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Preamble

* After the 1970’s (the decade of the discovery of ¢ & b quarks) there was a lot
of interest for the study of particles carrying these heavy quarks.

* The fractional production x-section in hadronic interactions make this
possible for charm (1073) and possible-but-hard (10®) for beauty in hadronic
collisions at SPS momenta (~350 GeV/c).

* c&b hadrons have lifetimes of [0.1-1] ps. The advantage of using a fixed
target configuration is the Lorentz boost given to c&b hadrons making their
decay vertex displaced from the primary collision and their decay products
with an impact parameter (h) of cT [30-300] um.

* The emerging new technique of highly segmented silicon detector allowed
measurement of h with the required accuracy (10 um) at very high speed.

* The “only” remaining problem was the extraction of the signal from the high
(or very high) background. This is what has been proposed by WA82 (1985)
and WA92 (1990) at the Omega spectrometer.

* Let’s begin with briefly illustrate the Omega spectrometer.



The Omega spectrometer (LEGO experiments)

* The Omega spectrometer was a general purpose facility in the SPS West
Area, with a superconducting magnetic field, MWPCs, drift chambers,
calorimeters, particle ID, trigger, DAQ, reconstruction software...

* All you need is to come with a good idea (+ some related hardware) and
configure your LEGO with the parts you need. Easy! You can do your
experiment in 3 to 5 years and with (only) one dozen of motivated

colleagues!

* You may then leave your hardware for future use (WA82 and WAS89 used the
RICH built by WA69, WA82 and WA92 used the calorimeter built by WA70, and in turn

WAS89 used the WA82 microstrips)
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This is the WA82 incarnation of Omega

A Microstrip vertex detector for studying charm hadroproduction
1987 - WA82 inside O M. Adamovich et al., Nucl.Instrum.Meth.A 309 (1991), 401-410
; insige mega DOI: 10.1016/0168-9002(91)90243-J
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Doing LEGO experiments requires a small crew
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WAR82 (a geometric trick to select charm)

. Aﬁlded to Omega a vertex detector made of microstrips and able to trigger on
charm

* Microstrip silicon detectors are pattern of diodes implanted through a lithographic
process on a thin (~200 um) silicon layer. The pitch of these detectors (and In
general their geometry) is very precisely defined.

. Ty]pical pitch are of 50 um (down to the extreme case of 10 um) and WAS82 used
different pitches to set-up an “impact parameter trigger”.

* 3 detectors of 20, 50 and 100 pum pitch k 2 projection
are placed along x such that (once =
normalized to the incoming beam z-position)
the hits due to the tracks coming from
the origin have equal value (non bending
plane projection).

Space

* A processor cancels all “equal-hits” and
uses those remaining to find 3-hit tracks
with 0.1<h<1.0 mm

puS3=100pm 230cm

* Events with those offset tracks are 3 s | Adtagn s
accepted. 4S1-20um » b

Ergicl Sketch of the trigger microstrip in the vertex region.
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* The enrichment of the charm sample has been meas_ured 200" 3
comparing the D invariant mass signal in a sample triggered 1501 -

and in an unbiased sample. - M
 The weighted ratio of the D signals gives an enrichment of ~15 | !

and allowed measurements on D-hadroproduction (see Dario) W e
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* WAS82 has also been the playground to develop new silicon ¥ e il
. . T I I i T T T
microstrips and start the technology transfer to Genoa.
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* The 10 um pitch detectors has been pivotal for the follow-up _—r 1
experiment (WA92) that allowed to move the silicon detector 30| 1
activity definitely to Genoa. 2.5 F !

82 Nuclear Instruments and Methods in Physics Research A288 (1990) 82-86 2.4 -} ﬂ
North-Holland

Section 11. New detector types
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A 10 pm pitch silicon microstrip detector with individual s pread ut via hybrid electronics has bee pod ced and operated.
n

oper:
ions to digital and analog eleclron ics is realized through an nsitive fan-out structure on the detect. self. The det:
en used in the WAB82 experiment at the CERN Q' spectromete:




WA92 (the electronic bubble chamber)

* |dentification of B-hadrons through invariant mass peaks was not possible at
SPS because of the smallness of the x-section and the smallness of the
branching ratio in “reconstructable” modes.

* Added to Omega an “electronic bubble chamber”+ vertex detector + better
trigger

10 um PITCH, 200 um THICK DETECTORS

25.5mm —————»|

the signal using its very peculiar
topology of associated production
and subsequent decay chains (b-->c).

* The prOPOSEd way out was to extract 3m™ Wfa"ge*\ I~

MICROSTRIP

* For this purpose a set of 10 um DECAY
microstrip detectors packed in a 16 PLANES512 strips =
small volume was built just in front T

Smm

of a 3 mm W/Cu target.

* This Decay Detector (DD) has
allowed to “see” the decay topology.
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Figure 2: Display of an event reconsiructed in the decay detector where the decay chain Bt — ﬁp"’u,‘x 18
clearly visible, together with additional secondary activity (two iracks not pointing to the primary vertez).
Both the D° and the p* have a large transverse momentum relative to the line of flight pry. The hits
left by the BY meson itself are visible in 5 layers of the decay detector (the Bt and DO lines of flight are
shown as thin lines).



WADO9?2 (seeing is not enough)

» Topology as the one just shown are visible in 1 collision out of ~10%, which
makes the selection problem even more important than in WAS82.

* The trigger was then based not
just on one track with large

TRIGGER DETECTORS: 25um pitch 2000 pists squared

Telescope characteristics

impact pa ra mete r’ but on the - :lgh redund?ncy [B-;evenfs multiplicity)
. ] . - High resolution (op= 1-0 um) "
existence of a primary vertex in : i ek e

target + an intersection

downstream of the target. 1 risser Heroshrine
* This was implemented using6 [ "f/l; l; \E‘\,‘ﬂ R
25 pm pitch microstrips and O Sl R R v 5
with a much more powerful N U L F E R T
processor (see Nanni: Beauty [ | “E“\i‘_\j L
Contiguity Trigger) than theold -3t
and by then slow MICE(*) L L L L e
processor used for WA82 .

(*) MICE


http://cds.cern.ch/record/125537/files/198101208.pdf

WADO9?2 (seeing is not enough)

* As expected crossing which are triggered are mostly interactions in the DD
(many rejected by a pulse height cut), but also K, Lambda or D.

. StiIII;chere are random crossing or crossing that do not show an invariant mass
peak.

* A “many vertex
topology search” is
then necessary

(complemented with K vertices
some kinematic and | A vertices
identification cuts) to ; e
identify B hadrons. _' D vertices
-350 . -349 -348 -347 X cr;§46

Figure 1: Distribution of secondary vertices in the decay detector region. The shaded area corresponds to
veriices which are rejected as hadronic interactions in the silicon planes. Also shown are the distributions
of real decay vertices (the depletion at small decay paths for K® and A° decays is an effect of the impact
parameter trigger).



WA92 (silicon lab in Genoa)

* Building of the many WA92 detectors took place in Genoa where a lab was built
following the WA82 experience. This later evolved in a Pixel lab (and still
evolving...see Claudia).

* This is one of the
quadruplets (X,Y,U,V) of
25 um strips 5x5 cm?
which were used in the
WA92 vertex detector.

* The support is quite
massive (Fixed Target
geometry) and the
electronics is still
“plug-in” and hybrid (not
ASIC).




WA92 (way forward)
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e New kind of detectors (high resolution segmented silicon) and new approach to
electronics (ASIC) have paved the way to the next step (pixel detectors) where both

these techniques are pivotal.

® International links to groups active in the same domains favoured this transition



Beauty Contiguity Trigger - BCT

Algorithm and its implementation in a custom hardware processor



Tde 24/5190 % p2s1-1 3/5/90 9 \CEE 18]i[90 Q2

Contiguity Mask - CM

Algorithm and hardware implementation

. . ) The Contiguity Irigger Principle:
Algorithm: look at the brain that first - The Contiguity Mask Network (CMN)

searches for connected patterns in space gnd =~ @ T ey PUet v fentiauty pesk fetenk nege.
. @ Left hand side track is from vertex —p connective path
then evaluate metrics

from bottom to top row — triggering track.

1) map track points into nodes of a square mesh e .

2: Generafte configuity masks — i

2) for each point build a Contiguity Mask closing & - St
the neighboring connection (switches) with the 24 L oyel Trigaer Our
predefined rule 1 0 0 0

3) a track is found by searching connected paths /Q\ /Q\ /Q\‘ /Q\
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into the Contiguity Trigger (1989). Rleos L e
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Goes into a processing element (PE)




Hits from Six p-strips Planes to BC

7 | (T? J 5 Z, g, Z4
I Run 9688 : 3| Y4 s A Ts
Data R/O from the 6 VXD and o LBz 10413 T |
two-beam Z-planes each of 2048w }"| A
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u-strips. o W 5es
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fs00f a1 A8 - 7 48 b ,ﬂ } A
Hits from the Z-planes of vertex

strips transformed by a “look-up
table” and sent to 2048-columns

times 6-row processing elements
(PE).

The PEs are 1-bit processors
connected to four neighbors and
all run the same instruction
stream - with differentiation by

IM:  Image Memory CMN : Contiguity Mask Netw.
rOw. WMx: Working Memory CMM: Contiguity Mask Mem.
HCM: Hor. Conn. Memory BBI: BCPS Broadcast In Bus
YCM: Yert. Conn. Memory

le. — — - Hit da 6 piani di ustrip
310 mappati nei 6 x 2048
Processing Elements

BOTTOM




BCT - Beauty Contiguity Trigger

SIMD - Single Instruction Multiple Data architecture
2048 x 6 processing elements

8 Fastbus Cards + Controller

192 ASIC chips =

g a—

———————
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Algorithm - Primary Tracks Finding & Counting

1.  Z-beamin the target (z,) is extrapolated from the two beam planes

2. the points in the 6 Z-planes of the VXD are converted by a linear transformation using Z,
converted primary tracks become parallel lines and secondary hiperbola (a).

Converted hits loaded into the PE of the BCT (b - full dots). PRIMARY TRACKS
FOUND

A CM is generated as a function of hits and rows (b - connectio

3. Signal is applied to the “BOTTOM REG” and connected ———————
paths from bottom to top identify primary (b - “111...111"), = o oo o oo o000«

4. Starting from “TOP REG” pixel connected to “1” are
erased from PE’s (c).

/11111111111111111111111/
BOTTOM REGISTER
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<—— 2048 PIXELS —
L o - oo . PROPAGATE
e o rpepra e - +— PRIMARY TRACK TOP REGISTER
S 5 5 : ;TR 700000000 000T600001000000[
: : : : : AT R eh SR
: : : : : . CRITERIA: -g-- - : S0 D] (3 O g
;MORETHANSPLANES D ) s e
WITH A POINT IN A ROAD 1
S ; : :
: : 4 T - : : ¢
: T TR f *. ... §soning,, .
D -~ e i— P IMARY TRACK
: s ok : : : : FOUND
} } } } } } iX, /111111111111111111111111
Xy o Xy Xy Xz Xy X5 Xy BOTTOM REGISTER N
c) POINTS ERASED




Algorithm - Impact Parameter Tracks

1. Tracks with the same Impact Parameter (IP) have the

same curvature (hyperbole).

2. A set of shifts bring all secondary with the same IP into
an acceptance window (a).

3. Example of a secondary track (b) that after row shifts
bring hits “almost aligned” and found by contiguity

masks (c).

4. BCT counts primary and secondary track with
preselected IP. The algorithm needs 5 out of 6 planes
having track hits (tolerant for inefficiencies).

A programming language and a software emulator (HELEN)
was implemented to optimize the trigger algorithm (Credits
C.Salvo & C.Bruschini)
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Triggers in WA92

In addition to the BCT, a PT (transverse

X—Vertex Reconstructed by the Decay plus Vertex Detectors

LAl

. ! BCT REQUIRING 3 PRIMARY TRACKS
momentum) trigger has also been 30 _@j NG TARGET (DASHED) IS SCALED BY 0.2
implemented which uses a 1 E3 |
. 20
butterfly-shaped scintillator and a muon i g |
trigger. 10 [ Cldiv. dBRLL
. — : . R LL L UE -
Enrichment in primary + secondary events N oo B .
. O] T 1% BCT REQUIRING 2 SECONDARY TRACKS
given by BCT 30 F ' ::::: TARGET (DASHED) IS SCALED BY 0.2
; 53
R3S
WA92 Trigger: Level-2 acceptances (% of interaction triggers). {??:
BCT required 3 primary and 2 secondary tracks, 1PT required 10 | ::::::
one particle of pr > 0.6 GeV/c, while 1 MU and 2 MU required .g‘
at least one or two muons g = o
30 LRL]INT.
Minimum bias e bb BET
20 | 3P%2S }:&
Trigger Data (%) — Simulation — i
10 ’ ‘
[BCT 5.4 54%  135%  493% | : akall |
IPT 41.0 41.0% 45.0% 62.7% %500 250 0 250 500 750 1000 1250 1500
IMU 2.7 2.5% 8.0% 18.3% X (mm*100)
2MU 0.08 0.06% 0.1% 1.6%
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Last century emphasis on hardware processors for trigger purposes

Specifically for the vertex trigger there were two approaches:

* Contiguity Trigger in DELPHI and in WA92 using special multiprocessor

architecture running a program

e Associative Memory (AM) in CDF using parallel pattern matching based on

Content Addressable Memory

Exp. Year Input rate Latency Processor

WAS2 1987 700 Hz 470 ps CPU MICE

WA92 1992 6.6 kHz 45 us Beauty Contiguity Trigger

CDE 2000 40 kHz 15 ps Associative Memories + FPGA
DO 2001 10 kHz 50 ps DSP’s, Processor farm

ATLAS 2005 75 kHz 10 ms Processor Farm, Rol

LHCb 2005 1 MHz 256 us Processor farm

BTeV 2005? 7.6 MHz n/a DSP + Processor farm

Comparison of Vertex Trigger as at year 1999 - ref. G. Darbo, NIMA 447 2000 210-217



One of the first experiences in HEP on ASIC design

bulletin
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™
Microphotograph of a muitipurpose stficon chip (6 mm x 3.6 mm)
showing at the feft a 34 MHz encoder/decoder for digital networking, in
the middle (top) a quad line receiver/comparator with ECL output
operating in excess of 100 MHz and (bottom) a Contiguity processor
chip for the DELPHI TPC, and at the right (top) a digilal bus arbiter
Jor FASTBUS modules for the ALEPH event builder and (bottom) a
low-noise preamplifier for large capacitance detector elements,

sy 1 1 1 =) (AL

Microphotographie d’une muitipuce en sificium (6 mm x 3,6 mm)
montrant a gauche un encodeur/décodeur de 34 MHz pour résequ
numérique, au milieu (en haut) un récepteur-comparateur G quatre voies
et a sortie ECL fonctionnant @ plus de 100 MHz et (en bas) un
processeur de contiguité pour la TPC de DELPHI, ensuite @ droite {en
hawt) un contrdleur de bus numérique pour module FASTBUS destiné
au formateur d'événements d'ALEPH et {en bas} un préamplificateur a
Jaible bruit pour des éiéments de détecreur a capacité élevée,

Front page of CERN weekly bulletin

of September 1986

SEMAINE DU LUNDI 22 SEPTEMBRE

Print your project on silicon

In a project between CERN and the Belgian Inter-
University Micro-Electronics Center (IMEC) in Leuven,
eight clectronics engineers from four CERN divisions
followed last November a 10-day course in silicon chip
design. Afterwards they worked using a graphics
terminal at CERN connected to the Leuven-based
standard cell software via a permanent telephone line
connection. Five circuits were selected for this practical
training, and by the end of March all designs were
finalized and put together with other IMEC designs on a
so-called multi-project wafer. After mask making and
silicon chip productiou in Belgium, the test samples were
received at CERN at the beginning of June, just six
months after the end of the course. All five circuits were
found to function as designed and simulated. Integrated
circuit technology, once the monopoly of Silicon Valley,
is now finding its way around the world. Software and
hardware are becoming available for economical

production of small series of Application Specific
Integrated Circuits (ASICs). This rapid development
resembles in many respects the ‘worldwide’ introduction
of the bookprinting technique in the fifteenth century.
The CERN-IMEC practical training showed how to get
(electronic) ideas printed on silicon.




ASIC’s for Contiguity Trigger

IMEC MPW CP448 CP232
Tecnologia CMOS () 3um, SC 2um, GA 1.2 ym, SG
Routing layers 1M/1P 2M 2M
No. Cells (AND, OR, FF) | 80 1469 6817
No. Transistors 1k 14.5 k 70 k
Area (mm?) 4.5 70 67

(*): SC = Standard Cells, GA = Channeled Gate Array, SG = Sea of Gates

F?Ei""ﬁcaam C Daz‘mmm“ﬁ

IMEC Multi-Project Chip
1986




Physics Results

WAS82: Charm Production and Decays
WA92: Charm and Beauty Production and Decays



WAS82 Physics: Charm production

35 E [ bl S
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Nuclear dependence of charm : 4 l
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production by a 340-GeV pi- beam a(K2)=0.72£0.02 - SHEAE
M. Adamovich (Lebedev Inst.) et al., g s
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Fig. 3. X distributions from 7 ~ interactions, (a) D*, (b) D~. Fig.2. (D~ -D*)/(D~ +D*) asymmetry (7~ data).
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WAS82 Physics: Charm decays

A Study of the semileptonic decay D+ > anti-K*0 e+ % ol v 06 (b)
electron-neutrino = EEm T > 13 ps 4 = 0B

M. Adamovich et al., Phys.Lett.B 268 (1991), 142-144 =

DOI: 10.1016/0370-2693(91)90936-K % )

Measurement of relative branching fractions of DO "

Cabibbo suppressed decays CLLEe

M. Adamovich et al., Phys.Lett.B 280 (1992), 163-1 T Sk sewe
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Measurem relative branching fractions for D+ —> 2

K- K+ K+ and D(S)+ —> pi- pi+ pi+ decays .

M. Adamovich et al., Phys.Lett.B 305 (1993), 177-181 2o
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WA92 Physics: Data

Data taking was performed at the CERN Q' spectrometer in 1992 and 1993, with
a 350 GeV/c 11" beam incident on a 2 mm copper or tungsten target.

Target Cu W
Events 100 x 10° 40 x 10°
Int. lumi (nb/nucleus)™ 8.1 1.3

The trigger acceptance was ~30% for beauty events, ~25% for J/@ and @' events,
~10% for open charm events and ~2% for inelastic interactions.

WA92 was built to study b-physics, but an important byproduct was the study of
charm meson production with high statistics.

All results were very relevant at the time they were performed and several of
them remain unsurpassed.



WA92 Physics: Open charm production
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Prompt J/yp and g’ events produced in interactions with Cu,
W and Si were selected requiring a u*u- pair with the
production vertex compatible with the position of the Cu or
W target, or one of the Si planes of the Decay Detector.

Events W Cu Si
J/qJ 320+£19+3 719+28+4 571942
L|J' 6.3+3.6%0.7 13.3+55+33 —

Top-left: total J/yp production cross-section per nucleon,
compared to previous experiments and theoretical models
(Color Evaporation and Factorization Approach)*:
a(J/p){Si, Cu, W}=0.87 £0.05 £ 0.04

0,(J/y) =216.2 £ 5.4 £ 13.3 nb/nucleon

0,(@) = 28.3 £ 8.1 + 11.3 nb/nucleon
o,(w)o,(J/w)=0.13+0.05 £ 0.01

Top-right: J/y polarization.

Bottom: longitudinal and transverse differential
cross-sections for J/y production compared to DD pairs and
events with at least a reconstructed charm meson.

(*)o=0,A"



WA92 Physics: Beauty event selection

Event selection: events with secondary vertices between 3 mm and 6 cm
downstream of the target, not compatible with interactions in the Si
detectors, with at least one of:

1) ahigh-p. muon (12 events)

2) 3 secondary vertices with high-p_ tracks (12 events)

3) non-pointing fully reconstructed D decay (5 events)

Some events belonged to more than one class, so we had 26 events in
total. The estimated charm background was 0.6 + 0.6 events.

In 13 events we could reconstruct both B meson decays and study the
production correlations.



WA92 Physics: Beauty event
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Figura 4.1: Un evento beauty candidato nel campione Cu93. B e D indicano 1 vertici
beauty e charm. pr indica il valore del momento trasverso rispetto alla linea di volo.




WA92 Physics: Beauty total cross-section
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Fig. 9. Beauly cross section measurements in 77~ N interactions compared with theoretical predictions. Theo-
retical uncertainty bands are obtained by varying the b-quark mass (myp), the factorization scale (ur), and
the renormalization scale (g ). Dashed band: my = 4.5 GeV/c2; solid band: my, = 4.75 GeV/¢?; dotted band:
mp, =5 GeV/¢?. The band widths correspond to a variation of gr and ug between my/2 and 2my,.




WA92 Physics: Beauty differential cross-sections
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WAO92 Physics: Beauty pair correlations
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Correlations between the two B mesons for the 13 events with both reconstructed
decays, compared to experiment E653 and NLO QCD:

* BB invariant mass

* X of the BB pair

* difference of x_between the B and anti-B particle

* azimuthal angle difference between the B and anti-B particle compared to NLO QCD
predictions for different values of the average interacting partons transverse
momentum squared: <kT2> =0, 0.5, 1 and 2 (GeV/c)? (from sharper to broader)
[Frixione, Mangano, Nason, Ridolfi] [C. Gemme, PhD thesis]
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WA92 Physics: Ds—uV decay selection

The Ds—uvV decay is “clean” from QCD effects and can 04 |

be calculated simply:
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where f__is the decay constant, that measures the

g-gbar wavefunction overlap at the origin. 048t
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The event selection matched the decay topology:

* High-p. muon (p, > 500 MeV)

* |Impact parameter to primary vertex > 20 um

* Isolated kink between 3rd and 11th DD-plane g 1

* No energy deposit > 5 MIPs near ttie kink to 04z ' =
separate hadronic interactions from decays i !

04

uny

0480¢

.y as

)
VRN
\
\
v\\

T
Il

Special reconstruction software was developed to ey | =

reconstruct the short tracks and the kinks in the DD. 048 |
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Finally had 82 events in W target and 300 in Cu target.
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and also for D—puv decays and generic c-cbar events. 2 0 2 4. 6 & 10 12 14 16 I8




WA9?2 Phy5|cs Ds—uV branching fraction and decay constant

=
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w
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» | The number of detected Ds—uVv decays can be found by
subtracting the remaining background due to D—pv
decays and generic c-cbar events with a maximum
likelihood fit. Then it can be combined with the
measurement of the Ds—@TT decays in the same
experiment:
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Plots of Ax/pPl vs p, for: constant:

a) all selected real events B(Ds — “’Vﬂ) = (0.83 £0.23 £ 0.06 & 0.18)%,

) general c-cbar events
c) simulated Ds—puv decays fp, =323 +44+12+ 34 MeV,
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simulated D—pv decays [errors are statistical, syst(WA92), syst(B(Ds—@TrT)]
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Pixel technology in HEP — Hybrid Pixel detectors

* Pixel detectors have their roots in photography, where they have in the
decades revolutionized the camera market. CCDs pioneered the use of Pixel
in tracking (ACCMOR at CERN PS, SLD at SLAC Linear Collider, DELPHI at

CERN LEP). But their use had two important limitations:
e Poor radiation tolerance and long readout time

* Hybrid Pixel detectors could solve these limitations and fully exploit all the

progress done in the microstrips technologies
e Reduce the strip length closer to its width — Pixel
* The ASIC has to face the sensor channel rather than lying at the surface edge.
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RD19

*  While the idea was simple, its implementation involved a long R&D program,

begun by early 90s by Erik Heijne and colleagues at CERN (RD19).
e This was one of the several R&D projects launched at CERN to develop detectors
able to cope with the LHC program.

* The Genova group had got significant expertise in silicon microstrip
detectors and ASICs with WAxx experiments. Transition to Pixel detectors
happened within the framework of RD19.

 RD19 over a decade and with up to 150 members produced detectors for
three experiments: WA97, NA57 and the DELPHI forward tracking.

* |nitially starting from a feature size of 3 um, pixels were originally pretty large and reduced
in local electronics. But the pixel technology could profit of the steady reduction of the
feature size in electronics chips, thus allowing for always smaller pitch pixels.
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The first tracking systems and a big challenge
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Figure 2. WA97 experiment setup (left). In the right, perspective view of fixed target Pb-Pb event
reconstruction with 153 tracks using a 7-plane telescope in WA97 (Setup 1995 using ‘Omega2’ arrays). Each
window represents a 5 X 5cm? with 72000 pixel cells. The red dots represent hits in the silicon detectors
after which the tracks have been reconstructed. Every dot is associated with one track. The image was taken
without magnetic field [13].

“WA97 has developed a practical silicon pixel device in close collaboration
with the CERN-RD19 effort. We like to stress that WAS97 is the first and so far
still the only experiment successfully employing silicon pixel devices.”

* Given the maturity of the technology and the experience in RD19-WA97, Genova
was ready to sustain at all levels (locally, within INFN and internationally) the
project for a Pixel detector in the ATLAS Experiment at the LHC.

* unprecedented challenges for surface, radiation damage, data transmission.
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ATLAS Pixel

* The construction of the Pixel detector (PIXEL), with activities in several areas,
represents the real step for the Genova’s ATLAS group. The team grew
significantly in personpower, instrumentation and space.

* Thanks to that experience Genova has gained a recognized international
leading role, that has allowed for playing a significant role in IBL first and
now in ITk.

b, HV guard ring ATLAS Pixel Module
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ATLAS Pixel upgrade: IBL

* In the first shutdown of LHC, a new layer has been added to the pixel
detector. The Insertable B Layer (IBL) has been built around the beam pipe
and slided into the existing 3-layers detector.

* Beside consideringly enhancing the tracking performance thanks to the
proximity to the primary vertex, it represents an intermediate step towards
the upgrades for HL-LHC. Indeed several new technologies have been first
tested there: 3D sensors, CO, cooling, 130 nm ASIC technology, etc ..
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ATLAS Pixel @ HL-LHC
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Overall significant improvement of ITk vs ID thanks to

e  Reduced material budget — minimize material interactions
e Increase in overall hit counts — tighter track selection

e Improved hermeticity — more hits, fewer holes



Example: Electronics

Experience in digital chip design has found application in the design of:

e RD19/WA97 - Pixel Ladder Controller (COOP)
® ATLAS - Pixel Module Chip Controller (MCC)
e FE-14A/B - 26k pixel (~80M transistors/125nm IBM tech.) for ATLAS IBL

o Contribution: development of command decoder (porting and extending MCC design), chip
verification, test vectors

Experience in circuits design growing as well

e In PIXEL test of flex hybrid with MCC

e For IBL: Flex Modules and bus tape with Al-Cu
vias (produced at CERN)

e inITk LV/DCS bus tape

ITk




Example: Modules

3D sensors concept vs planar

In Pixel Genova played the key role to qualify the

large scale hybridization sensor-ASIC in Leonardo.
Moreover we have assembled %5 of the detector

modules. This expertise has continued in IBL (half
detector build in Ge) and now in ITk.

R&D on 3D sensors with FBK has led to their use
in HEP exp for the first time in IBL, and have been
chosen for the innermost layer in ITk.

Module hybridization and assembly
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Example: Mechanics & Cooling

Experience in mechanics has been applied Splitter boxes and heat Exchanger for the CO2 cooling system.
for the local supports for Pixel Staves and 8 A : —
now in ITk for the half rings (~100): large
commitment in our workshop for
construction and metrology.

An additional important commitment in the
CO2 system, as Genova is in charge of
building ~60 splitter boxes for the full ITk
detector.

ITk

Ultra-light and stable composite structure to support and cool
the ATLAS pixel detector barrel electronics modules
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A glance in the future...

While focus is construction of the Pixel detector for HL-LHC, interests in new
technologies. Primarily within the AIDAInnova European call framework

- Sensors (3D and LGAD) with improved timing performance (tens of ps) to
provide 4D space-time points.
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- ASICs in 28nm technology
- more evolved hybridization technigues to avoid bump bonding and
flip-chip.



Conclusions

* High resolution segmented silicon detector technology (and related
electronics) has been transferred to INFN-Genova thanks to the
successful operation of the WAxx Omega experiments.

* This has happened when the R&D effort for the preparation of the
LHC experiments was just beginning.

* The proposal for the ATLAS vertex detector based on silicon Pixel
sensors was the natural follow-up of the experience accumulated by
the group in Genova (and increased in RD19).

* The proposal was accepted after a hard competition and allowed the
Genoa group to grow up and to play key roles since then.

Disclaimer

* Precision vertexing means heavy quark selection and tagging. This
remains our main thrust in physics measurements also in ATLAS (even
if we had no time to treat this issue now).



Backup




pixel evolution vs time
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year pixel pitch Canali area
WA97 1994 75x500 288 k 4 x25cm2
NAS57 1999 75x500 and 50x500 1.1 M

DELPHI FW 1996 330x330 1.2M 1300 cm2
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