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Lecture pedtives

Explain what kind of detector should one build to explore
electroweak symmetry breaking and search for new
physics beyond the Standard Model.

The Answer: CMS!
I But we will discuss how it is designed and why it works

Present the basic information about the detector do you
need to help you to understand how to analyze the data.

Explain why the CMS detector will need to be upgraded
to keep it able to look for new physics as the luminosity of
LHC is increased well beyond the original design

Will just touch this topic, which is now very HOT
It may well be in your future to work on the upgrade
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A DetestarttoSEiud ¥ Elertrosmkdk Riwsicsl and
Look BeyenttheeSGiahdand Moldeltat (herasadle

There are many models of how Electroweak symmetry
breaking can be accomplished

A Even within the Standard Model, there are a variety of possible
decay modes for the Higgs boson, depending on its mass

There are many candidates for new (unknown) physics
A Supersymmetry

A New interactions, e.g. Technicolor

A Extra dimensions

A Right-handed gauge bosons (broken left-right symmetric models)

A Many, many more ¢€.
A A discovery detectoro, al
detectoro at LHC must be a

and separate the interesting events from a much larger
background of uninteresting stuff that has the nasty
habit of mimicking new physics and misleading us
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How canweddaHlRiIs?
GenerdPPrHopples

Heavy objects decay into lighter objects

AThe filighter objectso are the p

i Photons, electrons, muons, 1 leptons, jets (light quarks u,d, s
andgluons)-especiaét yoabficharm j et s
I Only a few particles are stable enough to be measured directly:
e,\,y, plus some hadrons: pions, kaons, protons, neutrons

i Partons, the quarks and gluons, reveal themselves as
coll i mated bur st s osbidgntdymgjetc | e
and measuring their angles and energy becomes important

A It is a requirement for finding new physics to be able to
measure all the known SM objects

Particles may leave the detector without interacting

A Neutrinos are known SM particles that do that all the time

A There may be NEW massive weakly interacting particles that
behave similarly

AThese can be fidetectedo by obse
energy , AMETO, so it i1Is a requ
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: force carriers
FERMIONS <252 5 .. BOSONS pin-o.1.2,..
Leptons e Quarks s Unified Electroweak spin =1 Strong (color) spin =1

. Approx. - Nome Mass Electric Name
Mass  Electric Flavor Mase Electric

GeV/c2 charge Gev/c2 Charge

Mass Electric

GeV/c2  charge GeV/c2  charge

Flavor

p_ electron | <1x10-8 U up
€ neutrino

€ electron [0.000511 d down

11 WLl <0.0002 C charm
M neutrino

M muon 0.106 S strange

p_tau <0.02 t top
T neutrino

T tau 1.7771 b bottom

The physics objects are
A Charged leptons: electrons (e), muons (p), taus
(t)
A Neutral leptons: three flavors of neutrinos (v)
and their corresponding antineutrinos

A The quarks: u,d,s,c,b,t and the corresponding

antiquarks The had ) t
e hadrons, here a proton,
A The gauge bosons: photon (y), the W, Z,and 8 ;.4 composite particlgs of

gluons | quarks and gluons
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Simple ttoIketects ComplexttoIReiect
NEEheatan/€ @bfecdsr y 0 (

Three objects are particles that are stable or long lived (survive traversal of
the typical detector): e,u, v.

A Some hadrons, which are composites of quarks (antiquarks), are long
lived and can be tracked -- charged pion and kaon, proton, and antiproton

The others are more complex and decay into the more stable objects

A The W and Z gauge bosons

A Quarks and Gluons

i Top and bottom quarks

A Tau leptons

A Neutrinos
Signals for new physics should emerge from

A Combinations oftheseobj ect s (mass bump or e
A New objects that are different fror
Backgrounds come from similar combinations due to known

physics, random combinations of objects, or either of the above
with various misidentified objects due to detector limitations
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PhysissffoomODjests. €. 8lighggs

All new signals are expected to decay into some combination of
these SM physics objects

Al | Aknowno or fAnor mal o Pr ocessEeE
in their final states, leading to backgrounds to physics searches,

= - — . mpy range Lumi sub- My reso-
S Channel (GeV/ cz} (b~1) channels ]
. H — vy 110 — 150 4.7 4
10— e H— 11 110 — 145 4.6 9
— = . . H — bb 110 — 135 4.7 5
= ey | T H— WW — fvlv 110 — 600 4.6 5
SN /|: H— 77 — 4¢ 110 — 600 47 3
L = || H— 77 — 20271 190 — 600 4.7 8
= 1 H— ZZ — 2{2v 250 — 600 4.6 2 7%
- 130 — 164
H— 77 — 202q { 00 — 600 4.6 6 3%

Excluded
by LEP
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The NiewHigsan

Came from a search for a nlight
A Butis it really the SM Higgs?

The final states where the signal is seen are also expected decay
modes of the Alight HiIiggsoO

AThey were seen in the fhigh resolu
But i n order for 1t to be nthe S
fractions must agree with predictions so all the capabillities needed for

the Higgs search will be needed also into the indefinite future
(relevant to upgrades) to reach high precision in all modes

Decay Mode SM Branching Fraction A bb difficult due to large

HA bb 80%  QCD dijet background
HA W'W 10%  Aww and tt have missing
HA ttt- 8% neutrinosA poor mass
HA Z°Z 1% resolution

HA 7y 020,  AZZ*and yy will have best

mass measurements
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PhysiesfitomObpjests. €. FUSYSY

Search for Supersymmetry at the LHC in Events with Jets and Missing
Transverse Energy

Search for supersymmetry in pp collisionsatséa =7 TeV 1 n eve
single lepton, jets, and missing transverse momentum
Inclusive search for squarks and gluinos in pp collisionsatsa = 7 T

Search for Supersymmetry in Events with b Jets and Missing
Transverse Momentum at the LHC

Search for Physics Beyond the Standard Model Using Multilepton
Signatures in pp Collisionsatsa =7 TeV

A atleast 3 leptons and any number of jets
Search for supersymmetry in events with a lepton, a photon, and large
missing transverse energy in pp collisionsatsa = 7 TeV

Search for Neutral Minimal Supersymmetric Standard Model Higgs
Bosons Decaying to Tau Pairs in pp Collisionsatsa =7 TeV

Search for Physics Beyond the Standard Model in Opposite-sign
Dilepton Events in pp Collisionsatsa = 7 TeV
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LHC  s=14TeV L=10%cm%s™

rate evlyear

bam £ T T T T

=10 "

o GHz 10

_éw 15

'é10 14

— 0

1;10 1

o kHz q10 "

(measured, calculated) tell us what
minimum energy and luminosity we need

from the colliding beams and therefore what

the detector must be able to handle

A’roduction dynamics determine the range

of energies and angles we need to measu

\ Inelastic background
events produced at a

rate of 1 GHz.

Supersymmetry ~ 1Hz

Ntan =2 =rmem® ]
N

Detectable Higgs

production~1 milliHz

i IRt -
50 100 200 500 1000 2000 50
jet E; or pa’ .icle mass (GeV)

00

ARnCMSO values of Cross
http://cmsdoc.cern.ch/cms/PRS/

gentools/www/xsec/cmsxsec.html

For Higgs: https://cms.web.cern.ch/org/higgs
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http://cmsdoc.cern.ch/cms/PRS/g
http://cmsdoc.cern.ch/cms/PRS/g
http://cmsdoc.cern.ch/cms/PRS/g

Luminosity

Each beam consists ~1350 (2808) bunches’

7/

, Symbol | Quantity Affected by
a feW cm Iong’ 50 (25)”5 apart /// N, Number of particles per | Injector chain
; : : : ’ bunch
T,O maximize the InteraCtlon rate //, ng Number of bunches Limited by electron
A Maximize the number of particles per”bunch _ cloud effect
, R . e f, Revolution Frequency |Property of LHC
A Minimize spatial extent of each burch _ _ _ _
P ~ . ] ’ &, Normalized emittance |Injector chain
A D o nldittat angle T hit them square on
. . . Re p* Beta function value at | Interaction region
But at a given luminosity, fewer bunches Interaction Point (IP) _| focusing system
. . /,’ F Redut_:tion factor due to | Beam separation
A more interactions /bunch, - crossing angle schemes

A Several interactions/byﬁbh is a challenge as they are all superimposed
i Thisiscalled fi'pi | eewupgs gaccll) like low (high) pileup]
The quantity fALuminosityo captures t¥é&s:e
The number of interactions = Luminosity x cross section (cm?) x run time(s)

One fb1~ 104 (100 trillion) inelastic collisions

LHC design L=10%* cm= s1, ~40 (20) interactions/crossing, 50 (25) ns

After CM.energy, luminosity.is the most important parameter that defines
the physics re%%h o{na machine P P

Luminosity calculator: http://I[pc.web.cern.ch/lpc/lumi.html
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Typical Events andl IHard Scattess

The typical inelastic event is mostly =n*, n, and =% (which decay
Immediately to 2 photons) in ~ equal amounts. These are distributed
with a relatively flat rapidity distribution, with about 6 tracks/unit of
rapidity and reasonably small average P;~0.150 GeV/c

i So ~30 tracks in the n =+£2.5 of CMS
i Less than 100 GeV of energy is deposited in the central region
i About 500 GeV is deposited in the interval n =3to 5

it These constitute the fpileupo e
superi mposed on the occasional

I Pileup of 20 A 600 tracks and 600 photons
They also contribute to the nradi

i All the rest of the energy, ~> 6 TeV, goes forward or backward
near or in the beam pipe

vV e
N h

c:

These event s, often called Amini mum
addressing Electroweak physics or Beyond the Standard Model Physics
Al deal ly, Aimi ni mum biasodo includes t

In reality, it is affected by the trigger hardware that produces it.
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The Natueeo6Hard Collisions

74
pr o
whole spectrum of gluons, and virtual quark-antiquarkpai r s, cal |
The partons are described by Parton Distribution Functions (PDF)s:

f;(x)= probabilit)i density for having a parton of type j with fraction x of the
protondés momM&eExEl m

AHardo collisions between a parton fiao
other proton occur with probabilities given by the cross sections and PDFs:

o(pp—>cX) = T dxdx, oy, () (%) x dab— cX)

At large x, u dominates over d.
At x<0.2, the gluon is dominant

Higher total energy allows the collisions of
lower fix (partons, that are more abundant,
to have enough energy in the parton- parton
CM to make heavy objects.

A

Cross sections are higher than at lower energy
machines

The proton having M~1GeV, there is little intrinsic
O on e as e o e es 551 | transverse momentum in the initial state

http://hepdata.cedar.ac.uk/pdf/pde.htmI
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“Hard” Scattering Outgoing Parton, c
Outgpirg Parton C '

PT(hard)

ented beam Fragmented beam
— !
Proton . Proton |
£ I
UnderlyimgEvent | —44h o= lerlying Event |
"""""" ‘ L5k |
| Radiation |
: I
Outgoing Parton, d : |
O‘“@i"hi"'gﬁ v | i
_________________ I____________!__________________

Incoming parton, a Incoming parton,b

Since parton a and parton b will rarely have the same energy, the
center of mass of the parton-parton collision is moving in the proton-
proton center of mass (corresponding to the collider lab frame)

The final state topology has four partons (jets), the two from the hard
scatter and the two Abeam fragmentso

CMS Data Analysis School September 11, 2012 14



2 Prodlucitonkkinemascs 1

s Is /3
N X_ v
X12 22 E (X1+X2) 2
~ Js
)ﬁ S < pL_(Xl_X2)7
pr~0
M2 = &= x,X,S

Since P+ is limited but P, varies greatly, we need special variables that transform well
under a Lorentz boost to handle a center of

work well, but (E+P,) and (E-P|) do (light cone variables)
A boost of a system by B is given by

(E+PL]:£eyB 0 J(E +PthereyB ( )
E_PL O e_yB E P
ygé ExFe|, the
E-P

This suggests using as

A boost of B simply adds Y, to the rapidity of every particle and any
rapidity interval is_unchanged by a boost
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Prodluctionkkinematics 2
nce y@= tyhet AYs pan aysy,;-y,as indegeedertt of CM

|
otion of the 2 colliding partonsAcentral to definition

For relativistic particles, f~1, the momentum drops out, only depends on angle. This
new variabl epseudorapldityolne d the i

p 0
1 | TFECOP | 1 icow) 1, |05, 0
Y=§|n —=——|~=In ==In =—1In tanE =n

1 pcosg 2 1 0039 2 SinZQ
E 2
: polar angle vs n A spectrometer that covers
Relation to parton 100 o
_ % 2n in azimuthal angle and
momentum fractions: g © down to 10° on each end in
S 70 \ polar angle, covers 98% of
2 S 60 . :
_ M +y - \ the full solid angle. It will
)(1 = |—XE = 50 .
2 = \ accept the light decay
S © ;‘g N\ |25 products of heavy objects
10 ———10°
0
0 2 M 4 6

Pseudorapidity
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Prodlucitonkkinematcs 3

i ) The total rapidity interval is
What angular coverage is necessary” limited and depénds on the

A Heavy objects are produced more mass of the object produced
Acentral | yrm~0eo will notyp€ o r
moving too fast in the lab. —In£<y<ln§

A Light decay products are emitted over a M ~ M

large range of lab angles and momenta 2

) as M(GeV/c2

A A good P, measurement at large polar
angles requires a B field parallel to the 0.140° 100 350 1000
beam axis. For forward particles requires a 196 95 30 1.7 0.7
B field perpendicular to the beam axis

In practice must choose!!!

A You do not gain much solid angle 140 115 49 3.7 26
coverage for light decay products by going
to small polar angles (d Q =sin 6 do d¢)

A The small angles, being closest to the
beams and the forward burst of energy, are M 2 oo M
least likely to be useful. X = S , Whichisp, = >

Heavy objects are produced more centrally, so the detector should
do the best job of instrumenting the central region!!!

7.0 108 42 3.0 19

Y=0 corresponds to head on
collisions at
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Transuessevivdomeaninm

There is little transverse momentum in the initial state

Transverse momentum in the final state comes from
A The hard scattering process or
A The decay of some heavy object made by the collision

Transverse momentum is also invariant to a longitudinal boost

Detector should measure well P,, n (polar angle), ¢ (azimuthal angle)

How well do we have to measure it? Suppose an extreme case-a 2 TeV
object decayi ng IiAntu), theny®,~1pe&/cXxsin® | e s

Suppose we want P+ to ~10% in this extreme case
c(R)__%y | 720

P 0.3BL? N + 4

(B in Tesla, L and o,,in m, Py in GeV/c, N = number of tracking Layers)

If 5,,~ 50-100 um,BL? must be around 3-4 T-m?

< P (For a solenoid)
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Complex@ipeats]cletmandiddisgiBg E

Je Jets are large deposits of energy in
~small regions of Ay (An) and Aé:

2 Jet |
40 . 2 2
2 sz AR, = ~11,)" + (¢, ~4>)
0 .
A h— e o To include a track or calorimeter energy
TN g o deposit in a jet:
0 0 3 ‘:‘. " = -
2 > “ = O\ ~ AR,jet axis ~ 0-5,0.7
4 0 >
2 o

Total area of plot shown is ~62.8, so An~0.1, A¢~0.1 for calorimeter
segmentation should be adequate even to resolve several jets in event

MET is the negative the vector sum of all the transverse components of
observed energy including any muons. It Indicates the presence of weakly
interacting particles, usually neutrinos, but possibly new exotic objects that
interact only weakly.

The focus is on the transverse energy because an unknown amount of
longitudinal energy may be lost down the beam. If the angular coverage is
sufficient, missing components will not contribute much to the missing
transverse energy
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Conpigx Obgexts: ZQ land W’e t

Chi

2 11—
¥ . Ty ]

Z has a mass of (91.2 GeV/c?)
A It decays into
i the easily reconstructible states e*e-, u+uw
i t+t - (harder due to missing neutrinos)
i Two jets
o Two neutrinos i signified by large missing E T g
The W has a mass of (80.4 GeV/c?) -7 % U
A It decays into Mw/2

i e, u, or T plus the corresponding flavor ¥ neutrino

I The neutrino results in MET and because of the 2-body decay the lepton has a
characteristic Py distribution (Jacobian péak at %2 x M.

i Two quark jets
In addition to be a possible daughter particle of the decay of a heavy object,
Z6s and WO0s are very useful as a st
systems. The ZA e*e, utu are especially useful since the whole momentum
can be reconstructed.

Wi 7]
a ]
.I:i : -

._.
|

i Bai &1 i it 8 5 D'

X
=
=
=
F
-
Ed
-
d
E
o
3
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b-quaiik jjats
Discriminants of b jets from light quark

or gluon jets based on Methods for discrimination

A Long lifetime of b-hadrons in them A Impact parameter based
A 1=1512x10%2s, ct = 455.4 pm Track counting high
efficiency

A High masses

A High fraction of semi-leptonic decays
A ~10% e, u (and from charm)

A Hard fragmentation

Track counting high purity
Jet probability
Jet B probability

~1/Y A Secondary vertices
| =<vCT> Simple secondary vertex
y GLNI/GNV Combined secondary vertex

A Lepton based algorithms
Soft muon by PTrel

|mpact%* Soft muon by IP signficance
parameter Soft electron
A Combined algorithm

Combined MVA

L/, ~ independent of p of B

Impact parameter ~1/2nct independent of p
CMS Data Analysis School September 11, 2012



Top

Top has a mass of ~175GeV/c?.

Top decays before it has time to hadronize (due to high mass) into
W+ aqéédr ko bg<ld AS%e 1V

i If the W decays leptonically,
I tA lepton(e, u, T) + neutrino + b-jet
A Experimental signature includes MET
i If the W decays hadronically
A tA two light quark jets + b-jet
No MET

i W mass constraint helps constrain the neutrino momentum and thus
the top kinematics

Tops are produced in pairs by strong interaction or singly in EW
Top may be Andaughter particl eso

Top provides a good source of b-jets for calibrations

A AREsti mationmagdi ndheefdf i ci ditheptgn edents with 201d p
dat ao

Top Pair Branching Fractions

s" 46%

ttiets 15%

15%

"dileptons™
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Tau lgptons

Tau leptons either decay into
A acharged lepton (nor e) and its corresponding antineutrino; or

A A tau neutrino and a hadronic state, which then typically decays
Into charged and neutral pions and kaons of relatively low
multiplicity, sometimes with observable resonance behavior in the
Invariant mass of the hadrons

A Isolated small clusters of hadrons at large Pt are tau letpon
candidates and can be distinguished from gluon or quark jets
which typically have much higher multiplicity

A If the taus are produced in the signal in pairs the topology (e or p) +
hadrons is a powerful signature of the pair

A The event topology also features
i missing E; from the neutrinos and

i charged tracks which might have an observable impact
parameter (useful?)
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Tau lgptons (contundd)

Tau epton decay modes with hadrpoons
or kaon. The collection of modes is called t,. A tau pair consists of

A one leptonic decay into either electron or muon and neutrinos and one
hadronic decay is called e t, or p 7, , respectively
A two leptonic decays resulting in the ep final state

To>hv, 11.6

T>hndv,_ P 770 26.0

7 — h 7970 _ a, 1200 9.5

T — h h*hv _ a; 1200 9.8 [ ]
40 G0 &0 100120 140 160 180 200

1 — h h*h 0v _ 4.8 ujet vishie mass (Gevic)

Tau leptons are being used successfully as objects in the search for the
SM model Higgs and for MSSM Higgs where their production would be
enhanced
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Isolatiomn

Since hard processes produce large angles between the final
state partons and the beam remnant jets stay close to the beam
line, the objects we are interested in for our studies are usually
well separated oriii s o | &ameodher objects in the event

Isolation is applied by drawing a cone around the object of

Interest in n—¢ space; adding up the extra E; in the cone

(exclusive of the E; of the candidate); and rejecting the object if
the nNnetra Bore than a ceg¢dfthe n fr
candidate

Example of isolation: discriminating an isolated muon from a W
from a muon coming from the semileptonic decay inside a b-jet

Isolated Non-Isolated muon
M from semi-leptonic
uon decay inside a b-jet
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The Challenge Ahaac Plleup

Lots and lots
of low energy
deposits

78 (1)~
vertices:
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Pilewp
The LHC has excellent performance, but

with 50 ns rather than 25 ns bunch
spacing, instantaneous luminosity

ISoMu24_<PF<jet30_PFJet25_Deta3_CentralPFJETR
#é

.
&

~

"llII]IIIIIIIllllllll!lllllllllllllIl

NJ

~7.5x10%3cm-2s1 . V3
A Average pileup has now increased to above f
30 3 £

The pileup affects physics performance of ;
Isolation, Jet energy, Missing ET, confuses
the trigger and causes execution times in
the trigger and analysis to grow
Physics performance was maintained by:
A Changing triggers

A Improving reconstruction algorithm to
di stinguish vertices with @Z>1mm

A Correcting jet energies by subtracting the
average expected pile up energy

A Developing pile-up safe variables for lepton
isolation and identification

A Careful evaluation of the MET

e o e 1 ] | | |
2500 3000 3500 4000 4500 5000 5500 6000
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SILICON TRACKER
Pixels {100 x 150 um?)
~1m¥ ~66M channels

Microstrips (80-180um)
~200m* ~9.6M channels

Pixels
Tracker

ECAL

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)
~76k scintillating PbWO, crystals

HCAL

Solenoid PRESHOWER
teel Yoke —~ Silicon strips

Muors ~16m* ~137k channels
STEEL RETURN YOKE

~13000 lonnes

SUPERCONDUCTING |
SOLENOID

Niobium-titanium codl J
carrying ~18000 A FORWARD
Y CALORIMETER
/ Steel + quartz fibres
HADRON CALORIMETER (HCAL) ' L
Total weight : 14000 tonnes Brass + plastic scintillator ‘ MUON CHAMBERS
Overall diameter :15.0m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length 1287 m Endcaps; 468 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :38T

CMS Data Analysis School September 11, 2012
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i XEH2 v — Superconducting Solenoid

- s >
7 i ~T73
Vs U Z
2
N
o "
g

Hadron-Forward
Calorimeter

Hadronic
Calorimeter

Electromagnetic
Calorimeter

ﬁ,} ?;}3 YBO -
(1
PbWO, crystals (76K) '\ [

Compact Muon Solenoid
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Pixel Detector

)

e
7

CMS - The Compaat Muon Solensiid

(4T)

Silicon Tracker

210 m? of silicon
sensors: 9.6M (Str) &
66M (Pix) channels

Preshower

2 planes of silicon
*Zﬁzjf\modules for ECAL

~

fwd calorimeter,

/, \
| ! Iron / Quartz fiber
3<|n|<5;

+ Castor,
5<|n|<6.55

7
v
s
/

/

/A" Calorimeter

/ Muon
Detectors

Cathode Strip
Chambers,

Drift Tubes,
Resistive Plates
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Very large solenoid i
6m diameter x 13 m long

Tracking and calorimetry fits
Inside the solenoid

A particles measured before they pass
through the solenoid coil and cryostat,
which would degrade their resolution

Very strong field 7 3.8 T
A Excellent momentum resolution
A Coils up soft charged particles

Tracking chambers in the return iron
track and identify muons

A This makes the system very compact

A Weight of CMS is dominated by all the

steel and is 14,000 Tonnes

A lead tungstate crystal calorimeter
(~76K crystals) for photon and
electron reconstruction

Hadron calorimeters for jet and
missing E, reconstruction (provides
coverage to n~5)

CMS Data Analysis School September 11, 2012

,BCharged Particle Tracking is based
on all-silicon components

AA silicon pixel detector out to radius ~ 20
cm

AA silicon microstrip detector from there out
tol.1m

ASmall pitch gives CMS excellent charged
particle tracking and primary and secondary
reconstruction

AHigh segmentation results in very low
occupancy

ASilicon detectors are very radiation hard

Muon momentum is measured in the
muon system but the best resolution
comes from associating a silicon track,
which has excellent momentum
resolution ,with the muon track and
doing a full fit. Challenge is to do this
with high pileup A fine pitchA low
occupancy, MAJOR DIFFERENCE
BETWEEN ATLAS AND CMS. It is why

CMS is fcompacto
30



| |

0m m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

, Electromagnetic
}l l l Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Transverse slice
thraugh CMS
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tracking

ECAL

HCAL

MUON

Al

Jet

Et

miss
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Solenoid has the features described above
A Large acceptance in the most promising region

A Bends charged particles, allowing tracker to
measure the transverse momentum. Optimal for
measuring P, in central region

3.8 T magnet at 4° K

6 m diameter and 12.5 m long (largest ever built)
220t (including 6t of NbTi)

Stores 2.7 GJ 0 equivalent to 1300 Ibs of TNT
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silicon tracker

A 3 layers of 100x150 um? pixels: radii = 4.4cm, 7.3 cm, 10.3 cm
Precision vertex T primary and secondary 7 reconstruction
Nseedso the pattern recognition

A 10 layers of silicon strips with ~100 um pitch, from r =25 cm to 110 cm

Measures the momentum

Precision matching of charged tracks to calorimeters and muon
detectors

Four | ayers ar ei tivdmckldd back sfadders with an
azimuthal and small angle stereo view

Entire system at -10°C which improves radiation tolerance by a factor of

100 Compared to 250C 01 02 03 04 05 08 0.7 08 0.9 1 11 1.2 13 1.4 1.5

/////////./////// N
ST T zview 17
_— 13
e R R E S R
__ ——sistripdetactors | | | | | | =— =
= ol == %

== b4 Ry L

e S Y O NI Double
w === |-l Sipixels detectors .. Single ...
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Beam pipe bake out - insertion/removal of pixel detector /

Rail system for FPIX & BPIX & supply tube/

\
—

AOH & DOH boards

Ball bearing
rollers

Supply tube:
power, cooling & optical links

Pigtails of power cables

BPIX (3 Layers) PIX (2 Disk)
672 Modules 96 Blades
96 Halfmodules 672 Plaquettes
11520 ROC 4320 ROC

CMS Data Analysis School September 11, 2012

34



(("7\‘: A

C MS
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~ Particles shower in calorimeter creating other particles which
shower and so on until no more energy is left
The created charged particles produce light via scintillation or
Cherenkov mechanisms which can be collected and is proportional
to the original particle energy

Passive heavy material

o Sampling or Homogenous

/Calorimeters\

Resolution:
o(E) N
Active material (scintillator) E = @ D C
Constant term:
| | \ calibration,
Sampling + Stochastic term Noise term temperature
(shower fluctuation + statistics dependence
37
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R

P
in high Z material

hotons and electrons shower

Homogenous calorimeter

Lead tungstate (PbWO,)
crystals: 2.3x 2.3x 23 cm?3

A ~76,000 crystals

Radiation hard, dense, and fast

Magnetic field and radiation
require novel electronics APD

and VPT
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Brass absorber from Russian artillery
shells (non-magnetic)

Scintillating tiles with wavelength

shifting (WLYS) fiber

WLS fiber is fed into a hybrid photo-diode
(HPD) for light yield measurement

Tower sizeis AnA¢=0.087x0.087
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%

Muons interact less than other charged particles
A Place detectors after material and what comes through is a muon candidate

Add B field in steel and tracking to find momentum at trigger level and link with
main tracker

14000 tonnes of iron absorber and solenoid flux return

Three tracking technologies: Drift Tube (Barrel), Resistive Plate Chamber
(Barrel, Endcap), and Cathode Strip Chamber (Endcap)

VﬂA Each pseudorapidity interval is covered by two of these subsystems
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% Muo

Tracker Muon (TM): silicon track with at least one matched muon segment
Standalone muon (STA): fits to hits and segments in muon system alone
Global Muon (GLB): combined fit to tracker and muon hits

Tight muons: global plus tracker plus additional requirements

Sculpting of
background
due to trigger
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