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YKpalHCbKI BHeckn B ekcnepumeHTn LHC
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Bennknm aipoHHUU Konanaep

CTO MiIbSAPIIB CTO MiNbSIP/IiB
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COPOK MIiJIbMOHIB
pa3iB Ha CEKYHOY

Vi /v it

YuM BuUllla eHeprid,
TUM MEHIIII MacIITaOu
MOZKHAa OOCIIOXKyBaTHU
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Run Number: 189280, Event Number: 1705325
Date: 2011-09-14 02:47:14 CEST
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Halua poGOTa
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Reconstruction Calibration

Day(s) - Month(s) .

# events

Year(s)

Data analysis

Background

Relevant quantity

Theory / Simulations

Month(s) - Year(s) .

Halwa meta — 3p0o3yMiTu, SIK B/ialiTOBaHMI CBIT HABKOJ10 Hac.



B3aemMoali y npupoai
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CTaHOapTHa
Moaenb (CM)

Onwucye cunbHi (QCD), cnabxi
Ta enektpomarHitHi (QED)
B3aeMO/|il, AKi NnepeHoCATbCAH
KaniépysanbHUMKU 6030HaMN.

TpW NOKOMIHHA efieMeHTapHUX
YaCTUHOK: KOXHe 3
(3apap +2/31-1/3) 12
TUNammn NienToHIB (HeUTpasibHi,
SKi Ha3UBaOTbCA HEUTPUHO, |
3apALKEHI)
+ Ta IX aHTUYaCTUHKUN

Bosons

B030H Xirrca Hafae YyacTuHKam
macy
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BinkpuTtTta Bo3oHa Xirrca

Biakpntta y 2012 poui bo3oHa Posa R
Xirrca (H) @ 125 FeB SCl ..I.lb?
ATLAS & CMS Ry g
(Ho6eniscbka npemis Rl e ’\ v ‘
EHrneprty Ta %t e, ' = " wencrmovon = - \\

<HIGGS

Xirrcy B 2013 p.) nsom |
&%

OCTaHHS BifICYyTHS YaCTUHKA,
nepenb6ayeHa CtaHaapTHO MOAEN/0
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CtaHaaptHa Moaenb (CM)

YaCTUHKU - 7 _
PEYOBUHY il * L

)|
LIaCTI/IHKI/_I" g 4 1%% :,ZO H
B3aEMO,i

hot coffee (can be omitted)

YacTuHku B3aemop,i

B3aeEMOfii MiX
4YacTUHKaMN pevyoBUHU

\J’f, B Maca YacCTUHOK

aHTMmaTepil
mMaca 4acTUHOK

PEYOBUHM /1‘3

Maca 4acCTUHOK CamoB3aemogis
B3aeMoAji Xirrca

UuTtainTe, wob aisHaTncs binbLue

QED (electromagnetic)

QCD (strong)

BEH (Higgs)

CraHgapTHa

Mogpesnb gae
MaTeMaTUu4YHUUu

OIIMC B3aEMOIIN

MIJK YaCTUHKAMU
1 i '

= ir P
I
L L_’)U)L”ZH—IN.

+Ref -v@
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https://indico.cern.ch/event/1269888/contributions/5333896/attachments/2618054/4801839/Coffee_with_the_Standard_Model.pdf

Biakputi nutaHHa CM

TemHa
eHepria

68.3%

Quarks

Bosons

Leptons

Yomy 3 NOKOJIIHHSA
nentoHiB y CM?

CraHgapTHa mMoesib — Lie He MoBHa Teopisi, a HU3bKOEHEPTeTUUYHE HAOTMKEHHS
6iNbL rnobasibHOI Teopil.

AK 3HanTK U0 rnobasibHy Teopitn?
(1) Wnaxom nowyKy HOBUX YaCTUHOK
AGO (2) xapakTepusyun BiAXUEHHS Bi NporHosis CM
MNPV BUCOKKX eHeprisax abo B pigKiCHMUX npouecax.
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[Tornan 3a mexi eHeprii LHC

LHC Reach

Events

New '
[ ]
Standard Model EFT :
+ Physics [ s
EFT effects on cross s '
; ; ' L]
section (tails) could be # '
observable at LHC § -
[ ]
' '
[ ] [ ]
[ ] [ ]
[ ]
: (]
"
Il-..-..... : 1 mass
il . h
= faar ]
8 10";— ‘-m ATLAS -
- o - fs=8TeV, 203" ]
o ‘_"—-. 10 E- 'M E
i 8|% 104 ™ sev "
; 10¢ ;' —4- Stat.uncertainty  —4— Combination Ler E
& s F Syst. uncertainty + Electron channel =y E
I: 10 E Total uncertainty -¥ - Muon channel o ',
10_E;wo\ummoswlyl:ncer, I I I ‘ I ‘ o -_E
S : :
Eé ey sem ay Tuy oy B 141 }4* i'}t {h“ “*
o 1 L L 1 L‘ I
E‘ § i === e 71T=mnl """"
116 200 300 400 1000 1500

m, [GeV] 15



J[locnimkeHHs NpoLeciB 3 YaCTUHKaMM
3 BE/IMKOK Macolo:

- Ton-kBapk (ATLAS/CMS)

- bo3oH Xirrca (ATLAS/CMS)

- W/Z 6030HU (ATLAS/CMS)

- Me30HK Ta 6apioHn 3 b-kBapkamu
(nepeBaxHo LHCD)

Quarks
Bosons

Leptons
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«FIK YaCTKU OTEMMXPOTI: Macy »

[Mone 6030Ha Xirrca




Hag,Tqui BMMiQmBaHHﬂ

MoTeHujan nonsa Xirrca BakyymMHe odikyBaHe 3HayeHHsA (vev): v = (

V(ff’)

p? <0 A

V(9) = 1*(¢7¢) + \(¢'9)?

My = gv/2
Mz = gv/2cosOy
v = (vV2GFr) V% ~ 246 GeV

Maca 6030Ha Xirrca

My = /—2u? = V2\v

A = KOHCTaHTa camo3B'dA3Ky 6030Ha Xirrca
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BnactnBocT! YacTUHOK CM

B3aemopfis yacTUHOK 3 3 rnosiem 6030Ha
Xirrca NiHIMHO 3a/1eXNTb BiA X Macu
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LHCb 2022
arXiv:i2109.01113

ATLAS 2017
arXiv:1701.07240

ATLAS 2023
(.]g this work
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https://cerncourier.com/a/atlas-increases-precision-on-w-mass/
https://www.nature.com/articles/s41586-022-04893-w

KoHcTaHTa caMmo3B'sA3Ky 6030Ha Xirrca

g H..

t/b B My = v/ —2p% = V2Av

LIt0 KOHCTaHTY TaKoX MOXHa BUMIPATN He3aeXXHo, BUKOPUCTOBYOUYN noaii
3 ABOMa 6030Hamu Xirrca. => lNepexpecHa nepesipka nporHosis CM @ HL-LHC.

10t ATLAS preliminary —— observed limit (95% CL)
q V5=13Tev, 139107 P b ) # Higgs bosons produced per experiment, per run
= B comb. exp. limit +1c
: e 5 mH ®HH
B (heory prediction Run 1 I
E ke SM prediction
= ] TN . 0o
T = z = Run 2
: = _
. s —
% RUNS —
=12 =
3 otwerved: x,< [-1.0,66] By HL-LHc
g : - e
—| expected: x; e[-1.2,7.2] bbr*t™
= = combined
) 1K 10K 100K ™ 10M 100M
10 1 | | | | , : :
-8 = 0 4 8 Elizabeth Brost Higgs10 Symposium

https://cerncourier.com/a/extending-the-reach-on-higgs-self-coupling/


https://cerncourier.com/a/extending-the-reach-on-higgs-self-coupling/

Standard Model Production Cross Section Measurements 5@ JLdt

February 2022 Reference
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ATLAS Heavy Particle Searches” - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 [£dt=(3.6-139) o Vs =13TeV
Model t,y Jetst ET™ [Ldi[fb] Limit Reference
T T T — T T T T — T T T T T —TT
. ADDGkk +g/q Oeut,y 1-4]  Yes 139 [ Mp 112TeV n=2 2102.10874
QC) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
£ ADDQBH - 2] - 139 | M 94TeV n=6 1910.08447
I | ADD BH multijet - >3j - 36 | M 9.55TeV n=6, Mp =3 TeV,rot BH 1512.02586
© RS1 Gyx — vy 2y - - 139 Gk mass 45TeV k/Mp = 0.1 2102.13405
E~3 Bulk RS Gk — WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp = 1.0 1808.02380
w Bulk RS gk — tt leu 21b21J/2) Yes  36.1 gki mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP leu >2b,>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD — ¢) =1 1803.09678
SSM Z’ — ¢ 2epu - - 139 Z’ mass 5.1 TeV 1903.06248
@ SSM Z’ - 77 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
@  Leptophobic Z’ — tt Oe,p 21b,>2J Yes 139 | 2’ mass 4.1 TeV r/m=12% 2005.05138
8  ssMW sy Ten - Yes 139 | W’mass 6.0 TeV 1906.05609
o SSM W’ — 7v 17 - Yes 139 W’ mass 5.0 Tev ATLAS-CONF-2021-025
S SSMW’ b - >1b>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
%] HVT W’ — WZ model B 0-2eu 2j/1J Yes 139 W’ mass 4.3 TeV gv=3 2004.14636
V) HVT W’ — WZ — ¢y ¢’ model C 3 e, i 2j(VBF) Yes 139 | W’ mass 340 GeV gven=1,g =0 2207.03925
HVT Z’ - WW model B 1eu 2j/1J  Yes 139 Z’ mass 3.9TeV gv =3 2004.14636
LRSM Wgr — uNgr 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
— Cl¢tqq 2epu - - 139 A 35.8 TeV m 2006.12946
O Cl eebs 2e 1b - 139 A 1.8 TeV g =1 2105.13847
Cl upbs 2u 1b - 139 A 2.0TevV g =1 2105.13847
Cl tttt >leu 21b,21] Yes 36.1 A 2.57 TeV [Cael = 41 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 Mied 3.8 TeV 84=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mied 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (DiracDM) O e, u 2b Yes 139 mzs 3.0 TeV tanfB=1, gz=0.8, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 | m, 800 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV p=1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 | LQmass 1.7 TeV p=1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 | LQJ mass 1.49 TeV B(LQ§ — br) =1 2308.01294
O ScalarLQ 3™ gen Oe,u 22},22b  Yes 139 | LQS mass 1.24 TeV BLY —tv)=1 2004.14060
i Scalar LQ 3™ gen >2e,u,217t21j,21b - 139 '—05 mass 1.43 TeV BLQY - tr) =1 2101.11582
Scalar LQ 3™ gen Oeu,217 0-2j,2b  Yes 139 LQ% mass 1.26 TeV B(LQS - bv) =1 2101.12527
Vector LQ mix gen multi-channel =21}, >1b  Yes 139 LQ; mass 2.0TeV B(U; - tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2eu,1 >1b Yes 139 LQ} mass 1.96 TeV B(LQY — bt) =1, Y-M coupl. 2303.01294
@ VLQTT - Zt+ X 2e/2u/>3e,u >1b,>1j - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
X ‘é’ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
= S VLQ T53Ts3|Tsiz > Wt+ X 2(8S)/28eu>1b21] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsi3 > Wi)=1, c(Ts;sWe)=1 1807.11883
S E VLQT - Ht/Zt 1eu  >1b,23] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
8 ’q“) VLQY —» Wh lepu >1b,>1j VYes 36.1 Y mass 1.85 TeV B(Y - Wb)=1, cg(Wb)=1 1812.07343
= vILQB - Hb Oeu >2b,>1j,>1J - 139 B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
VLL 7 — Zt/Ht multi-channel  >1j  Yes 139 |r'mass 898 GeV SU(2) doublet 2303.05441
© . Excitedquark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
I3} g Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
u><_| O Excited quark b* — bg - 1b,1]j - 139 | b* mass 3.2 TeV 1910.08447
Excited lepton 7* 27 >2]j - 139 T mass 4.6 TeV A=46TeV 2303.09444
Type Il Seesaw 2,34e,u >2j Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2 TeV m(Wr) =4.1TeV, gL = gr 1809.11105
> Higgs triplet H** —» W*W=* 234 e, (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
ES Higgs triplet H** — ¢¢ 2,3,4 e, (SS) - - 139 H** mass 1.08 TeV DY production 2211.07505
o Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 | monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
‘/§=13Tev ‘/'=13TeV 1l N L MR A | 1 L MR | 1 1 P
partial data full data 107! 1

*Only a selection of the available mass limits on new states or phenomena is shown.

‘+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]
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Displaced leptonic vertices

Displace J Emma Torro |4

----------------- neUtral partiCIe eel mumu Channels_

it ATLAS, 8 TeV, 20.3fb-": Phys. Rev. D 92, 072004 vertices + MET

i CMS, 8 TeV, 20fb-': Phys. Rev. D 91 (2015) 052012
emu channel: ATLAS, 13 TeV, 32.8fb":

——— charged particle CMS, 13 TeV, 2.6fb-1: CMS-PAS-EXQ-16-022 RN-EP-
wwe®®™  highly ionizing particle .

= <P Displaced

" E 8TeV result: PRD 92, 012010 (2015)

—> muon Disappearing S
———— photon tracks

ATLAS, 13 TeV, 36.1fb-1: SUSY-2016-06
CMS, 13 TeV, 38.4fb-': CMS-PAS-EXQ-16-044

Stopped LLPs
NOT IN FILLED

BUNCH
CROSSING

CMS, 13 TeV, 36.1fb™:
CMS-EXO-16-004

Late photons

ATLAS, 8TeV, 20.3fb"': Phys. Rev. D. 90, 112005 (2014)

CMS, 8 TeV, 19.1fb-1: CMS-PAS-EXO-12-035

Highly ionising :

particles

\
'
. w %
0..
.... \ ,"ﬂ ..........
\ : 5 ~.~‘
A
L
N
\‘ N

ATLAS, 13 TeV, 3.2fb":

8TeV result: PRD 93, 052009 (2016)

oooooooooooooooo

E. Torrd 20 March 2018

CMS, 13 TeV, 2.5fb ™

N\

Phys. Rev. D 94 (2016) 112004

Displaced jets in
the Calorimeter

ATLAS, 13 TeV, 3.2fb:
ATLAS-CONF-2016-103
CMS, 13 TeV,
2.6fb-1:EXO-16-003

Displaced jets
in the MS

8TeV result:
PRD 92, 012010 (2015)

Displaced Lepton-jets

13 TeV result, 3.2fb-1:
ATLAS-CONF-2016-042
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KBaHTOBa XpomMoanHamiKa

Onuncye cunbHY B3aEMO/it0; YacTKa-HOCIW - [/THI0OHU

4 Qg KBapku He iCHYHOTb Y BiSlbHOMY CTaHi BOHU
VS = — g — 4+ kr doopmytoTb «6e36apBHI» afpOHU:
T
3BUYaiiHi EK30TUYHI
Me30H BapioH  TeTpakBapk [TleHTakBapK

BapioHil riépna no6on
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Pentaquarks and Tetraquarks

 Several results drew attention in press
* Some results were actually unforeseen from the initial LHCb roadmap — LHCb is truly a GPD

* Here is just a small recap: milestones

2015 Phys. Rev. Lett. 115, 072001
822 | ‘

Observation of J /4p Resonances Consistent with Pentaquark |
States in Ay — J/¢¥K p Decays

LHCb claims
discovery of two
pentaquarks
LHCb collaboration at CERN

R. Aaij et of (LHCb Collaboration)
Phys. Rev. Lett. 115, 072001 — Published 12 August 2015

-
Ph}"SICS See Viewpoinl: Elusive Penlaguark Comaes inlo View

2016 Phys. Rev. Lett. 118, 022003

136

Observation of J /¢¢ Structures Consistent with Exotic States from
Amplitude Analysis of BY — J/9¢pK ™ Decays

R. Aaij et of (LHCb Collaboration)
Phys. Rev. Lett. 118, 022003 — Published 11 January 2017

Really difficult to make justice
to so many nice results

+many other more recent observations

% Paolo Gandini CERN Seminar - 25t April 2025
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[Iporpama LHC

Hitumi Y

LARGE HADROM COLLIDER

LHC HL-LHC

1370y D 13.6 TeV 13.6 - 14 TeV
. .

ener
Diodes Consolidation w
splice consolidation cryclimit LIV Installation HL-LHC
button collimators inferaction imner triplet

R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS yr’/’l"l
beam pipes

. . . . HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCh | 2y nominal Lumi

}M‘ ,..r""—’_- R
. integrated 3000 b
m 450 fb luminosity ELliIlE{

7Tev  _8TeV_

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY 54 PROTOTYPES - - CONSTRUCTION INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

LHC 6yae oHoBneHo Ao Kona6opadji ATLAS, CMS, LHCb, ALICE
High Luminocity LHC (HL-LHC) 06’eHy0Tb 1000-5000 HayKOBLB,

k 2029 poky, W06 36mpaTn B 3 AKUX 6113bko 10-20 Ha eKCrepuMeHT
10-15 pasiB 6inbLue gaHnx — 3 YKpaiHw. .



[lpuckoptoBayvi ManbyTHLOro
N |

TpuBaTb ANCKYCIT WOAO HOBOIC
100-Ki;TOMeTpOoBOro KifbLs
MaibyTHI Kpyrosui konamgep
(Future Circular Collider, FCQC),
AIKe MOXe OOCArTU

90-350 'eB (e*e’) ~2048

100 TeB (pp) ~2060-2080

Schematic of an
80 -100 km
4 long tunnel

’
1
¥
_

30



YKpalHCbKI BYEHI-HOBATOPU Y C

HaCTNHOK
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Backups
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KBapkoBa MOAENb [TpoToH (p)

Gell-Mann (Nobel Prize in Physics 1969) & Zweig @

HeuTpoH (n)

R ++
A Z;.‘

Image taken from PDG
Review of Particle Physics

First observation of sss state

New Qr baryon in 1964



https://en.wikipedia.org/wiki/Murray_Gell-Mann
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L HCb collaboration, P. Koppenburg, List of hadrons observed at the LHC, LHCb-FIGURE-2021-001, 2021, and 2023 updates.

1.ch 2023-03-06

Date of arXiv submission
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https://indico.cern.ch/event/1231803/attachments/2634454/4557224/gandini_CERN_seminar_v2.pdf

Observation of five new narrow QO.states — 2.’ K-

2023 arxiv:2302.04733

* Very recent paper with the observation of two new broad states N"F%""“’W“ gl

First observation of sss state

* Two new excited states, Q:°(3185)0 and Q.°(3327), are observed
« Still debate on the spin-state assignment

* Several studies of possible feed-downs from higher mass resonances are considered
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AtoMm KuCHIO IIPOTOH

HEUTPOH

1968: SLAC

1897: Cavendish
Laboratory

electron
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Benmkum agpoHHUU Konanaep
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Quantity HEP units S| Units

length 1 fm 105 m
energy 1 GeV 1.602-101° J
mass 1 GeV/c? 1.78-1027 kg
h=h/2 6.588-102° GeV s 1.055-1034 Js
C 2.988- 1028 fm/s 2.988-108 m/s
hc 0.1973 GeV fm 3.162-1026 Jm
mass 1 GeV
length 1 GeV'=0.1973 fm

time 1GeV'=6.59-10%s




[TopyLUeHHSA eneKkTpoc/siabKol cCMMeTpIl

; @
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YoMy 6030HM W i Z I I =)
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https://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/

MexaHi3m Xirrca niarBepaxeHo BiakputTam 6o3oHa Xirrca B 2012 pou,.
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