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ldeatem jest petna rekonstrukcja przypadku

BEBC, equipped with the
largest superconducting
magnet in service at the time.

D* (excited D-meson, carrying the "charm" quantum number): production and
decay during a wide band exposure in experiment WA21, in the BEBC liquid
hydrogen bubble chamber. O, Ullaland/ 2006



Pojedyncze detektory pozwalajg bardzo precyzyjnie zmierzyc:
- pozycje czastki (detektory krzemowe, detektory sladowe)

- tor czgstki (detektory sladowe)
=> W polu magnetycznym: ped czastki

- predkos¢ czgstki (TOF, detektory Czerenkowa)
- energie czastki (kalorymetry)
- typ czgstki (TRD, na podstawie oddziatywania w materii)

Na te] podstawie jestesmy czesto w stanie zidentyfikowac czastke
ale naogot tylko w ograniczonym zakresie kinematycznym



Let's find some tools ...

CERN Summer Student Lectures 2003 o
Particle Detectors Christian Joram V/24



How do you design a
detector?

Robert Roser (FNAL), Hadron Collider Summer School 2006



It starts with the Physics

e Whatis the physics measurement thatis
driving the experiment?

 What are the final states — how will you
measure them? Examples include
— Pizero ID (separation of two photons?)
— J/Psi - good tracking
— Light quarks — good calorimeter
— b and c quarks (tagging)

* What level of precision are you after?

— Precision has a cost; dollars, complexity, and
readout speed



It continues with the Physics

e Can you trigger on the physics process of
interest?

— Separate the unique signature of the physics
of interest from the literally billions of
collisions that go on each day

e What is the rate?

— Drives both the trigger and data acquisition
system

— Do you need to worry about “dead-time”?
— How will you calibrate your detector?

— How will you measure the various detector
efficiencies



Global Detector Systems

Overall Design Depends on:

—Number of particles

_Event topology No single detector does it all...

-Momentum/energy — Create detector systems

—Particle identity

Fixed Target Geometry Collider Geometry

=Limited solid angle (dQ) coverage (forward) «“full” solid angle dQ coverage
=Easy access (cables, maintenance) =Very restricted access




Ideal Detectors

End products
{ e charged particles

e neutral particles
e photons

An “ideal” particle detector would provide...

<Coverage of full solid angle, no cracks, fine segmentation
Measurement of momentum and energy

eDetection, tracking, and identification of all particles (mass, charge)
eFast response: no dead time

However, practical limitations: Technology, Space, Budget, and engineering
prevent perfection...



We can’t build a perfect

detector

* A perfect detector has no “holes”

— Reality is that in order to read the detector,
we need to get the signals out. This is done
with cables. Cable paths force us to have
“seams” in the detector where we don’t know
what is happening

A perfect detector is identical in every
direction with respect to the collision
point
— We need to support these detectors which

means that the material is not isotropic.

e A perfect detector is 100% efficient



Detector Design Constraints

— Whatis the current technology and where do we
expect technology to be when the experimentis
ready to take data

 Most experiments these days take a long time. The time
between “the expression of interest” to “ready for
collisions” is measured in years

* All of the technology required for the experiment to work
does not have to be “ready” (commercial) at the
proposal stage

 Typically time for R&D
 Moore’s law for computing is often relied upon



Detector Design Constraints

— Total construction cost
 How much $$$ do you have to work with

« How many physicists are available to participate in
construction (how big is your collaboration?)

* When do you want to be ready for collisions?

e How “hard” will you be pushing current technology —

— how much financial and schedule contingency is
required? (more below)

 An honest assessment of how well the collaborations
skills and interests align to the work that lies ahead

— Amount of time it takes to read the detector out
after a collision — or reversed, how quickly do you
need to read out the detector

Sets the drift time tracking chambers,

Integration time in calorimeters

Digitization time

Logging Time



Detector Design Constraints

— Size of the collision hall and specific
characteristics of the building
* Floor space
e Weight?
e How far underground?
e Crane coverage?
 Accessability of detector components

 Gasses, cryogens, flammability, explodability, and ODH
issues

e Available AC power
e Cooling



RISK!

e |s the level tolerable

— Can’t push the envelope of technology for every
detector
* Will guarantee a blown schedule and cost over runs
 Need to use new technologies judiciously

* New Technology should not be used as a “carrot” to
draw in collaborators that might otherwise pass.



The Bottom Line!

* There is no single “correct” answer to
the above constraints

— Every experiment finds its own “way”

 Detector designers perform a difficult
and almost impossible optimization
task

Detectors are an amazing blend of science,
engineering, management and human
sociology



Individual Detector Types

Modern detectors consist of many different pieces of
equipment to measure different aspects of an event.

Measuring a particle’s properties:
Position

Momentum

Energy

Charge
Type

a k~ WD




Modern Collider Detectors

® the basic ideais to neutrino
measure charged
particles, photons,
jets, missing
energy accurately

® want as little
material in the
middle to avoid
multiple scattering

e.m. calorimeter

pion ,
had. calorimeter

® cylinder wins out
over sphere for muon chambers
obvious reasons!

muon



Typical
arrangement
of subdetectors

vertex location
(Si detectors) &

main tracking
(gas or Si detectors) &
particle identification 2

e.m. calorimetry &

magnet coil &
hadron calorimetry / return yoke 7
muon identification / tracking &









SIiD
Projekt detektora dla
eksperymentu przy ILC

Koncepcja detektora opartego
w catosci o detektory
potprzewodnikowe (krzemowe)



Detector Systems

OmWZm:BBomeathooERmNoow ..
Particle Detectors Christian Joram V/33




d. sladowe kalorymetry det.
hadronow mionowe




Lepton ldentification

Electrons:

— compact electromagnetic
cluster in calorimeter

— Matched to track

Muons:

— Track in the muon
chambers

— Matched to track

Taus:
— Narrow jet
— Matched to one or three
tracks
Neutrinos:

— Imbalance in transverse
momentum

— Inferred from total
transverse energy
measured in detector

electromagnetic  hadronic

muon

calorimeter calorimeter chamber

tracking chamber

—>

electromagnetic  hadronic

muon

calorimeter calorimeter chamber

tracking chamber
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;
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clectromagnetic  padronic -
. calorimeter calorimeter -pamber
Uacklng chamber H
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electromagnetic  wadronic

muon

calorimeter calorimeter .hamber

tracking chamber




Particle ldentification Methods

Constituent Si Vertex Track PID Ecal Hcal Muon

electron primary gl gl gl — —

Photon y primary - — g — —

u, d, gluon primary g — g g _

Neutrino Vv — o — — — —
s pimary & B 8 g —

c,b, T secondary [ g g g _
! primary gl — MIP MIP gl

PID = Particle ID MIP = Minimum

(TOF, C, dE/dx) lonizing Particle



Higgs at the LHC: the challenge

Muon chambers

\Y

Hadronic calorimeter

neter

s <ong; | P

Inner detecto!r

D. Froidevaux, CERN, 11/06/2007
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Generic features required of ATLAS and CMS

® Detectors must survive for 10 years or so of operation

e Radiation damage to materials and electronics
components

e Problem pervades whole experimental area (neutrons):
NEW!

e Detectors must provide precise timing and be as fast as
feasible
e 25 ns is the time interval to consider: NEW!

e Detectors must have excellent spatial granularity
e Need to minimise pile-up effects: NEW!

e Detectors must identify extremely rare events, mostly in
real time
e Lepton identification above huge QCD backgrounds (e.g.
/jet ratio at the LHC is ~ 107>, i.e. ~ 100 worse than at
Tevatron)

a Cinnal Y_ecartinne ac lnawr ae 1N-14 Af tAtal Y_cartinn: NIE\A/]




Physics at the LHC: the environment
(1 MeV n,/cm”/yr)
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CDF’s 1st Top Event... (run 1)

How to get best possible vertex resolution?



high p,
muon

gjetl

CDF Top Pair Event

Run 178855
Event 5504617

Number of Jets = 4
Missing Et = 45 GeV
Muon Pt = 37 GeV

m/\\

M,

b quark jets

missing E;

1 GeV, Phi=79, L2d =7 mm

GeV, Phi=355,1L2d=1mm

b-quark lifetime:
ct ~ 450pum

— b quarks travel
~3 mm before decay




Vertex Resolution

xl. x2 = measurement planes

vl . v2 =measured points, with errors ov 4
yv=a+bx : :
1—v2  yl—y2 i i
b = slope = LEE YL ! L
x1—x2 Ax | T 5
| 1 1 xl+x2) Y
a = intercept =— (vl + .1-‘2}— — (}‘1 — ;1-'2{ TAL) y—bx A !
2 Ax A a L Ij.l'r1 :
% b 25y I
Sh) = &) §v) = dh=—=
‘RE‘HJ{ 1-:,}-2; ( Ax ! .
e | X1 X2
S = o 1 L 8%
2 &*«:

for gDDd resolution on angles (¢ and 6) and intercepts (d. z, )
ePrecision track point measurements

eMaximize separation between planes for good resolution on intercepts
eMinimize extrapolation - first point close to interaction



Co jeszcze wptywa na precyzje pomiaru?

W oddziatywaniu pomie dzy wia zkami powstaja _pary eTe~ o malych pe dach poprzecznych,
z ktorych cze §¢ zostawia Slady (ang. “hit”) w detektorze wierzchotka utrudniaja ¢ rekonstrukcje .
innych toréw. W pie ciowarstwowym detektorze oczekuje sie _ okoto 60 000 dodatkowych “hitow”,

e+

Y

\ Bethe — Heitler Landau-Lifshitz

Pawet Luzniak Detektory dla akceleratora liniowego ILC (International Linear Collider) 30



Gestost sladow w pierwszej warstwie [1/mm=2/BX]

Pary e e~ symulowane za pomoca _ Guinea Pig. Ge sto $ci liczone dla réznych warto  ci
promienia pierwszej warstwy.

8 mm

1.5

O 5 I 10 mm
L *H—t *+H*+* **+:/12 m - 2
;t*a—7¢++4—#*****':”***:tft* / 751 m

(00 0000000 0000600000¢06-
O $eoeoeoeccooe ‘

4 -2 0 2 4 -4 -2 0
z[cm]

Pawet Luzniak Detektory dla akceleratora liniowego ILC (International Linear Collider) 31



Background level at ILC depends strongly on B
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Jet flavour tagging performance
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Measurement of the Higgs Boson Branching Ratios
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v - VeHER B diEred for the Lol

Maintain 2 alternative long-barrel approaches :

LDC’ »— VXDO03
5 layers

GLD’ — VXD04
3 double-layers

Two read-out modes considered :

<= continuous read-out < read-out delayed after bunch-train =— 3 double layers expected to help

= mini-vectors

ILD Meeting, —6—



Vertex Detector

Impact Parameter Resolution (Gm) of muon
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Electrons and photons in ATLAS/CMS

] |
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- Barrel: 62k crystals 2.2 x 2.2 x23 cm
- End-caps: 15k crystals 3 x 3 x 22 cm
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Electrons and photons in ATLAS/CMS
ATLASLAr EM Calorimeter description

Back Cell ——»
Middle Cell

0 —
/V
\ -
n Barrel module
EM Calo (Presampler + 3 layers):
= Presampler 0.025x0.1 (nxd) oL Ar-Pb sampling calorimeter (barrel)
zE_ner gy lostin ‘gpggs?ag‘ln(‘ati;a' «Accor dion shaped electrodes
- rps . XU. X . . .
:;oStimaI separation of S *Finelongitudinal and transverse
non-bending plane, pointing segmentation
=  Middle 0.025x0.025 (mx¢) *EM showers (for € and photons) are
?Cl'(uster 5990'5005 0.025 (nxd) reconstructed using calorimeter
. ac .05x0. nx

= Longitudinal leakage cell-clustering

D. Froidevaux, CERN 34 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



Electrons and photons in ATLAS/CMS

ATLASEM Calorimeter energy reconstr uction

FRONT=51 MIDDLE=S2 BACK=S3

- \

Correctionsdueto cluster
position:

 An (Sshape modulation)
+0.005

j ™~ « Ao (offset in accordion)
Y Y =M Shower —— +0.001
1 2 3 4
.0x
(RSS! [ 211030 % Correctionsfor energy losses:

Two main clusterization methods:
* Fixed size diding window:

*3x3, 3x7... cells, 2"d sampling Nxo;

*Some ener gy left out, especially for small sizes.
» Topological clusters:

*Variable size cluster, minimize noise impact;
«Additional splitting algorithm is also provided.

1.
2.

3.

4.

Before PS
Between PS & Calo

Outside cluster: depends
on clustering method

After calorimeter:
~Energy in BACK

2-7% overall energy correction

>7% at low energy, highm

D. Froidevaux, CERN 35 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



SM H— vy

venls

|

£

| o
E

Enerqy resolution

i 100 | _PHOtons from
CMS EM calorimeter oy 359 FH =y

(crystals): E  JE  eoo
ATLAS EM calorimeter

ﬂB? o958 o999 1 101 1 0

(liquid-argon/lead sampling calorimeter): i E

o(E) 10% ot n=0.94

E \/E = Sampling term =10.7%
Module zero test beam data — | Constant term = 0.3%

T
= =
-
- &

Mass resolution S T ew
(M,=100 GeV, low L): 1

ATLAS: 11GeV [
CMS : 0.6 GeV B .o,
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SM H— vy

Backqgrounds

1) Irreducible background from qq = yy and gg =2 vy (box)

2) Reducible background from °m (2 vyy) in jet

fragmentation:

e final states with many photons -> look for single
photons

e non-isolated photons inside jets - look for isolated
photons

o Very difficult problem: at p; =50 GeV, jet-jet / yy= 10’
- need to reject each jet by a factor 10,000 to bring the
reducible background well below the irreducible one

e However, at p; =50 GeV, nd/jet = 103
- separate isolated photons from n° decays at 50 GeV

- photons from n® decays will be distant by =1 cm
0-Froidevax NN aa ] arantilar nosHiofi e Eesrel Safresehod GRS IR 14082007



SM H— vy

Rejection of OCD jet background

l
™0 40 =) =0

ATLAS EM calo :
full simulation

€, =80%

Most rejection from longitudinal calo
segmentation and 4 mm mn-strips in first
compartment (y/ nt® separation)

D. Froidevaux, CERN
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SM H— vy

Anguiar resoiution and acceptance

e ATLAS calorimeter has / ;)
longitudinal segmentation %< /
— can measure vy direction
ATLAS, full simulation
Vertex resolution using EM e ), 7

calo longitudinal segmentation L

00

vertex spread

Photons fro ~5.6cm

2e H—yy

—==1_ F%F cn

o i 1 Bl e 1

| 50 mrad
I AL

CMS has no longitudinal segmentation (and no preshower in barrel)
— vertex measured using secondary tracks from underlying event
— often pick up the wrong vertex

— smaller acceptance in the Higgs mass window

D. Froidevaux, CERN Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007




Can lessons be learned from Tevatron?

e Tracking important part of
electron/photon ID

e Requiring or vetoing a high p+

fficie

_
—
-
[:2]
f————
r
—
—
.,
i —

F O IMAWIALIVILD TV WSO WA 'JT

2 Converted photons are lost

2 Uncertainty in acceptance
dominated early W/Z cross section
mesurements

» 5.5% X, uncertainty in material gave
a 4.7% uncertainty in the acceptance

Fomn T N

ydof=6/12

E/p

D. Froidevaux, CERN 25 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



Can lessons be learned from Tevatron?

P-IT-N

T O UOT 1AUlAduve wall vi

Bowl
E/P to measure L
material

e Can be combined with

energy-loss
meastirements of

events (0.3

T ®

40000

cables this ﬁ:ay -

D. Froidevaux, CERN 26 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



Can lessons be learned from Tevatron?

OS2IV o WUl ]

indicate location of
material in detector M
>Normalized to inner

Arurlindar AFfF tranl-irnes

qol-

Signed Radius(

D. Froidevaux, CERN 27 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



Electrons and photons in ATLAS/CMS

ATLAS and CMS will know the amount of material
in their Inner Detector sub-systems very well
(15 years of simulation work and preparation).

But there is a lot more material than in Tevatron/LEP detectors

(0.4 to 1.5 X, compared to 0.1-0.2 X))

Example: weight of an ATLAS pixel stave (2005)

Simulation (2003) Measurement
13 Modules 25.48 ¢ 25.74 ¢
TMT+omega+Tube 32.35¢ 37.95 g +glue
(no liquid)
Cooling liquid ~4.20 10.9 g (estimate)
Pigtails+connectors+ 6.39 ¢ 7.8+13.2=21.0¢

cables

D. Froidevaux, CERN
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ATLAS/CMS: from design to reality

Amount of material in ATLAS and CMS inner tracker
Weight: 4.5 fons Weight: 3.7 tons

LEP
detectors

—l

e Active sensors and mechanics account each only for ~ 10% of material
budget

e Need to bring 70 kW power into tracker and to remove similar amount of
heat

e Very distributed set of heat sources and power-hungry electronics
Inside volume: this has led to complex layout of services, most of which
were not at all understood at the time of the TDRs



Electrons and photons in ATLAS/CMS

Radiography |n| <2.5 ATLAS tracker

RVGen(ipar] vs ZVGen[ipar] |
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ATLAS/CMS: from design to reality

Actual performance expected in real detector quite different!!
alrrerent!!

Photons at 100
GeV ATLAS: 1-
1.5% energy
resol. (all y) CMS.:
0.8%
energy resol.
(e, ~ 70%)

Electrons at 50
GeV ATLAS: 1.3-
2.3% energy resol.
(use EM calo only)
CMS: ~ 2.0%
energy resol.
(combine EM calo
and tracker)

D. Froidevaux, CERN

{ g.“[%% P4 (0183 GeV I, g gg%?
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7 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



Momentum measurement.

For a uniform magnetic field along the particle
trajectory

B, d 2 g |
\ p= O3qj ~ 0.3gB C S|n0:+Ssmoc
- © 8S 2

where a is the angle between the trajectory and B. B in
@B ./ tesla,pinGeVlc, qin electron charge, C, Sand Rin mand a
" and © in rad.

We can clearly also measure
the charge, q, of the particle.

O. Ullafand/ 2006



Error in momentum measurement

o(p)|" T _o(9 _o(x) [3_ 1 o(x)-p, [387
P, S s V2 03 BL 2

if the sagitta, s, is determined by
3 measurements with error c(X)

In the more general case, )

for N equidistant measurements:
. In O-( pJ_)

( > = Const.
o(p,) _ 1 o(X)-p, / 720 for N> ~10 short pi
pJ_ measured 03 BL2 N -|- 4

O. Ullafand/ 2006



Magnets for 41 Detectors

Solenoid Toroid

+ Large homogeneous field inside 4 Fjeld always perpendicular to p
- Weak opposite field in return yoke 4 Re|. large fields over large volume

- Size limited by cost + Rel. low material budget
- Relatively large material budget - Non-uniform field

- Complex structural design

Examples: .

. Example:
*Delphi: SC,1.2T,5.2m, L 7.4m *ATLAS: Barrel air toroid, SC, ~1 T,
*CDF: SC, 1.4T,2m, L 6m 94m.L24.3m

CMS: SC,4T,59m,L125m



Charge and Momentum
Two ATLAS toroid colls

Superconducting CMS
Solenoid Design



ATLAS/CMS: muon measurements

Mirift Tiilhaco = ann = — [TILIOIN DDs

CMS

CMS muon spectrometer
e Superior combined momentum resolution in central region
e Limited stand-alone resolution and trigger (at very high luminosities)
due to multiple scattering in iron
» Degraded overall resolution in the forward regions (|n| > 2.0) where
solenoid bending power becomes insufficient

D. Froidevaux, CERN 7 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007




ATLAS/CMS: muon measurements

| ATLAS

Monitored Drift—Tube Chambers

\l C
ﬁﬂhl T g N

12 r

110

ATLAS muon spectrometer

» Excellent stand-alone capabilities and coverage in open geometry
« Complicated geometry and field configuration (large fluctuations in
acceptance and performance over full potential n x ¢ coverage (|n| < 2.7)

D. Froidevaux, CERN

8 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007




ATLAS/CMS: muon measurements

Barrel: = 5x higher bending

E 14 - =, Wiachna .

t > - CMH (inside the cail ) power 1n CMS!

E i ol == 14 larger
,______Jﬂ: | | - 1 multiple scattering.

ot LR scattering.

— A 23X worse p; resolution
in CMS.

D. Froidevaux, CERN 9 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



ATLAS/CMS: muon measurements

ATLAS barrel standalone

18
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- * Chamber alignment

— © Energy loss fluctuations

D. Froidevaux, CERN

CMS barrel standalone
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Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007



ATLAS/CMS: muon measurements

Barrel Endcap
20 20 .
18 | 18
16 / 16 g
14 14
12 12 .
10 L 10
8F .- 8
6F 6
4 4 e
g F—— e TN g 'I"__?r._.....d Lol
10 100 1000 10 100 1000
p; (GeVic) Dy (GeV/c)
ATLAS: - —standalone CMS: --standalone
— combined — combined

D. Froidevaux, CERN 12 Hadron Collider Physics Summer School, CERN, 11/08/2007 to 14/08/2007
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Silican Miera Vertex Detector

Layout of MVD.

® General structure: v T
® 4 Barrels & 6 dISka“' * N =i R

(forwa.rd -‘mlxed)

e Pixel part
e Hybrld plxels 100 x100 pm?
e 140 m.odu_les._ ‘
@ 13 M channels
® 0.15 m? _ N
e Strippart: ~  Beam pipe
e Double sided silicon %
@® 400 modules
@ 70k channels
® 0.5 m?

Tracking in L. Schmitt, VCI '07




Central Tracker - TPC Option

General layout: GEM=TPC-._ b iy

e 2 half cylinders =S
e Drift field E ” B - =x‘w%1 |
e Gas: Ne/CO, (+CH,/CF,)

e Multi-GEM stack for amplification
and ion backflow suppression

e 100 k pads of 2 x 2 mm?
e 50-70 ps drift, 500 events overlap
Simulations:

e op/p ~ 1%

® dE/dx resolution ~ 6%
Challenges:

@ space charge build-up

@ continuous sampling

L. Schmitt, VCI '07




PANDR Spectrometer

Muon Detectors

L. Schmitt, VCI '07

Spectrometer Overvi



DIRC Concept

Detection of Internally.
Reflected Cherenkov Trg-ht““\

e Different Cherenkov angles-give™
different reflection angles

Schwiening

PANDA DIRC similar to BaBar
® 96 Fused silica bars, 2.6m length

e \Water tank & 7000 PMTs

e Alternative readout: (x,y,t), mirrors

Particle Identificatio

L. Schmitt, VCI '07



PFANDA Endcap DIRC

Setup of Endcap Che;@:“&

e DIRCprinciple .~

e Disc shaped fi sed silica radiator
2.1 m diamete

e Measure coordinate and time

e Dispersion correction through
dichroic filters or second coordinate

A

Particle Identificatio L. Schmitt, VCI '07




Prototype in test beam

Oc = 10.0 mrad
(single photon) |
The DIRC in the BaBar experiment at SLAC.
— [Bucking Coll
Magnetic
Shield 11 IERI
IFR IFR
| CalE=
Si%ndoff P [ Calorimeter [Z77% “’ i
0X ek
o _ L
DIRC Bars [ Drift Chamber |
| | | Support Tube cosﬂ(fmz.% = CDSE’CTZ.?Q | | |
-500 -400 -300 -200 -100 * Ocm ' 100 200 300 400

Big advantage: Minimum amount of material in front
of ECAL.

CERN Academic Training 97/98
Particle Detectors ’ ChristianJoram V/ 29




“Exploded view of the DIRC”



"
Simulati
TOP Counter 2I(r3nel\J//ac,loen=90 deg.

3 T

m Cherenkov ring imaging using timing information &

g
M Q 28000
){K > +400mm E :
Linear-array type z . b

photon detector

Side view of crystal

margegzmi:menkn\mgm K
crystal / /[ e 18000

c0s0 . = — o ,

c n(1)B | iy /pr/n, 16000f
/ _DL vty 14000
Difference of path length 120005 /-10 01020
— Difference of (TOP) 5 ray X (em)
had. int.
150~200ps from TOP + TOF from IP

with precise time resolution (c~40ps) for each photon
2009/3/14 Lectire on PID by Toru lijima @ TIPP09 52
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ILC Detector Requirements

o Two-jet mass resolution comparable to the natural widths of W and
Z for an unambiguous identification of the final states.

o Excellent flavor-tagging efficiency and purity (for both b- and c-
guarks, and hopefully also for s-quarks).

o Momentum resolution capable of reconstructing the recoil-mass to
di-muons in Higgs-strahlung with resolution better than beam-
energy spread.

o Hermeticity (both crack-less and coverage to very forward angles)
to precisely determine the missing momentum.

o Timing resolution capable of separating bunch-crossings to
suppress overlapping of events .

Jim Brau, Bangalore - LCWS 2006, March 11, 2006



Energy flow in jets

e Some processes where WW and ZZ need to be separated without beam
constraints (e.g. eTe™ — vvWW, vvZZ)

e This requires a resolution of about AE/E = 30%/VE

WW 77, separation for AE/E = 60%/\/@ and AE/E = 30%/\/_

BN Sk ) Y/ TV S—

ECFA LC workshop Vienna 2005 6 Klaus Monig



Jet Reconstruction @ ILC

- Q. How to achieve the best attainable jet energy resolution?

- A. Since the momentum resolution for the charged particle
measured by trackers is much better than the energy resolution
of calorimeters, the best energy resolution is obtained by
reconstructing momenta of individual particles avoiding double
counting among Trackers and Calorimeters.

- Charged particles (~60%) measured by Tracker.
- Photons (~30%) by electromagnetic CAL (ECAL).
- Neutral hadrons (~10%) by ECAL + hadron CAL (HCAL).

TOT pe T pcharged hadron i Ey i _Eneutral hadron
[ tracks only] [calorimeter only]

Particle Flow Algorithm (PFEA) ‘




Particle Flow: Basics

— > 2\ Resolution tracker - Calorimeter
o(Jet >:\/Z ;B +Z €eea B i+z €icaE4

O(E)/E _‘IIIIIIIIIIIII\‘II|IIIIIIIIIIII||||||||||||

1
0.035 M N
R

Resolution is dominated by HCAL |
and by H

0.025 — 1‘

"confusion” term -
w2 £l 120 GeV.

370 GeV

0.015

o (E)INE om | —
0.4 L L L L L L L L L L L L L L L L C - o

- ; . .. o(E)/E =0.3/sqrt (GeV ) 0.005 - R
0ss [ practical limit B -
035. - - - - - - - - - - - ._: DDIIIISDHHll]l]HI15[IIIZDDII25l]IHSCIIDHHS.éDIIII‘%IIIIIIIIH:L'IEDHHSDD

: : EGeV)

design detector to

< minimize confusion term

< minimize the role of the HCAL

+ for the rest: build the best HCAL possible

005 |- .

for perfect separation

Ties Behnke: Detector concepts for the ILC

=

resolution scale

Effect of changing the
resolutions by a scale factor

6)]



Track-Based Particle Flow Concept




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)
2. find photon candidates HCAL

N\
T




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)

2. find photon candidates

3. extrapolate tracks into Calorimeter

> different models, with and w/o energy
loss, multiple scattering, ...

> dedicated Geometry description needed

P




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)
2. find photon candidates

3. extrapolate tracks into Calorimeter — i

> different models, with and w/o energy ,..-"';
loss, multiple scattering, ...

> dedicated Geometry description needed

4. assign MIP stub to track, find muons

P




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)

2. find photon candidates

3. extrapolate tracks into Calorimeter ST

> different models, with and w/o energy ,..-"';
loss, multiple scattering, ...

> dedicated Geometry description needed
4. assign MIP stub to track, find muons
5. clustering (ECAL and HCAL)

> variable, depending on track and
photon candidates

> different algorithms
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Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)

2. find photon candidates

3. extrapolate tracks into Calorimeter

> different models, with and w/o energy
loss, multiple scattering, ...

> dedicated Geometry description needed
4. assign MIP stub to track, find muons
5. clustering (ECAL and HCAL)

> variable, depending on track and
photon candidates

> different algorithms

6. particle ID for e, h*"




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)
2. find photon candidates HCAL

3. extrapolate tracks into Calorimeter

> different models, with and w/o energy ' ECAL
loss, multiple scattering, ...

> dedicated Geometry description needed
4. assign MIP stub to track, find muons h+
5. clustering (ECAL and HCAL)

> variable, depending on track and L
photon candidates

> different algorithms . \/
6. particle ID for e, h*" IP

7. remove 'charged' Calorimeter hits




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)
2. find photon candidates HCAL

3. extrapolate tracks into Calorimeter

> different models, with and w/o energy ' ECAL %

loss, multiple scattering, ... \

> dedicated Geometry description needed
4. assign MIP stub to track, find muons h+
5. clustering (ECAL and HCAL)

> variable, depending on track and L
photon candidates

> different algorithms . \/ ,
6. particle ID for e, h" P

7. remove 'charged' Calorimeter hits

8. clustering on 'neutral’ hits




Track-Based Particle Flow Concept

1. tracking (Silicon and TPC)

2. find photon candidates

3. extrapolate tracks into Calorimeter

> different models, with and w/o energy
loss, multiple scattering, ...

> dedicated Geometry description needed
4. assign MIP stub to track, find muons
5. clustering (ECAL and HCAL)

> variable, depending on track and
photon candidates

> different algorithms

particle ID for e*", h*"

remove 'charged' Calorimeter hits

clustering on 'neutral’ hits

© o N O

particle ID for photons and h°



Main problem: Confusion

e At high energy jets are
Very narrow

= Tracks are very close at the
calorimeter

e Need very fine granularity
of calorimeter and sophisti-
cated software to separate
showers

e nergy  resolution  still
dominated by confusion
term

ECFA LC workshop Vienna 2005

Klaus Monig



Particle Flow Algorithm

- In order to get good energy resolution by PFA, separation of
particles Is important. = Reduce the density of charged and neutral
particles at calorimeter surface.

d=0.15BR?/p, Often quoted “Figure of Merit”
//.»17 \/0'2 + Ry 2
R .7 B : Magnetic field
T R : CAL inner radius
\ o: CAL granularity
Y CAL surface R, : Effective Moliere length

- For transverse separation of particles at the ECAL surface, stronger
B-field and/or large ECAL radius are preferable.
* Fine segmentation of CAL is also important for pattern recognition.




Radius vs. B-field

SiD To achieve the PFA performance goal
with a reasonable detector cost.

R =140cm '
— [ Cryostat
B=5T "LDC" [ Tron Yoke / Muon System

= R = 180cm "GLD"

= B = 4T

m R = 210cm
B=3T

_d




SID (the Silicon Detector)

CALORIMETRY IS THE STARTING
POINT IN THE SiD DESIGN

assumptions

o Particle Flow Calorimetry will result in
the best possible performance

o Silicon/tungsten is the best approach for
the EM calorimeter

o Silicon tracking delivers excellent
resolution in smaller volume

o Large B field desirable to contain
electron-positron pairs in beamline

o Cost iIs constrained

Jim Brau, Bangalore - LCWS 2006, March 11, 2006
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SID Configuration

5 Tesla

Jim Brau, Bangalore - LCWS 2006, March 11, 2006

14



® Detector Optimisation Studies

* Lots of progress ...no time
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Cost

BR"2 Fixed, Vary R_Trkr
Parametric Cost Model
200
Cost = f (B-field, Rygy -...) //'
&00
500 L ‘/
- —a—F Trkr
= 40 / —=—d5%/dR
300 - X
J
200
100
Electronics /
Muon System 0+—+—+—t+t++—++++++ "+ttt
0.00 0.50 1.00 1.50 2.00 250
Cost by subsystem R Trker (m)

Cost vs. tracker radius

Jim Brau, Bangalore - LCWS 2006, March 11, 2006 15



SiD "Baseline”

« Rtrkr=125m

- B=5T

+ HCalA=45

- AE/E(180 Gev) = 0.0378

M$

800
780
760
740
720
700
680
660
640
620
600

1 1.05 11

Vary R, Lambda, dE/E = 0.0378

1.15 1.2 1.25 1.3
Radius (m)

1.35

1.18

1.2

1.22

Vary R, B, de/E=0.0378

1.24 1.26
Radius (m)

1.28 1.3 1.32

1.4 1.45

3

Vary HCal, B, dE/E = 0.0378

4 45 5 5.5
HCal Lamda

SiD "Baseline" is optimal for this value of AE/E(180 Gev) (Pandora parameterization,

Checked with Pandora version of SiD, SiD PFA)

16 November 2008

M. Breidenbach LCWS08
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15 April 08

A sequence of "Optimized SiD's"

M$

PFA Performnce vs Cost -SiD

950

850

750

650

550

450

350
0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065

dE/E @180 GeV

SiD Optimization M. Breidenbach

10



Selected Physics Process Errors vs Cost

dG/G; dM(Gev)

—e—dG/G) triple Higgs

Physics Performance vs Cost
—m— dM(GeV) Chargino Mass

0.36
0.34
0.32

0.3
0.28 iD
0.26
0.24

0.22

0.2

200 800

700

500 600

Cost (M$)

300 400

16 November 2008

M. Breidenbach LCWS08
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