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» [1pocTpaHCTBO — BpeMe
» TbpceHe Ha TbMHa MaTepuA Ha LHC
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CERN

[lpocTpaHCTBO, BpemMe U matepus

» OCHOBHU XUMNoTe3un

v' [poCTpaHCTBOTO, BPEMETO U MaTepUATa ca ce poannn
eHOBPEMEHHO

v’ HeBupgmmaTa 3a Hac 4acT oT BceneHaTta nma cbLmTe
CBOWCTBA, KaTo HabntogaemaTta

v Mopen Ha ,[ onemuna B3puB*
» Bbnpocu
v OT KakBO e cbCTaBeHa maTtepuaTa?
v' KakBK ca cBoucTBaTa Ha NpoOCTPaHCTBO — BPEMETO?
v Kak ce e passuBana Bcenenata?
v 3allo e TakaBa?

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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MaTtepuAa

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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MaTtepua

TpAbGBa oa OTroBOpMM Ha OBa
doyHOoameHTanHMU BbMpoca

-Koun ca enemeHTapHuTe
CbCTaBALLM HA maTepuAaTa?

-Kow ca pyHoameHTanHuTe
CUNN KOHTpONMpaLLn

TAXHOTO noBepeHne ?

L. Litov TbMHaTa cTpaHa HZAe
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CtaHpapTeH moaen

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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[MpeuunsHa nposepka Ha CM

June 2021 CMS Preliminary
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L. Litov I bMHd 1d C1pPdHd Hd bCelieHd l d Sofia, 16 November 2023
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TbMHa maTepuA

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023



CERN

TbMHa maTepua

» Jlopo KeneuH — 1884

v [lncnepcma Ha CKOPOCTUTE Ha
3Be3aunTe

» AHpu lNoaHkape — 1906

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

» Opuy LIBukn — 1933

v I3cnenBa ABUMXXEHUETO Ha
ranaktTuTe B Knbctepa Coma

» Bepa PybuH, KeHT ®opg — 1980
v OMTUYHU KPUBU HA BbPTEHE

Coma clyster

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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[[anakKTU4HU KPpUBU Ha BbPTEHE

L. Litov

Observations

from starlight Observations from

21 cm hydrogen

Velocity

(km s-1)

Expected from
the visible disk

20,000 30,000 40,000

Distance (light years)

CnupanHa ranaktuka Messier 33

TbmMHaTa cTpaHa Ha BceneHaTta

arXiv:astro-ph/9909252

Sofia, 16 November 2023


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

CERN

[[anakKTU4HU KPpUBU Ha BbPTEHE

FanakTuka 6e3 n ¢ TbMHa maTepuA

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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[[anakKTU4HU KPpUBU Ha BbPTEHE

BNU3KU U oTAAaNe4YeHU ralakTuku

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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N3mepBaHe Ha gaucnepcuATa Ha CKOpPOCTUTE

L. Litov

» VIamepBa ce gucnepcuAaTa Ha paananHUTe CKOPOCTU
(3Be3gMn, ranakTuku)

> anonsBsa ce Teopema Ha BMpuana

(T)r = —%{Vmﬂf-

» 1amepBa ce oonnepoBo ylwmMpeHne Ha NMHUUTe

» [aBa nonHa rpaHuua 3a mMacarta Ha ranakTtumkarta unm
KnbcTepa

» [loTBbprKAaBa CbLECTBYBAHETO HA TbMHaA MaTepuA

TbMHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023



'paBUTAUMOHHU NeLun

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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'paBUTAUMOHHU NeLun
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Hubble space telescope Abell 1689.

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023


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

CERN

'paBUTAUMOHHU NeLun

arXiv:1702.04348

MACS J416.1-2403

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023


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

CERN

PopmMupaHe Ha CTPYKTYpH

L. Litov

» [lpnemame, ye BceneHaTta e XoMoreHHa

» Mankun HeeHOPOOHOCTW, OKOJI0O KOUTO ce hopmmpart
3Be30M, raslakKTUKnM 1 T.H.

» Epa goMmuHupaHa oT paguauna (OTOHN, HEYTPUHO)

v’ B3aumopencTtBaTt ¢ 6apnoHHaTa matepma (MPOTOHW,
HEYTPOHW, ENEKTPOHMN)

v’ 3annyaBat Te3n HeeaHOPOAHOCTHN
» TbMHaTa MmaTtepuAa He B3aMMOOeNCcTBa C pagunaunAaTa
» 3anasBa CTpyKTypaTa Ha HeeaHOPO4HOCTUTE

» bapuoHHaTa maTtepuA crnegBa TbMHaTa (NoTeHuman Ha
npuBfinyaHe)

TbMHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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Fritz Zwiky — 125 .

1 Poxen Bapna 1898 r.

O 3apspmmr ETH, Hiopux

O CAIIL - 1925

 Hayunu oTkputus
] cBpBXHOBH M HEYTPOHHHU 3BE3/I1
U crapmapTHU cBemm
U TeMHa MaTepus
] rpaBUTAlIMOHHM JICIIH
] xaTano3u ¢ TalakTUKU U KIIbCTEPU
 mopdonornuen ananus

J PeaktuBHUM nBUTATEN

L. Litov TbmHaTa cTpaHa Ha BceneHaTa Sofia, 16 November 2023
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KiDS mnacnenBaHe MNRAS 000, 1-49 (2016)

3 MUJIMOHA ranakTUuKu

00 6 Mmunnapga CBET/IMHHU roguHu
[1now, 420 x nbsiHa nyHa (1% ot HebecHaTa cdhepa)

L. Litov TbmHaTa cTpaHa Ha BceneHaTa Sofia, 16 November 2023
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N. Jeffrey; Dark Energy Survey Collaboration Dark Matter map from DES observations

Dark Energy Survey Collaboration 2021
100 million galaxies

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023



Pa3snpeneneHve Ha TbMHaTa MmaTepuA

Dark Energy Survey Collaboration 2021 - 100 million galaxies

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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EnpomaliabHa CTpyKTypa Ha TbMHaTa maTepus

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

3d KapTa Ha TbMHaTa maTepua-
O9xJlyHn, z=0-1

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023


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

CERN

ChnunBaHe Ha raflakTuku

» Bulet knbcTep
» [lBa ranakTu4Hu Kyna
> 3Be3au

v’ cnabo
rpaBUTaLMOHHO
3abaBAaHe

> [as

v EnekTpomMarHuTHO
B3aMoOencTBume,
CUTHO 3abaBAaHe

» TbMHa maTepuA

» Camo rpaBMTaLMOHHO [
B3aMmMogencTene

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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Marepus

O 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 TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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[IpoCcTpaHCTBO-BpeEME

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023



CERN

IIpocTpaHCcTBO - Bpeme

1 IIpocTpaHCTBO BpeMETO €

» UeTupuMepHO - €IHO BPEMEBO M TPH IIPOCTPAHCTBEHU
U3MEPCHUS

» Enmnopoano
» N3oTpomHo
U CrnencrBus

» Bceku pusnueckn 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 TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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PaswupABalia ce BceneHa

L. Litov

@W‘:f\/\/\/a 4
™ 2000

H,=68 km/s Mpc
Edekt Ha Jloriep
Otnaneyanall] c€ 0OEKT — YEPBEHO
[IpuOnmxkagaiil ce 00EKT — CUHBO
H3mepBariku OTMECTBAHETO - CKOPOCT

Redshift (km/s)
o
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Virgo Cluster
| >
0 10 20
3axoH Ha Hubble Distance (Mpc)
JInHerHa 3aBUCUMOCT MEXKY Pa3CTOAHUETO

10 I'aJIJaKTHKAaTa 1 YCPBCHOTO OTMCCTBAHC

Bcesienara ce pasmupsiBa!

TbMHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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PaswupABalia ce BceneHa

L. Litov

d ETanu

> Epa ooMyHMpaHa oT paguaumAaTa a(t) oc t'/2.
v' DOTOHU 1 PENaATUBUCTKU HEYTPUHA
v' OT nHonaumaTa oo ~47 000 r.
v’ 3abaBALlo ce paswmpeHme

> Epa pomuHupaHa oT matepuaTa a(t) oc 27
v’ 47 000 go 9.8 mmnuapparr.
v’ 3abaBALlo ce paswmpeHme
v' PenunkToBo uanbyBaHe — 377 000 r.
v' [lpospayvHa BceneHa

> Epa gomvHupaHa oT TbMHaTta eHeprua  a(t) o< exp(Ht)
v 0T19.8x10°T.
v YckopAaBawo ce paswmnpeHne

TbMHaTa cTpaHa Ha BceneHaTta

Sofia, 16 November 2023
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PaswupAaBalia ce BceneHa

Dark Energy
Accelerated Expansion

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

= 7 - \ 7'..:['_,,‘
70 N o AN SRCA P S T S
N\ ey :
-

O A R
Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023




CERN

T ~28K

HeepHopopaHocTu ~ 1/ 100 000

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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bapuoHHU 3BYKOBU ocuuauuu

Angular scale
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L. Litov

Multipole moment {

TbMHaTa cTpaHa Ha BceneHaTta

Atoms
Dark
4.6% Energy
72%
Dark ’
Matter
23%
TODAY
Neutrinos Dark
10% Matter
63%
Photons
15%
Atoms
12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Sofia, 16 November 2023
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CynepHoBM OT T!N la

O CynepHoBuM OT TUN la

» benn pXyoykeTta B OBOVHA
cucrtema

> N3byxBaT npu pmkcmpaHa
maca

» 13XBBbpPNAT €4HO U CbLLUO
KOJINYEeCTBO CBeT/InHa

» CTaHOoapTHa cBely 3a
n3mepBaHe Ha pa3CcToAHME

d NIamepBa ce napanenHo v
4epBEHOTO OTMECTBaHe

 BceneHaTa ce paswunpasa
ycKopABaLLo ce

L. Litov TbmHaTa cTpaHa Ha BceneHaTa Sofia, 16 November 2023
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Lambda-CDM napameTpu

Hubble constant H, 67.74+0.46 km s=! Mpc-T

Baryon density parameterl Q, 0.0486+0.0010L€l

Dark mattebr density Q, 0.2589+0. 005711

parameterl

Matter density parameter®l Q. 0.3089+0.0062

Dark energy density Q, 0.6911:+0.0062

parameterl

Critical density Perit (8.62+0.12)x10-27 kg/m?

Age at decoupling t, 377700x3200 years

Age of the universe to 13.799+0.021 x 10° years
: 1.0023+0.0056

Total density parameter Q tot _0.0054

L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023


https://en.wikipedia.org/wiki/Hubble_constant
https://en.wikipedia.org/wiki/Parsec
https://en.wikipedia.org/wiki/Lambda-CDM_model#cite_note-density-22
https://en.wikipedia.org/wiki/Lambda-CDM_model#cite_note-25
https://en.wikipedia.org/wiki/Lambda-CDM_model#cite_note-density-22
https://en.wikipedia.org/wiki/Lambda-CDM_model#cite_note-26
https://en.wikipedia.org/wiki/Lambda-CDM_model#cite_note-density-22
https://en.wikipedia.org/wiki/Dark_energy
https://en.wikipedia.org/wiki/Lambda-CDM_model#cite_note-density-22
https://en.wikipedia.org/wiki/Critical_density_(cosmology)
https://en.wikipedia.org/wiki/Kilogram_per_cubic_metre
https://en.wikipedia.org/wiki/Age_of_the_universe

KakBo e cbAbpP)>XUMOTO Ha BceneHaTa ?

“Normal matter”

Dark Energy
69.2%

Dark matter
25.9%

L. Litov > \ 16 November 2023
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OT KakBO € cbCTaBeHa

TbMHaTa MaTepuA

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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Kak Mmo)e noa ce HabrogaBa TbMHa
MmaTtepusa

..... AKO B3anmopgencTBa rnoHe csabo ¢ yactuynte ot CM

(Ho modice u Oa ne cme kbcmemauu) » NHONPEKTHO: DM

thermal freeze-out (early Univ.) aHnxunauua Pamela, Fermi,

indirect detection (now) AMS, IceCube
-
> ANpPeKTHO: DM-HYKJTOHHO
DM SM pascenBaHe

v [1eTeKTopun C TEeYHN

6bnaropogHu rasose
v LUX, XENON

v' KpnoreHHn TBbpA0TENHN
DM SM AeTEeKTOopU

” v' SuperCDMS, CRESST
production at colliders > Pa)naHe B KOﬂaIZ,uepM
» Kak MoXxem ga nonydmm
Towmara crpara va BeekelFHAT OT ,HEBUONM® Qgﬁ,ﬁ-ﬁgember 2023

direct detection

L. Litov
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EcdekTBHU noneBu moaenu

q DM q DM

OnpocTteHun mopenu

-5 g, ) g
Mediator\
— q DM
q DM
v' LHC Run 1 (mo 2012): DM » LHC Run 2, 3 (2015 - 2023):
WHTEPNPETALNSA B PAMKUATE HA M3II0JI3BAHE HA OMIPOCTEHU MOJIEIIH
€(DEKTUBHU MOJIEBU MOAECTU > 13 (13.6) TeV eneprus
v KoHTaKkTHU B3aUMOICHCTBHS, » = BLIMOKHOCT 34 TOJISIM
BAJIMJHU aKO MAacaTa Ha IpeaIeH IMITYIIC
MPEHOCUTEIIA >> HpeaaeHN » = EFT craBar HeajekBaTHU
UMITYJIC

» ExcrmnuTHO neduHUpaHT

v 7u8TeV eneprus IIPEHOCHUTENH

v HeBanugHu mpu rojasm

» Habop ot monenn
TpaHcdep Ha eHeprus

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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OnpocTteHu

Mmoaenu

Mono-X curHan
SM — npeHocuten — DM

mono-jet, mono-photon, mono-Z,
mono-W, mono-H

Buaum (pesoHaHCc) curHan

SM — npeHocuten — SM

dijet, ditop, dilepton

pecoHaHCH

Define simplified model with
(minimum) 4 parameters

DM

Consider comprehensive set

of diagrams for mediator

fermion | complex

Mediator mass| DM mass Dirac Scalar - Vect s
(Mmed) (Mpm) fermion real S0k VeSOl
Maj Scalar -
£q £DM i | ) Scalar Pseudoscalar

L. Litov

el S S L

Sofia, 16 November 2023
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Pa)xgaHe Ha DM B Konanpepwu

» [unpekTHO paxxpaHe Ha DM
OBovika

v" CurHan camo oT
n3nbyBaHe B Ha4Yas1HO
cbCcToAHME (ISR)

v' “Mono-Jet” curHan
v" or Mono-Photon, Mono-V,

(Mono-Z, Mono-W), b
Mono-Higgs, Mono-Top D W
N T.H. P = Q: ~0
- =T X1

» Pa)kgaHe Ha TbMHa MaTepud -~ X1

B KackagHu pasnaau S~ Xd o
v CynepcuMeTpus Cbe » ¢ < i—: =
cbxpaHABaHe Ha R- w

YyeTHOCTTA b

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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L. Li
itov TbMHaTa cTpaHa Ha BceneHaTta Sofia, 16 N
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Acclerator complex at CERN

L. Litov

—- -+

2007 [27 km)

oy 0.999999c

v F, neutrinos
CN[:;‘\l

Gran Sasso

EEEEIREER
. BOOSTER

2005 (78 m

b ion  » neutrons » p[antiproton]) - /antiproton conversion  » neutrinos b electron

LHC Large Hadron Collider SPS Super Proton Synchrotron PS Proton Synchrotron

AD Antiproton Decelerator CTF3 Clic Test Facility CONGS Cern Neutrinos to Gran Sasso  ISOLDE  |sotope Separator Online DEvice
LEIR Low Energylon Ring LUNAC LiNear ACcelerator n-ToF Meutrons Time Of Flight
TbMHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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ATLAS, CMS, ALICE and LHCDb
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LHCDb S - z ALICE — A Large lon Collider Experiment



CMS DETECTOR STEEL RETURN YOKE

CERN Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter : 15.0 m
Overall length  :28.7m
Magnetic field :3.8T

SILICON TRACKERS
Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m?> ~9.6M channels

IR

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

2023



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

100

2010, 7 TeV, 45.0 pb !
2011, 7 TeV, 6.1 fb !
2012, 8 TeV, 23.3 1 !
2015, 13 TeV, 4.2 b '
2016, 13 TeV, 41.0 b !
2017, 13 TeV, 49.8 b *
2018, 13 TeV, 68.2 b '
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L. Litov TbMHaTa cTpaHa Ha BceneHnata
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Sofia, 16 November 2023
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L. Li
itov TbMHaTa cTpaHa Ha BceneHaTta Sofia, 16 N
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BekTOpeH npeHocuUTen

800

[arXiv:1911.03761]
Dijet (35.9-137 fb™"
[arXiv:1806.00843]
[arXiv:1911.03947]

DM + j/V(qq) (137 tb™)
[arXiv:2107.13021]
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AKcuaneH BeKTop

CMS Prellmlnary Moriond 2022
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CkanapeH npeHocurten

, CMS Preliminary LHCP 2020
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L. Litov
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CERN

3aknrouyeHue

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

> Omnpezensina pois 3a pasiMpenrero 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
» Hsamame ykaszaHue 3a y4acTHe B IPYTH BUAOBE B3aUMOICHCTBUS
» He e u3BeCTHO OT KaKBHM YacTUIIU € ChCTaBCHA

» IIpoBexaaT ce MHOXKECTBO €KCIIEPHMEHTH 3a ThbPCEHE Ha APYTHU
HEWHU B3aUMOJEUCTBHUSA U OIIPEJICIIIHE HA CTPYKTypara u.

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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3aknrouyeHue

U TemHa eHeprus
» Jlommaupama BsB Beenenara — 69 % OT ChbABPKUMOTO U

» Omnpenens yCKOPSBAIIOTO ce pa3lnpeHre Ha BeenenaTa B mepuoja ciien 9.8 x
10° .

> HeliHuST U3TOYHUK
v' KocMmosiornuna koactanta A ~ 2. x 10 -3

v" Ckanmapso moJie 3ambiBamnio Beenenara (Quintessence)

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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CERN

brnazodaps 3a HUMTHLEHO!

L. Litov TbmHaTa cTpaHa Ha BceneHaTa Sofia, 16 November 2023
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Dark matter

Assuming DM is WIMP

DM\ /DIVI DM\ /SVI SM\ /DM
gw’//’ v om-" Nav M~ DM

Direct detection Indirect detection Collider searches
(WIMP-nucleon scattering) (WIMP annihilation) (WIMP pair production)
Run? | SM SM

SM DM
>QM<
SM DM SM
DM interpretation with mediator interaction

ETmiss+ X a.k.a. Mono-X
e X from ISR jet, b, t,y, W, Z

SM

X

4q

DM(my)

q DM(my)
L. Litov Sofia, 16 November 2023
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Dark Matter

CMS Preliminary Dark Matter Summary ICHEF 2016
> = . : i ]
i 00 f_ Observed exclusion 953 CL ;‘:f';’;;t;:zd'at“ﬂ Dirac DM
2 C DM + JV_ [EXO-16-037]
E so0
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— > 10 =
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L. Litov TbmHaTa cTpaHa Ha BceneHaTta Sofia, 16 November 2023
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Dark matter summa

CMS Preliminary Dark Matter Summary® - June 2016
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L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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Hidden valley models

L. Litov

Observable sector
SM

L.

Litov

Particles

Charged Under
SM and HV

TbMHaTa cTpaHa Ha BceneHaTta

Hidden sector

G, with v-matter

Sofia, 16 November 2023
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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

SM SM

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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L. Litov

10 m 10= m 105 m 10 m

10" m

10 m

10" GeV  10®GeV 10° GeV 1GeV 1 Mev 10 eV
Magnetism
Q ED Electro Long range
magnetism
Electroweak Maxwell
< Weak Th Weak Force
eak Theo
Grand 24 e; - —
e S ort range
Unification v
Ouantu_m QCD Nuclear Force
Gravity Short range
" Super !
Urification Kepler Celestial

Universal

Gravitation
Einstein, Newton

Gravity
Long range
Terrestrial

Galilei  Gravity

Theories:
STRINGS? RELATIVISTIC/QUANTUM

CLASSICAL

TbMHaTa cTpaHa Ha BceneHaTta

Sofia, 16 November 2023
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A CHRONOLOGY OF THE UNIVERSE

Life

Galaxy disks

Quasars
Galaxy spheroids

Protogalaxies;
first stars

Decoupling

Matter domination

Hydrogen plaem*n

\f e

Nucleosynthesis
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S

Electron-quark soup

Pl ot

\q h,\/\‘ .
Inflation

(é‘;‘ Grand unification

Planck epoch (quantum gravity)

Electron-positron
pairs annihilate

Protons and neutrons created

Weak and electromagnetic
torces separate

Baryon genesis

Radius of the universe ————»

Now

S billion yr

3 billion yr

1 billien yr

300,000 yr

10,000 yr
3 min

ls

10 s
10:20s
1075
10°%s
10°%s

The big bang

B HauanoTto BceneHarta e 6una
HaucTuHa ropetua, ama MHOro
ropeiua!

> t1<10% cek

» KBaHTOBa rpaBmTauuA

> 1043cek (10*° GeV, 10%? K, 1034 m)
» [paBuTaumATa ce otoenAd

» [NbpBO HapyLleHMne Ha cUMeTpUATa
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A CHRONOLOGY OF THE UNIVERSE

CERN

Life

Galaxy disks

Quasars
Galaxy spheroids

Protogalaxies;
first stars

Decoupling

Matter domination

Hydrogen plasma e
‘. H{ ® r)’f o . 1\1
° L
=t

Lt

Nucleosynthesis

Electron-positron

:rr' '-rrl ° '\_L‘. X pairs annihilate
: ®

: A q . Protons and neutrons created

Electron-quark soup Weak and electromagnetic

"JJ” z W H‘L J forces separate

.‘-‘11 YA Baryon genesis
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Inflation

Grand unification
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10 °s
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The big bang
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1035cek (10 GeV, 10?7 K, 103? m)
NHpnauma — 10-3% - 1032 ¢.
YBenunyeHne Ha pasmepa 100
Habniogaemata BceneHa — 3 wm.

10-32 ¢. - CunHUTE B3anMoaencTema ce
oToenAaT

AcnmeTpuAa Mexxay maTtepua u
aHTMmaTepma (1079)

KBapk-rnyoHHa nnasma
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A CHRONOLOGY OF THE UNIVERSE

Life

Galaxy disks

Quasars
Galaxy spheroids

Protogalaxies;
first stars

Decoupling

Matter domination

Hydrogen plasma

\f e

Nucleosynthesis

.\.gk \m
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Electron-positron
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Electron-quark soup

e
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Inflation

(é((‘ Grand unification
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Weak and electromagnetic
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The big bang

10+ c. NMpoTOoHU n HeyTpoHM

104cek (1 GeV, 1013 K, 1016 m)
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A CHRONOLOGY OF THE UNIVERSE

Life
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Ha6nwoanaema BceneHa

Lia-

m 1032 ¢ 10710 5 200s 3x109yr 4 1x10% 31 lel
Inflation Electro-wezk | Particle [Recombingffon Galaxy and Star| Present
Era Era Era Era Era Formation Era
. o i3

Ha6bniopnaema uHcpopmauMﬂ oT usmepBHuﬂ C

L. Litov TeneckKkonu Sofia, 16 November 2023




CERN

Goal of the experiment

 Physical objects
reconstructed

» Tracks of charged
particles

» photons

» Electrons

» Hadron jets

» Missing energy
» Muons

1 Goals
> Precise test of SM

= measurement of its
parameters

= search for deviations
from the SM
predictions

» New physics
= New particles
= New phenomena

L. Litov

TbMHaTa cTpaHa Ha BceneHaTta

Sofia, 16 November 2023



CERN

PasmupsBaina ce BcejieHna

» Kak ce ompenens pa3cTOSHHETO MEXIYy ABAa OOCKTa

» Penrenue Ha ypaBHEHUSITA HA AMHIIANH
» Metpuka Ha Friedmann—Lemaitre—Robertson—Walker (FLRW)

ds* = a(t)* ds? — ¢* dt’

> (dS;° 3aBHCH OT KPUBUHATA K

» a(t) — ckamupam dpaxTop

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

» PascTosHHETO MEXXAYy IBAa HEMOABIXKHU €AUH CHPSIMO IPYT
00EKTa ce€ MPOMEHS C BPEMETO

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023



CERN

KocmMmonornyHa KoOHCTaHTa

» BbBepgeHa oT AHLWANH
» [eHepupa TbMHaTa eHepruA

» BakyymHa eHeprvuAa — nNbTHOCT Ha
eHepruATa Ha Bakyyma

v' OT E = mc? - maca, KoATO MOXe
0a reHepupa rpaBUTaLUoOHHO
B3anMogencTBume

v' ['eHepupa oTpuuaTesiHo
HanAraHe paBHO Ha NJTbTHOCTTA
Ha eHepruATa

» (ObAacHeHue

v KTl — kBaHTOBM (piyKTyaumn Ha
BaKyyma

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023
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[IpoCcTpaHCTBO-BpeEME

n matepus

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023



CERN

Lambda-CDM mopen

L. Litov

» Kocmomornuna koHcTanTa — A
» 00MKHOBEHA MaTepwus (OaprOHHA + paguaIus)
» TobMHaA MaTepus
a(t) — moxxe 11a ce u3MepHu
1
a(tem)

N3menenunero Ha a(t)

=1+ z.

H(t) = oy napameTsp Ha Hubble
a

=y 2 2 2
H? — (2) EnGG ke _I_fi_f:r

P — INTBTHOCT Ha MaTepusTa (MaTepus + pagdanus)

TbMHaTa cTpaHa Ha BceneHaTta

Sofia, 16 November 2023
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KpuBuUHa Ha NpOCTPaHCTBOTO

_ MAP990006 :
L. L|tOV i e et i e v e e s e SOfla, 16 November 2023



CERN

Lambda-CDM mopen

BbBexaa ce kputuiHa mirbTHOCT — k=0, A =0

2
3H;
8
Penymupana koncranta Ha Hubble

Perit = = 1.878 47(23) x 10 *®* h* kg m ¥,

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

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

Perit 3H g

X - 0030HHA Martepusi, ThMHA MaTepus, paauanus (GPOTOHH, pell. HEYTPUHO), ThMHA
eHeprus (KOCMOJOTrMYHa KOHCTaHTA)

|II _ —
H{ﬂ*} — Hﬂvlﬂm"l " ﬂrmlﬂ h + ﬂh

L. Litov TbmHaTa cTpaHa Ha BceneHata Sofia, 16 November 2023



CERN

Lambda-CDM mopen

L. Litov

[Hec Draqg ~ 1071

Monyuasame  @(t) = (£2m/ 04)YF sinh® (t/ty)
KbOETO ty = 2/(3Hp+/S2y) ;

» [paHnua mexay 3abaBALo ce N YyCKOpABAaLLO ce pasLlunpeHne
1/3
a= (1, /20,)"

» PexXunma Ha paswmpeHmne Ha BceneHata 3aBucu
v [InbTHOCTTA Ha maTepuAaTa
v' CTOMHOCTTa Ha KOCMOornyHaTa KOHCTaHTa

TbMHaTa cTpaHa Ha BceneHaTta

Sofia, 16 November 2023



