Roger Rusack The University of Minnesota

CMS - OVERVIEW



CMS Experiment at the LHC, CERN 2
Data recorded: 2012-May-13 20:08:14.621490 GMT ,

Run/Event: 194108 / 564224000




CMS Experiment at the LHC, CERN \/)\

Data recorded: 2011-May-25 08:00:19.220673 GMT(10:00:19 CEST)
Run/Event 165633 /394010457 <

AN

{6} GERN 2011, Al rights reserved gl IV http:figuana cem chispy




History:

o Aachen 1990:

— Concept of a compact detector based on high B field superconducting
solenoid first discussed in 1990 at Aachen,

o Evian 1992

— Conceptual Design
Letter of Intent, October 1992 [CERN/LHCC 92-3]
Technical Proposal, Dec 1994 [CERN/LHCC 94-38]
Memorandum of Understanding (MoU) 1998
Technical Design Reports ( available from the CMS secretariat)

— Detectors 1997-98;

— Lvl-1 Trigger: 2000;

— DAQ/HLT: 2002

— Computing & Physics TDR: 2005-06
2008: First data taking: LHC Incident. Restart in 2009.
2010-2013 Data taking [Run I]:

— 7 TeV (5fb™?)

— 8TeV (20 fb™1)

— Heavy lon: Pb-Pb and p-PB
o 2015-2016
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CMS Integrated Luminosity, pp, 2016, vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-06-06 06:35 UTC
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CMS Primary Measurement Goals:

®  Muon momentum resolution <10% at P~1TeV/c (reconstruction of
mass of Z’) translates into a requirement on u-hit position
resolution and chamber alignment.

® Good momentum resolution for low momentum particles.

® Efficiency at separating vertices close to beam line (pileup, heavy
flavor identification): tracker resolution and alignment.

o

Precision calorimetry for the yy decay channel of the Higgs.




LHC Constraints

o Bunch separation 25 ns: a challenge for the readout electronics

— Need of fast electronics to avoid piling up signals
from one bunch to the next

— Need of bunch identification ( even a trigger level)
o Ultimate luminosity 2 1034 cm?/s : ~ 40 interactions per crossing

— Need highly granular detector to mitigate ‘channel’ pileup: many
channels

o Radiation damage: the high rate hadron production in LHC requires
development of radiation hard detector/electronics

— Forward calorimeters elements will integrate in
excess of 10 neutrons/cm? over 10 years of LHC operation

— Forward trackers will integrate in excess of 10 charged particles over
the operation of LHC







Basic Design
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The CMS Magnet

Magnetic length 12.5m
Cold bore diameter 6.3m

Central magnetic induction 4 T
Total Ampere-turns 41.7 MA-turns
Nominal current 19.14 kA
Inductance 14.2H

Stored energy 2.6 GJ
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The Magnetic Field
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The CMS Tracker

Finely segmented silicon sensors
Segmented into strips and pixels

66 Million Pixel
10 Million Strips
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'CMS Tracker

End cap -TEC-

i

Pixel Detector:
~45M pixels

2,4m

AN

Silicon Tracker

210 m? of silicon sensors

6,136 Thin detectors (1 sensor)
9,096 Thick detectors (2 sensors)
10M channels

Support tube




o Resolution goals:
—  p+/p;~ 0.1p;[TeV]
— Good resolution for narrow Signal ( H>4x)
— Match calorimeter resolution / Calorimeter calibration (W->e? )
— ..and good isolation capability ( 2 particle separation etc.)
o CMS solution: 10 Si Strip (4 double) layers + 3 Si pixel layers & 2 fwd disks
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CMS Tracker
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66 Million pixels, 10 million strips: low occupancy at ultimate Lumi

Operate at <-102C for rad hardness
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Operation of Silicon Detector

o Electron-hole-pairs generated by ionizing particles traversing the silicon
are separated by E-field and ‘drift’ to the electrodes

GND

particle

Readout Strips

a1
¥ ;

Backplane Al
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CMC Silicon Pixel Detector

Sensor technology: n+implantin n bulk

Operation: -10°C

100X150 ocm? pixel

* 40 MHz clock, Buffer data for 3.2us for L1 accept

*Atr=4.4cm

60 MHz/cm? at peak LHC luminosity (L=1x1034cm)*st
Radiation tolerance: 3x10* neq/cm?/yr

Occupancy: 104

18M forward and
48M barrel pixels

Tracking
* 3 space points to |n|=2.5

* Seeds most tracking > 95% efficiency
* Vertexing




Sensor Construction

» bump-bonded sensor/readout chip
sandwich

L4
-
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Half disc of Forward Pixels

Forward Pixel: 672 plaquettes installed




Pixel Barrel plus Endcaps
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Simulated Current Density

lonizing particle with 45° angle t=0 S
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All electrons
collected




Charge Collection (channel & time resolved)

Simulation Thomas.Eichhorn@kit.edu
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Readout of the Strip Detector

Bunch crossings occur at a
rate of 40 MHz.

Data are stored on-detector [ ——
until a L1 trigger is received |
and then sent by optical
links to the off-detector
electronics.

Optical
transmitter
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Material Budget

The CMS tracker is a major technological achievement that makes CMS a highly
competitive detector compared with ATLAS. The price is the amount of material in the
tracker that converts photons or degrades the energy of the electrons.
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The Electromagnetic Calorimeter

WM o el Calorimeter: EB

Endcap Calorimeter: EE

™~ /4
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A new scintillating crystal was

developed for CMS — Lead
Tungstate (PbWO,).
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ECAL

o Incident electron/photon generates EM shower (spread laterally over
several crystals) in the heavy PbWO4 material

— Charged particles in the shower produce scintillation light isotropically
— Amount of scintillation light is proportional to incident particle energy

— Scintillation light detected by photodetectors with internal
amplification:
Silicon Avalanche PhotoDiodes - APDs (in EB) or Vacuum PhotoTriodes
- VPTs (in EE).
o There is no longitudinal segmentation — so no information about shower’s
direction.




ECAL by the numbers

o Barrel (EB): |n| <1.48

— 36 Supermodules: 1700 crystals
(1 supermodule = 4 modules):
61200 crystals total, of 17 shapes

— (2.2x2.2x23 cm3) ~26X0

o Endcaps (EE): 1.48< |n| <3.0
— 4 Dees (2 per endcap): 3662 crystal (mostly in 5x5 supercrystals)
— 14648 crystals total
— 3.0x3.0x22 cm3 ~25X,

o Preshower (ES): 1.65< |n| <2.6

— 4 planes (2 per endcap): 1072 Si sensors
1 sensor =6.3 x6.3x0.032 cm3, 32 strips 137,216 strips total
2X, + 1X, of Pb interspersed with Si strips

o 1.90 x 61 mm2 x-y view

44



Readout ECAL

Like the tracker we cannot readout all the data from a the 72,000 crystals
every bunch crossing.

Electrical signals from the APDs are converted for every bunch crossing in
three gain ranges and data are stored until L1 accept is received.

The sum of the signal from 25 crystals is also sent for every bunch crossing. This
is used to make the L1 trigger.

VFE card

FE card

Gigabit Optical Links

Crystal Data @ 100 kHz

zenergy for Trigger @ 40 MHz
Multi-Gain Pre-Amplifier (MGPA) ~ AD41240 ADC




(Inter)Calibrating the ECAL

o ¢-and time-invariance of energy

CMS Preliminary
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Spikes and all that

AR coating

Contact layer
/ -
/

Collection Region
Avalanche region

Drift
/
The APDs are silicon diodes with a Coo
) . . . 000 Substrate
high gain at the junction. 000

Contact layer

\\

Interactions with the glue that bonds the
APD to the crystal knocks on protons into

the junction giving a very large ionizing
signal similar to the signal form the We suppress these signals using
scintillation light the time and the isolation of the

APD signal.




The Hadron Calorimeter

HCAL Barrel -

e HCAL Endcap - HE

HCAL Forward - HF

// N

The hadron calorimeters HB and HE are brass-scintillator sampling calorimeters.

The forward calorimeter — HF — covers 3.0 < |n|< 5.0 and signals are from
Cerenkov light in quartz fibers.
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Operation of HB and HE

o Incident charged/neutral hadron generates hadronic shower in the heavy
brass absorber

— Charged particles in the shower produce scintillation light in the plastic
— Amount of scintillation light is proportional to incident particle energy
— Scintillation light shifted in wavelength & transported to Hybrid PhotoDiodes

Brass — \Wavelength-shifting (WLS) fibre
Plastic scintillator —— Clear fibre for light transport to HPD

Two depth
segmentations
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Optical Design for HCAL

Common Technology for HB, HE, HO

Layer to Tower Decoding Fiber
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Scintillator in HE and HB

o Plastic scintillator + WLS + clear fibres
o Different sizes for the different layers in HB/HE
o Individual tile sizes vary with | /P

r 405.5¢cm .
%’ : B — - : : : _1?.9cm
v : | — i
A 4 39.8cm
A AW
IR A A SNV § |
optical source clear fibers Barrel
connectors tubes channels
Optical connectorBs ; Scintillator d
rass frame
WLS fibres E n Ca ps

Wire radioactive Quartz fibres
Clear fibres source




HB and HE

o Barrel (HB): [n|<1.3, 36 wedges (18 HB+, 18 HB-)
— 14 layers of brass + steel front/back plates = ~10|
— 16 megatile layers; 16 | and 4 ¢ divisions per wedge
o Endcaps (HE): 1.3<|n|<3.0, 36 petals per endcap
— 17 layers of brass > ~10|
— 17 megatile layers; 12 | and 1or2 ¢ divisions per wedge
— 2 or 3 (high n) longitudinal segments

Ring 2 HO Ring 1 Ring 0
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HF

o Forward (HF): 3.0<|n|<5.0, 18 wedges per end
Grooved steel plates, 5mm thick, 165cm long = ~10 A

~square grid of holes spaced 5mm apart
1mm diameter fibres (600um quartz core + cladding + buffer)

2 fibre lengths (read out separately) to distinguish e/y from hadron showers:

* Half are 165cm long
* Other half start after a depth of 22cm

R21
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Readout of HB and HE
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o The readout of HB and HE is currently done with Hybrid Photomultipliers.

o Due to discharge problems with these photodetectors we are changing

them to Silicon Photomultipliers.

— Improve signal to noise.

— Solve discharge problem
— Solve instability at B< 3.8 T.
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Radiation Effects in HCAL

HE:

* Loss of scintillation and reduced
transmission of light

* Effect observed in Runl at the
level of 30% in the highest n
region of HE (n=3)

CMS preliminary
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Assembly of brass wedges + megatiles for HB

Plastic scintillator tiles with One of 36 brass wedges showing
embedded wavelength-shifting fibres gaps for the scintillators

‘\,;\"

Inserting the final wedge. .
the optical cabling to form-one half of HB

!
- ,‘l 7
i

- N[

D. Barney, P. de Barbaro

Calorimetry



Swords into Ploughshares The HCAL Brass

Brass for the HEicame from
Russianartilleryshells

.\

Recycled brass plateS' frial assembly of HE brass “petals”




Assembly of the 350-tonne HFs

Inserting quartz fibres mto a steel wedge

W | ya P”

_.lehc,fmology e
Data Acquisition

Close-up of HF steel wedge showing
Issues grooved plates to allow quartzZfibres

Long-term

_ Wedges being assembled into"Dees




HCAL-Absorbers Complete




HE Right Now




Muon System

= 800 DT
E’[Efﬂ.ﬂ RPC 1,04 __‘,,.1.2 |




Barrel Muons Drift Tubes

= —___—%*Ehmﬁde*Smp—— —

———— Cathode Al Strips

GAS:. Ar/C02 (85/15) Tmax: < 400 ns
Drift Velocity : ~ 55um/ns
HY: Wires 3600 V

Strips 1800 V' | single Wire m 100um O
|-beams -1200V Resolution : < 300 pm 150um 0




Barrel Drift Tubes

® SL

OSL
Honeycomb

® SL

4 layers =1 Superlayer (SL) /
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| | |

3SL
3SL
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2SL
2SL
2SL
2SL

2 RPC ~2.0x 2.54 m? 960Kkg
2 RPC ~2.5 x 2.54 m? 1200Kkg
1 RPC ~3.0 x 2.54 m? 1300kg

1 RPC ~4.2 x 2.54 m*> 1800kg
1 RPC
1 RPC
1 RPC

VAT

The Barrel Muon system comprises 250 chambers for 5 wheels:
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Endcap Muon Cathode Strip Chambers

W‘H’, 468 Cathode Strip Chambers
% ‘%“ ---'-?@ ~2,000,000 wires

27 . .y
Ny ’a ~6,000 m? sensitive area




CSC Construction

I Position is obtained from
CﬂmﬂdE SI.”F' ChEIITIbEI' gaussianfitto” — ——
the recorded
| 'slow
- signals
from
'cathodes

'are held

6 layers in each chamber

Position resolution ~ 50 microns (from strips)
Timing resolution better than 25ns (from wires)




Endcap CSC Installation

468 chambers needed
100% tested and at CERN
67% installed

65% commissioned
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Resistive Plate Chambers

Dedicated trigger detector, with fast timing response
Basic functions:

* identify candidate muon track

« assignment of bunch crossing to the candidate track(s)
« estimate their transverse momenta

An RPC module is made self-supporting, mounted outside the muon
chambers (barrel and endcap) to match the active area of the tracking chambers

Y insulator

I""“‘-—gl'aphite coating

read-out strips
o >
G}D spacer —» @i ]

bakelit e
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LHC operation

MB current
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Towards physics: CMS triggers
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© LHC +s=14TeV L=10**cm™s™ rate
e : E & ineiastic : -4GHz
At LHC the collision rateis 20- = ° estie] _LV1 Input: 1 GHz
40 MHz L SHIEIERNESES 88
The Event size <1 Mbyte MHz

Band width limit ~200GB> " | |,

Mass storage rate R s

~300-500 Hz b

g

: in

First step in ‘analysis’ is triggeg [«
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Event signals kinematic

Level-1 Accept/Reject o— A

Synchronization delay

Level-1 signal distribution o—

Global Trigger Processor

Regional Trigger Processors

Trigger Primitive Generation _ Event selection ~ psec latenc

Synchronization delay ©

_ Light cone
Data transportation to Control Room o——m@88M8 , ~ SN 00 | ..
Detector FrontEnd Digitizer -— — = 2 | )T
Particle Time of Fligth o— y s .
7P==——""WA\\N * SPACE
Co e e e e v .
————Gontrol V//} — A\\N

17 July, 2014 Campo?O0M Experiment
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Events signal handling

Detector front end

— | Front end
pipelines

Readout buffers

Light cone

VG A\
Control- ; \

/74, \\\\

17 1uly, 2.0ROOM y//4 /:Experrment-\\\\




Trigger levels

T

The trigger is a function of :

B REJECTED
= » ACCEPTED

Event data & Apparatus
Physics channels & Parameters

Since the detector data are not all promptly available and the
function is highly complex, T(...) is evaluated by successive
approximations called :

TRIGGER LEVELS

(possibly with zero dead time)

CMS induct

17 July, 2014
Campo
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L1 trigger

Use prompt data (calorimetry
and muons) to identify:

High p, electron, muon, jets,
missing E,

MUON System

Segment and track finding

CALORIMETERSs

Cluster finding and energy ) |
deposition evaluation !

New data every 25 ns
Decision latency ~ us

On-line requirements

Collision rate 40 MHz

Event size 1 Mbyte

Level-1 Trigger input 40 MHz

Level-2 Trigger input 100 kHz

Mass storage rate ~300 Hz

Online rejection 99.999% —_—
System dead time ~ %
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DAQ

DAQ design issues

Level 1 Detector Frontend
Data network bandwidth (EVB) ~Tb/s Trigger o Tzsl\::z
Computing power (HLT) ~ 10 Tflop ' ; ; [;]q:":;] I;I;]q]
Computing cores ~ 10000 Manager R e e [ comos | 1708
Local storage ~300 TB thjjji[b:ﬂiﬁ]% .
Minimize custom design Computing Services

Exploit data communication and computing technologies
DAQ staging by modular design (scaling)

17 July, 2014



and that’s where the data comes from.
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A brief word about the future....
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CMS Preliminary 2.7 fb' (13 TeV, 3.8T)
EBEB ¢ Data

— Fit model

Il 10

+t20

T IIIIII|

T IIIIIII

T IIIIII|

400 600 800 1000 1200 1400 1600
m, , (GeV)
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New LHC / HL-LHC Plan

LHC

LS1 LS2 14 TeV LS3
13-14 TeV

injector upgrade I /\ 5t07x

splice consolidation

i i nominal
C aps cryogenics Point 4 eryolimit ) ) el
8 TeV button collimators T dispersion interaction HL-LHG installation luminosity
R2E project suppression regions
collimation e

2020 20

| ——
e oo |1 m
radiation
< damage >
2 x nominal luminosity .

experiment upgrade |F——" !
h 1 exngriment upgra

M

1.7-2.2 103* cm2s!
25 ns bunch

2012 2013 2014 2015

nominal nominal luminosity i

luminosity 75% i experiment beam pipes I/——'

0.75 1034 cm2s'1 1.5 1034 cm2s! Technical limits

50 ns bunch 25 ns bunch

(experiments,
high pile up ~40 pile up ~40

pile up ~60 too) like :




CMS Phase 2 Upgrades (construction 2017-2022) .

Tracker
* Radiation tolerant - high granularity - less material
* Tracks in hardware trigger (L1)

* Coverageupton~14 —

Muons

* Replace DT FE electronics
* Complete RPC coverage

* Investigate Muon-tagging

Endcap Calorimgeds '}
 Radiation tol.r" €F Sranularity : N By
+ Investigate cov JEral |- [y % \ ’ «’
Barrel ECAL

* Replace FE electrOlags :

Trigger/DAQ h \\ ‘

e L1 with tracks & up to 1 MHz ‘\
* Latency 2 10us ‘ N

* HLT output up to 10 kHz \. U “

{ htps://cds.cern.ch/record/1605208/files/CERN-RRB-2013-124.pdf






