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CERN

NnaH

» [1pocTpaHCcTBO, BpeMe U matepus
» MaTtepus
v’ CTaHpapTeH moaen
v' TbMHa maTepus
» [lpocTpaHCTBO — Bpeme
» TbpceHe Ha TbMHa MmaTtepua Ha LHC
» 3akn4veHune

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

[lpocTpaHCTBO, BpemMe U matepus

» OCHOBHU XuUnoTtesu

v’ [pocTpaHCcTBOTO, BpeMeTo U MaTepusTa ca ce poaunu
eHOBPEMEHHO

v HeBngmmata 3a Hac 4acTt oT BceneHaTta uma cbLimte
CBOWCTBA, KaTo HabngaemaTa

v’ Mopgen Ha ,[lonemus B3puB*
» Bbnpocu
v" OT KaKBO € cbCTaBeHa matepusaTa?
v' KakBu ca cBorcTBaTa Ha NPOCTPaHCTBO — BPEMETO?
v Kak ce e pa3suBana Bcenenara?
v' 3awlo e TakaBa?

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

MaTepus

L. Litov TbMHa maTepus Sofia, 2 June 2022



MaTepus

TpsabBa ga oTroBopuM Ha ABa
dyHOamMeHTanHuU BbNpoca

-Kou ca enemeHTapHuTe
CbCTaBALLM HA MaTepudaTa?

-Koun ca dpyHoameHTanHuTe
CUIN KOHTpONMupaLim

TAXHOTO nosegeHune ?

L. Litov




CERN

CTtaHpgapTeH moaern

L. Litov TbMHa maTepus Sofia, 2 June 2022
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CARIERS
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CERN 4
MpeunsHa npoBepka Ha CM
|
June 2021 CMS Preliminary
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All results at: http:/cern.ch/go/pN;j7
L. Litov
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Sofia, 2 June 2022



CERN

TbMHa maTepus

L. Litov TbMHa maTepus Sofia, 2 June 2022



CERN

TbMHa maTtepus

» Jlopa KensuH — 1884

v' [Incnepcmsa Ha CKoOpocTuTe Ha
3Be3guTe

» AHpu NoaHkape — 1906

v' "dark mater", or "matiere
obscure,

» Opuy LUBnkn — 1933

v’ U3cnegBa ABUMXXEHMETO Ha
ranakTuTe B Knbctepa Coma

» Bepa PybuH, KeHT ®opg — 1980
v ONTUYHU KPUBU Ha BbPTEHE

Coma clyster

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

[[anakTU4YHU KPpUBU HaA BbPTEHE

L. Litov

Velocity

(km s-1)

Observations
from starlight

20,000

Observations from
21 cm hydrogen

Expected from
the visible disk

arXiv:astro-ph/9909252

30,000 40,000

Distance (light years)

CnupanHa ranaktuka Messier 33

TbMHa maTepus

Sofia, 2 June 2022


https://en.wikipedia.org/wiki/ArXiv
https://arxiv.org/abs/astro-ph/9909252

[[anakTU4YHU KPpUBU HaA BbPTEHE

NanakTnka 6e3 n ¢ TbMHa matepus

L. Litov TbmMHa maTepus Sofia, 2 June 2022




[[anakTU4YHU KPpUBU HaA BbPTEHE

Brnu3Kn n otaane4YeHun ranakTuku

L. Litov TbmMHa maTepus Sofia, 2 June 2022




CERN

I/I3M9pBaHe Ha guncnepcumsaTta Ha CKOpPOCTUTE

> 13amepBa ce gucnepcusita Ha paguanHuTe CKOpocTu (3Be3au,
ranakTukin)

» VI3nons3Ba ce Teopema Ha Bupuana

(T)r = —%{Vmﬂf-

» VamepBa ce oonnepoBo yLUpeHNe Ha NNHUnTe

» [laBa ponHa rpaHuua 3a macaTa Ha ranaktmkaTta unu
KNnbCcTepa

» [loTBbpXOaBa CblLEeCTBYBAHETO HA TbMHA MaTepus

L. Litov TbmMHa maTepus Sofia, 2 June 2022



(paBUTAaUMOHHMU NeLwu

L. Litov TbmMHa maTepus Sofia, 2 June 2022




(paBUTAaUMOHHMU NeLwu
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Hubble space telescope Abell 1689.

L. Litov TbmMHa maTepus Sofia, 2 June 2022



https://en.wikipedia.org/wiki/Abell_1689
http://www.spacetelescope.org/images/heic1014a/

CERN

(paBUTAaUMOHHMU NeLwu

arxXiv:1702.04348

MACS J416.1-2403

L. Litov TbmMHa maTepus Sofia, 2 June 2022


https://en.wikipedia.org/wiki/ArXiv
https://arxiv.org/abs/1702.04348

CERN

PopmMUupaHe Ha CTPYKTYypH

» [lpnemame, 4ye BceneHaTta e XOMOreHHa

» Mankn HeegHOPOOHOCTU, OKOMNO KOUTO ce popmMmpaT 3Be3au,
ranakTukm u T.H.

» Epa poMmuHupaHa ot pagmauua (pooToHU, HEYTPUHO)

v' BsammopgenctBaT ¢ 6bapmoHHaTa matepus (MPOTOHM,
HEYTPOHWN, ENEKTPOHN)

v’ 3anunyaBaTt Te3n HeeaHOPOOHOCTU
» TbMHaTa maTtepusi He B3auModeNCTBa C pagnaumndara
» 3anasBa CTpyKTypaTta Ha HeeHOPOAHOCTUTE

» bapuoHHaTa maTtepusa cneaBa TbMHaTa (NOTeHUMan Ha
npuBnn4yaHe)

L. Litov TbmMHa maTepus Sofia, 2 June 2022



@ PasnpeaeneHue Ha TbMHaTa MaTepus

MNRAS 000, 1-49 (2016)

KiDS nacnenBaHe
3 MUINMMOHA ranakTuKn
00 6 Mmunuapaa CBETIIMHHU roANHU
[row 420 x nbnHa nyHa (1% ot HebecHaTa cdepa)

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

N. Jeffrey; Dark Energy Survey Collaboration Dark Matter map from DES observations

Dark Energy Survey Collaboration 2021
100 million galaxies

L. Litov TbmMHa maTepus Sofia, 2 June 2022



Dark Energy Survey Collaboration 2021 - 100 million galaxies

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

http://spacetelescope.org/images/heic0701b/

3d kapTa Ha TbMHaTa MaTepus-
O9xJlyHn, z=0-1

L. Litov TbmMHa maTepus Sofia, 2 June 2022


http://spacetelescope.org/images/heic0701b/

CERN

CnunBaHe Ha ranakTukum

» Bulet knbecTep
» [lBa ranaktn4yHu Kyna
> 3Be3au

v' cnabo
rpaBUTALIMOHHO
3abaBgaHe

> [as

v' EnekTpomarHuTHO
B3anmMoaeuncTeme,
CUrNHo 3abassaHe

» TbMHa maTtepus

» Camo rpaBuUTaymMoOHHO
B3anMoOOeNCcTBme

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

Marepus

1 Buanma matepus
» bapuonna marepus
v' IIpoToHH, HEYTPOHH
v' Jleku eneMeHTH
v’ eIIEKTPOHHU
» Pannanusg
v' ®otoHH
v’ HEYTPHHO
» Ommucsa ce ot CTaHZapTHUS MOJIEIT
v KBapku, JIENTOHH, IPEHOCUTENN Ha B3aUMOICHCTBHS
O Temua matepus

» CocraBmaBa 84,25 % ot marepusTa

L. Litov TbMHa maTepus Sofia, 2 June 2022



[IpocTpaHCTBO-BpeEME

L. Litov TbMHa maTepus Sofia, 2 June 2022



CERN

IIpocTpaHCTBO - Bpeme

1 IIpocTtpaHCTBO BpeMeTo €

» UeTupuMepHO - €IHO BPEMEBO M TP IIPOCTPAHCTBEHU
U3MEPCHUS

» Enmnopogno
» N3oTpomHo
U CrnencrBus

» Bceku pusnaecku 00CKT B HETO C€ XapaKTepu3upa ¢ Maca u
CIIMH

» 3aKOH 3a 3ama3BaHe Ha CHEprusaTa
» 3aKOH 3a 3ala3BaHe Ha UMITYJICa

> 3aKOH 3a 3ala3BaHE HA bIVIOBUS MOMEHT

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

Pa3wupsaBala ce BceneHa

@W‘:f\/\/\/a A
™ 2000

H,=68 km/s Mpc
Edekt Ha Jloriep
Otnanedanail] ce€ 00EKT — YEPBEHO
[ IpubOnmkaBaill ce 00EKT — CHUHBO
H3mepBarik OTMECTBAHETO - CKOPOCT

Redshift (km/s)
o
o
o
I

Virgo Cluster
| } >

0 10 20
3axoH Ha Hubble Distance (Mpc)
JInHerHa 3aBUCUMOCT MEXKY Pa3CTOAHUETO

10 I'aJIJaKTHKAaTa 1 YCPBCHOTO OTMCCTBAHC

Bcesienara ce pasmupsiBa!

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

Pa3wupsaBala ce BceneHa

d ETanu
» Epa goMmuHupaHa oT paguauundara
v' ®OTOHU 1 penaTUBUCTKM HEYTPUHA
v OT uHdnauymara go ~47 000 r.
v’ 3abaBsLlo ce paslmpeHme
» Epa gomuHupaHa oT matepudra
v 47 000 go 9.8 munnapparr.
v’ 3abaBsLlo ce paslmpeHme

v' PenuktoBo nsnvysaHe — 377 000 .

v' [Npo3payHa BceneHa

> Epa gpomuHmpaHa oT TbMHaTa eHeprus
v 019.8Xx10°T.
v YckopsiBallo ce paswimpeHne

L. Litov TbMHa matepus

a(t) o t'/2,

a(t) oc 2

a(t) o< exp(Ht)

Sofia, 2 June 2022



Pa3wupsaBala ce BceneHa

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

Quantu L
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
L. Litov TbMHa maTepus Sofia, 2 June 2022




AHVI3OTpOI1I/I$I Ha PEJNIMKTOBOTO U3nb4iBaHe

T ~28K
HeepgHopoaHocTn ~ 1/ 100 000

L. Litov TbMHa maTepus Sofia, 2 June 2022




CERN

bapnoHHU 3BYyKOBM ocuUunauumu

Angular scale

90° 2° 0.5° 0.2°
6000 F T 1 ' E
: WMAP ]
: Acbar 3
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_ : / VSA ;
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S v | z
1000 f H| ﬂ s
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O Livnninl | 1 I I R N R B | 3
10 100 500 1000 1500
Multipole moment {
L. Litov

TbMHa maTepus

Atoms
4.6%

Dark
Matter
23%

TODAY

Dark
Matter
63%

Neutrinos
10%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Sofia, 2 June 2022
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KakBo e cbabpXumMmoTo Ha BceneHara ?

TR
m

|

T Ciy,

I3

“Normal matter”

Dark Energy
69.2%

Dark matter
25.9%




CERN

OT KakBO e cbCTaBeHa

TbMHaATa MaTEPUA

L. Litov TbMHa maTepus Sofia, 2 June 2022



CERN Kak moxe aa ce HaOnogaBa TbMHa
MaTtepus
..... AKO 83aumodelcmea roHe crnabo ¢ yacmuuyume om CM

(Ho mooice u 0a ne cme kbememauu) > UHANPEKTHO: DM aHuxmunaums
thermal freeze-out (early Univ.) Pamela, Fermi, AMS,

indirect detection (now) lceCube
-
> ONPEeKTHO: DM-HYKITOHHO
pa3cenBaHe

v’ [leTekTopn c Te4Hn bnaropoaHu

ra3oBe
v' LUX, XENON

v KpnoreHHn TBbpaoTenHu

DM SM AETEKTOPU
v’ SuperCDMS, CRESST

producUon at colliders » PaxpgaHe B konangepwu

» Kak moxem ga nonydum
L Litov Tomra warepns CUTHA OT ,HEBUAKM, ,QR8KT ?

direct detection



CERN

q DM

OnpocTteHn moagenu

a DM

v LHC Run1 (mo 2012): DM
HHTEpHOpETalNs B pAMKUATE Ha
e(PEKTUBHU MOJIEBU MO/ICIN

v" KOHTaKTHH B3aUMOCUCTBUS,
BaJIMJIHU aKO MacaTa Ha
IIPCHOCUTEIIS == IpeaaaCHUs
AMITYJIC

v 7Tu8TeV eneprus

v’ HeBanuaHu mpu rojasam

TpaH Ha CHCPIus
L. LitO\P C(bep CHEp

TbMHa maTepus

DM

DM

» LHC Run 2 (2015 -2018):
N3I10JI3BAHC HA OIIPOCTCHU MOACIIN

» 13 TeV eneprus

> = BB3MOKHOCT 3a TOJISIM
npeAaaacH UMITYJIC

» = EFT craBar HeazekBaTHA

» ExcrmnutHO neduHupadnu
IIPEHOCHUTEIIN

» HaGop ot monmenu
Sofia, 2 June 2022



CERN

OnpocTteHun mopgenu

Mono-X curHan Buaum (pe3oHaHC) curHan
SM — npeHocuten — DM SM — npeHocuten — SM

mono-jet, mono-photon, mono-Z, dijet, ditop, dilepton
mono-W, mono-H pecoHaHcH
Define simplified model with Consider comprehensive set
& 4 DM . .
(minimum) 4 parameters of diagrams for mediator
Mediator mass| DM mass Dirac Scalar - Vi Asial
(Mned) (Mow) farraio S ector ial-vector
Maj Scalar -
&q £DM fea'!z;zr:‘a c:;::ex Scalar Pseudoscalar

L. Litov A S ovlia, 2 June 2022



CERN

PaxpaHe Ha DM B Konanaepwu

» [dupekTHo paxgaHe Ha DM
nBouKa
v CurHan camo ot
n3nbyBaHe B Ha4YasHo
cbCcTosAHME (ISR)

v “Mono-Jet” curHan

v" or Mono-Photon, Mono-V,
(Mono-Z, Mono-W),
Mono-Higgs, Mono-Top
N T.H.

» PaxpaHe Ha TbMHa MaTepus
B KackagHw pasnaau

v CynepcnmeTpums CbC
CbXpaHsBaHe Ha R-
YeTHOCTTa

L. Litov TbMHa matepus

Sofia, 2 June 2022



CERN

L. Litov TbMHa maTepus Sofia, 2 June 2022



CERN

Acclerator complex at CERN

—- -

2007 [27 km)

oy 0.999999c

v neutrinos
r:th;\

Gran Sasso

BO0OSTER

b ion  » neutrons  » pantiproton) === protonantiproton conversion  » neutrinos b electron

LHC Large Hadron Collider SPS Super Proton Synchrotron PS Proton Synchrotron

AD Antiproton Decelerator CTF3 Clic Test Facilty CNGS Gern Neutrinos to Gran Sasso  ISOLDE  |sotope Separator Online DEvice
LEIR Low Energylon Ring LUINAC LiNear ACcelerator n-ToF Meutrons Time Of Flight

L. Litov TbMHa maTepus Sofia, 2 June 2022
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ATLAS, CMS, ALICE and LHCDb

T 1y
SEn e Gy,
Arna I __ - P suic g8
MUON CHAMBERS INNER TRACKER CRYSTAL ECAL
Muon Detectors Electromagnetic Calorimeters L . [ e TRACKER | =g l
A
Solenoid Forward Calorimeters

“VERY FORWARD
CALORIMETER

End Cap Toroid

_______

e ——

Ty,

7

T s

Total Weight s
X Overall diameter : o

o Rl Overall length : 21.60m
Shielding Magnetic field : 4 Tesla

'

3 Inner Detector
Barrel Toroid Hadronic Calorimeters

ATLAS — A Toroidal LHC Apparatus

gcaL HCAL
SPD/PS
RICH2 M

7
7| /IRicH]

XN A16pns . Sofia, 2 June 2022
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CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m?> ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels



CERN

LHC and CMS performance

Excellent performance of LHC

CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

L. Litov TbMHa maTepus Sofia, 2 June 2022



CERN

BeKkTopeH npeHocuTten

Dark matter mass M, [GeV]

CMS Pre

2000

minary

Moriond 2022
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L. Litov

Mediator mass M

TbMHa maTepus

[GeV]

med

Exclusion at 95% CL

— Observed

= = = = Expected

Boosted dijet (77 fb™)

[arXiv:1909.04114]

Dijet w/ btag (19.7 fo")

[arXiv:1802.06149]

Dijet w/ ISR (18.3fb™)

[arXiv:1911.03761]

Dijet (35.9-137 fb™"
[arXiv:1806.00843]
[arXiv:1911.03947]

DM + j/V(qq) (137 tb™)

[arXiv:2107.13021]

DM + v (359 fo!)

[arXiv:1810.00196]

DM + Z(Il) (137 fb™)
[arXiv:2008.04735]

Sofia, 2 June 2022




CERN

AKcunaneH BeKTop

CMS Preliminary

Moriond 2022
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L. Litov

Mediator mass M, [GeV]

TbMHa maTepus

00

Exclusion at 95% CL

— Observed

= = = = Expected

Boosted dijet (77 fb™)

[arXiv:1908.04114]

Dijet w/ btag (19.7 tb™)
[arXiv:1802.06149]

Dijet w/ ISR j (18.3fb™)

[arXiv:1911.03761]

Dijet (35.9-137 tb™)
[arXiv:1806.00843]
farXiv:1911.03947]

DM + j/V(qq) (137 fb'')
[arXiv:2107.13021]

DM + v (35.9 fb™)
[arXiv:1810.00196]

DM + Z(ll) (137 fb™)
[arXiv:2008.04735]

Sofia, 2 June 2022




CERN

CkanapeH npeHocuTten
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L. Litov

CMS Preliminary LHCP 2020
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CERN

3aKkn4yeHue

U Temua maTepus
» CncraBisBa 84,25 % ot maTepusaTa BbB Beenenara

> Omnpenensina pojs 3a pasiiMpeHrero Ha Beenenara B neproja
47000-9.8 x 10°r.

» Omnpenensima poiist 3a GOPMHPAHETO HA 3BE3H, TaJaKTUKU U
raJakTUYHU KYIOBE

» YyacTBa B I'paBUTAIlMOHHU B3aUMOCHCTBHS
» Hamame ykazaHme 3a ygacTHe B JPYTH BHAOBE B3aUMOICHCTBUS
» He e u3BeCTHO OT KaKkBM YAaCTUIIM € ChCTABEHA

» IlpoBexxaaT ce MHOKECTBO €KCIIEPUMEHTH 3a ThPCEHE Ha IPYTH
HEWUHU B3aUMOJICUCTBUSA U OINPEACIISIHE HA CTPYKTypara u.

L. Litov TbmMHa maTepus Sofia, 2 June 2022
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CERN

brnazodaps 3a eHUMTHLEHO!

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

Dark matter

Assuming DM is WIMP

DM\ /DIVI DM\ /SVI SM\ /DM
gw/ ~Nav om—~ N M~ DM

Direct detection Indirect detection Collider searches
(WIMP-nucleon scattering) (WIMP annihilation) (WIMP pair production)
SM Run2 DM S oA
Med
SM DM SM SM

DM interpretation with mediator interaction
ETmiss+ X a.k.a. Mono-X
e Xfrom ISR jet, b, t,y, W, Z

q X

DM(my )

q DM(my)

L. Litov Sofia, 2 June 2022



CERN

Dark Matter

Moy [GeV]

CMS Preliminary Dark Matter Summary ICHEF 2016
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L. Litov TbmHa maTepus Sofia, 2 June 2022
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Dark matter summ

CMS Preliminary

Dark Matter Summary® - June 2016

DM + jets/\V/(d)
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L. Litov TbMmHa maTepus
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Sofia, 2 June 2022
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Hidden valley models

Observable sector
SM

- LitoV¥jtov

Particles

Charged Under
SM and HV

TbMHa maTepus

Hidden sector
G, with v-matter

Sofia, 2 June 2022




CERN

Mediator couplings

» spin-independent
v’ scalar or vector coupling

v’ scattering cross section: amplitude proportional to
number of nucleons (i.e., mass of nucleus)

» spin-dependent
v' axial-vector or pseudo-scalar coupling

» very different sensitivities in direct-detection
experiments

v may differ by about six orders of magnitude

SM SM
Med
SM SM

L. Litov TbmMHa maTepus Sofia, 2 June 2022
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L. Litov

10+ sec 102 sec 10°sec 104 sec 100 sec 300000 years

10% m 10% m 10 m 10% m 1045 m 100 m

10" GeV 10" GeV 10° GeV 1GeV 1 Mev 10 eV
Magnetism

QED

Short range

Quantum ~ QCD Nuclear Force

Gravity - Shoit range

_ Super Kepler Celestial
Unification o

Universal ravity

....... Long range

ravitation

Einsteln, Newton Terrestrial

Gallel  Gravity

Theories:

STRINGS? RELATIVISTIC/QUANTUM CLASSICAL

TbMHa matepus

Sofia, 2 June 2022
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L. Litov TbMHa maTepus Sofia, 2 June 2022
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> t<10% cek

» KBaHTOBa rpaBuTauus

> 10%3cek (101° GeV, 1032 K, 1034 m)
» [paBuTaumnaTta ce otaend

» [1bpBO HapyLleHne Ha cuMeTpudaTa
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A CHRONOLOGY OF THE UNIVERSE

104 c. MpoTOHM N HeyTpoHM

Life Now
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dopmupaHe Ha He aapa

HeyTpoHuTe ce 3axBawlaT B aaparta
OcTtaHanuTe ce pasnagat n/p = 13: 87
BceneHaTta ce cbeTtom ot H/He =75:25
EnekTpoHeH ras
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Habnropaema BceneHa

..
1022 ¢ 107105 200s 3x10 3yr 4 1x10 % 31 lel
Inflation Electro-wezk | Particle |Recombinz Calaxy and Star| Present
Era Era Era Era Era Formation Era

Sofia, 2 June 2022




CERN

Goal of the experiment

4 Physical objects 4 Goals

reconstructed > Precise test of SM

» Tracks of charged = measurement of its
particles parameters
» photons = search for deviations
» Electrons from the SM
> Hadron jets predictions
> Missing energy » New physics
> Muons = New particles
= New phenomena

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

PasmmupsaBaina ce BecejieHa

» Kak ce onpenens pa3cTOSTHUETO MEXKIYy Ba 00EKTa

» Pemenne Ha ypaBHeHUATA Ha AWHIATH
» Merpuka Ha Friedmann—Lemaitre—Robertson—Walker (FLRW)

ds* = a(t)* ds? — ¢* dt’

> s, 3aBHCH OT KPUBHHATA K

» a(t) — ckamupar dpaxTop

> d(t) = a(t) d(ty)

» PascTosHHETO MEXAYy ABAa HEMOABIKHU CAUH CIPSIMO IPYT
00EKTa ce€ MPOMEHS C BPEMETO

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

KocmonormyHa KOHCTaHTa

> BbBepgeHa oT AHLANH
» [eHepupa TbMHaTa eHeprug

» BakyymMmHa eHeprma — nbTHOCT Ha
eHeprudaTa Ha Bakyyma

v" OT E = mc? - maca, kKoa1o Mmoxe
Oa reHepupa rpaBuUTaLMOHHO
B3aumMoaeuncTeme

v' ['eHepupa oTpuLaTenHo
HandraHe paBHO Ha MITbTHOCTTA
Ha eHeprusaTa

» O0sacHeHune

v KTl - kBaHTOBM bnyKTyaummn Ha
BaKyyma

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

[1poCcTpaHCTBO-BpEME

N MaTepus

L. Litov TbMHa maTepus Sofia, 2 June 2022



CERN

Lambda-CDM mopen

» KocMmoiornyna koHcTanTa — A
» 00MKHOBEHA MaTepus (OaprOHHA + paguaIms)
» TbMHaA MaTepus
a(t) — moxxe 11a ce u3MepHu
1
a(tem)

N3menenunero Ha a(t)

=1+ z.

H(t) = oy napameTsp Ha Hubble
a

H? =
a 3 a 3
P — INTBTHOCT Ha MaTepusTa (MaTepus + paadanus)

(fm)‘* 87G ket A

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

_ MAP920006
L. Litov A S oulia, 2 June 2022



CERN

Lambda-CDM mopen

BbBexaa ce kputnuiHa mibTHOCT — k=0, A =0

2
3H;
8
Penyrnupana koncranta Ha Hubble

= 1.878 47(23) x 10 *®* h* kg m ¥,

Perit =

h= H,/(100 km s~ ' Mpc ')

Nt=1 SrGp.(t =1t
Jeurmpaye ﬂjz'ﬂ'{ 0) _ 8nGp.(t = ty)

Perit 3H [?

X - 0030HHA Martepusi, ThMHA MaTepus, paguanus (GPOTOHH, peJl. HEYTPUHO), ThMHA
eHeprus (KOCMOJIOTMYHAa KOHCTAHTA)

f
H(a) = H, 1‘;'ﬂm.c.-,--’* 4+ Qga 0y

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

Lambda-CDM mopen

[lHec Qrag ~ 1077

Monyuyasame  @(t) = (Q /Q4) " sinh® (¢ /4)
KbOAETO trn = 2/(3Hg/M2y) ;

» [paHuua mexagy 3abaBsiLLo ce N YCKopsBaLLo ce paslunpeHmne
1/3
a= (8, /20,)"

» Pexuma Ha paswmpeHue Ha BceneHaTa 3aBucum
v [InbTHOCTTA Ha MaTepusaTa

v' CTOMHOCTTa Ha KOCMOJIOrM4yHaTa KOHCTaHTa

L. Litov TbmMHa maTepus Sofia, 2 June 2022



CERN

CynepHoBM OT TUn la

1 CynepHoBu OT TUN la

» benu oxyokeTta B ABOUHA
cucrtema

» 3byxBaT npu doukcupaHa
mMaca

» N3xBbpnaTt egHo U CbLO
KONMMYeCTBO CBETNMHA

» CTaHpapTHa cBel 3a
N3MepBaHE Ha Pa3CTOsAHME

d N3mepBa ce napanenHo u
4yepBEHOTO OTMECTBAHE

J BceneHarta ce paswmpsaBa
yCcKopsiBaLlo ce

L. Litov TbmMHa maTepus Sofia, 2 June 2022




CERN

Hubble constant

Baryon density parameterl!

Dark matter density
parameter®

Matter density parameterlt!

Dark energy density
parameter®

Critical density

Age at decoupling

Aqge of the universe

Total density parameter

L. Litov

Lambda-CDM napameTpwu

Q tot

TbMHa maTepus

67.74+0.46 km s~ Mpc™
0.0486+0.0010t!

0.2589+0.0057!
0.3089+0.0062
0.6911+0.0062

(8.62+0.12)x1072%7 kg/m?
377700+£3200 years

13.799+0.021 x 10° years

1.0023+0.0056
—0.0054

Sofia, 2 June 2022
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CERN

3aKn4yeHue

1 TeMHa eHEprus
» Jlommaupama BB Beenenarta — 69 % oT CbABPKUMOTO H

» Ornpejenst yCKOpsABAaIIOTO ce pasiupenne Ha Beenenara B
nepuoja ciex 9.8 x 10° .

> HeliHusaT U3TOYHUK
v" Kocmojiornuna koactanta A ~ 2. x 10 -3

v" CkamapHo mnoJe 3ambiaBamio Beenaenara (Quintessence)

L. Litov TbmMHa maTepus Sofia, 2 June 2022



