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Overview of a contemporary collider experiment

General timeline of a collision experiment (eg. LHC)
Overview of the structure of all systems in a detector
First layer of triggers to reduce the data stream to tape
Data Acquisition system & High Level triggers
Reconstruction aspects of tracks

Identification of specific objects (eg. b-tagging)

e General analysis techniques to select the signal processes
e Advanced statistical tools for measurements
e An example analysis of how it all comes together...

It should take about 3 sessions of about 4 hours on average to cover
the course. This will be complemented with a reading exercise with a
written report by the students (this is part of the exam).
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The first part

General concepts of triggering and DAQ
e Introduction to high energy physics (HEP) - short!

o Theory evolution & experiments evolution (accelerators)
o Evolution of particle detectors (rate of particles produced in collisions)
General timeline of a collision experiment (eg. LHC)
o From the design concepts to the final paper
o Introduction to the Large Hadron Collider at CERN
e Overview of the structure of all systems in a detector
o Complexity of a particle detector (eg. Compact Muon Solenoid)
o General layout of a Trigger & Data Acquisition (DAQ) system
e First trigger layer to reduce the data stream to tape
o Hardware based trigger setups & performance

e Data Acquisition system & High Level Triggers
o Read-out of the detector & event building
o Final trigger level algorithms

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Introduction to HEP

e The basic goal of the field of High Ener gy Physics is to reveal
tHe fundamental particles in Nature and the interactions among
them.

e It aims to construct a formal theory which allows to predict the
outcome of interactions via pertubative calculations (matching
general relativity and quantum mechanics in a quantum field
theoretical approach).

e The domain covers a wide range of experiments of which some
have a close connection to the fields of astronomy and
cosmology. Due to the complexity of most particle detectors
and accelerators the domain is a driving force for technology.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Evolution of the theory

e Today we know the Standard Model as a solid theory of particle
hysics putting the Electro-Weak and Strong force within one
ramework in a Quantum Field Theory.

e This model (which is basically a theory) has been the result of
many experimental observations over the last ~50 years at for
example fixed target experiments and collider experiments.

e To validate the Standard Model we aim to observe phenomena
at always higher energy densities and we aim to measure its
parameters as precise as possible.

e To achieve this we need accelerators which are as powerful as
possible and detectors which can measure as precise as
possible, hence driven the technology on different sides.

e One of the open questions we have todae/ is the apﬁarent
dominating Dark Matter in the Universe for which the Standard
Model particles cannot give an answer.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Timeline of a HEP experiment

The idea of a new laboratory is motivated by the need to
investigate yet unexplored domains either in energy, in rate, in

flavour, in exposure time, etc.

| Physics results 'L
j Physics motivation 1" Exploitation of experiment

o

Design of accelerator\q. |7c;ommissioning
Design of particle detectors Construction

Usually theory motivates that new phenomena are to be
discovered in this new domain or that the measurement of
specific phenomena will give us much more insight in the current

theories

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Evolution of the experiments

In general new particles and phenomena are being
discovered or measured at particle accelerators.

In general several types of collision experiments exist:

Fix target experiments (eg. discovery of the quarks — proposed by
J.Bjérken — within the proton/neutron at SLAC in 1969)

Synchrotron experiments with colliding lepton beams (eg. LEP where
electrons and positrons collided 1989-2000)

\énchrotron experiments with colhde hadron-lepton beams (eg.
RA where electrons and protons collided 1993-2007)

Synchrotron experiments with colliding hadron-hadron beams e%;.
Tevatron at Fermilab & LHC where protons will be collided 2009-7)

Linear colliders where leptons are colliding (eg. SLC where electrons
and positrons collided 1989-1998)

Usually it takes a sequence of several experiments to
reach the goal of testing the Standard Model or other
theories profoundly.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Generalities of accelerators

The main parameters of an accelerator are (those
relevant for this course):
e the maximum beam energy & the dipole field for circular accelerators
e the luminosity
Rate =c £

6 - cross-section (units of cm? or barn=10%%cm?2), probability that an interaction will

occur. If this were a game of darts, the larger the area of the dart board the more
likely you will get the dart on the board.

L - luminosity (units of cm2s1 or barn-! sec!), cross sectional density of the beams.
The more particles per beam or the more compact (transverse) the higher the
luminosity. For colliding beam, goes as the product of the two beam currents.

the time between collisions
the bunch length —_—
particles per bunch & number of bunches per ring

The luminosity (hence the event rate) at colliders has
increased by large factors.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012




Untitled.notebook

November 25, 2011

Evolution of these parameters

LEP2 HERA Tevatron LHC
(ee) (ep) (p-antip) (pp)
Beam energy (GeV) ~100 ~30 (e) ~980 ~7000
~920 (p)
Dipole field (Tesla) 0.135 0.274 (e) 4.4 8.3
5 (p)
Luminosity (103“cm‘25‘1)x 100 75 171 10000
Time between collisionsX 22000 96 396 25
(ns)
Bunch length (cm) 1.0 0.83 (e) 50 7.55
8.5 (p)
Particles per bunch (101°) 45 3 (e) 24 (p) 11.5
7 (p) 6 (antip)
# bunches 4 189 (e) 36 2808
180 (p)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Evolution of accelerator types

Hadron colliders can go higher in energy with the same
technology compared to lepton colliders. This is due to the energy
loss in synchrotron radiation when charged particles curve (hence
electromagnetic radiation generated by the acceleration of ultra-
relativistic charged particles through magnetic fields)

* energy loss per turn
» E is the energy of a particle W a5s m which described a circle with radius r

* the mass of a proton is 2000 times larger than that of an electron.

Hadron colliders can reach higher energies with the same electric
RF fields compared to leptons, hadron colliders are therefore used
to explore a new energy regime but lepton colliders are used to
perform precise measurements.

SPS (discovery W/Z bosons) - LEP (measurement W/Z bosons)
LHC (discovery of SUSY ?) - ILC (measurement of SUSY ?)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Evolution of accelerator types

her
to

e Hadron colliders reach hi
beam energies compare
lepton colliders, but the
partons within the hadrons
which collide have only a
fraction of the beam energy.
The leptons carry the full
beam energy.

e Strong progress over the last
decades in accelerator
performance, but slowed
down recently due to the
scale of the projects and no
real revolution in the
technology which is being
applied.

Experimental Techniques in Particle Physics - Prof. J. D'Hond

Master Level Course 2011-2012
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Evolution of the detectors

Particle detectors have been evolving from simple devices with few
channels to very complex multi-layer systems with several millions of
read-out channels.

e the data acquisition (DAQ) systems have evolved accordingly

the main reason for this evolution is the ever increasing particle rate in the final state of the
collisions we provoke in the laboratory

e together with the usually custom detector electronics

More events to be looked at in less time and also more complex events,
give stronger requirements on the read-out and trigger systems of our
etectors.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Event rate at early experiments

e Bubble Chambers, Cloud

Chambers, etc. (4n)

— DAQ was a stereo photograph!
— Effectively no Trigger:

— Each expansion was photographed based on the
accelerator cycle

— The High level trigger was fluaaa=(scanners).

— Slow repetition rate.
— Only most common processes were observed.

— Some of the high repetition experiments
(>40 Hz) had some attempt at triggering.

¢ Emulsions still used in some

neutrino experiments (eg CHORUS,
DONUT).

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Data Acquisition

Data acquisition systems in general
obtain information of a physical property,
usually multi-dimensional, from the
signals of detectors. Hence the system
contains electronic components which can
convert specific measured parameters
into an electrical signal. The acquired
data is hereafter stored on a disk for
further analysis by a computer. The DAQ
hardware are electronic devices which
provide an interface between the signal
and the computer.

In the language of experiments, the DAQ system collects the
signals of the mrlions f detector channels and allows the trigger
system to ana e data stored.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Electronic signals (reminder)

The signal is in most cases a short voltage pulse... how does this looks like?
First some basics:

V= T.R
(D&vn’n Uhn ) T

= 2k & X

K o
N ke %@ \-/';' “ﬁ/wmi" o

wi vilonll ngtahs
Qz %&%zt& vﬂ? %nnﬁ mabecrs

Sl dlabie b
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Electronic signals (reminder)

R
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Electronic signals (reminder)

Arame Jpﬁ’f}zﬁe J@uza with Hme (AC ciecsit) AV
¢ - v {>o | t

(e oh m}aa,a'é»{‘df t=o0

] W - =510 . :'w,(j‘f Ao m:hfm “
ff““‘“’i > V= Gua®) + 299 R
> V) + G b Y
. y _ ak _%L
St of i diffescohal equaton -y 0)- V(A )
9}1 /wj e 14?— vellage MLKﬂ fhpwf /ﬁwﬂame. dishi budon and
will appesr. 2 fij a nhsrt /Jwagf

DUURAER. M)Am (c;ﬁ o’//fe:a g&m)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012

17



Untitled.notebook November 25, 2011

s t0=20;
Plot3p[Integrate[l/ (Sqrt[2+3.1415+sigma"2)) +Exp[-0.5+ ((x-t0) / sigma) ~2] +
Exp[-(t-x)/ (RC)]/ (RC), {x, -999999 , t}], {t, 0, 10O}, {sigma, 0.1, 15}]

Electronics

The signal appears as a peak in the
time-dependent voltage evolution: o

|3 .
U () - L\/m ) w(‘;‘ s

u{.Hrv \[m&') a ( A Wt‘,l‘-% :Q
° Plot3D[Integrate[l/ (Sqrt[2+3.1415+sigma"2)) +EXp[-0.5+ ((x- t0) / sigma) 2] +

)' a““ Exp[-(t-x)/ (RC)] / (RC), {x, -999999 , t}], {t, 0, 100}, {(RC, 5, 50}]

Experimental Techniques in Particle Physics - Prof. 1. D'Hondt (VUB)
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Cross section & event rate

| \ﬁroton-proton !
e The cross section of specific o T

processes is changing when
going to higher energies. _

e The total cross section in
hadron collisions is increasing
according to the measurements
made (extrapolation to higher
energies).

e Together with the luminosity
increase this results in a higher
event rate R=£ o, hence
important technical challenges
for the design of the
experiments. \ e

19 2 10 10
Center of mass enemgy (Gel)

10" 1 10 0 w0 o w0t Wt Y, Vi
ot R f
w0 10*

Cross Section (mb)

proton-antiproton

.
g

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Cross section & event rate

e The total cross section

at the LHC (14 TeV) € ,20449ML
ranges between 90 = | Dbest fit ith stat. error band ¥ &0
and 130 mb &’ - incl. both TEVATRON points

© | _----.total error band of best fit

100 |- e P e R A (Y :/
- e fotal error band from all mode]s A |
] considered : ’ 1

80_ .......................... : ............................ é...-. 7 P -t SELLN R B
60 - R R S -1
) 2 g )

i . L — ) =
i ardane®2 AT T NI YOUOURUON == - |

40 L o e
i 1 1 1 IIIIi I 1

10° 10° 10° |
JINST 3 sS08007 (2008) JE [Gevl

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Cross secticii & ¢vent rate

Fermilab SSC

e In general the cross sections of ks e B - ('.9’
Standard Model processes is i Oyt ¢’
increasing when going to - l
higher centre of mass energies. 1 mb- 107 "{

e The processes of interest to be L
discovered (Higgs bosons, L
SUSY, etc.) have much lower
cross sections compared to the
Star;\dard model processes, bl.{l__t -
as they require the creation o / —
particles at higher mass scales /“9 P«
they usually increase more
rapidly compared to Standard
Model processes with the
centre of mass energy.

1ubl Ojes

=10%em™ sec™’

(pgoton - proton)

o
—
=1
=

References for LHC & experiments: | |
http://www.iop.org/EJ/journal/-page—extra.lhec/jinst 0001 001 01 10 10 100

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Goal of the trigger setup

+ Goal of Trigger and DAQ systems is to Eflicionc 1o be maximized
store the maximize amount of data for i J - " )
the desired process with minimal cost gt L O dead hme
(=time) EF g"P"‘"‘L"“‘" E*”‘ﬁ‘(}"‘“ (

+ Relevant efficiency is for events that will / Single. cane
be useful for later analysis e (vo ‘M{;{éa.)

« Low rate process (eg. Higgs production
at Tevatron or LHC), try to accept them
all in the trigger, hence maximize their

j [ "
selection efficiency. Do '-w*&ﬁm Twe "
« Dead-time induced do to fluctuations ‘ AT )
when rate into a stage of trigger (or Execahion Fime '"“i“;ff ahas med
read-out) approaches the rate it can 7o be Necordied 7o /.
handle.

Buffering incoming data reduces dead-time, more buffering less dead time
- If <Incoming Rate> is larger than 1/<Execution Time>, dead no matter what!

Minimizing dead-time helps all processes
- 1% of machine time * 1 year = exploitation time lost (=money lost)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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140

— high Pglaptons from W, Z, tdp
\v/Z+Kigg9QCD: High Et jet

physics
Reject:
— lower P; objects (Qm],
Select on object/event

kinematics:
E; of Calor Tower (cluster) or

missing E;

muon P; (+ track P;)
— track P; (+ impact
parameter/detached vertex)

ET GaV¥

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Hadron collisions

What do you expect to see in the detector?

Warning: simplified schematic view which is not to scale

p/P

The incoming particles are contained into bunches of for example 1011 hadrons (eg. protons).
The proton is a bag full of partons which have probability densities depending on Bjérken-x

(longitudinal momentum fraction) and the Q2 (momentum transfer), hence the partons collide
with each other, not the full hadron.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Hadron collisions

What do you expect to see in the detector?

W+
u
q9
P
P/P

The partons (being quarks or gluons) interact reflecting the hard subprocess described by
matrix elements obtained from quantum field theory calculations (Feynman diagrams).

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Hadron collisions

What do you expect to see in the detector?

p/P

The heavy resonances decay, for example the W boson with a mass around 80 GeV. This is
still correlated with the hard subprocess and is usually calculated with the same tools.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Hadron collisions

What do you expect to see in the detector?

The partons could radiate coloured particles before interacting with each other, this is called
initial state radiation (=space-like parton showers).

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Hadron collisions

.‘.|.i|¢‘

O coO0oR
-;'gi-.aio'll‘ltli_‘m.l
¢ 0 —
i (] N0000000. .=
10, v-‘-—

'I".—.-q
(1 Y3
7

Iy

-»
¢
Fielely U0

The partons could radiate coloured particles after interacting with each other, this is called
final state radiation (=time-like parton showers).

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Hadron collisions
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The hadrons consist out of several partons, hence there can be more than one parton-parton
interaction. We speak about multi-parton interactions.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Hadron collisions
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And in these extra parton-parton interactions there can also be initial and final state radiation

of extra partons. More blue and green lines...

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Hadron collisions

After the collision of course we do not "see” the internal lines, we only “see” the outgoing
partons and the beam remnants.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Hadron collisions

Gy -" :ia.a[-ltll‘*“r"‘"

F RS

All partons are connected by colour confinement strings (colour field between partons as you
have an electromagnetic field between charged particles).

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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The strings will fragment to produce in general hadrons, hence colour-neutral particles.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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A lot of hadrons are not stable and will decay Turther
observe in our detectors.

Ato stable particles which we will

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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The Large Hadron Collider (LHC)

The next in line accelerator is the Large Hadron Collider at CERN
which collides protons up to centre of masses of 7-14 TeV

Several theory based motivations are driving the design of both
the accelerator and the particle detectors

=144 GeV

e Search for the Higgs boson motivated 6y B Theory uncerta
by the spontaneous symmetry breakin R Ao, =
mechanism [Brout, Englert, _|ggs; an 5N% %  —ooerserooooss f ¢ -
the divergences of cross section of the (L Y . pozzastooooiz f ¢
WW->Z/7 scattering process 4 e incl.lowQ?cata [} o
e Or alternative models explaining the | W H
origin of mass oy 1
e The search for particles able to solve the <
Dark Matter problem in the Universe, '
eg. by introducing Supersymmetry in - 2
our theories '
 Try to incorporate gravity into the fiow .
Standard Model _ _
e Many exotics ... 0 UCC Sl Prefiminary
The accelerator started in 2009 a0 0o a0

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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The timeline of the project

The history of this accelerator is long:

1982:
1983:
1989:
1994:
1996:
1996:
2000:
2002:
2003:
2005:
2008:
2009:
2010:

first studies for the LHC project

Z0 & W boson discovered at the SPS proton anti-proton collider
start of LEP operation (Z boson factory)

approval of the LHC by the CERN Council

final decision to start the LHC construction

LEP operation to produce W boson pairs (W boson factory)
last year of LEP operation above 100 GeV beam energy
LEP equipment removed

start of the LHC installation

start of LHC hardware commissioning

LHC commissioning with beam (and incident with magnets)
start of the accelerator at 900 and 2360 GeV

run at 7 TeV

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Large Hadron Collider basics

AL
—a
P
LHC - B CERN
W i a;'-ﬂ __ﬁl_:‘olnt 8 _.,,E_ ATLAS
0o ii Point 1

circumference ~26.7km
| | tunnel diameter 3.8m

S | depth 70-140m /
T~ ) ’-r

From the first workshop in 1984 to 2009, it toke 25 years to get to this laboratory
Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012 Pag. 37
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Laboratory is operational!

-
& > - LS.,
. “. e

... hew era for physics !

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Higgs boson production at LHC

« How does the Higgs boson shows itself:
several production and decay
possibilities

10°
-L - decay branghing ratios.
[1]

RN ITRPRCII (0700l v o O O OO T

‘o 100 110 120 430 130 150 460 170 190 200
B @e\ﬁc’)
"% production cross-Section

z i 99—>H NLO

Hence need 1034 cm™2s! of luminosity
and ~2800 bunches in the 27km long
accelerator
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Beam crossings evolution

dump the proton beam properly \,
- Therefore need ~3600Q bunch spaces (= 25 ns) . 4 :
+ 25 ns = 27 km / (c . 3600) £00. 24w T )
LEP: e‘e Crossing rate 30 kHz I -
22us

- Tevatron Run |

un Il

LHC: pp Crossing rate 40 MHz

T 0 W—p1 1T 1T 10 1
25ns

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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The Large Hadron Collider (LHC)

Proton

Parton
(quark, gluon)

Particle

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012

Proton - Proton 2804 bunch/beam
Protons/bunch 1011

Beam energy 7 TeV (7x1012eV)
Luminosity 10%*cm-2s-

Crossing rate 40 MHz

Collisionrate= 107-10°

New physics rate = .00001 Hz

Event selection:
1in 10,000,000,000,000
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Cross section and minimum bias: in-time pile-up

- How many interactions per beam . [u.,wmw) .L_..C

-—1
crossing ? * mb™ Hz
T L | i 11, ' ~ AAS \m\n
.E. jz0l . be 1ft11[t ___________ bd _______________________ ,)/' (EE) .
- best fit with stat. error ban 1
& incl. both TEVATRON points )y = _/ud’g = R 26 = AAST AD H2
© 100l ] t :_J_t__;l_g-_::_;_-;_11_41_1_{_1__9_1_1_)_;_5_1_[;_1 __________________ AT \
- e total error band from all models £ | » ‘AMC e éed/wl. am:;a
[ cons1dered ; VAR =
I ' P </ +-"Cosmic Rays i .
i | P = M%%M[’\M/ml u‘\.a = /Z&Mh! y At
I E .‘ et ; S I - z’gl‘-}g
i ot = — ;_J =
: L, - - =
JD%W'““M ..... I .................... ’E: ...... Q_S .................. E:‘j . A&% ?? b ‘im W.&, MM
T T 10 (ot 2935 puk of 2544 )

» Therefare a Higgs boson process N 1n'fm¢kama)“ad~‘fi cém'ﬂa
> omes together with ~36 = 241 (_zi?_s’ = 36
minimum bias events Syéh —
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Time-of-flight of signal: out-of-time pile-up

c=30cm/ns; in 25ns, sL=7.5mJ

Muon Detectors Electromagnetic Calorimeters

Forward Calorimeters

End Cap Toroid

st Inner Detector ' B ioldi
Barrel Toroid Hadronic Calorimeters L
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Superimposed pile-up collisions

= “In-time” pile-up: particles from the same crossing but
from a different pp interaction \/

= Long detector

response/pulse shapes:
¢ “Out-of-time” pile-up: left-over
signals from interactions in
previous crossings :
+ Need “bunch-crossing 0
identification” :
N super— In+Out-of-time
. \ In-time . pulses
; pulse |:> g
Impose \

--------------------

4 4 32401 2 3 45 8 7T B 9 10111213 14 15 16 17 18 19 20
t (28ns units)

£ 43240123 4587 8 9 10111213 14 15 16 17
t(25ns units)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Impact on detector design

- LHC detectors must have fast response
+ Avoid integrating over many bunch crossings (“pile-up”)
+ Typical response time : 20-50 ns

— integrate over 1-2 bunch crossings — pile-up of 25-50 min-
bias events — very challenging readout electronics

- LHC detectors must be highly granular

+ Minimize probability that pile-up particles be in the same
detector element as interesting object (e.g. y from H — yy

decays)
— large number of electronic channels

« LHC detectors must be radiation resistant:

+ high flux of particles from pp collisions — high radiation
environment e.g. in forward calorimeters:
e up to 107 n/cm? in 10 years of LHC operation

e up to 107 Gy (1 Gy = unit of absorbed energy = 1 Joule/Kg
Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Fauze

- . =
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The Compact Muon Solenoid

) electromagnetic calorimeter lenoid muon chambers
One of the main v .

particle detectors
which will collect
the outcome of the
proton collisions at
the LHC is the CMS
detector.

hadronic
calorimeter

A multi-purpose
detector with
millions of read-out
channels and
electronics at
Samp”ng : tracker
frequencies of
40MHz similar to
the collision rate.
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1)

(e

Plastic scintillator/brass

1pr~1%@100GeVE™ [7F S

Scintillating
PbWO4 crystals
~76k crystals

2 ‘

Silicon Microstrips

Pixels
~220m? of Si
'MUON BARREL S ENDCAPSA!
K77 -
f P8 Resistive Plate Cathode Strip Chambers (CSC )
S T L ) Chambers (RE Resistive Plate Chambers (RPC)
Experimental Techniques in P: ~ . E(VuUB)
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Enormous amount of data sources

sub-detector number of number of number of ’;umber of dat? number of DAQ
channels Dip d ' sources (FEDs) | links (FRLs)
Tracker pixel 40 40
Tracker strips . 440 250 (merged)
Preshower 144384 4512 1128 56 56
ECAL 75848 ~21k ~ 9k 54 54
HCAL 9072 3072 32 32
Muons CSC ~500k =76k 540 8 8
Muons RPC 192 k ~ 8.6k 732 3 3
Muons DT 195 k 48820 60 10 10
Global Trigger n/a n/a n/a 3 3
CSC, DT Track Finder n/a n/a n/a /K 2
Total ~ 7IM \ 626 ) 458

f

Each data source will deliver on average g~ 2kBytefper pp collision.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Example of a final state event
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Selectivity of the phy5|cs S|gnals

= Cross sections of physics
processes vary over many
orders of magnitude
+ Inelastic: 10° Hz
e W ¢ v:102Hz
¢ ttproduction: 10 Hz
+ Higgs (100 GeV/c?): 0.1 Hz
+ Higgs (600 GeV/c?): 102 Hz
- QCD background
¢ Jet E; ~250 GeV: rate =1 kHz
+ Jet fluctuations — electron bkg
+ Decays of K, n, b - muon bkg

- Selection needed: 1:1010-1
+ Before branching fractions...

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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fb

vs=14TeV L=10%cm™s

Event rate ’ GHz

o inelastic

jet E; gr particle mass (GeV)
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Physics selection at the LHC

LHC ssMTeV  L=10%em’s”

— o inglastic

co nstructl on&A NALYSIS
TIERO/1/2
Centers

Hy 22" AL

* Ly scalar year

0 0 20 0 w20 s 107 r10° S
jet E, or particle mass (GeV) Petabit
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Physics selection at the LHC

pAdentification: high p; electron,
muon, jets, missing E,

- Local pattern recognition and energy
evaluation on prompt macro-granular
information from calorimeter and muon

detectors

m:[m:_&nm

- Clean patrticle signature

Computing Services ]

- Finer granularity precise measurement
- Kinematics. effective mass cuts & event topology

- Track reconstruction and detector matching
- Event reconstruction and analysis

Tl'ggel

o T

Event
Manager

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Reference for Level-1 in CMS

Public manuscript written in
2000 and contains lots of
information on the Level-1
Trigger of the CMS
experiment. Almost 600
pages. Can be found at

http://cms.cern.ch/iCMS/jsp/
page.jsp?mode=cms&action=
url&urlkey=CMS TDRS

The Trigger Systems

Experimental Techniques in Particle Physics -
Master Level Course 2011-2012

Prof. J. D'Hondt (VUB)
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Reference for HLT in CMS

Public manuscript written in
2002 and contains lots of
information on the High Level
Trigger of the CMS
experiment. Almost 500
pages. Can be found at

http://cms.cern.ch/iCMS/jsp/
page.jsp?mode=cms&action=
url&urlkey=CMS TDRS

The Trigger and Data Acquisition project, Volume II

Data Acquisition & High-Level Trigger

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Trigger structures

November 25, 2011

First L1 reduction from 40MHz to 10°Hz (cfr 102Hz final rate to
tape/disk) is always there, followed by 1 or 2 extra steps.

“Traditional”: 3 E!iysical levels

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Detectors 40MHz

Front end pipelines

Readout buffers

10%Hz
Switching network

10Gb/s

Processor farms
102Hz

MS 2 physical levels

Master Level Course 2011-2012

Detectors 40MHz

Front end pipelineg
3.2us/event

Readout buffers

10°Hz
Switching network

4000Gb/s

Processor farms
~2000PCs

102Hz  40ms/event
one event=
one processor

Model

Data

Data
Access

Processing
Units
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Trigger structures

3-step approach
» Control logistics
» Specialized processors

Rate (Hz) LEVEL-1 Trigger 40 MHz
QED - Hardwwed processors (ASIC, FPGA)
MASSIVE PARALLEL
i Pipelined Logic Systems
108 ]
10° SECOND LEVEL TRIGGERS 100
kHz SPECIALIZED processors
100 (feature extraction and global logic)
J - -0.1-1sec  —p
Top 10
; AR A
1 ul
e EARA LT
Higgs o * ﬁ. ;*., #.
1 -,

HIGH LEVEL TRIGGERS 1kHz
Standard processor FARMs .

10 25ns - s ms sec
L] ] 1 L} L] L}

104 10 104 102 100
Available processing time

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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2-step approach
* Bandwidth important
+ Commercial processors

Rate (Hz) LEVEL-1 Trigger 40 MHz
QED Hardwired processors (ASIC, FPGA)
MASSIVE PARALLEL
Pipelined Logic Systems
108 ——
108 - 1
- i -t -0.01-1sec —
o] T T A B
‘:‘-Z - AR AR A
op .
, AR A A
10° AN A
Higgs B o N N NN
-2
10% HIGH LEVEL TRIGGERS 100 kHz
Standard processor FARMs
104 25ns - s ms S8
10¢ 105 104 102 10° .

Available processing time
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Data flow in the CMS experiment

Tier 0
50 TeraFlops

10 Gbit/s

LHC - B
-=ooabolnt 8 |
- ontrois. -
| 1Gbitls TG <z Point 2
High Level Trigg'e Events Data:

10 TeraFlops
%ﬂﬂﬁﬂﬂﬁ cMms
I Point 5

Event
Builder Neworks Wznager

.g

Run
Conral

N T 7 A | EI‘
[_!J!TE—.J!'J—.J-' Lavall
— Deecior Froniend :"
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LHC s=tTeV  L=10%em’s” rate

‘"‘“‘"""‘*’“‘L\ U'too .
O ap kY

max L1 output
max HLT input

Hey =22
* Lol scalar

5 100 200 500 1000 2000 5000
jet E, or particle mass (GeV)
Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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The Level 1 trigger

DN-line

November 25, 2011

LEVEL-1 Trigger
Hardwired processorg

-— OFF-line

(ASIC, FPGA)
Pipelinednassive parallel

H H LEVEL Triggers
qr &jm Farms of
= | processors

Reconstruction&ANALYSIS

EN TS TIERO/1/2
& T T 1 . T |Centers
 MNnAnE
-,J_ii);;
" . T -
; ,J | 1] | 44| 4
I.L e IR E
= |24 A | |4
102 .L ! | = .L
0
" l2sns 3ps ms ec hour year
1 T T10% ETiE T10° T10° T
Giga Tera Petabit
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The Level-1 trigger

* The Level-1 trigger algorithms have to analyze every
bunch crossing

« To get a quasi-deadtime-free operation, pipelines (or
electronic buffers) are installed at the detectors to
cover the 3.2 ps time needed for the trigger decision

« The decision is based on algorithms which are
calculated by specific processors (=hardware)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Level-1 trigger algorithms

= Physics facts:
+ pp collisions produce mainly hadrons with P,~1 GeV

+ Interesting physics (old and new) has particles (leptons and
hadrons) with large transverse momenta:

o Woev: M(W)=80 GeV/c?; P,(e) ~ 30-40 GeV
o H(120 GeV)—>yy: P;(y) ~ 50-60 GeV

« Basic requirements:
+ Impose high thresholds on particles

e Implies distinguishing particle types; possible for electrons,
muons and “jets”; beyond that, need complex algorithms

+ Typical thresholds:
e Single muon with P:>20 GeV (rate ~ 10 kHz)
- Dimuons with P;>6 (rate ~ 1 kHz)
e Single ely with P;>30 GeV (rate ~ 10-20 kHz)
2 Dielectrons with P;>20 GeV (rate ~ 5 kHz)
e Single jet with P;>300 GeV (rate ~ 0.2-0.4 kHz)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Signatures in the detector(s)

Use prompt data (calorimetry
and muons) to identify:
High p, electron, muon, jets, |
missing E.

Segrhent and track finding

(C:ﬂuLORIMETERgI
uster finding and energy |

deposition evaluation

New data every 25 ns
Decision latency ~ ps

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Signatures in the detector(s)

Pattern recognition much Compare to tracker info
faster/easier T B o

« Simple algorithms

« Small amounts of data

 Local decisions

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Level-1 trigger decision loop

= Synchronous
40 MHz digital
system

+ Typical: 160 MHz
internal pipeline
+ Latencies:

e Readout +
processing: <
Tus

e Signal
collection &
distribution: =
2us

« AtLvl-1: process
only calo+u info

Global Trigger 1

Local level-1 trigger
Primitive e, v, jets, U

November 25, 2011

= 2-3 us
latency
loop

Front-End Digitizer Trigger
Pipeline delay Primitive
(=3 us) Generator

Accept/Reject LV-1

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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The path of the signal...

Detector front end

Front end
pipelines

Rea buffers
Light cone LO{6.|“ d<7
..Y}"o” . 0

=

(x)

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Calorimeter system in CMS

The electro-magnetic calorimeter (ECAL) will help in the reconstruction of
electrons and photons. It consist out of ~77k lead-tungstate crystals
equipped with avalanche photodiodes in the barrel or vacuum phototriodes

in the endcap.

Silicon # Sub module
detectors L

'_.-r.
' s
L7
e

ot

LT

fill i

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Calorimeter system in CMS

The hadron calorimeter (HCAL) is important for the detection of hadronic
jets from quarks, gluons or new particles, and also for the measurement of
the missing energy resulting from a neutrino or a new very weakly
interacting particle. These are sampling calorimeters of copper absorber
plates interleaved with thick scintillator sheets.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Level-1 Calorimeter trigger

Hadron Electromagnetic

] L
N away
—
7 :..:

At least 1 ET@ & @ ) < =L
~
Fine-grain: >1@" ) >
Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Level-1 Calorimeter trigger

e The efficiency of triggering an
event with a reconstructed electron L
of a given transverse momentum is
important (trigger object not -
necessary the offline object as then 0.8
we have more time to reconstruct
all pieces in the detector).

e To select the signal events (eg.
Higgs bosons) among all proton
collisions we apply cuts on the
transverse momentum of the
objects. High mass resonances
produce on average objects like
electrons with larger transverse 0.2
momenta.

e But we need to make sure that if .
we need electrons above 0
pr=25GeV/c that we get them on

disk after triggering. Electron Pt [GGV]

Efficiency

2
B

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)

Master Level Course 2011-2012
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Level-1 Jet and Tt trigger

- Issues are jet energy resolution and tau identification
+ Single, double, triple and quad thresholds possible

+ Possible also to cut on jet multiplicities
+ Also ETmiss, SET and SET(jets) triggers

Tngger ,

“1-like” shapes identified for t trigger
. (1]

PELL
PbWO4 Crystal

&

An,Ap = 0.348
R > sliding window:
- granularity is 4x4 towers = trigger region

- jet E; summed in 3x3 regions An,A$ = 1.04

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Level-1 Jet and Tt trigger

Similar efficiencies for t and
jets as for electrons. The
resolution of these objects is

however worse, hence the less

sharp turn-on curve.

g

2117 efficy

08 |

! >95% at P_=180
GeV for rglncl

e minbias) for
a 1 kHz rate

0.2

o 0 50 I '1{IJO. — 11 :501 - 'QEI)O. - Jﬁ:Sgltii(;T EDO

Efficiency

0.8

0.6

0.4

0.2

Experimental Techniques in Particle Physics - Prof. J. D'Hd#8
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QCD jet efficiency for |n| <5

50

.ﬂn

@i

250 GeV

> 200 GeV
100 GeV

> 80 GeV

232.5

281_5
1 i

100 150

200

250

300

Calibrated Hadron Level Jet E, (GeV)
>95% at P_=286, 232, 157, 106 GeV for

individual 1 2,3 4Jet trlg ers(mcl minbias)
(-_-p 5 kHz rate each totalli ing ~2 kHz)
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Muon system in CMS

—800
E

1]
S—
oc

Drift Tubes

The muon system
consists out of several 700
complementary
techniques for example
to surﬁ)press the amount
of "ghost” muons.

e Tracking algorithms are
developed to construct
the path of the muon
candidate.

» The RPCs or Resistive
Plate Chambers are
dedicated to the trigger
system due to their
good time resolution to
check the bunch
crossing time. The% are
complemented with the
high resolution provided
by the DT and CSC.

e Hence we have two
trigger subsystems
which deliver

B\

independent information o =~ 200 a0 eo T o0 1000 '12_00
to the Global Muon . . Z (cm)
Trigger. 4 Stations in the barrel and each endcag

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Level-1 muon trigger

Similar efficiency function for muons as for electrons

e For the muon Level-1 iy !
trigger several sub- ga, | o WY o 2 - S
0

detectors are combined
to reduce the “ghost”

jﬂ}%&

muon candidates which  g7E i 4 %L 7z -

are also triggering the !

system. 0817 ;* -
e At a threshold at 0.5 - .

pT>25GeV/c a “"ghost” IR 5 o )

rate of 0.07% and an ' 77

efficiency for real muons oag——f~- -

of 90% is reached by , ! ,
taking the "AND” logic Rl | T T T T
of the three sub- 015 - - -
detectors (in |n|<2.4). |

ﬂ (I | N NN N T T O N e e | ) T T |

0 10 20 30 40 50 B0 70 &0 90 100
P, [GeV]
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Level-1 trigger rates

The overall rate of online selected events is dropping fast with
increasing thresholds. Need to tune the thresholds in order to fill

Ic the complete bandwidth of 100kHz with useful data events.
0 A — 10

~N H aco
= aco = CMSIM 116 ORCA 4.2.0
@ CMSIM 116 ORCA 4.2.0 2 (Wit minlmum blas)
& 3 ' (With minimum bias} é L= 10" om? s
L=10"en? s’ ¥ 1-Tau Tagged Jet
B NoCut A 2-Tau Tagged Jet
o A Non-solated | 10 @ 1-Jet (|n|<5)
¥ Isolated B 2-Jet (|n|<5)
ely trigger jet trigger
1 1
10-1 101'|.|||'|||||.‘|-||.|||||-|
10 20 40 50 80 100 0 50 100 150 200 o =250 300
0 Trigger E, Cutoff fGeV) Calibrated Triggdg E, Cutoff J5eV)
i chnig P cle P Pro D' Hond

November 25, 2011
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Level-1 trigger rates

November 25, 2011

Same challenges as at the Tevatron but higher energies, much
higher luminosity & more interactions/crossing

Cut on E; and p+ to discriminate against QCD backgrounds
— Higher E; cuts than Tevatron needed
— More boost & don't loose efficiency

Examples of unprescaled high p; trigger thresholds and rates:

CDF L1 CDF L2 LHC L1
Pr Cut Rate (HZ)] Pt Cut 'Rate (Hz)] Pt Cut ' Rate (Hz)
Single n 4 GeV/c 280 12 GeV/c 25 20 GeV 10k
Single e 8 GeV 240 16 GeV 30 30 GeV 20k
Single y 8 GeV 2400 18 GeV 60 30 (GeV) 20k
Single Jet| 10 GeV 10K 90 GeV 10 300 (GeV) 200

CDF Rates for 2x10°2cm2 s'1, scaled from 3x10°1 cm=2 51

LHC rates for 1034 cm2 s'1, from N. Ellis, LECC Workshop 2002 at Colmar

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Global Level-1 trigger (CMS)

« The decision is based on the algorithm calculations and on the
readiness of the sub-detectors and the DAQ system, which is
determined by the Trigger Control System (TCS).

L1 Accept

‘ Global Trigger t

4 with MIP/ISO bits

Level-1 Trigger Objects used
for the decision:

Trigger Control System

Bely, BJ, 41, ZEy, Hy, 12 Ny, E/™**

Global Muon Trigger Global Calorimeter Trigger

« Uets: A central, 4 forward, / g
4 4u

-tagged & MIPASO bis |
PHcities = I':» e Dot

. 4 jsolated , 4 Track Finder["|Track Finder FROEN Comrmotet Tronms.
1 1 e
ted Local Local Trigger T
o DT Trigger CSC Trigger Trigger Primitive Generators
. icqi 1} ) I 1} ) )
M 'Sﬂg E r and total E; DT csc RPC ECAL HCAL  HF

| Muon Trigger | | Calorimeter Trigger |

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Level-1 is hardware

This selection requires hardware very near to the detector, hence new
technologies or evolving technologies when we go to larger interaction
rates (ASICs for radiation tolerant on-detector electronics and FPGAs which
are more flexible, and communication technologies).

m‘h' -
f

Zeus Calorimeter Trigger:
16 9U Crates

CDF L1&L2 Calorimeter Triggers: 12 9U Crates

ASIC: Application-Specific Integrated Circuits
FPGA: Field-Programmable Gate Arrays

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012
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Level-1 is hardware

‘ZEUS - = CDF

— e

They look all the
same, but use
different
techniques and
serve different
purposes

== CLEO Il

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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Trigger and DAQ trends

High Level-1 Trigger

e Detectors become (1 MHz)
more and more
complex, hence more
and more read-out
channels. Hence the

LHCb | High No. Channels

High Bandwidth
( 1000 Gbit/s)

ATLAS

event size in #byte is 10°
increasing demanding |
for larger bandwidths.

10% |

CMS

e The luminosity of the
accelerators is
increasing as we
search for more and 10°

Level-1 Rate (Hz)

iy

more rare processes.
Hence the Level-1
rate in Hz is 107

increasing demanding
for faster processors.

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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(PetaBytes)
A ALICE

R

Event Size (byte)
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Level-1 summary

First step in the online selection of the collision events to be saved on
disk, based on hardware deployed very near to the detector.

Large challenges for the LHC which deals with very high interaction rates
(40MHz) and the detectors with a huge amount of read-out channels.

P}pelined system for 3us to decide on the event, therefore uses onlg part
of the detector information (calorimeter & muon systems). Remember
m%?t of the time is spend on the transportation of the signal through
cables.

Reduce the rate from 40MHz to about 100kHz.

Complex process to optimize the use of the bandwidth (which is limited)
to the next trigger step. Tuning of threshold requirements for each
stream (eg. 1 electron, 1 electron isolated, 2 muons, 3 jets, ...) results
in a “trigger table” of the experiment. One should take into account the
cross sections of the signal processes to be observed or discovered
versus the rate of the background processes or the detector background
consisting out of “fake” objects (eg. “"ghost” muons).

Experimental Techniques in Particle Physics - Prof. J. D'Hondt (VUB)
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DAQ system

0 LHC ssdTeV  L=10%cm’s’ te -line
L] \ em’s e evjear QN-line P > OFF-line
LEVEL-1 Trigger
— oheasic L1 input———pOH2 Hardwired processors (ASIC, FPGA)
Pipelined massive parallel
u _.-P" J
mb " 10 mE
Mtz o : H LEVEL Tri
5N NN ggers
= mT::_l;: 0" S22 Farms of
MaX HLT iNpl e T processors

TIERO/1/2

; /
HLT Oulput sy L i QA Q/ Reconstruction&ANALYSIS

w 1w’ y _C?ehters
n’ 4
§ - -~ A
ob 1
A | k] 4
mhz 410t |
ﬂ’
. & | 4 i | J
b 10?
Hu"zzn | A .l._ .L_
iz 410
» gy scaiar Z, 25ns 3ps ms ec hour year
0 10 20 50 10 200 S0 ‘100 T10% ™0° T10° 10° J
ot ., or particle mass (GeV) Giga Tera Petabit
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The “Event Builder”

e The main task of the DAQ system is to read the data
corresponding to each event selected by the Level-1 trigger out
of the detector Front-End Drivers (= the readout electronics
specific to each type of detector). Beyond that to concentrate this
into one data structure, called the physical "event”, and to
forward this event to the filter farm for the final High Level
decision if the event is to be written on disk or not for permanent
storage. This complex system is called the “"Event Builder”.

e The main parameters of this system is dictated by the physics
program of the experiment

— maximum Level-1 trigger rate of 100kHz
— maximum rate after the High-Level Trigger of 100Hz

— average event size of 1MB (dictated by the occupancy of the CMS
detector channels)

e This is implemented in several stages.
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Main view of the DAQ system

Level 1 ctor Froften / 40MHz
Trigger
99 Readout
Event Run
Manager orks gggtt;?r:
TT- =1 Filter 1TB/s
I Systems
LT Computing Services 100Hz
Collision rate 40 MHz |-O units bandwidth (512+512) 400 MByte/s
LV1 Maximum trigger rate 100 kHz Builder network (512x512 port) = 500 Gbit/s
Average event size ~ 1 Mbyte Event filter computing power = 5 10° MIPS
Data production ~ Tbyte/day High Level Trigger acceptance 1-10%
Event Flow Control ~ 10° Mssg/s ~ Overall dead time < 2%
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Data flow in proton collisions
40 MHz ij 16 Million channels

DETECTOR CHANNELS .
COLLISION RATE 3 Gigacell buffers

]
wp Energy Tracks

75 kHz 1 Megabyte EVENT DATA
1 T:;:géﬁ? 200 Gigabyte BUFFERS
50,000 data ~ 400 Readout memories ‘
channels - )
A0 400 wend. AME

EVENT BUILDER.

A large switching network (400+400 ports) with
H 1 total throughput ~ 400 Gbit/s forms the intercon-

500 G |gab IUS nection between the sources (deep buffers) and c JW

the destinations (buffers before farm CPUs).

The Event Manager distributes event building

commands (assigns evenls lo destinations)

5 TeralPS 400 CPU farms
EVENT FILTER.

1 00 HZ 1 A setof high performance commercial processors
organized into many farms convenient for on-line
FILTERED and off-line applications.
EVENT

Gigabitis | Computing Services | petabyte ARCHIVE

SERVICE LAN
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Main view of the DAQ system

From fragments of the event in different read-out systems, to full events.

Level 1 Detector Frontend
Trigger
Event fragments :
- Event data fragments are

stored in separated physical
memory systems

Event ;
Manager — |><| Builder Networks Controls

Filter

Systems Full events :

Full event data are stored into
one physical memory system
associated to a processing unit

N
Computing Services . Hardware:
for builder networks

for data Source/Destination nodes
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Main view of the DAQ system

The factorization of the DAQ
functions into four tasks
facilitates the design. Deep
buffers allow to match the
widely different operating
rates of the elements at
each stage.

e Detector read-out
(fragments)

* Event building (switch
network)

» Selection stage (High Level
Trigger or HLT)

* Analysis/storage stage

(computing services)

For example the FED
delivers at a rate of 100kHz
(every 10us), but it takes
the event building stage
1MB/2Gb/s=4ms to read
the complete event.
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Scalability of the DAQ system

e The DAQ system is duplicated 8 times for which the
deployment is staged (=flexibility). They are connected
with a 8x8 switch network (FED Builder), hence for each
event in the system there are 8 potential destinations as
far as the Front-End information is concerned.

» Basically one extra layer of switches allows to increase
the DAQ performance when duplicating the full system
which can come whenever the physics program requires.

[ere JO0 Detector Front-End Drivers ( FED x ~700 ) )
GGHF;I'“‘
1 Front-End Readout Link (FRL x 512)

512
input changes in size from FED to FED
and from event to event

0 1 2 64 FED Builder 8x8 switches 64

B

64

Readout Units

[Evm | [P RUBuider1 | | | |PdRU Buider2 | | ] |MdRUBiders |
Hanager | | Builder Units .
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FED Builder specifications

e The main functions of the FED Builder are:
transport the fragments from the underground area to the surface
assemble event fragments of variable size from some ~700 FEDs into 64 super-fragments of roughly

equal size (16kB each)
these super-fragments are given one of the 64 Readout Unit Builders in a particular DAQ slice

'Side’ view 'Front’ view

FED

Detector Front-Ends } E

™ DAQ links
. FED Buiders

Global Trigger
Processor

FED&GTP

2kB output :
(average!) Readout
1 ¢ fUnits
-Z-Kj x 100kHZz """"ff; Control
= 200MB/s ‘j P Readout Builder Network and
P - BON foniicr
I/0 switches 4 Monito
I T T 4
(average!) — _ - prm— .
f_i Units
£

has an output . = —_— _

buffer to select the put associate = hm st e _

correct output port trigger info in the - Filter
for each event correct Readout N Sub-farms

Unit Builder L

-

FL
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Main view of the DAQ system

Event Number
Lhwro o~

—
—

T
M FED Builder
|
o

[
MHHIE
to Readout
Builder
4

DAQ Slice 1 2 3

EvNo ..5

FEDs:abcdefgh
EvNo ..2

5

zi; ;agman‘t size

~ Laplacian

Super fragment size
~ Gaussian

Close-up illustration between the
FED and the Readout Units :

« The size of the fragments of the
event which are being formed is
increasing (FED fragments of 2kB
to super-fragments of 16kB on
average).

« The amount of links is being
reduced.
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Readout Unit Builder

Via a network of switches the event is built from the fragments deliver from the Front-End

electronics of thne_;e;:ﬁ’s At a rate of 12 0KH7 (= 100kHz / 8 DAQ slices) and a mean event

size of 16kB from 64 RUs)= 1MB, the total sustained throughput of the switch fabric should be

about 200MB/s (in g event- by event fluctuations).
'Side’ view 'Front' view
FED&GTP | Global Trigger _.?:E Detecior Front-Ends FED
Processor ey B o

g

. DAG links
FED Builders

8x8 FB swilches
i e L o i

Control
1 and
Monitor

B!ll_di
= | Units
= — - .
B [i bﬂ Fliter Farrm MNetwork & 1
F = Eul Filter
Sub-farms
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ngh Level Trigger

=TV L=10¥em?
K TV L=t rate wrrur ON-line <> OFF-line

LEVEL-1 Trigger
Hardwired processors (ASIC, FPGA)
Pipelined massive parallel

0 inelastic L1 np et O

“E HLT
max Detector output
et
b
Ao9?
HLT QU Ul ey

Reconstruction&ANALYSIS
TIERO/1/2

b L
Centers
J‘_J A A f—
| | 4] 4] 4
Pb A I I .J.._ 4 » 4
A HERPRERERE
- - A j. J‘ B
A ] S | | 4
’ IMEEnn
LI A sealar 2, j 3us hour year
50 100 20 50 100 2000 S0 | '10° T10° T10° T10° T0° '
et E; o particle mass (GeV) Giga Tera Petabit
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High-Level Trigger

Front-end pipelines
(10" channels)

Readout buffers
( 1000 units)

Event builder
(10° x 10° fabric switch)

Processor farms
(4 10 sMIPS)

High level triggers. CPU farms

* Finer granularity precise measurement

» Clean particle signature (n°y, isolation, ...)
 Kinematics. Effective mass cuts and topology
» Track reco and matching, b,t-jet tagging

» Full event reconstruction and analysis v
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Hz

Successive
improvements :
background
event filtering,
physics selection
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HLT table

With each object or multi-object topology an HLT stream is defined
based on software loaded on a multi-processor PC farm.

The tuning of the bandwidth to be allocated to which HLT stream is
guided by the physics program of the experiment (eg. Higgs boson,
SUSY, ... but also calibration issues).

It is important to check the trigger efficiency of the signal processes of
interest and to adapt the trigger thresholds accordingly. Most of the
new physics phenomena of interest are created at larger mass scales
and therefore give objects at large transverse momenta.

At this point we use all relevant information in the event and the level
of complexity of the HLT algorithms define the scale of the computing
farm.

Next course on reconstruction tools.

Referentie:
http://arxiv.org/ftp/hep-ex/papers/0512/0512077.pdf
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HLT table for low luminosity

November 25, 2011

Trigeer

Threshold
(GeV oor GeV/c)

jillt*lllHi\'v electron
rli-nln('tl'qu)

inclusive photon

di-photon

imclusive muon
-

-
di-muon

o b

di-T-jets
\

Liet * FEr

[-jet UI{’!i-jv[:« OR gets

electron ™ 7- '|t‘l
muen ¥ et

inclusive b-jet

calibration and other events (10%)"

29
|7
80
0,25
l!'J

86 * 65
59

IR0 * ])3

Rate

Cumulative Rate
(Hz)

0.2

33
31
38
13
63
72
73
76
81

TOTAL
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High-Level Trigger

November 25, 2011

The amount of time needed to select the HLT object and the rate of these
events after Level-1 trigger. This gives an estimate on how much
computers are needed in the HLT farm for 15.1kHz of Level-1 trigger rate
(calculations are of course evolving with the evolution of the computer
processors). Today it results in about 2000 CPU’s for the start up of the

LHC.

Physics Object | CPU time per Level-1

Level-1 Trigger rate

Total CPU time

(kHz) S
electron/photon 13 )- (633
muon .l 2556
tau 3.0 390
jets and Fp 3.4 170
electron + jet 0.8 132
b-jets 0.5 150

I
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Summary of first part
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o LHC vs=14TeV L=10"cm’s’ Event Rate ON | OFF-line Event/year
bam F T
Level-1 Trigger 10"
=]
10"
mb 10"
Hz 10"
101}
lh 101!
Hz : T S 10"
| Wass Storage 10"
= Reconstruction and Analysis
nb s !h = 10&
Bl ==
] He ALl | 1 L | Fetere {107
SUSYaq+qg+ag —'-_L 1 | | EEEEE -
%" _J__ ‘I;:}J:‘,J:(“"r‘}' _F 10‘
oo R | FEE e e EE 10°
mHz — 4 _L.L..L,.Lﬁi_ ———ig
L] LILRE e
t | L KL e 10°
ﬂwmdﬁrdm—mnnm
Hz =T - ';-.-.h_" 10
B ps ms sec hour year e !
A0 0% 1079 | 107 "10% sec
jet Er or particle mass (GeV) e ON-Line OFF-Line
Giga Tera Petabit Stored Data
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100 kHz, 1 Tbit/s Asynchronous 40 MHz Synchronous

Compuggis
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Summary of first part

Detectors b
Digitizers
Front end pipelines

40 Mz synchrounous

Readout buffers ®
100 kHz asynchrounous

Readout networks
1 Tarabits bandwidih

Event filter
TerafF lops processor farms:

A modern particle physics detector has millions
of readout channels and therefore hundreds of
Front-End Driver. On top of this the event rate is
very high.

Hence large amount of data has to be processed
in a very short time.

Only a small fraction of the events can be stored
on disk, hence very quick a decision has to be
made on a complex multi-channel event.

The online data reduction is performed in
several steps: electronics very close to the
detector (Level-1 Trigger), a large bandwidth
transfer system to built the event (DAQ system)
and a more complex layer (High-Level Trigger)
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Summary of first part

From signals in the FED’s to an
event in my ROOT file...

e The DAQ of such experiments is
very complex and requires specific
electronics and a multi-layer
approach to built the events

e The ideas can be applied for other
experiments, but the
implementation is specific for each

(sub-)detector

Experimental Techiques in Particle Physics - Prof. J. D'Hondt (VUB)
Master Level Course 2011-2012

99



Untitled.notebook

ayer Sq

Can't Undo E ¥
LS

Cut X
Copy gk
Copy Merged <-38C
Paste /Y

Paste Into LrabV
Clear

Master Level Course 2011-2012

Summary of first part
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99.9 % HLT
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End
of
Part I

101



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46: nov 25-10:44
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101

