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A most basic question is why particles (and
matter) have masses (and so different masses)

The mass mystery could be solved with the ‘Higgs mechanism’
which predicts the existence of a new elementary particle, the
‘Higgs’ particle (theory 1964, P. Higgs, R. Brout and F. Englert)

A
Mass

(GeVic2)

200

150

100

50 -

5.0
0.15

$ ¢ b

0.005 U-d{”

175

up down strange charm bottom

Irakli Minashvili, Georgian Teac)fﬁs
Q uarks Program, CERN, May 6-12, 20 glert

top

Peter Higgs

The Higgs (H) particle has been searched
for since decades at accelerators, but not
yet found...

The LHC will have sufficient energy to
produce it for sure, if it exists

Francois




" ‘Supersymmetric’ particles ?
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Supersymmetry (SUSY)

(Julius Wess and Bruno Zumino, 1974)

Establishes a symmetry between fermions (matter)
and bosons (forces):

- Each particle p with spin s has a SUSY partner p
with spins -1/2

- Examples q(s=1/2) = a(s=0) squark

g(s=1) = g(s=1/2) gluino
Our known world Maybe a new world?
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Motivation:

- Unification
(fermions-bosons,
matter-forces)

- Solves some deep
problems of the
Standard Model



History of the Universe

pp physics at the LHC corresponds
to conditions around here

Key: W,Z bosons  A\f\; photon
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Understanding the Universe ...
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CERN Accelerators
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LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS5: Proton Synchrotron
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Collisions at LHC

7x10*? eV Godéggoh 363630¢
10* cm? st bsmgds

2835 30bsms M3mEgbmbs
104 360')(8)006360/ 3™bs3do

7.5m (25ns)
<>

— - _". . >
7 TeV Proton Proton
Bunch Crossing 4 10" Hz CO||IdIng beams
‘ =~
é&& Proton Collisions  10°Hz
Parton Collisions
New Particle Production 10° Hz

(Higgs, SUSY, ....)

Selection of 1 event in 10,000,000,000,000; 10**13
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http://hands-on-cern.physto.se/ani/acc lhc atlas/lhc atlas.swf
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« One bunch crossing every 25 ns with ~25 interactions

- 1000 tracks per bunch crossing = 4x10'° tracks per second ...
-= ... and very often you're interested in a few tracks only!

pp=H =>ZZ.=> 4u

CMS

H > pppp
m(H)=150GeV

+ 20 Min bias

%Ieclrons
/Muons
¥ Hadrons pt<2GeV

| Hddrons pt>2GeV
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ATLAS
Collaboration

(As of the April 2007)

35 Countries
164 Institutions
1900 Scientific Authors total
(400 PhD students)

New Expressions of Interests to join: _
Gottingen (Germany) | i | =

PUC Santiago, UTFSM Valparaiso (Chile) ‘ C l[ﬂ:[]LAS x
UAN Bogota (Colombia) ollaboration

Albany, Alberta, NIKHEF Amsterdam, Ankara, LAPP Annecy, Argonne NL, Arizona, UT Arlington, Athens, NTU Athens, Baku,
IFAE Barcelona, Belgrade, Bergen, Berkeley LEL and UC, HU Berlin, Bern, Birmingham, Bologna, Bonn, Boston, Brandeis,
Bratislava/SAS Kosice, Brookhaven NL, Buenos Aires, Bucharest, Cambridge, Carleton, Casablanca/Rabat, CERN, Chinese Cluster,
Chicago, Clermont-Ferrand, Columbia, NBI Copenhagen, Cosenza, AGH UST Cracow, IFJ PAN Cracow, DESY, Dortmund,

TU Dresden, JINR Dubna, Duke, Frascati, Freiburg, Geneva, Genoa, Giessen, Glasgow, LPSC Grenoble, Technion Haifa, Hampton,
Harvard, Heidelberg, Hiroshima, Hiroshima IT, Indiana, Innsbruck, lowa SU, Irvine UC, Istanbul Bogazici, KEK, Kobe, Kyoto,
Kyoto UE, Lancaster, UN La Plata, Lecce, Lisbon LIP, Liverpool, Ljubljana, QMW London, RHBNC London, UC London, Lund,
UA Madrid, Mainz, Manchester, Mannheim, CPPM Marseille, Massachusetts, MIT, Melbourne, Michigan, Michigan SU, Milano,
Minsk NAS, Minsk NCPHEFP, Montreal, McGill Montreal, FIAN Moscow, ITEP Moscow, MEPhI Moscow, MSU Moscow, Munich LMU,
MPI Munich, Nagasaki IAS, Nagoya, Naples, New Mexico, New York, Nijmegen, BINP Novasibirsk, Ohio SU, Okayama, Oklahoma,
Oklahoma SU, Oregon, LAL Orsay, Osaka, Oslo, Oxford, Paris VI and VII, Pavia, Pennsylvania, Pisa, Pittsburgh,

CAS Prague, CU Prague, TU Prague, IHEP Protvino, Regina, Ritsumeikan, UFRJ Rio de Janeiro, Rome |, Rome II, Rome 1ll,
Rutherford Appleton Laboratory, DAPNIA Saclay, Santa Cruz UC, Sheffield, Shinshu, Siegen, Simon Fraser Burnaby, SLAC,
Southern Methodist Dallas, NP1 Petersburg, Stockholm, KTH Stockholm, Stony Brook, Sydney, AS Taipei, Tbilisi,JTel Aviv,
Thessaloniki, Tokyo ICEPP, Tokyo MU, Toronto, TRJUMFE, Tsukuba, Tufts, Udine, Uppsala, Urbana Ul, Valencia, UBC Vancouver,

Victoria, Washington, Weizmann F\IEJ 'IPF—PWIeﬁSPF@éﬁ.&?&@?*\ﬁﬁ%mnsm, Wuppertal, Yale, Yerevan 16
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An Aerial View of Point-1

e ' '
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(Across the street from the CERN main entrance)

Irakli Minashvili, Georgian Teachers
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Muon Detectors Electromagnetic Calorimeters

- i i ATLAS

End Cap Toroid

Length :~46 m

Radius :~12m

Weight : ~ 7000 tons

~ 108 electronic channels
~ 3000 km of cables

Tracking Electromagnetic Hadron Muon
chamber  calorimeter calorimeter  chamber

Hadronic Calorimeters

photons
* Tracking (|n|<2.5, B=2T) : ;e:-‘
-- Si pixels and strips
-- Transition Radiation Detector (e/n separation) o
: mt p
» Calorimetry (n|<5) : —
-- EM : Pb-LAr n
-- HAD: Fe/scintillator (central), Cu/W-LAr (fwd) T—
Innermost Layer... =————————3p . Outermost Layer
* Muon Spectrometer (|n|<2.7) :
air-core toroids with muon chambers
Irakli Minashvili, Georgian Teachers 18
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Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation
Tracking Tracker  *
Pixel/SCT
detector

Irakli Minashvili, Georgian Teachers
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1 Electrons and Photons (e, Y) — combine information from calorimeters and tracking
devices

e, Y provide narrow clusters in electromagnetic calorimeter, and deposit all their energy therein

e (7) clusters must (not) match with incoming track
e can be separated from pions using transition radiation in TRT (ATLAS)

For many interesting physics processes e’s and y’s are isolated from other particles

However, not so for e’s from charm and beauty decays and y’s from 7% decays

B Backgrounds stem mostly from misidentified jets

I Muons (M) — identified using muon chambers at outer detector (other particles are
absorbed)

B M momentum and charge can be determined from track bending in B field of p chambers

B Backgrounds stem mostly from charged /K decays in flight

Irakli Minashvili, Georgian Teachers
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ATLAS
Detector

45 m
/\
—
ATLAS superimposed to Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

the 5 floors of building 40

N

= w
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24 m < | i
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Toroid system

Barrel Toroid parameters
25.3 m length

20.1 m outer diameter

8 coils

1.08 GJ stored energy

370 tons cold mass

830 tons weight

4 T on superconductor

56 km AI/NbTi/Cu conductor
20.5 kA nominal current

4.7 K working point

End-Cap Toroid parameters
5.0 m axial length

10.7 m outer diameter

2x8 coils

2x0.25 GJ stored energy
2x160 tons cold mass

2x240 tons weight

4 T on superconductor

2x13 km AI/NbTi/Cu conductor
20.5 kA nominal current

4.7 K working point

Barrel Toroid:
8 separate coils

End-Cap Toroid:
8 coils in a common cryostat

Irakli Minashvili, Georgian Teachers
Program, CERN, May 6-12, 2012
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ATLAS Tracking Detectors

~6m

O

Beam Pipe : gt
‘ - P ' s — ""WE&,%; :
m -t

Transition Radiation
Tracker (TRT)
(4 10° channels)

Pixels Si Strips Tracker (SCT) 59
(0.8 108 channels) (6 10° channels)

Irakli Minashvili, Georgian Teachers
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—— Detector Silicon-sensors

decoupling
capacitors

semsor bump bonds

Hybrid assembly
BeO facings(far side)

Slot washer

Silicon sensors Connector

Datum washer

Baseboard TPG BeO facings(cooling side)

Irakli Minashvili, Georgian Teachers
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ATLAS Calorimeters

Fe/scintillator hadronic Tilecal

------
........

......

LAr/Pb

electromagnetic §

LAr/Cu hadronic

~12 m long, 4.3 m radius LAr/W forward

Irakli Minashvili, Georgian Teachers
Program, CERN, May 6-12, 2012
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ATLAS Electromagnetic
Calorimeters

LAr sampling calorimeter
accordion geometry

readout panel

N

LAr gap

\_\

D

L

o =

N\
P

Why ?

* readout speed

* radiation hard

+ electronically
inter-calibrated

+ allows longitudinal
segmentation

* hermetic in phi

» good energy and
angular resolution

Irakli Minashvili, Georgian Teachers
Program, CERN, May 6-12, 2012
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Tile Calorimeter
[roies
PMT |
WLS fibers

Double E
readout

scintillators

;,;7/ Submodule

22/05/2006

Irakli Minashvili, Georgian Teachers

Program, CERN, May 6-12, 2012 29



Tile Calorimeter

15 years of fruitful collaboration
with our Romanian friends... !

.

Irakli Minashvili, Georgian Teachers
Program, CERN, May 6-12, 2012
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The muon spectrometer (barrel)

Trigger chambers (RPC) rate capability

Barrel: precision and trigger chambers required ~ 1 kHz/cm?
in 3 layers (588 stations): | — w77 ]
I (inner) - M (middle) - O(outer) RPC3 . . o
lowlp, / igh p,
RPC 2
( ‘ MDT o |

0 5 10

2 technologies:
MDT - Monitored Drift Tubes (layers: I,0,M)

RPC - Resistive Plate Chambers (trigger)
(layers M+M,0)

Irakli Minashvili, Georgian Teachers
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Forward muon spectrometer

- ‘Big Wheels’ are all installed

- The end-wall wheel
installation has started

End-cap toroid |\

End-wall wheels

‘; \'f]
Irakli Mi g ﬁ-

Program, CERN, May 6-12, 2012




ATLAS Trigger and Data Acquisition

Level 1 decision
based on data
from calorimeters
and muon trigger
chambers;

synchronous at
40 MHz

Level 2 uses Regions
of Interest
identified by
Level-1
(< 10% of full
event) with full
granularity from
all detectors

Event Filter has
access to full
event and can
perform more
refined event
reconstruction

Calo
uon trigger Other detectors

40 R
} Lﬁ ’ ’ l 1 PB/s
Level 1 <2.5 us
— - - <2 5
E Calorimeler Muon e {
g Trigger Trigger
© —
© e rop | | rop || koo
I
Reglons of Interest (Rol) 120 GB/s
chch ~10ms HR"I _|
RDIB J_'[ﬂl | -|RE|'B ROB| |ROB
ROS
o Q . e Roldats |
S @ 1 3 GBJs
L2A.
E Event Builder
o 2 kHz
n Fxent Filter ~1see [ AL
Full evenis
@7 BFAc
w EFN
M 200 Hz

High-Level Trigger

Irakli Minashvili,

Program, CER

I 300 MB/s

Georgian Teachers
N, May 6-12, 2012

Reduce rate from
40 MHz to 200Hz
while retaining
the rare,
interesting
events
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Balloon
(30 Km)
WLCG is a worldwide

collaborative effort on g

CD stack with
an unprecedented scale 1 year LHC datal
in terms of storage and (~ ,g{;‘,(m)
CPU requirements, as
well as the software
project’s size

Concorde

GRID computing developed
to solve problem of data storage
and analysis

LHC data volume per year:
10-15 Petabytes

One CD has ~ 600 Megabytes i 50 CD-ROM,
1 Petabyte = 109 MB = 10'° Byte .
™ =35GB

(Note: the WWW is from CERN... ) I

Irakli Minashvili, Georgian Teachers
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Run Number: 190300,
Event Number: 60554334
Date: 2011-10-04, 05:25:26 CET

EtCut>0.3 GeV
PtCut>3.0 GeV
Vertex Cuts:

Z direction <lcm
Rphi <lem

Muon: blue
Cells: Tiles, EMC

Persint
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Back slides
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Dimensions
Proton Y

Radius of Earth

Earth to Sun

Radius of

Galaxios

LHC (CERN)
Resolution < 10-'%cm

Proton-proton collider in 27 km tunnel
100 meter under ground

CMS at LHC
Weight: 12500 t
Length: 21.5 m
Diameter: 15 m
Magnetic field: 4 T

Irakli Minashvili, Georgian Teachers
Program, CERN, May 6-12, 2012
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cooler than outer space

The LHC is the largest cryogenic system on earth,

Sector temperature profile at 08 Dec 15:14

4.9
4.7
4.5
4.3

Mowve cursor to square to identify magnet

my ~

Magnets cooled down in a bath of
~120 tons of superfluid Helium
(excellent thermal conductor)

4.1
3.9
3.7
3.5
3.3
3.1
2.9
2.7
2.5
2.3
2.1
19 E
17 F
15

One sector: 3.3 km, 154 dipoles

Temperature [K]

Saturated Vapour Temperature: 1.86K

Point 8 Mid Arc Point 1
O Inner Triplets [ Arc magnets M L3S magnets

H K Onnes
Nobel Prize in Physics 1913

m ~100 years ago, on 10 July 1908: Heike K Onnes
first liquefied Helium (60 mlin 1 hour) in Leiden
m LHC today: 32000 He liters liquefied per hour
by eight big cryogenic plants
(the largest refrigerator in the worldl) vinashuil, Georgian Teachers
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The history of accelerators

20.
L\
Eji 100 TeV Storage rings / SP-PBAR-S
g ® HERA
(ep)
()
o 10TeV|—
g &n / LEP/SLC
8 1Tev|- PETRA (e+/-)
IS 7/ FNAL/SPS
D 100 GeV— 4
& Proton synchrotron SLED
L weak focussing
: 10 GeV|— A
> Electron Electron linacs
2 4 gevlSynehrotron Synchrocyclotrons
= weak f )__ Proton linac
é Betatron S
> 100 MeVI— = or focused
'g_ Cyclotr@( cyclotron
N
W
10 MeV|— Electrostatic
generator
1 MeV N Rectifier generator
100 keV I | | | I | |

Iral

p acapeMid 98060519482 1950 1960 1970 1980 1990 2000



Main parameters of the machine

Design operation

Beam energy 7 TeV
Instantaneous luminosity L 1034 | cm2s?
Integrated luminosity/year ~100| fb1?
Dipole field 84 |T
Dipole current 11700 A
Circulating current/beam 0.53 A
Number of bunches 2808
Bunch spacing 25 |ns
Protons per bunch 1011
R.m.s. beam radius at IP1/5 16 | um
R.m.s. bunch length 7.5 | cm
Stored beam energy 360 | MJ
Crossing angle 300 (urad
Number of events per crossing 20
Luminosity lifetime 10 | hours
two beams, 2808 bunches
-« each, separated by 25 ns —

! 5__7‘“ = -

ong range =N == -

inte?actiogns I =g . I CrosSiTg

n. of protons n. of bunches

per bunch

~,

21, n. of turns

L — N kbf per second
41o.0,
N ——

/

beam size at IP
(0y= 16 um)

N=LXo(pp—X)

x200 Tevatron

Aircraft carrier at 12 knots




Maximum B-field

= required maximum dipole field:

T plGeV/c]
"Fo L[meter]

=

=

I
=
Ly

mm Physics: —  p=T000 GeV/c

mm LEP tunnel: L = 27000 meter
mm only 80% of the arc are filled with dipoles: —=  F =10,

> 'B =838T

________________

_d
eartl; 0.3 * 10 Tesla

': irorn saturationr: 2 Tesla
|
i

Irakli Minashvili, Georgian Teachers
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Low B (pp)
High Luminosity

CMS

RF
& Future Expt.

Octant 3

(B physics)
Low B (pp)
High Luminosity

Irakli Minashvili, Georgian Teachers
Program, CERN, May 6-12, 2012
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O (proton - proton)

Cross Sections and Production Rates

Fermilab SSC

1 mb

1ub

1nb

1pb

'°E“'1‘]l ‘:'101 Rates for L = 10%* cm2 s': (LHC)
Frot = g | i * Inelastic proton-proton
UA4/5 .
§ reactions: 10° /'s
' 4107
* bb pairs 5 10%/s
g |+ tt pairs 8 /s
L |+Woev 150 /s
= |*Z e 15 Is
N
£ |+ Higgs (150 GeV) 0.2 /s
§ * Gluino, Squarks (1 TeV) 0.03 /s
:

LHC is a factory for:
top-quarks, b-quarks, W, Z, ....... Higgs, ......

9 Higgs _
my,=500GeV

(The challenge: you have to detect them !)

0.001 0.01 01
v§ TeV

Irakli Minashvili, Georgian Teachers
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Search for the Standard Model Higgs boson over ~115 < my <1000 GeV

Search for physics beyond the SM (Supersymmetry, g// compositeness,
leptoquarks, W’/Z’, heavy g/¢, Extra-dimensions, ....) up to the TeV-range

Precise measurements :
-- W mass
-- top mass, couplings and decay properties
-- Higgs mass, spin, couplings (if Higgs found)
-- B-physics (complementing LHCb): CP violation, rare decays, B? oscillations
-- QCD jet cross-section and o,
--etc. ....

Study of phase transition at high density from hadronic matter to plasma of deconfined
quarks and gluons (complementing ALICE).
Transition plasma — hadronic matter happened in universe ~10-% s after Big Bang

Etc. etc. .....

Irakli Minashvili, Georgian Teachers
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Up to what mass new particles
could be produced at LHC?

gluon
S e—— —

i CTEQ4M (Q°=10" GeV?)

veeeemenn Qluon/ 10

fraction x of proton b
momentum carried :
by partons 2
Irakli Minashvili, Georgian Teachers
Program, CERN, May 6-12, 2012

spectrum ends at x ~0.35

mm

ax

=035x7 TeV (p)

~2.5TeV
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Collisions at LHC

Proton-Proton
Protons/bunch 10"

Beam energy 7 TeV (7x10™ eV)
‘%\; Luminosity 103 cm?2 s

Event rate in ATLAS :
N =L x o (pp) = 10° interactions/s

Mostly soft ( low pt ) events

Parton <+— |nteresting hard (high-p; ) events are rare

(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle
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How much do the protons weigh in the LHC at 7Tev?

The energy of a proton is 7 TeV. Via E = mc? the mass is simply 7 TeV/c? - and
these are the units usually used.

7 TeV/c? divided by the rest mass .938272029 GeV/c? gives us 7460.52 times the
rest mass

Working in Sl units we can do the same thing more explicitly:

At 7 TeV:

Energy = 7 ¥1012 *1.60206 *101? Joules

c=2.99793 108 m/s

m = Energy/c? = 1.2477-3 Kg

At rest (rest mass proton = m):

Energy = m, ¢ = 0.938272029 *10°*1.60206*10° Joules (or just say m, =
0.938272029 GeV/c?)

m, = Energy/c® = 1.672009*’ Kg

m/m, = 7460.52 as before

This number is gamma i.e. 1/square root( 1- v2/c?) - from which you can easily
calculate the velocity.
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