&(IT HIGHLIGHTS FROM THE CMS EXPERIMENT

Development of Accelerators
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LHC: Energy 7 X
Rate 100 X
more than Tevatron !

And because the universe is
Expanding we need bigger and
) bigger telescopes!
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Karlsruhe Institute of Technalogy

1984
1987

1988
1990
1992
1993
1994

1998
2004
2009

THE HISTORY

Workshop for a hadron collider in the LEP-Tunnel, Lausanne

Rubbia’s “Long-Range Planning Committee” recommends to build, as an
answer to the SSC in Texas, the Large Hadron Collider at CERN

Early detector concepts

Large Hadron Collider Workshop Aachen

Conference on LHC physics and detectors in Evian les Bains
Letters of Intent (ATLAS und CMS were chosen)

Technical Design Reports

Begin of construction of detector- und accelerator elements
Finishing the CMS cavern

LHC and Detectors operational, first Proton-Proton-collisions expected end
of year
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Karlsruhe Institute of Technalogy

MEMBER STATES

AUSTRIA
BELGIUM
BULGARIA
CZECH REPUBLIC
DENMARK
FINLAND
FRANCE
GERMANY
GREECE
HUNGARY
ITALY
NETHERLANDS
NORWAY
POLAND
PORTUGAL
SLOVAKIA
SPAIN

SWEDEN
SWITZERLAND

UNITED KINGDOM 666

5860

ABOUT CERN

OBSERVER STATES

INDIA 94
ISRAEL 57
JAPAN 192
RUSSIA 905
TURKEY 61
USA 1447

2756

OTHER STATES

ARGENTINA 10
ARMENIA 17
AUSTRALIA 15
AZERBAIJAN L
BELARUS 18
BRAZIL 68
CANADA 127
CHILE 8
CHINA 68
COLOMBIA 12
CROATIA 22

CUBA
CYPRUS
ESTONIA
GEORGIA
GHANA
ICELAND
IRAN
IRELAND
KOREA
LITHUANIA
MADAGASCAR
MALAYSIA

MALTA SRI LANKA
MEXICO TATWAN
MONTENEGRO THAILAND
MOROCCO UKRAINE
NEW ZEALAND UAE.
PAKISTAN VIETNAM

PALESTINIAN TERR.

SAUDI ARABIA
SERBIA
SLOVENIA
SOUTH AFRICA
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ﬂ(“’ VIEW INTO THE LHC TUNNEL

._‘_‘,

r - Magnetfeld von 8.3Tesla
: - insgesamt 1232 Stiick, 15 m lang

- 270'000 km Kabelstringe mit 6400
7um dicken supraleitenden Filamenten

- Strom von 11700 A

- Betriebstemperatur von 1.9 K

Operation at -271°C
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CONSTRUCTION OF THE ACCELERATOR

Insgesamt 30’000 km Transportweg
unter der Erde bei 2 km/h!
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AT Il. THE CMS DETECTOR M

Construction of parts in
institutes, assembley at
CERN

CMS-Detector:

Silicon Tracker 25m long, 16m high
Tracker: Tracker: 12500 Tons

Siliziumdetektoren  Pixeldetektoren 550 M SFr

Elektromagnetisc
Kalorimeter

Endkappen-
Myondetektoren

Radiation Monitor

Myondetektoren
' CMS-Kollaboration:
Hadron-
Kalorimeter

supraleitende

2310 Scientists

Solenoidspule

Computing 38 Nations

Eisenjoch

175 Institutes

Software / Datenanalysis

IEKP Karlsruhe: 55
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THE CHALLENGE

* Event rates up to 800 MHz
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ﬁ(“' FIRST IDEAS

1987 Rubbia, Kienzle: ,,Iron Ball*
1988 Della Negra, Eqgert: ,,CMS*

weights : 2 very forward torolds 750 tons muon chambers S
4 forward torolds 5000 tons — EUROPEAN COMMITTEE FOR FUTURE ACCELERATORS
solenold 11500 tons
calorimetry 4000 tons Large Hadron Collider
Total 207650 tons R Workshop
- forward torolds central solenoid J RO T
- = Editors: G. Jarlskog
D. Rein

Aachen, 4-9 October 1980

B=-23T » Muon Chambers

Station 2 \

Highlights from the CMS Detector Th. MUller, Institut flir E =~ Pig. 7 Transversal view of the Compact Muon Soleacid detector. ISAPP Summer Institute 2009



&(I THE DETECTOR PRINCIPLE

Karlsruhe Institute of Technalogy

om im

Key:

Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
‘‘‘‘ Photon

I

Kalorimeter | ;

1l:

Silizium- Magnetspule Ma - Q
Spurdetektor gneteisen ]\Sngs:lc;etektor
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AT 1. THE MAGNET

27300 Super-insulated thermal shield 30mm SS. outer vacuum vessel

/////////;F//////Y‘//////////////////////////////////////J///////// AL
HHNEHHE NI CHHHIHH] :.F"S ............. HHH s Y HHHHHHHI TEYEEEYT

50mm 6061 external shell

= f;
Aluminium
alloy
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ﬁT[ﬂTf_.;.,{?gﬁr. winding i 100000 Q
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......................................................................................................

A A/

05900 60mm SS. inner vacuum vessel Welded SS. end-flange

Aluminium

LN

« 2112 Windings in 4 Layers
» Supra-conducting Al enforced NDbTi
* 19 KA

»Currentcycles 19KA
220 t cold mass at 4.5K (Helium) o T e 1 1 7
* Field energy 2.5 GJ g -

Current , in kA

* Return yoke 10 000 t iron ] |

» Axial force: 120 MN P |
- Operating field at 3.8 T iy IO (5

* Thickness 70 cm (1.1 &)

0-Oct 13-Oct 16-Oct 19-Oct 22-0ct 25-0Oct 28-Oct 31-Oct 3-Nov
Date
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AT MAGNET CONSTRUCTION

L

Insertion of
inner cryostat
wall

'''''''''

Construction of yoke at DWE-ship yard

Highlights from the CMS Detector Th. Mdiller, Institut fur Experimentelle Kernphysik ISAPP Summer Institute 2009



206 m? (Strips) + 1 m? (Pixel)
25.000 Silicon sensors

10Mio Strips

2. THE TRACKER
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CF plates:
Factory->Brussels

FE-APV:
Factory - IC,RAL

Control ASICS:
Factory » Company (QA)

Sensor QAC

CF cutting *
CF cutting| | Factory Sensors: Hybrids:
Factory Frames: Factories Factory-Strasbourg
Brussels,Pisa,
Pakistan

¥ Karlsruhe:

Pitch adapter:
Factories=> Brussels

Louvain
Strasbour
Firenze

Module
assembly -
_ v v
222::::% FNALI UCSB| | Padova| Pisa | Torino| Bari | Firenze|| Wien |Zurich StrasbourdKarlsruhelAachen HH
. Ay ¥ ¥ ¥V ¥V vV v ¥
¥ ¥ \ A \ 4 vy
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mechanics FNAL ucsse Florence || Pisa |[Toring Brussels| Lyon | Hamburg | Strasbourg| Karlsruhe
A 4 e 1 A 4
Sub-assemblies | 1 OB assembly | [TIB/TID assembly || TEC assembly TEC assembly
CERN Pisa Aachen Lyon@CERN

International Logistic

TK ASSEMBLY

CERN TIF

Y Move to Pit and Insert



&(IT CONTRIBUTIONS BY KARLSRUHE

Karlsruhe Institute of Technalogy
l -
A T L
1 |I_
N B - | |

Wirebonding of Electronic test of modules Precision machining of
900 modules Detector sgggﬂrts
[l

ssembly of
supermodules (petals)

| A I
Quality controle of
8000 sensors

Test of radiation
hardness at cyclotron

1o
Assembly of tracker I[EKP:Construction of 102
Petals for tracker (30%)
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AT FURTHER CONTRIBUTIONS

*Detector control system
. Tracker Spannungsversorgung
*Power supplies

«Cabling and commisioning in CMS ;\ﬂ I’H )’Sﬂ M
N R R

HW PC 4 HW PC 3 HW PC 2

‘,f"'t_x :f#f Wy

Highlights from the CMS Detector Th. Miiller, Instituti@® e =, ISAPP Summer Institute 2009



ﬂ("l TRACKER PERFORMANCE

Test of Tracker:

Signal / Noise (requirement: 10)

T T T 2/ ndf 141.5/107
172]
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. . :
3 tracking algorithms adapted to 3332 500 um Sensor
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&(IT 3. THE PIXEL DETECTOR

» Gute Impaktparameterauflosung fur sekundare Vertices von b- und t-Zerfallen
 Seeds fur Spurfindung

* Hybrid-Technologie

* n+ Pixel (100 um (r-¢) x 150 um (z)) auf n-Substrat

» Ladungsteilung zw. Pixeln wegen Lorentzwinkel (Barrel) und Geometrie (Forward)
plus analoge Auslese -> 15-20 um Ortsauflosung

Barrel Pixel:

-3lagen:R=4.4,73,102cm ..
- 48 Millionen Pixel P

-~ w=| M PAUL SCHERREP ‘NSTITUT
[CMS Vertex Pixel Detector Assembly |

. Sensor

— Auslese

Chips
0.25 um

Forward Pixel: CMOS

-2x2Disks: z=+34.5, + 46.5 cm
- 18 Millionen Pixel

Highlights from the CMS Detector Th. Muller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009



AT 4. THE ELECTROMAGNETIC CALORIMETER

* Benchmark-Kanal: H -> yy

Preshower zur n°-Unterdriickung
-16<|n| <26

- Bleiabsorber/Siliziumstreifendetektoren
-2 Lagen £ 2 X,

» Anforderungen:
- Exzellente Energieauflosung
- Hohe Granularitat
- Strahlenresistenz
- Schnelligkeit

Endkappen (EE)  Barrel (EB)

-1.479<|n| < 3.0 - In| < 1.479

-2 x 2 ,Dees” - 36 Supermodule

- 2 x 7324 Kristalle - 61200 Kristalle

-2.9cm x 2.9cm x 22cm - 2.2cm x 2.2cm x 23cm
- 24.7 X, - 25.8 X,

- Vakuumphototrioden - Avalanche Photodioden

Highlights from the CMS Detector Th. Mdller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009



Karlsruhe Institute of Technalogy

Bleiwolframat-Kristalle:

*Hohe Dichte: 8.28 g/cm3
» Kurze Strahlungslange: 0.89cm

» Kleiner Moliereradius: 2.2cm
* Schnell: 80% des Lichts wird in 25n3

» Geringe Lichtausbeute: 4.5 e~/ MeV bei +18°C
* Lichtausbeute stark temperaturabhangig:
—2.1% / °C bei +18°C
-> T-Stabilisierung auf 0.05°C ndotig!

3 2.8% 0.12 GeV

(%jz = (WJZ +[WT +(0.3%)2

8, 150 GeV electron shower in PbWO,
C— a 36 Supermodule
~ WO Je 1400 Kristalle
S e e — §meOdU| g @
i D it — 2x5Kristalle

Highlights from the CMS Detector Th. Muller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009
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5. THE HADRON CALORIMETER

« Hauptabsorber: Messing (70% Cu, 30% Zn) wegen Verfugbarkeit
* Detektor: 70 000 Kacheln aus Plastikszintillator (Strahlenharte, Langzeitstabilitat)

- Erwartete rohe Energieauflésung fiir Pionen (Teststrahl): o/E = 120%/NE + 6.9%

Hadron Outer (HO) Calorimeter als ,,Tail Catcher*
- Spule und Joch als Absorber
- 1-2 Lagen Szintillator

J 0.1 0.2

0.7

0.8 0.9 S1a0 1.2

Highlights from the CMS Detector

-2
|| | I é?

Th. Muller, Institut fir Experimentelle Kernphysik

(HB)
- 16 Lagen Szintillator
-5.8 A /sind
Hadron Endkappe (HE)
- 19 Lagen Szintillator
-10 &
Hadron Forward (HF)
- Dosis: 5 MGy bei |n| =5
- Stahlabsorber
- Quartzfibern

ISAPP Summer Institute 2009
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AT 6. THE MUON SYSTEM

Karlsruhe Institute of Technalogy

Barrel (|n] <1.2):
* Niedrige Myon- & Untergrundrate
* B-Feld klein und im Joch verlaufend
Driftrohren
4 Lagen, 250 Kammern, 18000 m?
Gas: 85% CO2, 15% Argon
Driftzeit: 380 ns

2= i e i A T L 2 ik e Vo

Endkappe (0.9< |n| <2.4):

* Hohe Myon- & Untergrundrate: < 1kHz/cm?
* B-Feld grol3 und nicht uniform
Kathodenstreifenkammern

3 -4 Lagen, 468 Kammern, 5000m?

Highlights from the CMS Detector Th. Maller, Institut fur Experimentelle Kernphysik ISAPP Summer Institute 2009



CONSTRUCTION IN AACHEN

RW.T'H Aachen HIA
09-Jun-205
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Q(IT INSERTION OF MUON CHAMBERS

Karlsruhe Institute of Technalogy
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AT 7. TRIGGER, DAQ AND COMPUTING

At CERN the World-Wide Web was invented.
The Grid is a further evolution

SOLUTION: THE GRID —> KIT: GridKa (Tier 1)

CampusGrid (Tier 2-3)

Highlights from the CMS Detector Th. Muller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009
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Three-dimensional view of th S DAQ system

- =)
— 3y
) T i ey, notwork o ' v T
High Lev“e_l’::; EJ@ ermr«_ 5 federated Tler 2
Trigger DESY / Aachen
100 Hz I \\ Karlsruhe
CMS |
r3 Tier 3 Tier 3
1000 cores Aachen Hamburg Karlsruhe
127 TB disk RWNTH QNI vERsITAT KARL SR 1000 cores
Universitat Hamburg DCMS 650 TB dlsk

2000 cores
100 TB disk
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AT TIER 1

Karlsruhe Institute of Technalogy

GridKa Performance, CMS
CCRCO08 = LHC computing readiness challenge 2008

CcCsAaO08 slot usage

2559 Howrs from ZOOE-O5-19 0o ZO00E-05%-30 ILUTiC
S v v v v v
1.5uu_7,,77,,77,; ,,,,,,,,,,,,,,,,,,,,, é,,.,,.,,,,,,,,,,,,,,f ,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,, . - o

ENTT) A JObsatCMSI/lSuuu‘ : . - u ! E_.u..u..u._

L rsool e . ~ _
.q

T 00 R - - - _

S0 -

[
20D 5-21 L2000 5-2= L2ODg05-25 L2005 -2T SO0=-D5-2%
= TEPE LK = AAL - CHAE A

=

Mazimum: 2. BZ1. Minimum: O.00 | feerage 1,351 . Cerrent 0.0
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T FINAL MOUNTING IN THE CAVERN

‘L:EJ. i, L
ot SRS LS vw || —
10 A i

T nn

CMS experimental area overview
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AT CMS ZONE IN CESSY

Karlsruhe Institute of Technalogy

f Jan 1999

...in construction:

e T

Highlights from the CMS Detector Th. Maller, Institut fur Experimentelle Kernphysik ISAPP Summer Institute 2009
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ﬁ("l TESTS OF FIRE EXTINGUISHER

Karlsruhe Institute of Technalogy
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&l FINAL ASSEMBLY

Karlsruhe Institute of Technalogy

Lowering of an End Cap

Highlights from the CMS Detector Th. Muller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009
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Karlsruhe Institute of Technalogy

Lowering of a Barrel Ring

| 7 Yo
Jan 2007
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&(IT INSERTION OF THE HADRON CALORIMETER
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... AND THE EM CALORIMETER

Highlights from the CMS Detector Th. Muller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009




Highlights from the CMS Detector Th. Muller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009



Highlights from the CMS Detector

INSERTION OF THE TRACKER

Th. Muller, Institut fir Experimentelle Kernphysik

Dez. 2007
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ﬂ(". CABLES
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FIRST HITS IN CMS SEPT. 08

Run 62063, Eyent 2433, Orbit 15231634, BX 680

Ers
Rilin 62063, Event 2433, Orbit 15231634, BX 6380 H h

| e
—Tp—

Run 62063, Event 2433, Orbit 15231634, BX 680

Run # 62063 t # 2433
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ﬂ("l OBSERVATION OF MUON SHOWERS

Muon tracks extrapolated
to the surface

e

-6000 -4000 -2000 O 2000 4000 6000

Highlights from the CMS Detector Th. Muller, Institut fir Experimentelle Kernphysik ISAPP Summer Institute 2009
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- Hypothesis: 0 < |L < 1 fb-"
in 2010

Highlights from the CMS Detector
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T

QCD STUDIES

* Minimum Bias = inelastic soft collisions

* Important to know:

- Minimum Bias ist background for all other channels
- Radiation dose, occupancy, ...

* Minimum or zero bias trigger (= 1 Hz)
* pr < 1GeV for most particles

» Separation of ©r, K and p through dE/dx in Silicon-Tracker (!)

CMS PAS QCD_07_001

Highlights from the CMS Detector

Log(dE/dx)
450 T I T T I
n 0.65<p <0.70 GeV/c
- K
400 - 2
P ¥ Indf = 2.06
350 -
300 —
250 =
200
150 0 10 20 30 40
Number of hits
100 _
Ty K p
50 FCMS Preliminary 7
simulation
0 | W e Y |
0 0.5 1 1.5 2 2.5 3

log(dE/dx [MeV/cm])

Th. Mdller, Institut fir Experimentelle Kernphysik

d®N / dy dpy [(GeVic)™

12

10

Charged pions
CMS Preliminary o | Measured
simulation — Tsallis fit
2
7 d2N/dydp
Pions
.\\
AN ) 7
\ =1.1
) \\ T —y=0.9
7\- -“G_\ \\ - — =07
N\ i - y=05
\~ =0.3
! I ‘ =0.1
0 0.5 1 1.5 2

pr [GeVic]

ISAPP Summer Institute 2009



Karlsruhe Institute of Technalogy

EW PHYSICS

) |=YT->uu

Z->T1T

/—\
CMS preliminarf, L=10 pb"
— I
3103
- Z [ pu
@
£10°
S
w
8
< 10

0 20 40 60 80

W rekonstruiert aus transversaler Masse

(Myon-p; & MET)

« QCD-BG im W-Kanal aus Daten 10

(Matrix-Methode)

» Dominanter systematischer Fenhler: ’

W->puv
Bl QCD bkg

Bl Z->p

> oty
= -1
3 (_L_10 pb BT
(V]
& 10°E
100 120 140 160 180 200 = =
rnu[.l (GeV) g [
[}) L
§1025—

EI

0 20 40

Impulsskala (~ 3%)

Highlights from the CMS Detector
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(T TOP PHYSICS

Paarproduktion: o = 830 pb in NLO (1 ca. 1 Ereignis / s bei 1033 cm-2s-1

t 0 Wb mit BR ~ 100% [ Topologie hangt vom W-Zerfall ab

- bb qq qq (46%) : Kinematik rekonstruierbar, aber hoher QCD-BG und Kombinatorik
Nutzlich zur Kalibration von b-tagging und Jet-Energieskala

- bb 100 qq (44%) : ,Goldener Kanal® zur Massenbestimmung
-bb 10100 (10%) : sehr sauber, hohes S/B, aber keine direkte Massenbestimmung

Bsp. Semi-leptonischer Kanal Atlas preliminary
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SUSY

Starke Produktion von Gluinos & Squarks
Typ. Wirkungsquerschnitt @ NLO: 10 pb

CMS P-TDR (2006)
Keine K-Faktoren

Lange Zerfallsketten:

%

Hohe Sensitivitat inclusiver Kanale
schon bei 1fb1,
aber: BG muss verstanden sein!
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m, = skalare Masse an GUT- Skala
m,,, = Gaugino-Masse an GUT-Skala
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HIGGS PHYSICS
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| expect a discovery of a SM Higgs only in 3-4 years
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AT EXPLORING THE DARK UNIVERSE

Hubble Ultra Deep Field Details HST= ACS

Precise knowledge of the

It is possible to produce Known today Higgs field: better understanding

Dark Matter at the LHC

MNeutringk: 0,1-6%
Baryonen: 4+1% Hintergrundstrahlung: 0,01%
Dunkle Materie: 24 % ‘
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7/ Of Dark Energy possible

Dunkle Energie: 70 %
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IV PLANNING THE FUTURE
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H, m, =115 Gel/

Extra-dimensions G - e*e, m= 1 Tay

m=25TeVSUSY (5G]
eV-srale resonances from WW scatlering

Leploguarks, me 1.5 TeV
Compositeness, A = 30 TeV

|
l c E
H— dl, m =180 GeV g S
m = 1ITE".I' SUSY (8.9) g SLHC i
2 Er'r'. m=1 TeV E —_— =
| " [L=10% 3
tf - First thp quarks oosenved in Europs! -
L1 I IR S NN T NN W NN TN il e W WO W AT N T O R ——
08 2010 2012 014 2016 018 2020
year

Th. Muller, Institut fir Experimentelle Kernphysik

DEinnoHl S Messl 2007

Development activities in

Karlsruhe on new tracker:

* Sensors

* Radiation hardness

» Cooling

* Possibly 1st level trigger

m Sensitive
Electronics
m Support |
w Cooling |
m Cable i
Oulsidel !
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ST CONCLUSION

25 Years after first plans of the Large Hadron Collider we are ready
» Accelerator and detectors are most complex systems built so far

 We acknowledge with gratitude the support by State and government.
Funding agencies and administrations need extremely high endurance

* Our research offers: W
1. Knowledge o L
2. Developments of new technologies
3. Teaching

The Karlsruhe Team
N, '

We are looking forward to decades of exciting research
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Karlsruhe Institute of Technalogy

The last thing |
understood was
,Heureka!* ,
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