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General purpose experiments: ATLAS and CMS

Goals:
e Find Higgs
e Search for new (heavy) particles
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Zakaj imajo delci maso: Higgsov bozon

Skotski fizik Peter Higgs in belgijski fizik Francois Englert, 1964:
Maso delcev lahko pojasnimo, ce predpostavimo, da je prostor
napolnjen s poljem — Higgsovim poljem

Elektromagnetno polje = nabit delec (e”) obcuti silo
velikost sile odvisna od velikosti elektricnega naboja

Higgsovo polje = delci imajo maso

velikost mase odvisna od velikosti ,Higgsovega naboja“

9
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Higgsov bozon

Skotski fizik Peter Higgs in belgijski fizik Francois Englert, 1964:
Maso delcev lahko pojasnimo, e predpostavimo, da je prostor
napolnjen s poljem, seveda — Higgsovim poljem

Elektromagnetno polje = nabit delec (e7) obcuti silo
velikost sile odvisna od velikosti elektricnega naboja

Higgsovo polje = delci imajo maso

velikost mase odvisna od velikosti ,Higgsovega naboja“

elektromagnetno polje ima svoje delce — fotone
Higgsovo polje ima svoje delce -|{Higgsove bozone
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Generic LHC Detector for all Particles
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Muon spectrum -ATLAS
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From raw data to summary data
momentum measurement

Example of momentum determination:

if s determined by
3 measurement points:

Data analysis, B. Golob




From raw data to summary data
momentum measurement

Multiple scattering:
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What kind of momentum resolution do we need?

Reminder: example X 2> p pu*
Mct = (E; + Ey)?- (p; + Po)? > M%c* = 2 p; p, (1 - cos@y,)

The X peak should be narrow to minimize the contribution of random

CMS 19.7 fb" (8 TeV

coincidences (‘combinatorial background’) > 25T

8 i SR1 - Signal+background fit i
Al

----- Background-only fit

The required resolution in Mc?: about 1 GeV
at 30 GeV.

What is the corresponding momentum
resolution?

For simplicity assume X is at rest >

0®,,=1809, p;=p,=p=15 GeV/c, Mc2=2pc

2>c(Mc?) = 2 o(pc) at p=15 GeV/c CMS could-be-particle (porobably
statistical fluctuation...)

- o(p)/p = 1 GeV/2/15GeV = 3%



Momentum resolution

o, o.p; | 720 o, 13.6MeV
p, eBL V\N+4 P, eB./LX,
Opr _ 0.1x10°m 720 _ 0. x0.0006 eB = 0.3 (B/T) (1/m) GeV/c

o P 0.3(GeV /m)x2x1Im” \ 54

For B=2T,L=1m, o, = 0.1 mm

For pr = 1 GeV: o .1 /pr = 0.06%

For pr = 10 GeV: o ;+ /pr = 0.6%

For pr = 100 GeV: o 1 /pr = 6%

How to improve high momentum resolution?

o Better resolution: wire chamber - silicon strip detector (full
CMS tracker, partly ATLAS)

e Higher field: CMS B=4T

e Longer lever arm for muons: additional tracking in the
magnetic muon system (ATLAS)

Peter Krizan, Ljubljana



Momentum measurement for very high

Tile calorimeters
LAr hadronic end-cap and
%, Torward coborirmelers

Pixel detector
LAr eleciromagnetic calorimeters

Muon chambers Solencid magnet | Transifion radiation tracker
Semiconductor tracker
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Figure 10.8: Relative transverse momentum resolution (left) as a function of |1 for muons with
pr = 1 GeV {open circles), 3GeV (full triangles) and 100GeV (full squares). Transverse mo-
mentum, at which the multiple-scattering contribution equals the intrinsic resolution, as a function
of |n| (right).
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Identification of charged particles

Particles are identified by their mass or by the way they interact.

Determination of mass: from the relation between momentum and
velocity, p=ymv (p is known - radius of curvature in magnetic field)

—>Measure velocity by:

e time of flight

e jonisation losses dE/dx

e Cherenkov photon angle (and/or yield)

e transition radiation

Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons
—>calorimeters, muon systems

Peter Krizan, Ljubljana



Transition radiation

E.M. radiation emitted by a charged particle at the boundary of two media
with different refractive indices
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Emission rate depends on y (Lorentz factor): becomes important at y~1000
e Electrons at 0.5 GeV

e Pions above 140 GeV

Emission probability per boundary ~a = 1/137

Emission angle ~1/y

Typical photon energy: ~10 keV = X rays

Peter Krizan, Ljubljana



Transition radiation - detection

Emission probability per boundary ~a = 1/137

- Need many boundaries

e Stacks of thin foils or

e Porous materials — foam with many boundaries of individual ‘bubbles’

Typical photon energy: ~10 keV = X rays
- Need a wire chamber with a high Z gas (Xe) in the gas mixture

Emission angle ~1/y
- Hits from TR photons along the charged particle direction

e Separation of X ray hits (high energy deposit on one place) against
jonisation losses (spread out along the track)

e Two thresholds: lower for ionisation losses, higher for X ray detection

Peter Krizan, Ljubljana



Transition radiation - detection

- Hits from TR photons along the charged particle direction

e Separation of X ray hits (high energy deposit on one place) against
jonisation losses (spread out along the track)

e Two thresholds: lower for ionisation losses, higher for X ray detection
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Transition radiation detectors

Performance: pion efficiency (fake prob.)
- vs electron efficiency
l I | |

Example:

Radiator: organic foam 1
between the detector :
tubes (straws made of
capton foil)

Pion efficiency
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Transition radiation detector in
ATLAS: combination of a tracker and
a transition radiation detector

vom= o T

2.1m

9\ Barrel semiconductor tracker
= - Pixel detectors
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< Sl 3 V End-cap transition radiation tracker _
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ATLAS TRT

Radiator: 3mm thick layers made of polypropylene-polyethylene fibers with
~19 micron diameter, density: 0.06 g/cm3

Straw tubes: 4mm diameter with 31 micron diameter anode wires,
gas: 70% Xe, 27% CO,, 3% O.,. Radiator Sheets
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TRT: pion-electron separation
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TRT performance in 2010 data

e/pion separation: high threshold hit probability per straw
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Additional feature of TRT: identification with a dE/dx
measurement

16
H, liquid

14F

—dE/dx (MeV g_lcmz)

dE/dx
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For particles with different mass the Bethe-
Bloch curve gets displaced if plotted as a

—
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For good separation: resolution should be ~5%
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Track-averaged corrected TRT ToT [3.12 ns]

Time-over-Threshold (ToT):
dE/dx in ATLAS TRT

3.5F ATLAS Preliminary
3 - Simulation
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| I 1 I I T R
1 10
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2010 data: The track-
averaged ToT distribution as
a function of the track
momentum.

The relation between the track ToT
measurement and the track By,
obtained from MC studies.
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Identification of muons at LHC
- example ATLAS

23m

-
]

Tile calorimeters

Lar hadranic end-cdp and
3 Torvword calorirmebers

Pixel detector

LAr eleciromagnetic calorimetbers

Muon chambers Solencid magnet | Transition radiation fracker

Semiconductor tracker
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Muon ID

Separate muons from hadrons (pions and kaons): exploit the fact that
muons interact only electromag., while hadrons interact strongly = need a
few interaction lengths to stop hadrons

Interaction lengths = about 10x .
radiation length in iron, 20x in CsI. [

A particle is identified as a muon if Mk\\l
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Identification of muons in ATLAS

eIdentify muons
eMeasure their
momentum

Thin-gap chambers (T&GC)

Monitored drift tubes (MDT)

) Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
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Muon identification in ATLAS

Material in front of the muon system
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Figure 5.2: Cumulative amount of material, in units of interaction length, as a function of ||, in

front of the electromagnetic calorimeters, in the electromagnetic calorimeters themselves, in each

hadronic layer, and the total amount at the end of the active calorimetry. Also shown for complete-

ness is the total amount of material in front of the first active layer of the muon spectrometer (up

to [n| < 3.0).
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Muon identification efficiency
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Figure 10.37: Efficiency for reconstructing
muons with pr = 100 GeV as a function of |17/
The results are shown for stand-alone recon-
struction, combined reconstruction and for the
combination of these with the segment tags dis-
cussed in the text.
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Figure 10.38: Efficiency for reconstructing

muons as a function of pr. The results are
shown for stand-alone reconstruction, com-
bined reconstruction and for the combination
of these with the segment tags discussed in the

text.
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Muon fake probability

Sources of fakes:

-Hadrons: punch through negligible, >10 interaction legths of material in
front of the muon system (remain: muons from pion and kaon decays)

-Electromagnetic showers triggered by energetic muons traversing the
calorimeters and support structures lead to low-momentum electron and
positron tracks, an irreducible source of fake stand-alone muons. Most of
them can be rejected by a cut on their transverse momentum (pT > 5 GeV
reduces the fake rate to a few percent per triggered event); can be almost
entirely rejected by requiring a match of the muon-spectrometer track with
an inner-detector track.

- Fake stand-alone muons from the background of thermal neutrons and
low energy y-rays in the muon spectrometer ("cavern background"). Again:
pT > 5 GeV reduces this below 2% per triggered event at 1033 cm2 s1. Can
be reduced by almost an order of magnitude by requiring a match of the

muon-spectrometer track with an inner-detector track.
Peter Krizan, Ljubljana



Razpad Higgsovega delca v dva visokoenrgijska zarka
gamma, H - yy, v detektorju ATLAS

Run: 191426 ;Q}T? &P.IE.I!TAﬁh%
Event: 86694500 - -
2011-10-22 17:30:29 CEsT  http://atlas.ch
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Calorimetry

Energy measurement by total absorption, combined with spatial
reconstruction.

Calorimetry is a “destructive” method
Detector response o E

Calorimetry works both for

« charged (ex and hadrons) and

« neutral particles (n,y)

Basic mechanism: formation of electromagnetic or hadronic showers.

Finally, the energy is converted into ionization or excitation of the matter.

Peter Krizan, Ljubljana



Energy loss by Bremsstrahlung

Radiation of real photons in the e

Coulomb field of the nuclei of the absorber
g
2 2N
dE_, . Z Eg[ 1 e ]Emm E

= | o
dx 4 A 4re; me> Z% m-

Effect plays a role only for e* and ultra-relativistic n
(>1000 GeV)

For electrons:
dE z*° 183
Z 1 Eln—>
dx A 75

A radiation length [g/cm?]
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Ko 2q [CM]

Material Z A plgem’]  Xo[glenr] A,[g/emr]
Hydrogen (gas) 1 1.01  0.0899(af) 63 50.8
Helium (gas) 2 400 01786 (o) 04 65.1
Beryllivm 4 0.01 1.848 65.19 75.2
Carbon 6 12.m 2.265 43 863
Nitrogen (gas) 7 14.01 1.25 (gn) 38 878
Oxygen (gas) g8 1600 1.428 (g) 34 01.0
Aluminiam 13 2698 27 24 1064
Silicon 14 2800 233 22 106.0
Iron 26 3583 787 13.0 1319
Copper 20 6355 8.96 129 1349
Tungsten 74 18383 193 6.8 1850
Lead 82 20719 11.35 6.4 1240
Uranium 92 23803 18.95 5.0 1820
ForZ>6: i, > X,
i, and X, in cm
100 5
i:\\"\
1 = h\';‘; "’"a .
IEI q l‘ - &
i - Xg
] | |
U |
G1 T T T LI T TT T TT LI T TT T TT T TT T TTT
0 M 20 30 40 50 60 70 80 S0 100
Z
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Electrons: fractional energy loss, 1/E dE/dx
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Figure 27.10: Fractional energy loss per radiation length in lead as a funetion of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Mgller (Bhabha)
scattering when it 1s above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use Xo(Pb) = 5.82 g/cm?,

but we have modified the figures to reflect the value given in the Table of Atomic

and Nuclear Properties of Materials (X(Pb) = 6.37 g/cm?).
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For electrons one finds approximately:

polid+lig _ 6l0MeV  pgas _710MeV

Z 1124 B density effect of
11.2:
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For muons 5
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{Leo) / energy loss (radiative
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Interaction-of
photons with
matter
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Figure 27.14: Photon total cross sections as a function of energy in carbon and
lead, showing the contributions of different processes:

Op.e.

TRayleich =

TCompton =

Knue
Ke

Jg.d.r.

Atomic photoelectric effect (electron ejection, photon absorption)
Rayleigh (coherent) scattering-atom neither ionized nor excited
Incoherent scattering (Compton scattering off an electron)

Pair production, nuclear field

Pair production, electron field

Photonuclear interactions, most notably the Giant Dipole Reso-
nance [46]. In these interactions, the target nucleus is broken up.



Electromaagnetic Cascades (showers)

Electron
shower in a
cloud
chamber
with lead
absorbers

Simple qualitative model

| | Consider only
>z Bremsstrahlung ;
%fj and pair BEBC , Ve/H, (Fo/30%) ,3=3T
LT production
} 1 | ' ELECTRONAGN ETIC JSHOWER DEVEL.
H‘"‘%L_-‘E\_‘"—‘-H |
=
\ Assume:
S— l..- — J){D = .I"l.-F:Ialr
Eorp, oy oy Eong

] 1 2 3

Fod
L

s 1 8 *Eo]
N()=2"  E(t)/ particle=E,-2""

Process continues until E(?)<E,

BEJE e S gt pogge oy B
= 02 ‘ =2 &

After t =1, the dommating processes are 1onization.

Compton effect and photo effect — absorption. Peter Krizan, Ljubljana



itudi dE o ¢
Longitudinal shower development: ~ —- "¢
Ey 1
E. In2
95% containment  fose, ~ fpay +0.08Z +9.6

Shower maximum at fmax =

Size of a calorimeter grows only logarithmically with E,

Transverse shower development: 95% of the shower
cone is located in a cylinder with radius 2 R,,

21 MeV

Ryy =E—Xu [g/em®]  Moliére radius

Longitudinal and
transverse

R{90% contammentl [Pyl

development scale
with Xg, Ry

Longitudingl energy deposit [arbdirary units ]

(C. Fabjan, T. Ludiam, CERN-EP/82-3T)

Depth [Xg]

Example: E, = 100 GeV in lead glass cm

E=11.8MeV >t _ =13, ty, =23 -——‘3

Xp=2cm, Ry, —18X = 3.6 cm

46 cm
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¢ Energy resolution of a calorimeter (intrinsic limit)

E
Nl o Z0 total number of track segments
c

o

4 o _
E N VN JE, calorimeters

o(E) o o (N) 1 1 holds also for hadron

Also spatial and angular resolution scale like 1AE

Relative energy resolution of a calorimeter improves
with Eg

More general:

olE)_ 2 gpel
E E \ E
Stochastic Constant term Noise term
term
Inhomogenities Electronic noise
Bad cell inter- radioactivity
calibration pile up

Non-linearities

l

Quality factor |
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Calorimeter types

* Homogeneous calorimeters:

= Detector = absorber

= good energy resolution

= limited spatial resolution (particularly in
longitudinal direction)

= only used for electromagnetic calorimetry

* Sampling calorimeters:

= Detectors and absorber separated — only part
of the energy is sampled.

= limited energy resolution

= good spatial resolution

= used both for electromagnetic and hadron

calorimetry Peter Krizan, Ljubljana



Homogeneous calorimeters

Two main types: Scintillator crystals or “glass” blocks
(Cherenkov radiation).

— photons. Readout via photomultiplier, -diode/triode

. Scintillators (crystals)

Scmhllator Denzity | X [cm] | Light T, [ms] &, [mm] | Rad Comments
[glem’] Tield Dam
eV [Gy]
irel. vield)
Mal (TT) 3.67 259 4=100* 230 413 =10 hydroscopic,
framle
CsI(TI) 451 186 F=10* 1005 563 =10 Slightly
i0.49) hyzroscapic
CSI pure 451 186 410 10 310 10 Slightly
(0.0 36 310 hyzroscopic
BaF, 487 2.03 0 0.6 20 10
(0.13) 620 310
BGO 713 1.13 g=10° 300 480 10
PbW0, 828 0.89 =100 10 =440 10° Light vield =f(T}
10 =330
Relative light yield: rel. to Nal{TI) readout with PM (bialkali PC)
. Cherenkov radiators
Material Density | Xj[cm] | n Light yield hoe [mm] | Bad | Comuments
[gfem’] [pe/GeV] Dam.
(rel. p.e) [Gv]
SE-3 408 254 1.67 | so0 350 10
Lead glass (1.5%107%
SE-6 520 169 181 | oo0 350 107
Lead glass (23107
PbF, 7.66 083 1.82 | 2000 10 Not available
(3=107) In quantity

Relative light yield: rel. to Nal(TI) readout with PM (bialkali PC)

Peter Krizan, Ljubljana



Sampling calorimeters

Absorber + detector separated — additional sampling
fluctuations

T
detectors  absorbers N=f Detectable track segments

Ny

d

MWPC, streamer tubes ~———,
warm liquids
TMP = tetramethylpentane,
TMS = tetramethylsilane

cryogenic noble gases:
mainly LAr (Lxe, LKr)
scintillators, scintillation fibres, silicon

detectors ,_w_’/

L]

L]

-
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+ ATLAS electromagnetic Calorimeter

a

Accordion geometry absorbers immersed in Liquid Argon

=

=

-.\‘.-I-

o b

S —

A Ll

(RD3 ] ATLAS)

Liquid Argon (90K)
+ lead-steal absorbers (1-2 mm)
+ multilayer copper-polyimide

— |lonization chamber.

readout boards

1 GeV E-deposit — 5 x10° e

Test beam results, & 300 GeV (ATLAS TDR)

Cerelont  0.11EBE4 DN
N Wion 273

Sigma 2.8E4
[ 123 SPOTS r\

M TN ZE MG 2 M0 Mt 3 JIF 10

Erergy [Gei]

1
1
1
&

[\ O(E)/E=afJE®b/E®c

=20
o={3.08£0.239)%
b={1RZ 3+ 18.9) Mew
c=(0.35£0 0415

=il B
|:|={1G.42:|:G.35]2
b={ 34 BL15.6] Mo
Cml 0. 270085

AR
150

T TR
Enerqgy [Eev]

+ Accordion geometry minimizes dead
Zones.

* Liquid Ar is intrinsically radiation hard.

+ Readout board allows fine segmentation
(azimuth, pseudo-rapidity and
longitudinal) acc. to physics needs

Spatial and angular
unifarmity =0.5%

Spatial resolution
=5mm [ E12
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Nuclear Interactions

The interaction of energetic hadrons (charged or
neutral) is determined by inelastic nuclear processes.

badon /"
Il\‘-\_\_ . . .
\ multiplicity « In(E)
Ty
=— . p,= 035GeVic
__\____—h P

Excitation and finally breakup up nucleus — nucleus
fragments + production of secondary particles.

For high energies (>1 GeV) the cross-sections depend
only little on the energy and on the type of the incident
particle (p, w, K...).

Tipal gﬁﬂ'ﬂﬂﬂ'? 0y =35mb

In analogy to X, a hadronic absorption length can be

defined
efine N A

1
a o« 4* Dbecause Oy EU{}AD'?

- NiGinet
similarly a hadronic interaction length
A 1
‘lf = of 43 'H"I < 'H'G‘
*Mﬂga'm'af
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Ko 2q [CM]

Material Z A plgem’]  Xo[glenr] A,[g/emr]
Hydrogen (gas) 1 1.01  0.0899(af) 63 50.8
Helium (gas) 2 400 01786 (o) 04 65.1
Beryllivm 4 0.01 1.848 65.19 75.2
Carbon 6 12.m 2.265 43 863
Nitrogen (gas) 7 14.01 1.25 (gn) 38 878
Oxygen (gas) g8 1600 1.428 (g) 34 01.0
Aluminiam 13 2698 27 24 1064
Silicon 14 2800 233 22 106.0
Iron 26 3583 787 13.0 1319
Copper 20 6355 8.96 129 1349
Tungsten 74 18383 193 6.8 1850
Lead 82 20719 11.35 6.4 1240
Uranium 92 23803 18.95 5.0 1820
ForZ>6: i, > X,
i, and X, in cm
100 5
i:\\"\
1 = h\';‘; "’"a .
IEI q l‘ - &
i - Xg
] | |
U |
G1 T T T LI T TT T TT LI T TT T TT T TT T TTT
0 M 20 30 40 50 60 70 80 S0 100
Z
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Hadronic casacdes

Various processes involved. Much more complex
than electromagnetic cascades.

Hadronic + electromagnetic

component
I |
charged pions, protons, kaons .. .. neutral pions — 2y —
Breaking up of nucle1 electromagnetic cascade
(binding energy). n(z®)~ n E(GeV) - 4.6
neutrons, neutrinos, soft ¥'s example 100 GeV: n(n®)~18
muons ... — invisible energy

Large energy fluctuations — limited energy resolution

ter Krizan, Ljubljana



Longitudinal shower development
tax (A7) ~0.2In E[GeV]+ 0.7
f'gﬁ% = Hh]E'l—b

Forlron: a=94, b=39
E =100 GeV
— fyeq 80 CM

TP
g
Z } 100 o 5 : : Hadronic showers are
: [ much longer and
’ — ¢ broader than
] E— : e electromagnetic ones!

Longitudingl  depih { &

Laterally shower
consists of

core + halo.

95% containment
in a cylinder of
radius %,

4 ;
10 GeV/c U in Fe

10

number of
shower particles

Iron: A;=16.7 cm 12 8 L 0

(B. Friend et al., NIM
A136 (1976) 505)

4 Bcm
lateral shower position
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€ CMS Hadron calorimter

Cu absorber + scintillators

l

2 x 18 wedges (barrel)
+ 2 x 18 wedges (endcap) = 1500 T absorber

Scintillators fill slots and are read out
via fibres by HPDs

Test beam o 65%

resolution for

@ 5%
single hadrons E JE

Peter Krizan, Ljubljana



4 scintillating tiles of the CMS Hadron calorimeter

Peter Krizan, Ljubljana




Detektor ATLAS med
gradnjo

V &7

Viden delez slovenske
raziskovalne skupine (1JS in
FMF UL)

Marlkd-M_ikui |

[



Kontrolna soba med
meritvami...

Peter Krizan, UL FMF + IJS



Iskanje Higgsove delca z detektorjema
ATLAS in CMS ob LHC

e Trkalnik in oba velika detektorja, ATLAS in CMS odlicno delujejo od
konca leta 2009

e Julij 2012: ATLAS in CMS objavita odkritje Higgsovega bozona —
pravzaprav delca, za katerega zaenkrat vse kaze, da ima take lastnosti,
kot jih pricakujemo od Higgsovega delca (*Higgs-like particle”).

eNa dokoncno potrditev je bilo treba pocakati do 2013, ko so nabrali
dovolj velik vzorec podatkov, da so lahko opravili dodatne meritve.

Peter Krizan, UL FMF + 1JS



Events / 2 GeV

Events - Fitted bkg

Rezultat meritve: iskanje razpada Higgsovega
bozona v dva zarka gamma, H = yy

10000

8000

6000

4000

2000

500
400
300
200
100

-100
-200

— —
B Selected diphoton sample 7]
[ 3 ° Data 2011+2012 ]
L Sig+Bkg Fit (mH=1 26.8 GeV) i
. g eseweses Bkg (4th order polynomial) ]
— ATLAS Preliminary ]
- T Hoyy —
[ Vs=7TeV, JLdt -481fb |
~ Vs=8TeV, JLdt =20.7b" .
§T++++§_ﬁ) \*-+++“ ¢
X t ‘ ¢ ALK =

100 110 120 130 140 150 6

m,., [GeV]

Masa vsake zabelezene
kombinacije dveh
visokoenergijskih zarkov
gama:

— veliko vecino predstavljajo
nakljucne kombinacije

- vrh pri energiji 126 GeV
ustreza razpadom H - yy

Izmerjena porazdelitev

minus ozadje - signal!

Peter Krizan, UL FMF + IJS



Rezultat meritve: iskanje razpada Higgsovega
bozona v dva zarka gamma, H = vy

T l T T T T l T T T T | T T T T | T T T T I T T T T

420 ys =7 TeV j Ldt=0.02fo ' Apr 18,2011

4000

Events / GeV

3500 +D ATLAS Preliminary
ata

3000 H—yy channel

— Background-only
2500
2000
1500

1000

|IIIIIII[I|IIII‘IIII|Il[IlIIII|IIIIIIIII|II

500

TTTTTTTTITTIT T I I I I T I T I T I T T T ITT T ITITT]TT
[ELELY REERN RALL LU LR B ) L

[ BIill

|||||||||||||||||||||||||||||

200

Data - Fit

100 110 120 130 140 150 160
M., [GeV]
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Odkritje Higgsovega delca

Na dokoncno potrditev je bilo treba pocakati do 2013, ko so nabrali dovolj
velik vzorec podatkov, da so lahko opravili dodatne meritve.

- Primerjava stevila razpadov Higgsovega bozona v razlicnih razpadnih
kanalih

- Kotne porazdelitve delcev v koncnem stanju — doloCanje lastnosti tega
delca (spin — vrtilna kolicina).

- Novi delec ima take lastnosti, kot jih predvideva Standardni model

Nobelova nagrada 2013! \

_——

Francois Englert in Peter W. Higgs



Rezultat meritve: iskanje razpada Higgsovega
bozona v stiri leptone, H > p* u~pt p-

> -
G 30T ¢ Data ATLAS Preliminary
L Background zZ" *

g MllBack  HozZ"al

g 25 B Background Z+iets, tt

L

- Signal (m =125 GeV)

- 7
201~ 7, SystUnc. \s =7 TeV:|Ldt = 4.6 fb”
\s = 8 TeV:|Ldt = 20.7 b
15

10

Masa vsake zabelezene
kombinacije stirih
mionov — veCinoma
kombinacije drugih
procesov - ozadja
(rdece in vijolicno).

80 100 120 140 160
m,, [GeV]

Modro: signal, kot bi ga
priCakovali za Higgsov
delec
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Heavy ion collisions: ALICE

Goals:
e Search for a new state of matter: quark-gluon plasma

Challenge: several thousand particles produced in a
collision of two Pb nuclei.

Peter Krizan, Ljubljana



Quter Field Cage ———__

I

|

Il .

Pt ]

\— L =
&

Sector o

Support—WFheeal

Peter Krizan, Ljubljana



Identification with the dE/dx measurement

i\ | | | |

H, liquid

—dE/dx (MeV g_lcmz)

By = p/Mc

dE/dx is a function of velocity B

For particles with different mass the Bethe-
Bloch curve gets displaced if plotted as a

function of p

For good separation: resolution should be ~5%

1000

10000

16

14F

dE/dx

1.2

10

1 |

01

10 100
p(GeV/c)

g
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dE/dx in ALICE

ALICE performance
" work in progress

o
o

Pb+Pb @ sqrt(s) = 2.76 ATeV

TPC signal (a.u.)

= N W b O
o
o

2010-11-08 11:29:52

Fill : 1482

Run : 137124

Event : 0x0000000042B1B693

o
o

TPC dE/dx Rigidity (GeV/c)

400 LI ) O Y I Y Y IO ]
PbPb \[Syy = 2.76 TeV ]
350 - - e s . .
- relativistic rise region
~ 300 -
- - A, (4.0<p_<4.5 GeVic)
= : ] 1500 — ! yh @I
Eﬁr 250 ‘performance - work in _: i & E
E L progress E] : ALICE TPC performance
g} 200 . - B PP@NF=T TeV
= 15/12/10
W 150 \K“‘\ . El 1000 j Stat. errors only
E - a. - T s, iy B - -_-_ Ha -"‘"\\Mi : — data
}_ 1 DD i - - 3 i : . g i " ; o e 4 o Rl :.__( 500 [ ::::: :stimated K
= pe——p— __ e = s ,!q LTS “E — v esn:mated p
50 hﬂ_ ——— = _.-1.1.— s : e estimated e
0 :| e by v v by P v by e By by g . :
0.2 04 06 0.8 1 1.2 14 16 18 2

=
S

: 10 I 20
momentum p (GeV) A, (4.0<p <4.5 GeV/c) [a.u.]



Csl based RICH counters:
HADES, COMPASS, ALICE

HADES and COMPASS RICH: gas radiator + CsI photocathode — long term
experience in operation

charged particle

ALICE: : | Neoceram
PRTRT : & 1 | CF,, liquid
e liquid radiator £ | rc:d]i::'rgr
e proximity focusing
CH 4 ¢ collection
100 um i electrode
Cu-Be2 20 um ;
wires W-Re3 € -
" wires £ ;
|; QO)
. 000000000 .
E|l © © © ©-++205K i
Nl 42mm ! _| ;
|'||’I —— ___.Sccu‘ci‘ci-ct‘c-::c,:i,.(fl'o_:.(.'i.c.icﬁ.E.osoi-c:oi.c.i.cfof.cfc,:(.f.?":(. MWPC
88.4 mm pads ~ i " Front-end
electronics



CERN Csl deposition plant

Thickness 3§
Photocathode produced with a well monitor
defined, several step procedure, with
CsI vaccum deposition and
subsequent heat conditioning

Remote controlled
enclosure box

Erﬁéiwv 4 Csl sources
+ shutters

Peter Krizan, Ljubljana



. The largest scale (11 m2) application
ALICE RICH = HMPID of CsI photo-cathodes in HEP!

Six photo-cathodes per module

CsI photo-cathode is segmented
in 0.8x0.84 cm pads




Cherenkov angle (rad)

ALICE HMPID performance

HMPID Cherenkov angle vs track momentum o 25
: © B E Entries 249972 I
: : -
= < 0.8 —
E > C
- 07
= s I
— g 0.6—
= = =
= S5 E |
- 0.5
= 0.4
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Back-up slides
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TRT performance

0.22

0.18
=018
0.14
0.12

0.1
0.08
0.06
0.04
0.02

* Plons

robabhility
=]
]

4+ Muons

o Electrons

High-threshol

L ol 1l Ll
10 10° 10° 10° 10°
Lorentz gamma factor

Figure 10.25: Average probability of a high-
threshold hit in the barrel TRT as a func-
tion of the Lorentz y-factor for electrons (open
squares), muons (full triangles) and pions (open
circles) in the energy range 2-350 GeV, as mea-
sured in the combined test-beam.

at 90% electron efficiency

5 E T T T T N
% - R A 4 AA a3
=
s [ o e |
a 10 © g =
L o ]
i o o 2 n i
L . . i
107 = - Time-over-threshold 3
- High-threshold ]
n B Combined .
1D—3 1 ool 1 Lol L

1 10 107
Energy (GeV)

Figure 10.26: Pion efficiency shown as a func-
tion of the pion energy for 90% electron effi-
ciency, using high-threshold hits (open circles),
time-over-threshold (open triangles) and their
combination (full squares), as measured in the
combined test-beam.
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Entries [normalized to unity]

TRT performance in 2010 data 2

dE/dx performance:
time-over-threshold

TRT corrected ToT [ns]
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Additional e/pion separation in
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