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Different ways to build a collider

Cyclotron
(1920’s):

ion source

acceleration

gap\

Radius increases with beam energy.

electromagnet
{(north pole)

particle’s

) ) l )
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current
source

Electrostatic a\ ol e e
_ acceleration: S —_—
Linear |
accelerator: atenaing

electromagnet
(south pole)
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RF source

drift

Synchrotron:

Betatron (1920’s):

6MeV Betatron 1942 — 44 Siemens-Museum
Minchen

Radius const. — accelerating field |-
induced by increasing B-field.
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Synchrotron radiation ..\X‘(IT

Karlsruhe Institute of Technology

Advantage of circular structures: Disadvantage: need acceleration
acceleration infrastructure can be energy only to keep particles on
recycled. track.

b §eb ) BeY

Radiation pattern of a dipole antenna.

Energy radiated off per rotation cycle:

electron center of mass frame: laboratory frame: 2 = 2
y P = _¢ |5|274 _ _e€ec 2,}/4: ()
6megc 6meg R
radius « ra’dlus 64 E2 B2

A accelerating,

=

accelerating

force /

»

trajectory

P(ply,=1 Gev ) = 280 W

elec‘zron P(€’m620.511 MeV) 2 450 kW

radiation

trajectory

radiation -
field \ field (*) using LHC parameters.

Radiation pattern of a circular accelerated electron. (**)

R: der Radius der Kreisbahn
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Beam quality parameters ..\\.J(IT

Karlsruhe Institute of Technology

* Energy should be high, accurate and stable (- chromaticity).

* Particle flux should be high (- “bright source”):

Luminosity: v : repetition frequency.
Ni,2 : number of projectiles in beam .

L: 1 VN1N2

A ogzoy Ogzy @ beam dimension in X, y. _ _
’ * In experiment L correlated against

guantities that can be easily moni-
tored (- hits in pixel, energy in
low angle calorimeter)

* Most accurate value obtained
from reference processes.

* Particles must be kept on track to achieve and sustain highest luminosity.

Institute of Experimental Particle Physics (IEKP)



Weak focusing

AT

Karlsruhe Institute of Technology

* Projectiles enter acceleration
chain with different opening
angles.

* Restrict opening angle from
beginning (- collimators).

Weak focusing:

Two particles with small opening
angle meet any half cycle.
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Imagine opening angle of 1 mrad

accelerator radius of R = 1000 m:

What maximal distance between
the two particles do you expect?

of Experimental Particle Physics (IEKP)



Weak & strong focusing

* Projectiles enter acceleration
chain with different opening
angles.

* Restrict opening angle from
beginning (- collimators).

Weak focusing:

Two particles with small opening
angle meet any half cycle.
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Strong focusing: N

Quadrupole field:

increasing linearly with

x, 7z. Used for focussing.

o
5
S
S
g
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+
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s >

Imagine opening angle of 1 mrad

accelerator radius of R = 1000 m:

What maximal distance between
the two particles do you expect?

of Experimental Particle Physics (IEKP)




Z A
Quadrupole focusing e
« flicht] direction >
x
Arrange system of “lenses” to
achieve focusing in both planes: \ T
1
fi2 = - - - Side-view: focussing
f1 T f2 fife _ ;:.‘“
Quadrupole acts like an .8
Calculate fio for the simple example: optical lens focusmg_m é
fl=—f,=100m d =50m one plane, defocussing — 5 - z
in the other. = >
d Quadrupole field Ep
e S=
h f2 ) y\% Up-view: defocussing
J)D)) ((((( Trajectory for traversing proton into plane
N -
LHC beamline close to CMS
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The Large Hadron Collider

Eine Animation des LHC
Beschleunigerkomplexes kénnen

Sie unter diesem link sehen

Construction costs: 4.1 hillion $

Construction time : 14 years

Circumference : 27 km
No of dipoles 1232
Power - 120 MW

Luminosity(8TeV) : 8 nb/sec

T : 9 < | i 4 i
. I \ :r' = , A T
. ﬂ‘ - - l. - N
- / > & |
b bl . 4; 4 r
4 v . "
i b
e '/
— J
o

e q‘r .

T S T o » .. o g

Energy density 500 kJ/m

* Tension 200'000 t/m

R


http://ekpwww.physik.uni-karlsruhe.de/~rwolf/teaching/ss17/CERN-Animation-of-CERN-accelerator-network.mp4

Iy
Proton-Proton collision @ CMS

e

A single collision of two smashing protons may pyod
,,,,,, T v
A’H i

|

uce several thousand collision products.

: " [
fe call this an (exciting) event.

We try to record it with a “100 Mpx”
detector @ 40 MHz rate w/o
deadtime.
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Was wir wissen wollen:

Teilchennachweis... _ _
Von jedem Teilchen ( pr ¢ 7 )

... erfolgt durch Energie und Teilchenart

Wechselwirkung
(WW) mit Detektor-
material:

* lonisation des
Detektormaterials

* Bremsstrahlung/Paarbildung
In elektromagnetischen Feldern
iIm Detektormaterial

* Kernwechselwirkungen mit
dem Detektormaterial

Stabile Teilchen:
fY? 67 lu’7 n) p? 7T:|:7 K:I:
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] ; W ir wi llen:
Teilchennachweis... as wirwissen worten

Von jedem Teilchen ( pr ¢ 7 )
Energie und Teilchenart

... erfolgt durch
Wechselwirkung
(WW) mit Detektor-
material:

* lonisation des
Detektormaterials

* Bremsstrahlung/Paarbildung
In elektromagnetischen Feldern
iIm Detektormaterial

* Kernwechselwirkungen mit
dem Detektormaterial

Lokalisation der Rekonstruktion der &
Ladungstrennung Teilchentrajektorie (Spur) :

Sammlung aller Rekonstruktion der
frei gewordenen Energie des Teilchens
Ladungen

Stabile Teilchen:
fY? 67 lu’7 n) p? 7T:|:7 K:I:




Particle energy loss in matter ..\X‘(IT

Karlsruhe Institute of Technology

Charged particles: Excitation (band theory):

. . Valence Band
|0n|Ze OI’ eXC|te Valence Band "
atoms when +
traversing ‘ f g
- Small Gap Large Gap %
media i =
' —
Conduction Band f +
Conduction Band f
Semiconductor Insulator
lonization (energy loss — Bethe-Bloch):
Alx (MeVg‘1 cm?2)
0.50‘ : 1.?0 : ] 1.‘50l i 2.00 it 2.‘50I . .
o AR s, By the application of an external
< /] r\\ S oo 14Tt | electric field charge carriers can
° “ [ ‘\ 160 pm (37.% mg/cmz) 1 . .
o PR e be separated and electric signal
% 04; “" /‘ Vw‘\\ j Obtained.
'§ . [ “‘ f \\ M(Iean e‘m:rgy 1
. | f’ | ] w\ | ] ] c——  ———————-- — _U
0A?OO 200/ 300 400 500 600 + O
A/x (eV/um)
Each point on the left corresponds d @ _________ 20 -
kvl sl il to the mean of a Landau distribution M ——
- Muom‘fl)omentumo(cewc) 00 % | for the actual energy loss (above +
o|1 ' 1'0 ' ""“i'o ' 1(')0 ' "'ib'loo shown for a =~ in Si). ‘E| = UO/d
Pion momentum (GeV/e) ( e e e e e s e .
12 ol o Protonll(l)‘lomentl}go(GeV/c}OOO oot RC




|
Geiger-Miller
1 counter

Trac ki n g d eVi Ces 10" Region of limited I

proportionality \'

Recombination
before collection

* Make detection devices small/granular enough to
identify just where the particle passed the detector.

lonization  Proportional
10" [T chamber, counter

-]

I

1

1

1

1

L}

1

[

-
Discharg j
region

II

Drift tube:

Number of charge carriers

10
102 —
r7r7 | 2
_U S
0 1 7 | | 3
’E—;(T)‘ - % ]n(routgo/rinner) AU - _% lnl(r;’(rci/r/i;l"r'ler) ) : T250 - L2 / e
Vojtage [v]
. I
1- - Charge
X i E ), A multiplication
Discharge

®© & ©

Time evolution of signal build-up in a proportional chamber.

13 Institute of Experimental Particle Physics (IEKP)



Collection of drift chamber types

Straw tube
detectors
for OTR of
LHCb.

340 >

Drift chamber for muon system of CMS.

NEAN | [T /
! [~ INMER FIELD
L) T,'\ CAGE
~||| | ENDPLATE
LV XS
' Fy
[

Time projection chamber as in use at ALICE:

| Insulator strips
R Anode wire Electrode strips
TEPTTE =TS
A A 1 s
=

f Cathode strip » Strong electric field along beam axis.

o / * Charge carriers drift to segmented endcaps
for readout.

* Drift time ~ position in z.




Calorimeters

* Stop particle in active device with good
energy resolution.

Scintillator:

Use excitation of atoms — turned
into scintillation light:

Important material parameters:

* Energy resolution.

* Linearity.

* Same response for all particle
types (h/e, —» compensation).

* Stopping power (in X, or \;)

* Radiation hardness.

* Granularity in readout.

plg/em3]  Apaz[nm]  decay time [us] N, /MeV
Nal 3.7 303 0.06 8-10*
CsI 4.5 565 1 1.1-10*
PbWO, 8.3 420 0.006 2-10?

For better energy resolution choose homo-
geneous, for better stopping power use
sampling calorimeters.

Usually connected via
light guides to PMTs for
readout.

TN

quantum efficiency ~ 20%

ight guide

o

15

signal amplification O(10%)

lonization:

E.g. by ATLAS Pb-LAr sampling
calorimeter: ~ 100 €’s per cm

P)




Jet clustering

* At analysis level we are most of the time more
Interested in partonic structures than all hadrons
in the event.

* Today sequential recombination jet cluster
algorithms are state of the art, which recombine
hadrons into jets according to their energy and
distance in AR(y, ¢):

Jets can be associated to partons in
hard scattering

16 of Experimental Particle Physics (IEKP)

CMS 11-jet event


https://arxiv.org/abs/0906.1833

Jet calibration

Expected response reconstructed / parton level

CMS simulation (13 TeV)
m :III[|I[II[IIfII[II[‘IIIIIIII\lIIIIlIII'III'IIIIII:
@ 1.2 2015 JES: Anti-k; R=0.4, PF+CHS -
o B ]
o 11 Barrel Endcap Forward -
® "'t BB EC1 [EC2 | HF |
— [==== === Fem=cm===r ----,1:—?.’& -------- =]
° 1 . L -
o Eomaaﬁ%m% .; jumul'h P ;
_.% 0.9F°*° ™ ?Qﬁ@'aow'“ ol ool ooone. — | Corrections to simulation
£ o08f e = TaREE
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"0 05 115 2 25 3 35 4 45
Jet Il i Run2015 2.1 fb (13 TeV)
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[&] C .. —
* Response matches expected | £ " emn | ;
F ¢ 1
energy at parton level already | ¢ "' E
. . = r - ]
0 = 1.05— ‘. ) b -
within 10%. §1055 e —
. . F aeari - - L
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F = ]
%-level. 0% . 60 Gev it E
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Lepton identification

Example: Hit efficiency

\particle track
* Lepton identification can be measured layer-1 X
using “Tag & Probe” techniques. \
layer-x )S?
Example: Lepton ID efficiency \
Z =l l=e,
layer-2

18

Tag : well identified and ID’ed lepton
requirement.
Probe: inner/outer track, calo deposit.

CMS Experiment at LHC, CERN

Data recorded: Thu Apr 19 09:14:14 2012
Run/Event: 191721/ 76089774

Lumi section: 111

& Z-mass

Tag : coincident hits in layer-1 & 2.
Probe: how often do we see a hit in
layer-x?

CEST

rbit/Crossing: 28960009 / 815

What can be tested:

* inner/Outer track reconstruction efficiency,
* efficiency of ID or isolation requirements,
* track-cluster linking efficiency,

* cluster efficiency in calo,

Tag: everything that let’s you think that
you know the truth of the probe.

Institute of Experimental Particle Physics (IEKP)



Control of background processes

19.7 fo' (8 TeV) + 5.1 fb™ (7 TeV)

x10%
> L
8 L CMS Sum over all classes
< 1o H-vy
5 ¢ Data
g C S+B fits (sum)
> 8 Bl i e B component

* Several flavors of estimation methods of
contributions of background processes in

signal regions.

CMS, 19.7 fb™ at 8 TeV

same

opposite

N
NA:NBN—g

Even shape can be taken
from region B.

A

sl B [i| ¢
A il D

HIa|

isolated non-isolated

()] 1 L U e e R N TR R %
c i —e— Observed 0]
g 1so0f- HT ! [ Bkg. uncertainty |~
[ <000 ; i [ Ztr *g
Baseline : 3 Z-pu [
= selection ' > ]
14000 &} i [ Electroweak TR _{ * i
12000 E I:Itoth it US| i 1S s | b i1 s S s e U i ool ot il
; 100 110 120 130 140 150 160 170 180
10000 : Background for g — ~y m.,, (GeV)
8000 - o : ) .
4 . High-m,_ Normalize background events in
6000 i control region . .
sideband region.

0 20 40 60 80 100 120 140 160)
WH+jets background forH — 77 m; [GeV]

Each of these estimates requires
a (more or less sophisticated/robust/
physics motivated) model.

QCD multijets background for H — 77

Institute of Experimental Particle Physics (IEKP)



Remaining lecture program

Monday (12.03): Tuesday (13.03.):
Introdu particle Proton structure, QCD jets
phyS|c and flavor (MM).
.
ioTh Partlcl ration & Heavy quarks, gauge
o detect| ) data bosons (MM) & Higgs
= anaIyS| bosons (RW). e

~ F,-.'. al:%

stions — ¢ f%rc? r}uatthlas mozer@cern ch (Bld. 30.23 Room 9-8 )

oier wolf@cern oh ;_1; L (Bld 30 23 Room 9- 20)
' ﬁrd' 74 .



mailto:matthias.mozer@cern.ch
mailto:roger.wolf@cern.ch

Backup ..\g(“.

Karlsruhe Institute of Technology
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What is a particle accelerator?

M. S. Livingston (1905 — 1986):

them in well-defined beams.

A particle accelerator is a machine that uses
electromagnetic fields to propel charged
particles to nearly light speed and to contain

* Colliding beams are our laboratory.

* Reach out to highest energies (- resolve smallest
structures, Heisenberg uncertainty principle).

* Provide as many collisions per second as

possible (- observe rarest events).

10 TeV T
Hadron Colliders
e*e~Colliders O
LHC
1Tev - (CERN) _|
(@]
& TEVATRON NLC
E (Fermilab)
| ® LEPII
4 SLC LEP
Ec-) 100 GeV [— (SLAC) ~ (CERN) —
Pl TRISTAN
2 (KEK)
S PETRA __ PEP
= (DESY) —_ (SLAC)
g ISR CESR (Cornell)
% 10Gev |- (CERN) VEPP IV (Novosibirsk) —
é ® /SpEAR I
®@@ SPEAR _ DORIS . VEPPIIN
® (SLAC) (DESY) ~ (Novosibirsk)
ADONE
(Italy)
16V B PRIN-STAN VEPP Il ACO |
(Stanford) — (Novosibirsk) — (France)
What particle do we usually | 1 |
: — - 198 0 199 0 200 0 2010
collide? —e™, e™, p, P, ions | :
Year of First Physics

Cross section: Nobs
Npg
Novs—NBg 1
0 = P-€e-A T °
A
T

: N observed reactions.
: N expected BG reactions.
. detection efficiency.

: observation time.

detector acceptance.

Lecture-1: Introduction to Particle Physics (slide 10)

22

Livingston plot

Institute of Experimental Particle Physics (IEKP)



https://en.wikipedia.org/wiki/M._Stanley_Livingston

Accelerating power

AT

Karlsruhe Institute of Technology

* Acceleration happens via UHF in Klystrons:

* Acceleration of electrons (1).

* Density modulations in electron beam implied by external
field (2).

* Due to these modulations electromagnetic wave travels
through first cavity (3).

* Exit hole at end of cavity. The passing wave induces
resonant wave in the surface of hole which damps electron
beam and couples energy out to second cavity (4).

Such cavities have to stand
50 — 80 MeV /m without
discharges.

23

(1) source
(2) first cavity

(3) UHF created by
electron bunches

(4) exit to second cavity
(5) electron beam dump

TESLA 9-cell 1.5 GHz SRF cavities from ACCEL Corp. Germany for the ILC

ental Particle Physics (IEKP)


https://en.wikipedia.org/wiki/Klystron

Phase focusing

* Energy focusing achieved by proper choice of phase
of accelerating wave:

03 03

S S0

2 T 2 T

g g

&0.25 AT, &0.25 AN
g g °

2 r 2 :

7 02 7 02 ;

° L °

8 r 3 o

o | o

T .15 .15 Y

acceleration

’ ol e energy lower — more
: \\/ \// e energy exact — nominal

o

00 - 0.05 - acceleration
r non-relativistic case r relativistic case
rve r (v—c .
({; \( Il 1 )15I Il Il 1 0 Il 1 1 Il 15 1 Il 1 1 3 ({; \(\ Il \715I 1 Il Il 0 Il 1 1 Il 15 1 Il 1 1 3 . energy hl.gher - Iess
¢ [rad] o [rad] acceleration

* This kind of acceleration leads to bunching of
projectiles.

24




Silicon detectors

typical pitch: 50 ym (resolution: o/v/12 ~ 15um)
Al

300 pm

= \

typical depletion voltage: +150 V

space

-—
E-field

. charge .
neutral region region neutral region

A holes : :

c . © o ® @ ! electrons
S kg\ .
C_ 1 ]
cu 1 e |
1 |

§§ p-doped ' oo : n-doped

S o 1 1
Yo e g J
5= 1 |
= I I
E :74 |
= e e :
|
I
I
I
I
I

"Diffusion force" on holes ——»

E-field force on holes

-—

>

x

«—— "Diffusion force" on electrons

e

E-field force on electrons

Layout of a typical Si-strip detector.

Impressions of the CMS detector.

Reminder: pn-junction.

4 N
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Neutral particles

AT

Karlsruhe Institute of Technology

104 I I I 1 1 I
e Photons: f
turned into charge carriers
10° by main interaction i
2 0 processes with matter.
5
g=
5 10°
T
3
g 10
<
107
10°
10" [
10° 10° 10" 10° 10' 10° 10° 10°
Energy in MeV
4 v
photoeffect Compton effect/ O B
Y e Y e”
O O " - Oﬁ pair
v production
26

Neutral hadrons:

turned into charge carriers
by nuclear interactions
(depends on energy of
hadron).

Institute of Experimental Particle Physics (IEKP)



Magnet field (solenoid): 2.6 T
(inside calorimeter)

Magnet field (toroid): ~4 T
(outside calorimeter)

Tracker: Si/multi-wire
! chambers

E ECAL/HCAL.: LAr (varying
granularity)

_..=l1 — T,.,.'F'Tif z

a

gt

1= arkeds

k. ﬁ“‘-"m?"",
ﬂ I\/Iagnet Fleld

* Length
. -_ i Diameter 122 m
zo 1505 0 5 101520 L-a. S .:l ,\ '/'-}‘: 7000t
Ra.uﬁil tgl _51\: .-"_ ,__-_l .' P




olution (EMS) =

F

T
* Magnet field: 3.8 T (outside
calorimeter)

* Tracker: Si (97/p = 0.5%for a
10 GeV track)
ECAL: PbWO,(°B/r = 1% for |8
a30GeVe/vy, Xo = 28)

HCAL: Sampling (brass
scintillator, 9% /5 = 10% for a
100 GeV 71H/—, \; = 10)

* Diameter :
1 * Weight




Deadtime free readout

* Achieve deadtime free readout by
sophisticated data acquisition.

Layered trigger system:
40 MHz 1000 TB/s

On board on FPGA proc’s.

100 kHz 1

N\

L1 Hardware Trigger <
00 GB

L2 software farm

N\

kHz On commercial computer farm
5 (~2000 CPU'’s).

L2 software farm

;B /s
N\

300 Hz 500 MB/s

N\

HLT paths with too high rate can be
prescaled (prescale=2 — only any

29 second event recorded).

Requirements (e.g. CMS):

e ~100 million detector cells.
* 40 MHz event rate.
e 10 — 12 hits/cell.

- ~1000 TByte/s raw data (most
of this data is not of interest).

App. high prelectron.
App. high p7 muon
Decisions within O(ns).

Regional readout of
tracker and CALO e.g.
to check isolation.
Decisions within O(pus).

Nearly full event
reconstruction.

Decisions within O(ms).

<

aul| Jaynq
||9oeblo ¢

Keep all detector
information till
trigger decision is
reached.

walsAs ayl sAng uoisioap yoe3
<’°‘ :

"Y00] 19S0|J B 9)k] 0] sawl] aiow

* O(10) L1-keep decisions.
* O(100) HLT trigger bits.




Key demands on the experiment ﬂ(".

Karlsruhe Institute of Technology

Vertex Momentum Energy determination:
identification: determination: « Energy resolution
D —e-r 3 op _ 4B _or_ . i
p =e-rxB L =259 o5 Stopping power
Key:
Muon
Electron

Charged Hadron (e.q. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

3 Electromagnetic
}! I ' Calorimeter

Hadran Suparconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

30 Institute of Experimental Particle Physics (IEKP)

T arney, CERN, Felvicpay 2004



Particle Flow:
High level object reconstruction LK

HCAL
Clusters

* Combine all energy A

deposits in detector \

. neutral

to a unique event hadron
description (- stable

particle level).

|

charged
hadrons

Ig i
=, -2.4F L1 oL
o ECAL :
-2.451 cluster X
: ECAL
2.5 crystal
285 Tk & \ « Unambiguous list of stable
- ben _ [ _
26F aongo |4 * particles: muons, electrons,
: t photons, charged & neutral
-2.65 N _0
- hadrons.
-2.7- 2 photons .
- from the m°
-'75:'.\Iltl\III‘II\I‘IiIIlI\IlII\Ill\llll\llll\l
31 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 Institute of Experimental Particle Physics (IEKP)
n



High level object reconstruction

* Combine all energy A

deposits in detector \

. neutral

to a unique event hadron
description (- stable “
particle level). \

charged
hadrons

B |
2=, -2.4F KoL
=
-2.45
-2.50 HCAL
- / cluster
-2.55 - |
2.6f- | |
-2.553— «— HCAL Tower
C (25 ECAL|crystals
2.7 underneath)
-2.755"1JIJIllllIlllll]llll]lIll]llllllll]ll]llll
32 .65 0.7 0.75 0.8 0.85 0.9 095 1 1.05
n

Particle Flow:

HCAL
Clusters

Tracks \

* Unambiguous list of stable
particles: muons, electrons,
photons, charged & neutral
hadrons.

Institute of Experimental Particle Physics (IEKP)



Particle flow of the future ﬂ(“.

Karlsruhe Institute of Technology

1000 [— Prerequisites:

4 | ¢ Excellent separation of
- neutral & charged
. hadrons (= B - R.qi0)-

* Minimal material in
front of CALO.

- | * High granularity CALO.

y/mm
o

500 =

-1000 ;
500 1000 1500 2000 2500

x/mm

8 CALICE tracking calorimeter (simulation).

Institute of Experimental Particle Physics (IEKP)



Missing energy

* In the initial state have p, = p, = 0. Must be true
also for final state due to momentum
conservation.

* Mis-balance of I;ﬁ’f indicates presence of unde-
tected energy (- MET).

|
MET resolution can be measured in »
] CMS Preliminary 2012 Z-pp
Z — pp events w/o genuine MET. R e
CMS Experiment at LHC, CERN )] : ® Data Particle Flow §q.
RanEvont 101721 | veoBorra 1 o012 CEST O .t
e =y E
= g | ' {
. % 20 :— ®  Data Particle Flow MVAE, ! $ -
m [ ]
o [ MC Particle Flow MVA * :
@ q5F 7y 2 .
b D_| : . ®
; i o « ® i 1
O 10__ o e o & °® o ° 7]
hadronic recoil _* L 8 e ® LI
to Z boson,~~* B
5p g
"' 0_ L L L L | L 1 L L | L L L 1 | I_
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Estimate of Z7 — 771
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