: âðåìÿ æèçíè ïðîòîíà τp > 1033 ëåò

=⇒ ìàñøòàá ýíåðãèé 1016 �ýÂ



ÎäíàêîÁàðèîííîå ÷èñëî íå ñîõðàíÿåòñÿ â ýëåêòðîñëàáûõâçàèìîäåéñòâèÿõíåîáõîäèìû áîëüøèå �ëóêòóàöèè ïîëåé W - è Z-áîçîíîâÑêîðîñòü íåñîõðàíåíèÿ ïîäàâëåíà ïðè íóëåâîé òåìïåðàòóðåòóííåëüíîé ýêñïîíåíòîé
e− 16π2

g2
W ∼ 10−165Âûñîêèå òåìïåðàòóðû: áîëüøèå òåïëîâûå �ëóêòóàöèè(�ñ�àëåðîíû�).

B-íåñîõðàíåíèå � áûñòðîå ïî ñðàâíåíèþ ñ êîñìîëîãè÷åñêèìðàñøèðåíèåì ïðè T & 100�ýÂ.Ï�ÎÁËÅÌÀ:Âñåëåííàÿ ðàñøèðÿåòñÿ ìåäëåííî. Òåìï ðàñøèðåíèÿ ïðè

T ∼ 100�ýÂ
H−1∼ 10−10 ñÑëèøêîì ìåäëåííûé äëÿ íàðóøåíèÿ òåïëîâîãî ðàâíîâåñèÿ?



Åäèíñòâåííûé øàíñ: �àçîâûé ïåðåõîä 1-ãî ðîäà,ñèëüíî íåðàâíîâåñíûé ïðîöåññÝëåêòðîñëàáàÿ ñèììåòðèÿ íàðóøåíà â âàêóóìå, íî íå íàðóøåíàïðè T & 100�ýÂ.Àíàëîãèÿ: ñâåðõïðîâîäíèê ñòàíîâèòñÿ íîðìàëüíûì ìåòàëëîì ïðè �âûñîêîé� TÏåðåõîä ìîæåò â ïðèíöèïå áûòü 1-ãî ðîäàÏåðåõîä 1-ãî ðîäà ïðîèñõîäèò èç ïåðåîõëàæäåííîãî ñîñòîÿíèÿïóòåì îáðàçîâàíèÿ ïóçûðüêîâ íîâîé �àçû ñ r ∼ 10−16 ñì, èõðàñøèðåíèÿ ñ v∼ 0.1c äî r ∼ 0.1H−1∼ ìì, ñòîëêíîâåíèÿ ñòåíîê èïåðêîëÿöèè.Êèïÿùàÿ Âñåëåííàÿ, äàëåêàÿ îò òåïëîâîãî ðàâíîâåñèÿ

φ = 0

φ 6= 0



À êàê íà ñàìîì äåëå?Â Ñòàíäàðòíîé ìîäåëè �àçîâîãî ïåðåõîäà 1-ãî ðîäà íåòÅå ñâîéñòâà ïðè âûñîêèõ òåìïåðàòóðàõ âû÷èñëÿþòñÿîäíîçíà÷íîÔàçîâîãî ïåðåõîäà íåò âîîáùå, åñòü ãëàäêèé êðîññîâåðÊðîìå òîãî, ñëèøêîì ñëàáîå íàðóøåíèå CP×òî òðåáóåòñÿ äëÿ ýëåêòðîñëàáîé ãåíåðàöèè áàðèîííîéàñèììåòðèè?Íîâûå ïîëÿ/÷àñòèöûÄîëæíû ñèëüíî âçàèìîäåéñòâîâàòü ñ õèããñîâñêèìèáîçîíàìèÄîëæíû ïðèñóòñòâîâàòü â ïëàçìå ïðè T ∼ 100�ýÂ

=⇒ ìàññà íå áîëåå 300 �ýÂäîïîëíèòåëüíûé èñòî÷íèê CP-íàðóøåíèÿ,ëó÷øå â õèããñîâñêîì ñåêòîðå =⇒ íåñêîëüêî õèããñîâñêèõïîëåé



Áîëåå îáùî, áàðèîãåíåçèñ ïðè T ∼ 100�ýÂ òðåáóåòñëîæíîé äèíàìèêè â ñåêòîðå,íàðóøàþùåì ýëåêòðîñëàáóþ ñèììåòðèþïðè E ∼ (a few) ·100�ýÂÎáëàñòü LHC�àðàíòèè íåò:Áàðèîííàÿ àñèììåòðèÿ ìîæåò ãåíåðèðîâàòüñÿ òåì æåìåõàíèçìîì, êîòîðûé äàåò ìàññû íåéòðèíî (ëåïòîãåíåçèñ)Åñòü è öåëûé ðÿä äðóãèõ ìåõàíèçìîâ



Â ëþáîì ñëó÷àå LHC ïîçâîëèòïðîäâèíóòüñÿ â ðàííþþ Âñåëåííóþ
T ∼ 10−100GeV ⇐⇒ t ∼ 10−8−10−10 sÂïîëíå âîçìîæíî, ÷òî èìåííî íà ýòîì ýòàïå ãåíåðèðîâàëàñüòåìíàÿ ìàòåðèÿ è/èëè áàðèîííàÿ àñèììåòðèÿ.

Åñòü, âïðî÷åì, çàãàäêà ρDM ≈ ρBÑëó÷àéíîñòü?



Åùå áîëåå ðàäèêàëüíàÿ âîçìîæíîñòü

Ïðîáëåìà èåðàðõèè:Ïî÷åìó ýëåêòðîñëàáûé ìàñøòàá MW ∼ 100GeVíàñòîëüêî ìåíüøåãðàâèòàöèîííîãî MPl ∼ 1019 GeV?

Ñóïåðñèììåòðèÿ: èç-çà ëîãàðè�ìè÷åñêîé ýâîëþöèèêîíñòàíò ñ ýíåðãèåé ðåíîðìãðóïïà

Äîïîëíèòåëüíûå èçìåðåíèÿ ïðîñòðàíñòâà è íèçêèéãðàâèòàöèîííûé ìàñøòàá: íà ñàìîì äåëå ãðàâèòàöèîííûéìàñøòàá ðàâåí TeV. Âûÿñíèòñÿ ñ ïîìîùüþ LHC



ßñíî, ÷òî îòêðûòèå òýâíîé ãðàâèòàöèè ïåðåâåðíåò êîñìîëîãèþ

Ñòàíäàðòíàÿ êîñìîëîãè÷åñêàÿ ýâîëþöèÿ íà÷àëàñü âëó÷øåì ñëó÷àå ñ T ∼ TeVÈí�ëÿöèÿ, åñëè âîîáùå áûëà, ïðîèñõîäèëà ïðèïëîòíîñòè ýíåðãèè íå áîëåå TeV4Òåìíàÿ ìàòåðèÿ, áàðèîííàÿ àñèììåòðèÿ ãåíåðèðîâàëèñüïðè T . TeV ÈËÈÂñå ýòî ïðîèñõîäèëî â ðåæèìå êâàíòîâîé ãðàâèòàöèè



Ìå÷òà:Èçó÷åíèå êâàíòîâîé ãðàâèòàöèè íà êîëëàéäåðàõÈçó÷åíèå ñ�àìîé ðàííåé Âñåëåííîé íà êîëëàéäåðàõ



Â çàêëþ÷åíèå:

LHC âïîëíå ìîæåò îòêðûòü âåùè, æèçíåííî âàíûå äëÿ íàñ:òåìíóþ ìàòåðèþìåõàíèçì ãåíåðàöèè áàðèîííîé àñèììåòðèèÂïîëíå âîçìîæíî, ñîâñåì íå òå, ÷òî îáñóæäàëèñü â äîêëàäåÂîçìîæíî, íå÷òî åùå áîëåå âûäàþùååñÿ,âðîäå äîïîëíèòåëüíûõ èçìåðåíèé èòýâíîé ãðàâèòàöèèÈëè íå÷òî, î ÷åì òåîðåòèêè äàæå íå äîãàäûâàþòñÿ

Â ëþáîì âàðèàíòå �èçè÷åñêàÿ êàðòèíà ìèðà áóäåò äðóãîé.Êîñìîëîãèÿ � â òîì ÷èñëå.
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WIMPs



Simple but very suggestive s
enario

Assume there is a new heavy stable parti
le XIntera
ts with SM parti
les via pair annihilation (and
rossing pro
esses)

X +X ↔ qq̄ ,et
Mass: MX , annihilation 
ross se
tion at non-relativisti
velo
ity v: σ(v)Assume that maximum temperature in the Universe was high,

T & MXCal
ulate present mass density



Friedmann equation:

(

ȧ
a

)2

≡ H2 =
8π

3MPl
ρ

Early epo
h (radiation dominated): Stefan�Boltzmann

ρ =
π2

30
g∗T

4

g∗: number of relativisti
 degrees of freedom (about 100 inSM at T ∼ 100GeV). Hen
e
H(T ) =

T 2

M∗Plwith M∗Pl = MPl/(1.66
√

g∗)∼ 1018 GeV at T ∼ 100GeV



Number density of X-parti
les in equilibrium at T < MX :Maxwell�Boltzmann

nX = gX

(

MX T
2π

)3/2e−MX
T

Mean free time wrt annihilation:
τann ≡ Γ−1

ann =
1

nX 〈σv〉Freeze-out: Γann(Tf )∼ H(Tf ) =⇒ nX(Tf )〈σv〉 ∼ T 2
f /M∗Pl =⇒

Tf ≃
MX

log(MX M∗Pl〈σv〉)NB: large log ⇐⇒ Tf ∼MX/30De�ne 〈σv〉 ≡ σ0 (
onstant for s-wave annihilation)



Number density at freeze-out

nX (Tf ) =
T 2

f

σ0M∗PlNumber-to-entropy ratio at freeze-out and later on
nX(Tf )

s(Tf )
= #

nX(Tf )

g∗T 3
f

= #
log(MX M∗Plσ0)

MX σ0g∗M∗Plwhere # = 45/(2π2).Mass-to-enropy ratio
MX nX

s
= #

log(MX M∗Plσ0)

σ0
√

g∗(Tf )MPl

Most relevant parameter: annihilation 
ross se
tion σ0≡ 〈σv〉at freeze-out



MX nX

s
= #

log(MX M∗Plσ0)

σ0
√

g∗(Tf )MPlCorre
t value, mass-to-entropy= 3·10−10 GeV, at
σ0≡ 〈σv〉= (1÷2) ·10−36 
m2Weak s
ale 
ross se
tion.Gravitational physi
s and EW s
ale physi
s 
ombine into

mass-to-entropy≃ 1
MPl

(TeV
αW

)2

≃ 10−10 GeV

Mass MX should not be mu
h higher than 100 GeV

Weakly intera
ting massive parti
les, WIMPs.Cold dark matter 
andidates



Warm dark matter



De
ouples when relativisti
, Tf ≫ m.Remains relativisti
 until T ∼ m (assuming thermaldistribution). Does not feel gravitational potential before that.Perturbations of wavelengths shorter than horizon size at thattime get smeared out =⇒ small size obje
ts do not form (�freestreaming�)Horizon size at T ∼ m

l(T ) = H(T ∼ m)−1 =
M∗Pl

T 2 =
M∗Pl

m2Present size of this region
l(t0) =

T
T0

l(T ) =
MPl

mT0(modulo g∗ fa
tors).Obje
ts of initial size smaller than l0 are less abundant



Initial size of dwarf galaxy ldwar f ∼ 100kp
∼ 3·1023 
mRequire

l0≃
MPl

mT0
∼ ldwar f

=⇒ obtain mass of DM parti
le
m∼ MPl

T0ldwar f
∼ 3 keV

(MPl = 1019 GeV, T−1
0 = 0.1 
m).

Parti
les of masses in keV rangeare good warm dark matter 
andidates



Warm dark matter: additional argument

Initial phase spa
e density of dark matter parti
les: f (~p),independent of ~x.Fermions:

f (~p)≤ 1
(2π)3 by Pauli prin
ipleNot more than one parti
le in quantum unit of phase spa
evolume ∆~x∆~p = (2π h̄)3.Thermal distribution: fmax = 1

2(2π)3Expe
t maximum initial phase spa
e density about (2π)−3Non-dissipative motion of parti
les, gravitatonal intera
tionsonly: parti
les tend to penetrate into empty parts of phasespa
e =⇒ Maximum phase spa
e density de
reases in time.But not by many orders of magnitude



Maximum phase spa
e density today

f0,max(~x,~p) =
#

(2π)3with # < 1 but not by many orders of magnitudeObservable:

Q(~x) =
ρDM(~x)

〈v2〉3/2

ρDM(~x)⇐⇒ gravitational potential
〈v2〉⇐⇒ velo
ities of stars

Q =m4 n(~x)

〈p2〉3/2
≃ m4 f0(~x,~p)

Largest observed (Coma Beren
ies)

Qmax = 2·10−2M⊙/p
3km/s



Qmax = 2·10−2M⊙/p
3km/sWith M⊙ ≃ 1·1063 keV, 1 p
= 1.5·1026 keV−1, km/s= 3·10−6

Qmax = 0.2 keV4

≃ m4 f0,max = m4 #
(2π)3If maximum observed Q indeed estimates the largest phase spa
edensity of DM parti
les in the present Universe, then

m = (a few) ·keV

NB: Independent argument, does not work for bosons.



Gravitinos

Mass m3/2≃ F/MPl√
F = SUSY breaking s
ale.

=⇒ Gravitinos light for low SUSY breaking s
ale.E.g. gauge mediationLight gravitino = LSP =⇒ StableDe
ay width of superpartners into gravitino + SM parti
les

ΓS̃ ≃
M5

S̃

F2 ≃
M5

S̃

m2
3/2M2

Pl

MS̃ = mass of superpartner S̃



Gravitino produ
tion in de
ays of superpartners
d(n3/2/s)

dt
=

nS̃

s
ΓS̃

nS̃/s = 
onst∼ g−1
∗ for T & MS̃, while nS̃ ∝ e−MS̃/T for T ≪MS̃

=⇒ produ
tion most e�
ient at T ∼MS̃ (slow 
osmologi
alexpansion with unsuppressed nS̃)
n3/2

s
≃ ΓS̃

g∗H(T ∼MS̃)
≃ M∗Pl

g∗M2
S̃

·
M5

S̃

m2
3/2M2

PlMass-to-entropy ratio
m3/2n3/2

s
≃

M3
S̃

m3/2

1

g3/2
∗ MPl



m3/2n3/2

s
≃ ∑̃

S

M3
S̃

m3/2

1

g3/2
∗ MPlFor m3/2 = a few keV, mass-to-entropy= 3·10−10 GeV

MS̃ ≃ 100÷300GeV

Need light superpartnersand low maximum temperature in the Universe, Tmax . 1 TeV toavoid overprodu
tion in 
ollisions of superpartners (and in de
ays ofsquarks and gluinos if they are heavy)Rather 
ontrived s
enario, but generating warm dark matter isalways 
ontrivedNB: ΓNLSP ≃
M5

S̃
m2

3/2M2
Pl

=⇒ cτNLSP = a few ·mm÷a few ·100mfor m3/2 = 1÷10 keV, MS̃ = 100÷300GeVLonger lifetime for heavier gravitino (CDM 
andidate)



Anthropi




Cosmology may be telling ussomething di�erent � and unpleasantFriendly �ne-tuningsDark energy density ∼ (10−3 eV)4Just right for galaxies to get formedPrimordial density perturbations δρ
ρ ∼ 10−5Just right to form starsbut not supermassive galaxies w/o planetsDark matter su�
ient to produ
e stru
tureAlsoLight quark masses and αEMJust right for mn > mpbut stable nu
leiMany more...Is the ele
troweak s
ale a friendly �ne-tuning?



Anthropi
 prin
iple/environmentalism

�Our lo
ation in the Universeis ne

essarily priviledged tothe extent of being 
ompatiblewith our existen
e as observers�Brandon Carter'1974 FigRe
ent support from �string lands
ape�We exist where 
ouplings/masses are rightProblem: never know whi
h parameters are environmental andwhi
h derive from underlying physi
sDisappointing, but may be trueMay gain support from LHC, if not enough new physi
s
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