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Talk QOutline

@ In Part 1 I talked about the discovery of charm and the
study of cc spectroscopy

% Introduced scintillators, PMT's, wire chambers, magnetic
momentum analysis, Cerenkov counters, electromagnetic

calorimeters, e*e” colliders and pp in an antiproton
accumulator

% Introduced basic experimental design concepts
@ In Part 2 T'll talk about additional experimental topics:

% Particle identification systems

% Detached vertices

% precision position detectors and beam types
% Evolution of Trigger systems
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Open Charm Discovery

Charm Primer

Charm Mesons: D+ DO DI Need to observe hadrons with
cd cu cs a charm quark to establish

the fourth quark
Charm Baryons: AJ =0 Q¢

—C

cud Try to observe the decays
W+ DO— K-t K-t
D+_> K—.n.+n-+
E.g. via spectator decays

Cabibbo Favored

2
Favored V,
T o122 ~ 20
Suppressed Ved

Non-Leptonic Semi-Leptonic

Need to identify kaons from pions
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Open Charm Discovery

Signal-to-background matters!

} MUON WIRE CHAMBERS
} IRON (81n.)
—-SHOWER COUNTERS (24)

U TRIGGER COUNTERS (48)

WIRE CHAMBERS

/TRIGGER
BEAM PIPE COUNTERS

I CYLINDRICAL %

SPEAR and Mark I again

Mark 1 at SPEAR discovered
the decays
DO—> K—T[+, K—ﬂ+n.-n+
D*—= Kt
With more data and TOF

(Time of Flight) detectors
to identify kaons from pions

Also e*e” is a clean
environment

We measure the time of
flight of a particle between
scintillators 1 and 2
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Tlme of-Flight Method

| TOF Scintillators (if thick enough) give
delrFFerenie clean fast and narrow signals,
etweent good for TOF differences

particles

traveling For Mark 1: 0, = 400 ps & L=2m

TOF
so get 20 K/m separation for
momenta < 1 GeV/c
Usually only good for low momenta
E.g. for the current CDF Run II
TOF system: O ., = 100 ps

So for L2m we get 20 K/m
separation for momenta < 2 GeV/c

over 1 meter

20 separation (x20:1 rejection)
IS not much when there are many more

/ 2 3

Momentum P (Gev/e) (background) pions than (signal)kaons
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Statistics/Probability

Or what should you know when we quote a # of sigma

Gaussian Function for TOF difference

If the TOF difference is distributed
as a pure Gaussian then 2 pions
traveling the same distance will give
a TOF difference given by left figure

Resolution =0 =1

non-Gaussian a 20 separation means we take all
fails pions with TOF difference > 20 this

rejects = 97% of pions

for a = 33:1 rejection

Problem is often distributions are
not tfrue Gaussians!




Statistics/Probability

Or what should you know when we quote a # of sigma

. ; CDF Time-of-Flight : Tevatron store 860 - 12/23/2001
Some causes of non-Gaussian tails:

N
£}

2

- System made of many counters which are
finite in size so TOF is not exactly the same
- The counters are not in the perfect
location and the relative fiming is not perfect
- The calibration is not perfect, e.g. calibration
tracks do not always come from exactly the
“origin“/same point, the start time is not
perfect e :
- The O may not be a constant 2 15 1 08 05 ﬂnm e
- The non-Gaussian tails can be asymmetric '

M

2

peN1/B>1 (GeVic)

I dont have time to go into statistics which is a really important part of
experimental physics, or go into “systematic uncertainties” which is even more
important as we spend maybe 90% of our time worrying about this.
"Systematics” is also not as well defined and often misunderstood
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Open Charm Discovery

Signal-to-background matters!

RS 1.8 2.0
INVARIANT MASS

° o00° %00

1.6
(Gev/c?)

1.8

2.0

- - the invariant

ol probable

<«— Mark 1 results with no TOF

Mark 1 results with TOF

Mark 1 results —»
for “recoil mass”

mass of what is
produced

opposite the D°
which shows

threshold DD
production

o o
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D
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Open Charm Discovery

Signal-to-background matters!

w
O

Mark 1 results with TOF

showing the D*— K m*n?

with a recoil mass around
2.01 GeV/c?

]

)]

WEIGHTED COMBINATIONS/20 MeV/c?

2.0

RECOIL MASS (Gev/c?)

The pattern of masses, decay modes, width and
production at threshold all point/fo the
correctness of the quark model and a fourth
charm quark
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8 20 2.2
INVARIANT MASS  (Gev/c?)
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How to Improve S/B?

Are there other Particle ID methods?

TOF measurements need very long
decay lengths
Also threshold Cerenkov counters
need long detector lengths due fo
low photon yields

Y
un

LENGTH FOR tt-K SEPARATION

THRESHOLD DISC
CHERENKQOV

-
o

Experiments at e*e” and pp
TRANSITION colliders usually do not have enough
RADIATION space for Cerenkov counters

un

E
X
—
O
<
(VS
-
(a 4
o
—
o)
w
—
J
o

An alfernative particle ID method
uses wire chambers by measuring
the amount of ionization

10 10° 103
MOMENTUM (GeV/c)
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How to Improve S/B?

Are there other Particle ID methods?

Ionization energy lost in lcm Ionization energy difference between K and pion
thick 80/20 Ar/methane

=
e ;
— N

-
~N

5
8
E
8

In a wire chamber we not only measure which wire is

“hit”, but also measurement the signal size (amount of

charged) which is proportional to the ionization energy
lost

10 100
Momentum P (GeV/c)
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How to Improve S/B?

Are there other Particle ID methods?

Still only good at relatively low particle
momenta

What about at higher momentum?
E.g. fo measure the charm quark lifetime
we have to produce them with higher
momentum fo be more sensitive to shorter
lifetimes

g
<
>
L
<)
<
S
o

We need to identify clean charm decays
and measure a decay length

L=rBcT =(p/m)cT

Momentum (GeV/c)

Also backgrounds have zero lifetime so if T > O we

could use this to separate signal from background?
13
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Charm Lifetimes

Besides using a finite lifetime to separate signal from background
we can learn some physics from measurements of the charm particle lifetimes

In the simplest example the lifetime tfells us what type of
force is responsible for the decay of the charm particle:

o Strong Decays ~ Q. : ’l',rypiCCll ~107%% s
o Electromagnetic Decays ~ & : T, ., ~ 107¢ s
® Weak Decays ~ CJ{/(MW/mP)2 : Tfypical ~ 1071%'s

Spectator Decays:

Also the difference in lifetfimes between the
different charm particles could tell us
something about how quarks inferact

E.g. in the spectator decay all charm
Non-Leptonic Semi-Leptonic particles have the same lifetime

14
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Charm Lifetimes

What sort of resolutions do we need?

Can estimate the lifetime assuming a weak decay

of a free quark (compared to muon decay) Charm parficle

-

Gem?
e — 19’:2753 X (\VCS]2+ \Vcd\z) x5 (W decay channels)
104 LD

Need o(L,) << L,
c)-’rrans <« \()LD e CTD

c T (D) = 124 pm

S ¢ T(D*) = 317 pm

S0 %00 cT(A*) = 60 um
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Drift Chambers

Improving the resolution of MWPC's

The resolution in MWPC's (or PWC5)
IS given by the wire SPGCing (S) ionizing particle
O (transverse) = s//12

so for s=2mm T DR'FT\ @

REGION

O (transverse) =577pum

NEG. POTENTIAL . NEG. POTENTIAL

We can measure the drift time to the
closest wire to better determine the

position of the particle track So as well as measuring the

amount of charge for dE/dx
(ionization) we now also want to

G measure the time of arrival
+ HV @ o o 9 o o
0 HV Readout and signal shape is more

important now
16
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Drift Chambers

Improving the resolution of MWPC's

Besides the complications in the
readout of the signals we have to
worry about the drift velocity.

The drift velocity has to be known
and the E-field must be shaped to
provide a uniform field since the
particle could enter the chamber from
different locations and at different
angles - can get O(transverse) = 100um

There are also rate limitations and
choice of gas and aging as for MWPCs

Can we get better spatial resolution?
17
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Emulsions

Detectors with the best spatial resolution

Photographic plates are one of the oldest detectors of radiation. A layer

of emulsion » 600um covers a plate and a charged particle causes the

silver halide grains to develop, each grain is = 0.2um diameter and one
gets = 270 developed grains/mm.

In the early days emulsions Some problems with emulsions

were sent up in ballons to be - Must be scanned, when done by hand this
exposed to cosmic rays IS very. stow
- Used by itself, one cannot trigger or know
where in the emulsion to look
- Difficult fo use in a high rate environment
there can be a high track density so one
1971 must replace the emulsions often

Charm might have been first
seen in such an experiment in

Can be useful in neutrino beam experiments that require excellent resolution

18
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Observation of Vv _

Use of emulsions in DONUT

DONUT, a Fermilab experiment that ran
in late 1990s use emulsions to make the
first direct observation of V

DONUT created a V , beam by first
producing D, mesons and about 4% of i

steel

these decay to T V

DONUT observes the charged current
interaction of a vV . with steel between

emulsion layers.
The T produced will decay to LV ,V ; -

steel
okn Te Npg o 4
giving a “Kink”

/|

DONUT uses an external spectrometer to trigger and determine where to look for
candidate signal vertices

19



g Calorimeter

Drift Chambers
o Magnet

* trigger
e muon [D B!
* electron ID Emulsion and///) g

. . Sci-Fi Planes "
» momentum calibration Steel Shiel

Different types of emulsions

@y ECC200 type by ECCB00 type (c0 BULK type :
The observation was made

possible by:
- automatic scanning machines
- locations of vertex region by
z s ?' external spectrometer
el el _ cxcellent alignment of emulsions
to = 0.2Um

Tron (stainless) (1000 m)




DONUT Results

Long decay sample published
first (2000) with 4 vV . events
and a background of
0.20 + 0.03 charm

0.20 + 0.04 hadronic inter.

Example of DONUT track selection:

(a) Vertex location by NETSCAN after
alignment

(b) After rejection of penetrating tracks
(12000 muons per 5mmx5mm)

(c) After vertex requirement

21
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V . Candidates

F.L. = 4535 um F.L. = 280 um ;
Oyink = 90 mrad EmUISIOI’IS are

ekink - 93 mrad |
p >29%3 GeVic p =465 GeVic :
pr >0.27°3% GéV/c o pr =0.41°%14 GeV/c POOI"IY suited
for a very
high statistics
charm

experiment

What other
F.L.=1800 um F.L.=540 um ti
Oink = 130 mrad Okink = 13 mrad 0 P lons are
‘Gevie there?

p =1.9%% GeV/c p > 21*"%
pr =0.25792% GeV/c pr >0.28 002 GeV/c -




Bubble Chambers

~BELDING WALBRIDGE »

N irw

T

Maybe used to seeing the historic
bubble chamber pictures and in
neutrino experiments (e.g. 15 foot at
Fermilab) Usually the resolution is not
better than a drift chamber...
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Bubble Chambers

...But one can make a small chamber with ~10-20 U m resolution

that can cycle rapidly e.g. the LEBC-EHS experiment

Upstream

LEXAN
Stainl
V2 sieel

111
|||||||||
||||||||

FGD FNC

s D [
»p umunmnmmm I !;l | mmmﬂu

DS

p—_ ]

Heat Exchanger

T, 1
Pressure Gauge ll.!
i

particle (decays)

.
,,,,,,

D e :
& '”V"')l“ Menire We need something better!

Expansion Piston
with Heat Exchanger
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The rest of the spectrometer enables a
trigger and ran in the 19805, however they
only had 100-200 reconstructed charm

L0
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Road to Higher Statistics

The charm to higher statistics start with Fermilab E691

Some Charm Experiments

BaBar/Belle
E831/FOCUS e’fe'('é’p

£7910-20 Y
m €€
1>

E691 v
v E687  E781/SELEX
MARK

3 e'e m/K/p
ES7A n E769

Y Y  Ea00
E516

)]
>
©
O
)
©
&
-
©
L
@)
©
O
]
&)
>
-
-
7))
C
e
O
o
| -
=
>
LL

1980 1990 2000 2010
Year

Photons or hadrons, comparison of beams and e*e” colliders
25
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Road to Higher Statistics

Photons or hadrons, comparison of beams and e*e™ colliders

@ e‘e” = charm: 9"'(3770) = DD
* Lower intensity; Low momentum charm (? b, Z° — cc)
* Very clean environment ( > 40% of ete- — hadrons)

@ N — charm:
* Very high intensity; High momentum charm
* Very high background evironment (~ 0.08% of mN — hadrons)

a YN = charm:

* High intensity; High momentum charm
* High background evironment (~ 0.6% of ¥N — hadrons)

26
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Silicon Microstrips

Fermilab E691 and Silicon Microstrip Detector

Not the first experiment fo use silicon microstrips but the first to
succeed in using them to get high statistics samples of fully
reconstructed charm (10000 compared to e.g. 100-200 in LEBC-EHS)

Remember we
Need o(L,) << L,

O-’rmns S$ ﬂLD 3 CTD
cT(D®) = 124 um
¢ T(D*) = 317 pum
c TN ) = 60 (11

Charm particle

e

Most uds-quark background have zero lifetime
or very long lifetimes 1073 to 1079 s

charm with 107'¢ s lifetimes gives measurable
decay vertex separation for B8 ¥~ 50
27
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Silicon Microstrips

A solid state ionization chamber

@ Acceptor ion

THE PN JUNCTION
®Donor ion

P
@@@@@@@
@@@@@@@
T OFaF_F_T LT ¥

+ Hole
- Electron

Consider the depletion region as a solid
state ionization chamber.
Charged particles liberate a large
number of electron-hole pairs and the
charge is collected in strips.

concentration

pt silicon

n type silicon

01000 0:0.0:0:0.0.0.0:010.0.010.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0°0.0.0.0.00000000001000000.000.0.000000000

nt silicon
Electric
potential

Typical strip spacing is 20-300 Um
depending on application

28 so can get excellent resolution



Silicon Microstrips

Examples of strip layout in

getting connections to each

strip wire bonded to send
signals to amplifiers

Bonding pad

SMD used by E691 with strip spacings of 50 Um
achieved O <20 Um for tracks reconstructed

trans
using 9 SMD planes with strips in 3 orientations

29
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Fermilab E691

Uses a 90-260 GeV photon beam created by Bremsstrahlung of a
260 GeV electron beam (average photon energy = 145 GeV)

N /—Muon Wall

L ~— Steel
C

\—alorimeters
Hadronic

Outriggers - o) I = 1 T4 EM (SLIC)

= N Drift Chambers

D4

EM Calorimeter

Drift Chambers

R

i s
‘ Y
| \BR (% ‘\Qs'\
% 3

L - il \*t
71| A4 ke .
T e Drift Chambers
D3

n w\\

Tagged Photon Spectrometer

—— 1 meter
Recoil Detector
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Fermilab E691

Target is Beryllium as we
want low Z to reduce

e’e” pair creatation from
the photon beam and we
want hadronic interactions

so largest A /A, A

NO‘l‘ DZ/HZ fargell- as /-ladronctlorimeter
density is too low, farget rf.Ch Elacheronad
too long and acceptance is 2Gas Cherenkoy  Calorimeter Muon Identication

small

Not efficient for long
lived charm decays as
tracks are not efficiently
reconstructed in the SMD

microstrips
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Fermilab E691

Illustration of background rejection using decay vertex separation

OIiIl

SECONDARY

-—00'2'4—

] "2 |/2
PRIMARY O =(0;%+03°)

3

o
1.6 1.8 20 2.2 1.6 1.8 20 2.2

K-Pl MASS (GeV) K-Pl MASS (GeV)

Typical Az ~ few mm
and 0, = 300 um

EVENTS /(10 MeV/c?)

AV 4
= 12

D° — K7 signal

Random non-charm K7
background

0
1.6 1.8 20 22 1.6 1.8 20 2.2

K-Pl MASS (GeV) K-P1 MASS (GeV)

Mass (GeV/cz)

Az/ 0, = significance of separation of the
32 production and decay vertices
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Fermilab E691

Charm Lifetime results

Typical separation and error
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Lower acceptance at long lifetimes
must be corrected for



Other SMD%

Individual SMD must be bonded together to make
larger detectors (ladders) with longer strips

SMD barrel
used in the
CDF detector
that saw the
top-quark

£ a R
- = —— f !
ool u -

Lengths limited by capacitance which can induce
(background) signals in neighbouring strips

Strips wire-bonded fo readout electronics

34



Longer ladders for Fermilab CDF
so they can improve acceptance
and have additional silicon layers
at large radius to improve
resolution for b-(and top-)quark
physics studies

Disk geomeftry
silicon microstrip
detectors to
improve the
forward
| ‘7t. acceptance of
0l the Fermilab DO
detector

35



o
L. 2

High Statistics Charm

How to improve by a factor of 100?

v From Designing a better photon beam

0 dipole :
proton nl decays P collimator/absorber accepts

beam v magne’rs\ a narrow momentum band
B N of electrons
X

Be \
' t

converter electron Lead photon
beam radiator tag beam
accepts e’ and e” with detector
a wide momentum
proton / range

beam

-
D, target / I

absorber for tag "
neutrals 36 detector



Double Band
Photon Beam
Momentum
Dispersing
Dipoles

Momentum e-

Dipoles

Momentum
Recombining
Dipoles

<> Focusing

Silicon
Tagging
System

Radiator

Recoil e+
Positron N

Detector

l Silicon
Selecting < Neutral <

Dump

Fermilab FOCUS

Production Target

o
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An upgrade of E687 and ran in 1996+1997

Photon Converter

Flux Gathering
Quadrupoles

Target Silicon Microstrips

» Beam
Direction

i

Targets rigger Counters

Target Region Outer

Electromagnetic
P.W.C.'s Calorimeter

Outer Muon

T P.W.C.

Magnet

Cerenkov
Counter

Quadrupoles

4

Sweeping
Dipoles |

-
Trigger
Straw Hodoscope
Tubes  Cerenkov
Counters

€- Recoil
I ['lectron

Detector

Experiment Target

and collected a sample of
1 million fully reconstructed charm decays

E831
G Spectrometer

Inner

Electromagnetic

Calorimeter

P.W.C.

\

Trigger J

Hodoscope

Calorimeter

Muon
Hadron Hodoscope

l Calorimeterrh

Beam
Direction

{1

Muon Filter

Beam




o
L. 2

FOCUS Experiment

Numtra= 9
Ntrak =11
Nssdv = 3

Mssdv = 3 File: VM40B2DKA300:E687BRIGITTE_90.DAT;1

Microvertex frame
1 projection

D’ > K’ candidate
Mass: 1.86510.012 GeV
Lic= 17.76

D/ic= 3.03

Trk pointers: 1 7

Mass: 1.870£0.012 GeV
Lic= 24.71

Dic= 197

Trk pointers: 3 4 8 2

Error ellipses

E687 detector E, = 246.39

Run: 2970, Spill:

Multiple BeO targets
get more decays out

38

26-JAN-95 08:13:34
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7
2
1
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5
9
8
6

. . [E— P
RYRRONGLwWIS g
P

thinner to
of targets

Not only a higher intensity
beam, but also many more
Improvements:

- better SMD detector with

better resolution

- better particle ID

(background now from
charm for rare decays)

- Reduction of systematic

uncertainties, e.g.: out of
target decays are cleaner
and well modeled by just
cC production MC




Target region
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| A J}I VN
| ; "’f 4 §1.=|'I,‘"'. .
/) .'.‘-{., f_/}, -I -.I N ] ..., i
7 ALY (Y
ol gl FOCUS
Ik - ¥, NARS i ] j I-l f i |
i i {5 1% 1 ’i

i/ e FOCUS has measurements of all the singly
AT g“J' charm particles

/ ’ A = \ T " 3 .:. ! ;I.

® ® F'OCUS ® 2002 World averages
Results without FOCUS

1.08

1.06 N
1.04 EE D

1.02
0.525

FOCUS Preliminary

0.500 ii D;_

0.475

0.450

0.425

Charm Particle Lifetimes (107'% s)

0.400
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Back to Hadrons

Charm with Fermilab E791 with a pion beam
No good way to tell charm from background at the trigger level - when

data is recorded. Record all data and analyze “offline”
for HEP

One weekend of data on round 9-frack tapes
in E769 (before E791), compared to E791

40
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Data Storage

Data storage vault at the Fermilab Computing Center

9-track tape vault, replaced with...

8mm tape vault to be replaced by...
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Data Storage

Mass storage robots at the Fermilab Computing Center
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These can hold pe’raby’res worth of data, 1 pe’raby’re = IO6
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Analysis Machines

Analysis on “cheap” commodity (rack-mount) PC's

"Oh no! I have to unpack . s
all these PC’s?!” Unpacking 434 PCs, just

one shipment of PC’S for
CDF and DO Run II Data

43
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Analysis Machines

Analysis on “cheap” commodity (rack-mount) PCs

Some of the PCs |n NML  But even theorists have their share of PCSs
(La’r__frice QCD PC cluster)

How can we reduce 1'hl$ ‘madness”?!
Most of the data recorded is background

44
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The Trigger

How to decide what data to store

Collisions/interactions come at a high rate and S/B may be 10~ to 1078

Let’s take a simple example: FOCUS photoproduction charm experiment
FOCUS uses a 50-300 GeV photon beam on a BeO target

We get = 500:1 e*e:hadrons produced and
= 150:1 hadrons:charm produced

So if we can get rid of just e'e™ pairs we could just store
the rest of the data and analyze it offline (since its difficult
to separate charm from other hadronic production)

If we use a hadron beam we are down in S/B but a further
factor of 10, would want to do something further. E.g. E791
wrote data to >40 8mm tapes simultaneously!
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The FOCUS Trigger

A simple trigger example with the FOCUS reduced schematic

Scintillator hodoscope

OH
\ Lead glass

Dipole Magnet \Dipole Magnet calorime’rer Hadron
T2 T 8 ‘ ‘ B H calorlmefer

scintillator
T1

\

photon \ |
beam et “I
.......... .> R _ L
Targef \ / 3 EM shower
silicon vertex counter

detector Wire Chambers

Trigger is TleT2e[(HeV) +(HeV) sOH]s[EHC>20 GeV]

!

.and.
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The FOCUS Trigger

scintillator Why the name “trigger”?
'I.'l Hadron

\ T2 T 8 OH \‘ i 8 H calorlme’rer

photon \ |
beam et “I , , , l
&
Targe’r‘/// ‘ 75 ns
‘ EM shower HC logic

silicon vertex

counter 35 ns
detector
signals ! O ns L I:'g:/c /V 70 ns
| S e DO ns
210\‘ f'[:)g?cer 100 ns
> 220 ns IOgns
N ad Signal must be delayed
e Or/ with really long cables
gate ADC
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The FOCUS Trigger

Signal and Trigger cables

Signal must be delayed with really long
cables but long cables attenuate the
signal and increases the time spread of
the signal

- Use fast trigger and fast trigger cables \ A\ \\\\i‘ T

i . ¥

- Use fat signal cables to reduce signal
width spread
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The Ultimate Trigger?

Store and analyze all events

Electronics are fast, small and memory is cheap so maybe we could
record all the data and analyze it all to decide which data to store?

Let's illustrate with an example, e.g. CDF or DO at Fermilab:
- The p and p cross every 396ns, or about 2.5x10° crossings/second
- If it takes 1 second to analyze the data from one crossing
we would need 2.5x10° CPU’s to not lose any crossings

- Need to store at least 2.5%10° crossings
each needs about 300KB

so need > 1TB (= 10° GB)
To be safe as 1s/crossing
IS the average we

want 100-1000X more - - - - -

storage = 100-1000TB
of RAM (memory)!

Data
source
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We need a Trigger

pp collider (CDF, DO) example

We need a simple and fast way to E.g. for CDF and DO:
recognize a crossing with signal - For Higgs require large E.

. b transverse momentum ©:9- E;>30GeV

/ or energy - For W require large missing E.
p S ' P and a high E_ lepton
i Higgs produced These selections (cuts) loses some
. T grest signal but we reject the majority of
the background
transverse momentum |
epton
or energy 5 .
><>/ D i
g % ; p > s p
udsc Vel % W produced
mass A
background neutrino ~ at rest

system
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We need a Trigger

pp collider (CDF, DO) example

We need a simple and fast way to E.g. for CDF and DO:

recognize a crossing with signal - For bottom quark physics a large
E. selection like e.g. E;>30GeV

fransverse momentum
or energy would lose too much signal
> a lower e.g. jet(E.)>15GeV would

/ .g. jet(E;
47(’ not give enough background

Low mass rejection
system > Could ask for two jets with
E>15GeV, or two jets one with
transverse momentum E;>10GeV and other E;>15GeV
il s v (optimization)
“S<>/ D If reduced rate low enough we can
P p
\ go to the store and analyze case at
0 Low :\055 the next trigger “level”
background YR
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Effect of a Trigger

Evidence of a detached vertex

Bottom particle

IP\

impact
parameter

Level 2 CDF trigger for

detached vertices would

require that one or more
tracks have a large impact

parameter from the IP.

This Level 2 frigger will lose some events at

\ short lifetimes but it also introduces the need
S0 4 for non-trivial trigger corrections
P

Perfect Real
No trigger Trigger Trigger

#s B (Log scale)
#5s B (Log scale)
#'s B (Log scale)

/I/~\\
B lifetime B lifetime B lifetime

Check Trigger correction (obtained from MC)
with data, e.g. same decay using a different
. trigger (J/¥) - data limited
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The Penultimate Trigger?

The BTeV Trigger looks for a detached frigger for every crossing

The key is fast “pattern recognition” or reconstruction as the storage
pipeline is "easy” (e.qg. BTeV uses a 1TB memory pipeline - enough for 1 s)
E.g. silicon microstrips

Hit strip
Now imagine many more particles and strips and planes

and a magnetic field - solution is pixels!
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BTeV Pixels

The BTeV Trigger made possible by a pixel detector

Half-Station Assembly

F—  400um —» |
Sipixel sensors ~5 ] 3
: Multic hip rrruquje""' FPIX ROC’s

6" silicon wafer ==

P | of test pixels
o oMl gt e - T for BTeV and

inth

Pixel detector half-station AT LA S

The BTeV pixel trigger has 30 million signal
channels (compared to tens of thousands in silicon
strip detectors)
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CCDs at SLAC SLD

Progress in Steps

CCDS%s are like the
ones in your digital
camera and used at

SLAC SLD e*e”

Stripline

However it has a
slow readout, (too
slow by orders of
magnitude for BTeV)
Also the signal size
et am) is much smaller as
the depletion layer
Beampipe iS much narrower
aile (not a p-n junction)

CCD Ladder
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LEP Delphi Pixels

Progress in Steps
Run 21260 event 2281

6/Sep/91 5:10

Delphi experiment had a frue
pixel detector with 30 million
channels and it worked well. None
tried in a hadron environment
(LHC ATLAS and ALICE
experiments will also use pixels)

Pixels discussed for CDF and DO
Run II but “not needed” for high
p; physics and technology was

not as advanced at the time
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Other Attempts

Many other attempts (without pixels)

Attempts made at experiments in
labs over the world for a Level 1
trigger for b-quark (or c-quark)
decays in a hadronic environment
(basically none were very successful)

One example only:
Look for jumps in the
multiplicities in the silicon
strip detector planes

Plane Number
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BTeV Trigger and DAQ

Even with pixels we cannot do
a full reconstruction we need
help to develop an algorithm
that runs in 350 Us using
2500 DSPs (CPUs)
- A “smart limited search” (not

Switch: sort by crossing number

wrackivertex farm as good resolution and lower
(~2 OrOCEessors) .
L 5 B0 B B B O o (58 B B I efficiency, okay for Level 1

- Pixels in a magnet fo reject
soft (low p) tracks that

Trigger decision to

lopattevel! scatter and fake a decay
Also need a powerful DAQ (data aquisition system) - STill need two further levels
that stores 4000 crossings/s (the rate of of triggers (L2/3 on 1600
interesting b-quark crossings is at least 1000 CPUS running Linux)

crossings/s. Compare this to 100-150/s for CDF

and DO and 200/s for LHCb
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Summary

Described some experimental detectors and methods in a
hopefully more entertaining way in fwo main storylines:

I want to end with a shameless ad for
BTeV in getting collaborators from south
and central America (as well as elsewhere)!

This is a rare opportunity to get intfo BTeV early and be involved in the design
of interesting technologies and an innovative experiment with exciting physics prospects
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Suggested Reading

Some books/articles on experimental physics and detectors

@ R. Fernow, "Introduction to experimental particle physics,
CUP (Cambridge University Press) 1986.

@ K. Kleinknecht, "Detectors for particle radiation”, 2nd Ed.,
CUP 1998.

@ Fabio Sauli, Ed., "Instrumentation in High Energy Physics”,
World Scientific, 1992.

@ F. Sauli, "Principles of operation of multiwire proportional
drift chambers”, CERN 77-09, 3 May 1977, lectures given
in the Academic Training program of CERN 1975-1976,
Geneva, 1977
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Suggested Reading

Some articles referenced in Lecture 1

R.N. Cahn and G. Goldhaber, "The experimental foundations of particle physics”,
CUP 1989.

J.H. Christenson et al., PRL 21 (1970) 1523

S.C.C. Ting, Nobel Lecture, 11 Dec. 1976; J.J. Aubert et al., PRL 33 (1974) 1404;
Nucl Phys. B89 (1975) 1.

B. Richter, Nobel Lecture, 11 Dec. 1976; J.E. Augustin et al., PRL 33 (1974) 1406.
C. Bacci et al., PRL 33 (1974) 1408.
S. Bagnasco et al., Phys. Lett. B533 (2002) 237.

D.C. Horn et al., PRL 36 (1976) 1236; S.W. Herb et al., PRL 39 (1977) 252.
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Suggested Reading

Some articles referenced in Lecture 2

® G. Goldhaber et al., PRL 37 (1976) 255; 1. Peruzzi
et al., PRL 37 (1976) 569.

@ K. Sliwa et al., PRD 32 (1985) 1053; J.C. Anjos et al.,
PRL 58 (1987) 311; J.R. Raab et al., PRD 37
(1988) 2391.
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