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Trumpa biografija

Keletas biografinių faktų:
2010 BSc, VU Fizikos fakultetas.
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“An Observation of a Higgs Boson in the H to ZZ to Four
Leptons Decay Channel and the Studies of Its Spin-Parity
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2015-19 Postdokas, Cornell University, NY, USA.

Kuruoja tris (Cornell) PhD studentus top–Higgs tyrimuose.

Ko-koordinuoja CMS t̄tH multileptonų groupę.

Dalyvauja CMS pixel detektoriaus veikloje.
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Turinys
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Infrastruktūra

CMS anatomija

Rezultatai
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Įvadas

Aurelijus Rinkevičius (Vilniaus universitetas) CMS ir HEP 2019-11-14 4 / 60
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Nuo sprogimo iki šiandien
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• Vistoje „dominuojanti” (?) sąveika: gravitacija.
• Mus Žemėje supa „įprasta” materija.
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Aplink mus
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• Gausybė medžiagų⇒
periodinė lentelė.
• Pagrindinė sąveika:

elektromagnetinė
(elektrosilpnoji).

• Mažoji visatos masės dalis! (0.5% + 0.03%)
• Akivaizdu, kas gamtos (iš tiek) dar nesuprantame.
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Kaip mokslui tirti?

Makrokosmosas

Square Kilometre Array (SKA)

Kvadratinio kilometro masyvas

Mikrokosmosas

Large Hadron Collider (LHC)

Didysis hadronų daužytuvas

Sąveikų energijos tankis1:
← Mažos energijos Didelės energijos→

1Jėgų stipris
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(Neriame į) Dalelių fizika
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Kelias į dalelių fiziką (1)
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daugiaatomės
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„Be galo” daug ∼120 elementų
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Kelias į dalelių fiziką (2)

Atomai Subatominės dalelės

⇐
• e− elektronai
• p+ protonai
• n0 neutronai

⇐
∼120 elementų 3?
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Kelias į dalelių fiziką (3)
Subatominės dalelės Elementariosios dalelės
• e−

• p+ u u
d

• n0 u
d

d

⇐
• Leptonai (e−, νe− , ...)
• Kvarkai (u, d, ...)
• Sąveikų pernešėjai

=

? ?
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Įvadas Dalelių fizika Kaip viskas veikia? Kaip tiriama? Infrastruktūra CMS anatomija Rezultatai

Gamtos sandara šiuolaikinėje fizikoje

Standartinis modelis
Bendroji reliatyvumo
teorija (gravitacija)

+
• Gravitonai?
• Tamsios dal.?

Medžiaga + medžiaga + sąveikos = 16 + 1 ?
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Kaip viskas veikia (dalelių fizikoje)?
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Kaip atrodo dalelė?
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Kaip atrodo dalelė?
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Kaip atrodo dalelė?
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Deja...
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Dalelė — lauko sužadinimas

Energija

Dalelės
laukas

Girdėjote, kad dalelė yra banga?
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Kaip tai veikia?

• Medžiaga yra sudaryta iš dvejų dalelių grupių:
◦ Leptonų (pvz., e−, νe) gyvuojančių atskirai.
◦ Kvarkų (pvz., u, d) gyvuojančių tik grupėmis.

(◦ Šios dalelės yra 1
2 sukinio. )

• Medžiaga sąveikauja per bozonus (sukinys 1).

• Bozonai gali sąveikauti tarpusavyje.
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Sąveikos

Žinomos sąveikos yra keturios + 1:

∗• Elektromagnetinė per fotonus (γ)
∗• Silpnoji per W ir Z bozonus (W±,Z)
∗◦ „Inertinė” per Higgs bozonus (H)
• Stiprioji per gliuonus (g)

• Gravitacinė per gravitonus?
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Higgso mechanizmas (1)

• Pastebėta: silpnoji ir elektromagnetinė sąveikos panašios.
• Apjungus į vieną matematinį mechanizmą gaunami „geri”

rezultatai.
• Problema: W ir Z bozonai sunkūs.

Sprendimas:
• Higgso mechanizmas⇒ teisinga elektrosilpnoji sąveika.
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Higgso mechanizmas (2)

Minimalus „Higgso” laukas turi keturias dalis:
• Trys sukuria masyvius („suteikia mases”) W± ir Z bozonus.
• Paskutinis — Higgso bozonas.

• Elem. dalelės masyvios dėl sąveikos su Higgso lauku.

Aurelijus Rinkevičius (Vilniaus universitetas) CMS ir HEP 2019-11-14 21 / 60
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Kaip tiriamas dalelių pasaulis?
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Įvadas Dalelių fizika Kaip viskas veikia? Kaip tiriama? Infrastruktūra CMS anatomija Rezultatai

Sąveikų tyrimas (1): susidūrimai

pp1 pp2

pparton1 pparton2

Protonas 1→
(~v1, ~pP1 , Ekin1)

← Protonas 2
(~v2, ~pP2 , Ekin2)

1 TeV ≈1000× „sunkesni” protonai
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Sąveikų tyrimas (2): realus „kadras”
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Eksperimentinė infrastruktūra
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Greitintuvų kompleksas

CMS

ATLAS

LHC-bALICE LHC
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LHC Large Hadron Collider
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CNGS CERN Neutrinos Gran Sasso
n-TOF Neutron Time Of Flight
AD Antiproton Decelerator

CTF3 CLIC TestFacility 3

AWAKE
(2016)

LEIR

LEIR Low Energy Ion Ring
AWAKE Advanced WAKEfield Experiment

<7.7 T @ 1.9 K, ∼2800 pluoštai × 1011 protonai × 6.5 TeV

Visko reikia tam, kad įvyktų ...
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Energingi susidūrimai
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CERNe viskas — pasidaryk pats!
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Tipinis „fotoaparatas” — kompleksinis detektorius
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Detektorius: Kompatinis miuonų solenoidas (CMS)
CMS su išpjova

40 MHz

×

∼30–40 p–p
susidūrimų

×

p–p = ∼100
skeveldrų

=

∼100 Tb/s
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Dalelių identifikacija
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(Sub)detektorių įvairovė

Klasifikuojama pagal

• Tipą
◦ Trekinimas (pėdsakas)
◦ Kalorimetrija (monolitinė,

mėginėliais)
• Technologiją

◦ Dujos
◦ Kristalai
◦ Puslaidininkiai
◦ Metalai
◦ Scintiliatoriai
◦ Egzotika

• Fizinius objektus/daleles
◦ Electromagnetinis
◦ Hadroninis
◦ Miuoninis
◦ Krūvio trekeris

• Lokaciją
◦ Vidinis
◦ Išorinis
◦ Bačkos (cilindrinis)
◦ Dangtinis (diskinis)

Visos kombinacijos iš aukščiau yra naudojamos.
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Kompozitiniai detektoriai („eksperimentai”)

Klasifikuojama pagal
• Fizikos uždavinius

◦ Bendros paskirties
◦ Sunkiųjų jonų
◦ Preciziniai matavimai
◦ Specializuoti

Pagal kontekstą:
dalys: subdetektoriai, sistemos, subsistemos.

Kompozitiniai detektoriai paprastai aptinka visas daleles.
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Truputis CMS anatomijos...
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CMS magnetas

• Superlaidus solenoidinis magnetas, B = 4 T
• Srovė: 20 kA
• Superlaidininkas: NbTi (∼4 K)
• Matmenys: 13 × 4 m — telpa trekeris & kalorimetrai
• Kaina ∼80 MCHF
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Puslaidininkinis trekeris
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Keletas faktų:
• Si sensoriai (juostos, pikseliai).
• „Jaučia” krūvį: e±, µ±, ...
• Matuoja impulsą.
• Taškų nustatymas.
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Iš arčiau

pikselinis detektorius
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Trekų atpažinimas

• >1000 įkrautų pėdsakų per susidūrimą.
• Reikia atpažinti kilmės taškus.
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Įvadas Dalelių fizika Kaip viskas veikia? Kaip tiriama? Infrastruktūra CMS anatomija Rezultatai

Pikselinis detektorius

• Didelis taškų tankis — pėdsakų pradžia
• Arti reakcijų: 1-asis sluoksnis r1 = 3 cm
• Matmenys: 104 × 32 cm
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Pikselinis detektorius

• Detektorius sudarytas iš modulių
• Kiekvienas modulis turi 66 560 px

◦ 2 (2 cm) × 8 (6.6 cm) × 80 × 52 px
◦ 1 px = 100 × 150 µm

• 672 FPIX, 1184 BPIX moduliai
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Supaprastinta detektoriaus schema
Modulis

Aktyvi terpė
Pralekenčios dalelės palieka „pėdsaką”

Terpės aptarnavimas
Aptarnaujanti elektronika

Modulių aptarnavimas
Įvairūs servisai, signalų perdavimai

Valdymo sistema
Modulių/signalų valdymas, duomenų apdorojimas
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Pikselinio detektoriaus nuskaitymo schema
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Ateityje — daugiau reakcijų
Nuotrauka su 100 p–p reakcijų (spec. paleidimas)

Nuo 2026 m. — ∼200 p–p ; |—| ≈ 10 cm
Aurelijus Rinkevičius (Vilniaus universitetas) CMS ir HEP 2019-11-14 43 / 60
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Sensorius ir nuskaitymo lustas
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Iš toli...
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Filtras
Viena reakcija ∼ O(1) Mb duomenų.
• L1 filtras „karštas” (online): 100 kHz.

Naudojamos subsistemos: miuonų, ECAL, HCAL.

• Aukšto lygio filtras sudėtingesnis (offline): 300 Hz.
Naudojamos visos subsistemos. „Pilna” rekonstrukcija.

• Susiduria 40 MHz, >140 M
kanalų.

Anksčiau ir dabar:

Aurelijus Rinkevičius (Vilniaus universitetas) CMS ir HEP 2019-11-14 46 / 60
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Schematiškai
16 Million channels

100 kHz
LEVEL-1 TRIGGER

1 Megabyte EVENT DATA

200 Gigabyte BUFFERS
500 Readout memories

3 Gigacell buffers

500 Gigabit/s

Gigabit/s SERVICE LAN Petabyte  ARCHIVE

Energy Tracks

Networks

1 Terabit/s
(50000 DATA CHANNELS)

5 TeraIPS

EVENT BUILDER.A large switching
network (512+512 ports) with a total throughput of
approximately 500 Gbit/s forms the interconnection
between the sources (Readout Dual Port Memory)
and the destinations (switch to Farm Interface). The
Event Manager collects the status and request of
event filters and distributes event building commands
(read/clear) to RDPMs

EVENT FILTER. It consists of a set of high
performance commercial processors organized into many
farms convenient for on-line and of-line applications.
The farm architecture is such that a single CPU
processes one event

40 MHz
COLLISION RATE

Charge Time Pattern

Detectors

Computing services

HLT (High Level Trigger)   designed for 
about  100Hz 

- Reduction factor 1000

~2000 CPUs

DAQ  accepts
Level-1 rate of 100kHz

All 25 ns
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Įdomesni nauji fizikos rezultatai iš

didelių energijų rėžimo

Aurelijus Rinkevičius (Vilniaus universitetas) CMS ir HEP 2019-11-14 48 / 60
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Atradimo metu ir dabar

Anksčiau (2012) Dabar
Phys. Lett. B 716 (2012) 30
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ttH — atrasta
Phys. Lett. B 716 (2012) 1-29
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Atrastas paskutinis vektorių sklaidos procesas
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• Paskutinis procesas: ZZjj
◦ galutinės būsenos: 4`, 2`2ν
◦ didelėse E: svarbi H įtaka
◦ multivariaciniai klasifikatoriai

• LHC atrado visus: VVjj

← ATLAS paskelbė pilną Run 2
• CMS fokusuojasi į anomalias

sąveikas — rezultatai vėliau
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Dvejų čiurkšlių rezonansų paieška
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• Klasikinė rezonansų paieška
• BSM skylimai: gg, gq, qq
• Tyrimas tobulinamas:

◦ Parametrinis triukšmas dabar
įvertinamas iš duomenų

◦ Atsižvelgiama į plačius signl.

• Naujos fizikos nematyti
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Dviejų leptonų rezonansų paieška
CMS-PAS-EXO-19-019
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• Klasikinė rezonansų paieška
• Didelio pT e ir µ
• Ieškoma naujų vektorinių dalelių

(Z′SSM, Z′ψ)
• Triukšmai iš

◦ SM Drell–Yan
◦ Fotoninės kilmės

• Naujos fizikos nematyti
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Įdomesni nauji rezultatai iš

aromatų bei sunkiųjų jonų fizikos
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Dvejų B+
c (2S) būsenų (lygmenų) atradimas

• Pagrindinė būsena (skyla):
B+

c → J/ψ π+

• Sužadintos būsenos (skyla):
B+

c (2S)→ B+
c π

+π−

2P

2S

1S

γ

γ

γ

B*c

B c+

+

B* (2S)c
+

B (2S)c
+

ππ

Panaudoti visi 2 paleidimo duom.
(2016–2018 m.):

m[B+
c (2S)] =

6871.0± 1.2± 0.8± 0.8 MeV

Phys. Rev. Lett. 122 (2019) 132001
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                         26K. Jakobs, SPC Meeting, CERN, 23rd September 2019                                     

Observation of light-by-
light scattering in 5.02 TeV 
ultraperipheral Pb+Pb 
collisions taken in 2018 
!

!
!

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
φA

0

5

10

15

20

25

30

35

40

45

50

Ev
en

ts
 / 

0.
00

5

ATLAS
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-1Data 2018, 1.7 nb
)γγ → γγSignal (

γγ →CEP gg 
 ee→ γγ

Sys. unc.

Field strength of up to 1025 V/m         
 γγ luminosity ~ Z4 ~ 5 107 

!
Look for low-energy back-to-back photon 
pair with no additional activity in detector 
!
59 γγ à γγ candidate events observed for         
12 ± 3 expected background (8.2σ) 

arXiv:1904.03536 

See also results on photo-nuclear 
interactions,  “photo-nuclear ridge” using 
2018 data:   ATLAS-CONF-2019-022!
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Hypertritono gyvavimo trukmė (ALICE)
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A. Gal, H. Garcilazo, PLB 791 (2019) 48-53
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Naujų pentakvarko būseno atradimas (LHCb)

Phys. Rev. Lett. 122 (2019) 222001
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Su visais LHC Run 1 ir Run 2
duomenimis:
• Matomas naujas PC(4312)

• Išaiškėjo dvigubas PC(4450)

• Patvirtino pentakvarko
atradimą

• Svabus rezultatas egzotinių
būsenų suprantimui
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Santrauka
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Santrauka

• CERN ir LHC turi turtingą detektorių ir fizikos programą
• Rastos naujos reakcijos standartinio modelio ribose
• Nemaža dalis Run 2 rezultatų dar ruošiama
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Overview Subsystems BPIX Pics Detectors Why Complex?

Atsarginės skaidrės
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Akira Yamamoto’s Take in Granada

Personal View on Relative Timelines
Timeline ~ 5 ~ 10 ~ 15 ~ 20 ~ 25 ~ 30 ~ 35

Lepton Colliders

SRF-LC/CC
Proto/pre-

series Construction Operation Upgrade

NRF—LC Proto/pre-series Construction Operation Upgrade

Hadron Collier (CC)
8~(11)T 

NbTi /(Nb3Sn)
Proto/pre-

series Construction Operation Upgrade

12~14T
Nb3Sn Short-model R&D Proto/Pre-series Construction Operation

14~16T
Nb3Sn Short-model R&D Prototype/Pre-series Construction

54A. Yamamoto, 190513bb

Note: LHC experience: NbTi (10 T) R&D started in 1980’s --> (8.3 T) Production started in late 1990’s, in ~ 15 years 

Link to a talk
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Electromagnetic Calorimeter (ECAL)

y

z

Preshower (ES)

Barrel ECAL (EB)

Endcap

 = 1.653

 = 1.479

 = 2.6
 = 3.0

ECAL (EE)

Highlights:
• Lead tugstate crystals (PbWO4).
• Measures energy: e±, γ

(radiation length: 25X0).
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Hadron Calorimeter (HCAL)
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Highlights:
• Plastic scintillators within brass

absorber.
• Measures (hadron) energy:

p+, n0, π±, K mesons.

Sampling Calorimeter

absorber plates

detector planes

hadron
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Muon Detector
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DTs
CSCs
RPCs
GEMs Highlights:

• Gaseous detectors.
• Important for muon identification.
• Used in fast trigger.
◦ 240 DT, 540 CSC, 610 RPC

Drift cathode

GEM 1

GEM 2

GEM 3

Readout PCB
Induction

Transfer 2

Transfer 1

Drift

Ampli�er

cathode plane with strips

wire plane (a few wires shown)

7 trapezoidal panels form 6 gas gaps

4. Endcap Chambers

143

The detector technology chosen for the Endcap Muon System is the Cathode Strip
Chamber (CSC), a multiwire proportional chamber in which one cathode plane is segmented
into strips running across wires. An avalanche developed on a wire induces on the cathode
plane a distributed charge of a well known shape which is defined by electrostatics [4.1]:
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where " = x/h (x - coordinate, h - cathode anode spacing), K3 $0.45 for ME1/1 and $0.33 for
the other chambers, where
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Charpak et al. [4.3] showed that by interpolating fractions of charge picked up by these
strips, one can reconstruct the track position along a wire with a precision of 50 µm or better
(for normal track incidence, the precision is almost entirely determined by the ratio of signal to
electronic noise). The principle of operation is shown schematically in Fig. 4.1.4.

muon
cathode

cathode

wires

wires

induced charge

cathode with strips

plane cathode

avalanche

3.12 mm

9.
5 

m
m

3 - 16 mm

F i g .  4 . 1 . 4 : Principle of coordinate measurement with a cathode strip chamber: cross-
section across wires (top) and across cathode strips (bottom). Close wire spacing allows for
fast chamber response, while a track coordinate along the wires can be measured by
interpolating strip charges.

The major advantages of CSCs are:
• their intrinsic spatial resolution, being basically defined by signal-to-noise ratio, can

be as good as 50 µm,
• closely spaced wires make the CSC a fast detector,
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Detector Magnets — Special Ingredient
A Toroidal LHC Apparatus (ATLAS) Compact Muon Solenoid (CMS)

µ

µ
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General Purpose Detectors
ATLAS CMS
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Specialized Detectors

ALICE LHCb

• Heavy-ion research • Precision studies
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Why such complexity?
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Stuff is rare... t̄tH

• Single p–p collision ≈ 75 mb.
• With ∼40 p–p × 40 MHz = Higgs a second.

Mode gg VBF VH t̄tH bb̄H
σ, pb 43.9 3.7 2.2 0.5 0.5

√
s, TeV 7 8 13

σ, fb 89 133 507

Almost 4× better with 13 TeV!

Dominant gg

H

g

g

t̄tH

H

g

g

t̄

t
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Variety of t̄tH Decays

bb
57%

W+W

Htttt
21%

gg

9%

6%

cc

3%

ZZ

3%

other

1%

• t̄tH,H→ bb̄: dileptonic, `+jets [, hadronic]
• t̄tH,H→ τ τ̄ : universal (“inclusive”) categories
• t̄tH,H→ `i (multileptonic): dileptonic, `+jets
• t̄tH,H→ γγ: leptonic (dileptonic, `+jets), hadronic

◦ t̄tH,H ZZ∗
−−→ 4`: one special category
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