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5 July 2022: LHC Run-3 first beam
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1911: Victor Hess discovery
of cosmic rays

—
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1896: H.Becquerel and M.Curie
discovery of radioactivity
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Standard Model is now a complete
theory. All particles are known.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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Where we study particles

« How we produce particles?
— From energy!
— E =mc?
e Sources of energy:
e Radioactivity
— Energy up to ~10 MeV
o Cosmic rays
— Upto 108 TeV, but VERY low flux
e Accelerators and colliders
— 14 TeV now, 100 TeV in ~40 years

« Main directions of collider development:
— Maximum energy
— Maximum fluxes (luminosity)
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Experiments of past decades



Recent major collider experiments

« HERA: H1, Zeus
(DESY, Hamburg, 1992-2007)

— ep collider, 27+920 GeV

| EP: ALEPH, DELPHI, L3, OPAL
(CERN, Geneva, 1989-2000)
— e+e- collider, 91-209 GeV
 Tevatron: CDF, DO
(Fermilab, Chicago, 1986-2011)
— p+p- collider, 2000 GeV
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HERA experiments

Electron

Quark Js = 310 GeV

Electron L=5-109%em2 5!

Quark

Proton:
mp =1 GeV
mqg = 3-6MeV

>mg/my, = 0.017?
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HERA: parton densities
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The LE collider

Js =90 GeV to
200 GeV

Circumference:
approx. 27 km

4 Experiments
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...same view 20 years later...
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The LEP detectors

The ALEPH Detector

Outer Cooling Circuit

Inner Cocling Circuit

Muon Detector _
|
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ete- annihilation: LEP and before
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Tevatron collider
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Tevatron experiments
CDF DO
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Discovery of the top quark (1995)
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Current experiments
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e*e" annihilation, again

Cross Section [pb]

ete™ — hadrons
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Large cross-section at low energies allows
to build factories and produce huge amount
of c-quarks (D-mesons) and b-quarks (B-mesons)
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BESIII experiment at BEPC-II collider

FTHER Em w*-

BEPCII and BESIII
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BESIII experiment

Collision energy
—~ 2.0-4.9GeV
— Plan: 5.6 GeV

Luminosity

— 1.0x10%3 cm=2st
 Circumference
— 237/m

Statistics:
— 10x10° Jhy
— 0.4x10° '’

— 3fblaty”
(20M e*e-—DD)
— Plan: 20 fb1

Igor Boyko

NIM A614, 345 (2010)

Super conducting magnet: 1 T

EMC: Csl cristal
* Energy resolution: 2.5% @1GeV
= Spatial resolution: 6mm

MDC:
« Spatial resolution: a. = 120pm

* Momentum resolution:0.5% @ 1GeV
* dE/dx resolution: 6%

TOF:
Time resolution: 100ps (barrel)
110ps (endcaps)

g Muon ID:
Acceptance:93% of 41 9 layers RPC, 8 for endcaps
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Discovery of tetraguarks at BESIII

i —4- Data
100 .
; e * Inthe conventional quark
80| model the hadrons are either
f Mo mesons (quark-antiquark) or

baryons (3 quarks)

e The decay Z.—n*J/y can be
. only explained if Z, consists of
R T 2 quarks and 2 antiquarks
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Tetraquark? Pentaquark?
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Discovery of a strange tetraquark

Enhancement not
explained by D;*D"”,

neither by interference

ete” > KT (D;D*° + Di~D?)

Dll ®

tvi

-
@

» Added a new resonance in the fit, assuming JP=1*
» Significance: 5.30

» Minimal quark content ccsu?

» Similar to Z.(4000) seen by LHCb (widths differ)

Events /(5.0 MeV/c?)

L PRL127, 082001 (2021)
2. |
& | Coupling with Y state
S2f ete—Y—-KZ.(3895)
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Total fit

— — — 2Z.4(3985)
R - D (2600)’D*
non-Res.
sy, D: oy’

[ comb. BKG

= (s = 4.681 GeV
30F ZCS(3985)

2

10

o

N
LS B =]

s = 4.641 GeV

(1202) 1L00Z0lL ‘921 148d

RM(K‘f) (GeV/c?)
Mo Z.5(3985)7] = (3982.55,¢ +2.1) MeV/?,
T pote|Z.5(3985)7] = (12.8133 + 3.0) MeV.

23



Belle Il B-factory (Tsukuba, Japan)

EM Calorimeter
Csl(T1), waveform sampling electronics

— '-‘_.__
—
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electrons (7 GeV) Rt

Vertex Detector
2 layers Si Pixels (DEPFET) + L
4 layers Si double sided strip DSSD

wy

Central Drift Chamber

Smaller cell size, long lever arm
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— |~ (e d-caps ner 2 barrel layers)
£

o
KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF MPPC

@

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward) Y

/ =
positrons (4 GeV)
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Asymmetric ete
collisions 4+7 GeV
Maximum

production of
e'e—Y—BB
Collected 0.43 ab-
(0.5x10° B-pairs)
Plan: 50 ab-1

Previous Belle
experiment (1999-
2010): 0.7 ab,
0.8x10° B-pairs
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Measurement of charm lifetime
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Before we go to LHC...



Non-collider experiments

* Neutrino physics
— Reactors
— Accelerators
— Cosmic rays
— Radioactivity (neutrinoless double [3-decay)

» Astroparticle physics (ultra-energetic
cosmic rays)

e Dark matter searches
 Many other fields

Igor Boyko Particle physics experiments
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Fermilab muon g-2 experiment
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* Anomalous magnetic moment of leptons can be measured and
theoretically calculated to fantastic precision: 10-12 for electron, 10

for muon

 Fermilab muon g-2 experiment is currently taking data

« First (small) piece of data in combination with BNL result gives 4.20

discrepancy with theoretical calculation
 New physics??
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The LHC collider

Particle physics experiments
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LHC history

e 1984 conceptual ideas

e 1995: budget approved

e 1999: civil engineering work started

e 2008: first beam

o 2010: first useful data (7 TeV)

e 2012: Higgs boson discovered (8 TeV)

e 2015-2018: Run-2 (13 TeV, 140fb-1)

e 2022-2025: Run-3 (13.6 TeV, ~300fb1)

e 2029-2032: Run-4 (“HL-LHC”, ~3000fb1)
o 2035?: Run-5? Higher energy?
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Barre| Toroid
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Major LHC experiments

Muon Detectors Electromagnetic Calorimeters
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e Pb+Pb up to
5500 GeV
e First p+p
collision:
Nov. 23, 2009
* Pb+Pb:
fall 2010

[ MUON CHAMBERS INNER TRACKER
. A T
/ AN

GAYSTAL EGAL.

Bmal ?{:ghl u.soo t. 7
Overall h:g(h 2],@ l|l SUPERCOND{MLTING con

Magnetic field : 4 Tesla

LHC-B

Detector

Detector characieristics

Width:  18m

Length: . 1dm

Heighe:  12m
ht= 4'27

Particle physics experiments

31



Igor Boyko

Particle physics experiments

32



S

CM

33

Particle physics experiments

Igor Boyko



Top physics in ATLAS and CMS
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Recent ATLAS result: Recent CMS result:
04(5TeV) =67.5+2.7 pb m,=171.77 + 0.38 GeV
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ALICE measurement
of antihelium absorption

) 5

@ *° ALICE

T4 0-10% Pb-Pb |5, = 5.02 TeV
QE - Inl <0.8

(A =347 - Data — — GEANT4

e
—
e — — — —

o 1 2 3 4 5 6 7 8 9 10
p (GeV/c)
Novel technique to use detector material
as d and 3He absorber: measure G
— First measurement for 3He
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Lepton universality test in B—t/u/e
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¢ = e, u for B-factories

Igor Boyko

mm

LHCb18

Bellel5

Ay’ = 1.0 contours

BaBarl2

LHCb22

Bellel7
PRD 94 (2016) 094008
o PRD 95 (2017) 115008
'i'HFLAV SM Prediction ~ JHEP 1712 (2017) 060
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R(D)=10.358 £0.025 £ 0.012
R(D*)=0.285+0.010 £ 0.008
p=-029

P(x?) =32%

0.2

Combination of LHCb+Belle+BaBar shows
more that 3o deviation from SM
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Higgs physics in ATLAS and CMS
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Weighted Events / 2 GeV

Data - Bkg.

Igor Boyko
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Mass dependence of Higgs force
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Agreement of Higgs signal
with theory prediction

ATLAS
w=1.05+0.04 (th) + 0.03 (exp) + 0.03 (stat)

CMS
p=1.002 + 0.036 (th) + 0.033 (exp) + 0.029 (stat)

LL IS the ratio of observed signal to theory prediction
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All ATLAS results in one slide :-)
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After LHC: what next?

 LHC energy upgrade: HE-LHC (33 TeV)

e Circular collider
—ete- 250-360 GeV
—pp 100 TeV

e Linear collider
—e'erupto3 TeV

Igor Boyko Particle physics experiments
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$6.7G (380 GeV)
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Summary

Enormous amount of experimental studies Is
peing carried out In all fields of particle physics

e Discovery of the Higgs boson was a triumph for
poth theory and experiment. Higgs physics is
now entering the precision stage (few % level)

Nearly all experiments show perfect agreement
with the SM theory

— Yet, there are few hints of possible deviations

Planning has already started for the post-LHC
era (2030s-2090s)
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