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Experiments at the LHC

Collider Experiments
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Physics of Micro-strip Silicon Detectors

Highly segmented silicon detectors have been used in Particle Physics
experiments for nearly 30 years

The principle application has
been to detect the passage of
lonising radiation with high
spatial resolution and good
efficiency.

Pitch ~ 50um

Segmentation — position
Depletion depth — efficiency

Depletlon {ZPH*:(Vext ¥ Vb|)}1/2)

Resistivity /

Mobility Applied Voltage ;,'RQZE"“ Oy
~80e/h pairs/pm produced by Resolution ~ 5um

passage of m|n|mum lonising
particle, ‘mip’



CMS Silicon Tracker: Largest Ever Bullt

NA11 (1982)

DELPHI (1996)

CMS (2007)

224 Plxel Brrel (TPB)
.| Pixel Endcap (TPE)
(-7 Inner Barrel (TIB)
.| Outer Barrel (TOB)
"] Inner Disks (TID})
/77| Endcap (TEC)

Lutz Feld, RWTH Aachen GSI Darmstadt, 18. 4. 2007 7/46



Experiments at the LHC

Collider Experiments

The other Giant General Purpose Detector at the LHC
CERN Geneva

The Large Hadron Collider 14 TeV: Proton on Proton

140 - V10/09/97



Experiments at the LHC

Building 40 at CERN

* ATLAS, CMS, ALICE and LHCDb
® Detector Technologies

— Noble gases, scintillators, crystals, Cherenkov, ...

— Silicon Micro-strip Tracking Detectors



ATLAS Silicon Detector Tracker

2112 Barrel and 1976 End-Cap Double-Sided Modules

§ 61m? of silicon micro-strip detectors
¢ ~20,000 separate sensors ordered
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ATLAS SCT Module Designs

ATLAS Tracker Based on e
Barrel and Disc Supports &

Effectively two styles of donble: S|ded L eeules | (26c:mlong)
each sensor ~6¢cm wide (768 strips of 80pum pitch per side)

B Hybrid cards
carrying read- [ g
out chips and | &
multilayer Sensor, Sensor.

 Interconnect e .
circuit
Barrel Modules Forward Modules

(Hybrid bridge above sensors) (Hybrid at module end)
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
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Flrst Ever L

http://atias . web.cern.ch/Atlas/public/EVTDISPLAY/events.html|
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. HC Machine Performance in 2010

“Luminosity” measured in units of b-! per second (or cm-s?) since this multiplied by e gives event rate
1b (barn) is 1028m?2 or 100 fm?

Cross-section (o) is a measure of the probability of a process per flux of incoming particles, so if
luminosity, £, represents the flux as seen be all the protons in one beam of oncoming protons in the other,

this multiplied by the total cross-section, o, is the total event rate.

For sub-processes, the idea of a cross-section can still be used to give the event rate for that sub-process
when multiplied by £
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* ALICE : low pile-up since 01.07.2010 * ALICE : low pile-up since 01.07.2010

The design number of protons per bunch, 1.1 x 1011 | was first achieved 10t June 2010 and is now routine.
The emphasis now is to increase the number of bunches circulating at any time in the LHC and then to
further improve the final focus. Record luminosity: ~4 x 103! cm-2st achieved 24" September



Examples of Possible ATLAS/CMS Physics Reach by Year

(“Integrated Luminosity” is luminosity x time and is a measure of number of total number of events)
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Experiments at the LHC

Collider Experiments

. 1
LHCb ‘ 1%15 N
High -
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B Physics
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Complementary physics reach to ATLAS and CMS



21 stations of Si wafer pairs
with r and f strip readout
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B-tagging with Highly Segmented Detectors

® Nearly all early applications of silicon micro-strip detectors were to detect
and measure particles with pico-second (10-1?) lifetimes such that (taking

account of special relativity) pyct >300um
® This meant the primary goal was to locate primary (collision) and secondary
vertices (as Is the case in LHCD)

Fun O Ewt 1

D, impact Kt
primary parameter = O

vertex
secondary
, vertex

D, decay
distance > O

BC decay
distance > 0 K"
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“2300um
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K" impact
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|||||||\‘|‘|||-|'||||||||‘=?1 B’ impact G:CBS)=43fS
0.2 0.4 0.6 0.8 parameter =0

Side on view of 7 TeV on 7 TeV proton collision Zoom in showing just particles from Bg-meson decay

® In all four major LHC experiments silicon used for vertexing and as primary
charged particle tracking detectors for highest radiation environments
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L. HCb Vertex LLocator Modules

At the LHC B-mesons are mostly produced in pairs going
predominantly near the beam axis (forward region)
LHCDb will collect up to 102 b-pairs /year and the detector is
optimized to study B-mesons

B decays are identified using the fact that their lifetime of 10-12 s
makes it possible (with accurate enough tracking) to see that
some tracks come from a displaced vertex.



L HCb Vertex Locator: First B Event

[mm] | lXY Projection
~Tracks from primary vertex e ) Cb g
.l..\\,.
X
\
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parameter =0

At the LHC B-mesons are mostly produced in pairs going
predominantly near the beam axis (forward region)

LLHCDb will see production of up to 102 b-pairs /year and the
detector is optimized to study B-mesons

B decays are identified using the fact that their lifetime of 1012 s
makes it possible (with accurate enough tracking) to see that
some tracks come from a displaced vertex.
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LHCb Vertex Locator: Other Uses

R-Phi hit-map

E

LHCb Back-to-Back
Sensor Module
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LHCb Upgrade schedule

J Phase |: 2016 LHC long shutdown
_INovel pixel based vertex detector (VELOPIX)
_INew front end electronics

_INew trigger and data acquisition concept to achieve
better efficiency for hadronic B decays

JRICH photon detector replacement
INew track trigger and inner tracker triggering systems

J Phase Il: 2020 LHC shutdown for luminosity upgrade
1 new hadron ID system based on precision time of flight
1 Better electromagnetic calorimeter segmentation
1 Change to inner and outer tracking geometry

24 Marina Artuso ICHEP 2010 7124110



LHCb VELO PIXEL Upgrade

detector chip (256 x 256
pixels, 55 um pitch)

-
Read-out ASIC
chip TimePix

Detector bias
voltage (~100V)

Pixelated 300 pum thick Si

ASIC IS AN ARRAY OF 256X256 SQUARE

PIXELS (55 pm X 55 pm )

Sensor tile

~4 3mm

W

ASIC ASIC ASIC

Target > Sum resolution

Cooling channel

~15mm

..-_.___—._._r__.

T-:-E Sensor 150um

from MEDIPIX collaboration with

Connector

ASIC150um

ASIC150um

clustering of sparsified information, data
formatting, buffering, and multi-Gbit
output links for 40 MHz operation

bl Bot Sensor 150um |

Marina Artuso ICHEP 2010

Glue 50um
7124110
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*Machine upgrades
«Luminosity upgrades
«Detector upgrades
*Future of heavy ions
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z’é Inner Tracking System upgrade

» Present 6 detector layers based on three silicon
tech nologies: Optimize pixel matenal budget:
" WQB/Q‘X per Iayer
> SPD (Si pixels) cm .4° S -
. fibre 200 um
- SDD (SI Drlft) * aglimgiube (Phynox): 40 pm

Ay VS ess

> SSD (Si strlps) rd \a ﬁ’ro A |” foil (Al-Kapton): 75 pm
7 “ 2 Pixel: & Silicon): 150 um
* Unique level- o= o~ Lhbs (Pb- Sn): diameter

Zero trigger = TN ] Be<5 000
V1 ARG Tﬁ :A'fKa n): 280 pm
(fast OR) DY T SNRIphents

ond 45) and thermal

Radii: 4, 7, 15, 24, 39, and 44 cm Ao
Total material budget of 7%X, R———
(normal incidence)

Pixel size 50 um times 425 um Sept. 12, 2008

LHC beam

Beam pipe radius 2.98 cm 8/27/20I0 HC 2010,TORONTO  20/31




! Inner Tracking System upgrade

Improving the impact parameter resolu-
tion by a factor two or better will:
° increase sensitivity to charm by factor 100;

> give access to charmed baryons
(baryon/meson ratio in charm sector to test
recombination);

> allow study of exclusive B decays;

> allows first measurement of total B
production cross section down to zero Pr;

> Improve flavour tagging.

R.BELLWIED 8/27/2010 HCP 2010, TORONTO  21/3I




’ Monolithic Pixel Detectors
b & >

Goal: a monolithic detector in standard very deep submicron CMOS
technology

» Advantages: cost, material budget (50 um thickness), yield, low noise,
high granularity (10x10 um), radiation hard, low power consumption (20

mW/cm?)
» Disadvantages: Charge collection by drift, serial readout

» R&D activities: MIMOSA and LePix
* LePix: : non-standard processing on high resistivity substrate

- Advanced CMOS deep submicron technologies (130 nm and beyond) can
be implemented on =100 Qcm (~ 30um depletion at 100 V)
*MIMOSA: "traditional’ monolithic detectors, MAPS-based with serial
readout
- P-type low-resistivity Si hosting n-type “charge collectors”
- signal created in epitaxial layer (low doping)
Q ~ 80 e-h/mm - signal = 1000 e-
- charge sensing through n-well/p-epi junction

-excess carriers propagate (thermally) to diode

- Prototype: MIMOSA-22, binary output, integrated zero-suppression,
18.4um pitch, 1152 columns x 576 rows, ~110us readout time

R.BELLWIED 8/27/2010 HCP 2010, TORONTO  24/31



Upgrading the LHC for High Luminosity

With modest investment, the LHC can run at much higher
collision rates, greatly increasing the scope to search for
new particles and study rare processes

Expected Development in Luminosity
— Phase-I (after 5 years)

« Up to ~ 60fb-t/year

* Experiments need:

— New vertex detectors
— New off-line electronics

— Phase-ll (after 10 years)
- Up to ~ 300fbt/year
* Experiments need:
— Complete tracker replacement

— Much improved on-line filtering Shutdown requirerETe
— New read-out for many subSyStems [ e T e

Phase-1: 8-9 months (time necessary to install at least the new pixel b-layer)
Phaseé=2 £'18+20 months to install and debug the new ID detector

Zz
]
£
£
=
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Upgrading the Experiments

To keep ATLAS and CMS running beyond ~10 years requires tracker replacement
Current trackers designed to survive up to 10Mrad in strip detectors ( <700 fb1)

For the luminosity-upgrade the new trackers will have to cope with:

« much higher integrated doses
(need to plan for > 3000 fb1)

« much higher occupancy levels (up
to 400 collisions per beam crossing) ¢

600

 Installation inside an existing o |
47 coverage experiment

« Budgets are likely to be such that replacement trackers, while needing higher
performance to cope with the extreme environment, cannot cost more than the
ones they replace

To install a new tracker in ~2020, require Technical Design Report 2014/15
(Note the ATLAS Tracker TDR: April 1997; CMS Tracker TDR: April 1998)
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Current SCT ATLAS Module Designs

ATLAS Tracker Based on
Barrel and Disc Supports

Effectively two styles of double Sided modules (2 6cm Iong)
each sensor ~6¢cm wide (768 strips of 80pum pitch per side)

Hybrid cards § =~ skl
carrying read- ‘ &
| out chips and | ¢
multilayer Sensor, Sensor.

| Interconnect .
circuit
Barrel Modules Forward Modules

(Hybrid bridge above sensors) (Hybrid at module end)



Radiation lengths (%)

Current Silicon Microstrip (SCT) Material

-
B

D Baseboard
Pigtail

< I Hybrid

Sensor

-
N

N\

-
=]

'u.lI\I‘\\\l\llll\l‘l\\‘\I\llll

=)

2 -15 -1 -0.5 0 0.5 1 1.5 2 25
eta

Old ATLAS Barrel Module

12 ASIC of 300um thickness for
double-sided module read-out

(ie just 6 read-out chips per side)

New ATLAS sLHC-Tracker Module

will have 80 ASICs in two hybrid
fingers for just one-sided read-out

Current Silicon Tracker
(4 barrel strip layers)

14

Radiation lengths (%)
>

12

Module Support 10
Material Material
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-0.5 0 0.5 1 1.5 2 2.5

eta
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“The barrel modules of the ATLAS semiconductor tracker”.
Table 1 Nucl.Instrum.Meth.A568:642-671,2006.

Radiation lengths and weights estimated for the SCT barrel module

Component Radiation length [%6Xo]  Weight [gr]  Fraction [%o]
Silicon sensors and adhesives  0.612 10.9 44
Baseboard and BeO facings 0.194 6.7 27

ASIC's and adhesives 0.063 1.0 4
Cw/Polyimide/CC hybrid 0.221 4.7 19

Surface mount components 0.076 1.6 6

Total 1.17 24.9 100

Hybrid area per module roughly 2 at
sLHC - much higher R/O granularity



Stave: Hybrids glued to Sensors glued to
Bus Tape glued to
Cooling Substrate
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Direct Processing of Hybrid Circuit on Silicon Sensor
(Ultimate reduction in mass and assembly complexity.)

SMD Solder (FC4b)

Wirebond + fanin Au (FC4a)

31 dielectric BCB (FD3) / via fill (FV3)

Gnd/trace2 Cu (FC3)

2nd dielectric BCB (FD2) / via fill (FV2)

Power/tracel Cu (FC2)

1st dielectric BCB (FD1) / via fill (FV1)

Shield layer Cu ( FC1)

BCB (Benzocyclobutene) 5-15um

Si base

Does away with need for hybrid substrate and thick-film processing.
Prototyping for ATLAS underway with several European manufacturers.



CMS Tracker Replacement Module Concept

* Fkront end ASIC going to submission: CBC
— Evolution of APV25
— 130nm technology

— Binary non-sparsified readout

— Low power (<0.5mW/channel)

— Optimised for 25 to 50 mm strips DC/DC
converter

e First module/ladder concept developed

Sensor: 4x25mm
strips -

12 CBCs el
wirebonded from
both sides

CMS Tracker upgrade June 10,2010 39




Radiation Background Simulation

—
350

LI |
400

z(cm)
1 MeV neutron eq fluence
At inner pixel radii - target survival to 1-2%1016 neq/cm2

Numbers obtained 9/10/09 (corresponding to new layout) assuming 3000fb-1 and 84.5mb £ 1 =
Strip barrel 1 (S8) (r=38cm; z=0cm) 4.4x10714 = 100 - iR = B -

(r=38cm: z=117cm) 49x10"14 ] el 10
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Technology In Current Highest Dose Regions

LLHC vertex detectors closes to the interaction point:
* Required to be very radiation hard and to be very finely segmented

because of the very high density of tracks close to primary collisions
* Doses 510 x 10 n,cm? (~100 Mrad)

(40 million images per second) M

Vertex Locator
Z(mm)=0-990



Motivations for P-type Silicon Wafers

Starting with a p-type substrate offers the advantages of single-sided

. . ) ¥ e : ) | |
processing while keeping n*-side read-out: A —  Lverdn
* Processing Costs (~50% cheaper). ' ; UniagLsity
* Greater potential choice of suppliers. - CIRERRRRRRRRT —
* High fields always on the same side. - I —
* Easy of handling during testing. |

No delicate back-side implanted structures to be
considered in module design or mechanical assembly.

So far, capacitively coupled, polysilicon | = - Fl S
biased p-type devices fabricated to o=

‘‘‘‘‘‘‘‘

ATLAS provided mask designs by: B R

o my oy oy e

-------

* Micron Semiconductor (UK) Ltd AR e NN
* CiS Erfurt (Germany) ’

°* CNM Barcelona (Spain) e gussssu: . (| ., ,‘
* |TC Trento (Italy) B B A TEEENER RN
* Hamamatsu Photonics HPK (Japan) : B

(Including full-size 10cm x10cm prototype)



n-in-p Planar FZ Sensor Irradlatlons
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Strip current at -10°C (A)

1E-6 o

Alternative Technologies to Planar Silicon

3D Sensors with Doped Through Silicon Columns

Signal of the channel closest to the track point of impact

2200
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1400

Higher signal after irradiation than before
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next run.
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through columns
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Irradiation (x10*15 p/cm”~2)

Marko Mikuz: Small radius pixel sensors



ATLAS Pixel Module Upgrade

Silicon sensor

Bump bond

Readout chip connection

—> Single chip pixel modules on stave for insertable b-layer (IBL) (2016 shutdown)




ATLAS Pixel Upgrade ASIC

 New Front-End chip (FE-14) for smaller pixel dimensions being delivered
- Fabricated for Phase-Il b-layer replacement (IBL)

: - Main Parameter \alue Unit
— an intermediate step towards the full upgrade. & S os E0 X250 h?
Performance improvements for the detector Input €-coupled negative
i ok polarity
(issues more related to FE chip): Normal pixel input | 300500 =

— Reduce radius — Improve radiation hardness |capacitancerange ™\

: 5 In-time threshold 4000 e
planar, 3D sensors, diamond, gas, ...?) with 20ns gate

— Reduce pixel cell size and architecture Two-hit time 400 ns
related dead time resolution
(— deign FE using 0.13 um 8 metal CMOS) i i(_)o\ oA
— increase the module live fraction Single channel ENC (| 300 e
— increase chip size, 19x20 mm? Sy MA4U0TH)
Tuned threshold 100 e
dispersion
Analog supply 10 HA
current/pixel
@400fF
Radiation tolerance ||200 MRad
Acquisition mode Data driverr with time
stamp
Time stamp 8 bits
precision
Single chip data 160 Mb/s

output rate

FE-14 (B-layer Replacement)
Specifications: main parameters




SLHC Phase-Il Pixels Outer Layer Stave Concept

| 4 FEI-14 compatible sensors
] 38.0 7 4 FEI-14 ASIC module  from IBL project suitable for
_:___________3_5?'_?________:_Flexdownto hip w-bonds prototyping
: Active 33.9 x 40.6
bL—
42.6 ot Pixel orientation

. —

l

— \i__l_l__ \
gill

15.0 Flex pigtail
> —__»(¢onnector plugs into page)
_ Vv
<«<— (vertical inter-chip gap 0.1mm)
10.0 passives
stiffener
A
: N\
- flex
3| e
o sensor
c
c
S FE FE
< glue . >
Compressed scale




Possible Phase-ll Pixel Mechanics

Component kg
Removable Px 6
Outer PX 28
Disk 2x8
Sorvoes 5 %56 Independent thermal enclosure

162 for replacement pixel package

SLAC

Insertion rails

Insertion



RADIUS

Independently Installable Pixels

Y
(R) I
SOLENOID COIL eta=1.0 ctact 5 CRYOSTAT
N c =1.
R1150 715 > — -
R1080 gag PPB1 //// — 271?
— . eta=2.0
- — — R999 e
/// — —
TRT / Ve ///-[-RT - CRYOSTAT
/// — ////
g — " R635 . eta=25

R559 - —— — R560 _—

R514 — - H e
R443 —— - I R
rer | SCT (Barrel) CT (E dcap U pacs 439
R290 // "L~ Rass PIXEL SUPPORT TUBE

> —— ) / 230 [E

R1225 _— —

- mm —

R%s\*::#%af%zﬁ ﬂ#/ BEAM PIPE
R50.5 — . L R36
0 746 ‘ ‘ ‘ -

401 580? 8475 1084 1262 1747 2072 2462 2797
0 495 @50 934 1377

Proposed All-silicon
tracker layout showing
radius of current pixel
support tube.

Consistent with
installation within
current pixel radii

Current SCT quarter
section layout showing
pixel support tube at
23cm radius

—_————————
150 200

400

———
350
z(cm)

———r—
300



Independently Installable Phase-ll

Pixel Design
LBNL _ _ _ _

—+ New beam

pipe with IBL

Existing pixel support tube

FE-14 4-chip modules

FE-14 4-chip modules

IBL modules

IBL
Outer layer support /"Ai" /-
shell (not shown) “\ ya




Material Reduction

=

T

=

Present Double I-Beam
detector + IBL
Number of channels 92 M 276 M
Global supports mass 8.3 kg 2.1 kg
Local supports mass 6.6 kg 5.6 kg (meas.)
Silicon mass equivalent of all mechanics 5.7 kg 2.8 kg
Sensor + chip mass 2.9 kg 4.4 kg (%)
Total silicon equivalent 8.7 kg 7.2 kg




CMS Pixel System

Barrel Suppl tubesgz

Barrel Dete

:

Barrel Supplytubes

Forward Detectors & Supplytubes

* Designed for fast insertion (beam pipe bake out)

e Will be done in regular shutdown

e C(Can be replaced by improved system




Current CMS Pixel Detector

Forward Pixel Barrel Pixel

T. Rohe et al. Planar sensors for the upgrade of the CMS pixel detector, Pixel2020, Sep. 6-10, Grindelwald, CH



Mechanics of Barrel

Add 4™ layer :

« layers @ 39,68,109 & 160 mm
« beam pipe clearance 4 mm

« 8 modules along z (1216 total)
« ‘ultra‘ light support structure

CO, based cooling system

CMS Tracker upgrade June 10, 2010




Mechanics of Disks

outer CF Support Ring
Inner & outer ring of blades

CO, tubes embedded in half disk support:

« support cylinder:
— Carbon carbon
— Grooves for cooling tube
— Stainless steel tube:
— 1.8mm OD, 100um wall

Blades:
all identical
Rotated by 20° radial
Tilted by 12° (inner ring)
2 modules per blade (¢ overlap)
individually replaceable

inner CF Support Ring

CMS Tracker upgrade June 10, 2010




CMS Irradiation Results

* Highly irradiated sensors

operative up to 1kV

* No signal saturation with bias for

@ > 2x10%n,,/cm?

— s this a already a hint for charge

multiplication?

of charge carriers

High electric field reduces mobility

Lorentz angle is also reduced
Fraction of double hits is reduced

Resolution slowly degrades up to
the binary value (pitch/sqrt(12)
~ 30um with current pitch)

bias voltage (V)

T. Rohe et al. Planar sensors for the upgrade of the CMS pixel detector, Pixel2020, Sep. 6-10, Grindelwald, CH

— charge
o ¢ '
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CMS Single-Sided (n-In-p) Sensors

« Present CMS pixel detector uses
n-in-n-sensors

double sided processing (back side is
structured)

all sensor edges at ground

most expensive part of the module (only
bump-bonding is more expensive)

« Exploring n-in-p sensors as alternative

recent studies show radiation hardness

single sided process promise price benefit of

factor 2-3

— Important as the pixel area will be
doubled

Absence of guard rings on back side lead to

fear of (destructive) sparking to the ROC

Nn-iNn-n

external ground pad

SENs0r

edgeofdepletion zone

0V pside kY

guard rings pixel area

n-in-p

readout
chip

oV

H—side/
SO
“ sl

HV p-side HVY

readout
metal lines on the chi chip

oV

sensor

v

Glue (Avalditor EPO-TEK 301}

T. Rohe et al. Planar sensors for the upgrade of the CMS pixel detector, Pixel2020, Sep. 6-10, Grindelwald, CH



Heavily Irradiated Micron n-in-p Pixel Sensor IV

1,000 -~

16 -2 (&) i 16 -2
o0 2.5x10%*° n,, cm D 150 - 2.5%x10"® n,, cm
g 80 #Measured at-15 C 58) 160 1
— 700 - £ 140 -
c +Measured at-30 C S
@ 600 - $ 120 -
5 500 - Measured at -50 C 2100 ]
o <<
@ 400 = 80 -
c; 300 E) 60 - =Measured at-15 C
&5 200 é 40 A ®Measured at-30 C
100 o 20 A ><Measured at -50 C
)
0 v ) ) O 1 1 1 T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
Voltage (V) Voltage (V)
Thermistor glued to surface of detector and covered to ~ °® 7 2.5x10%6 n,, cm2
reduce the coupling to air © 500 -
tn #Measured at-15 C
Found a 7 degree increase in sensor temperature © 400 {  *Measuredat-30C
during run at -15 C 3 TMeasured at-s0 ¢
E 300
After correcting the current point-by-point with E
standard temperature correction, all curves are g
g o [
consistent and straight o 100
Previous planar p-type power over-estimated at 900 V ° '
0 200 400 600 800 1000
by a factor of 2 Voltage (V)

A. Affolder — ATLAS UK Planar Pixel Sensor R&D Meeting, 16 Sept 10 56



Micron n-in-p Irradiated FE-I13 Pixel Package

y

v, patleat sink
> & added to
pixel board

Measurements pre-
irradiation and at doses
of 4x10% n,, cm™ and
9x10%> n,, cm= all show
no evidence of edge
breakdown at 500V.

FE-13 ASIC surprisingly
robust but number of
dead channels does
Increase at doses well
above design target.

Hybrid #0 @50 deg. C 159

noise, 150- e

200 h
—
—_— = —
150

bias voltage, V

distribution of pixels
600

) V bias, V

- N .

WA o

NN\

NV G N

it After irradiation

:: \ error bar = 95% conf, level to 1.5 x 1016 p/cm?

- \\ At CERN PS

SN (9%x10% ng, cm?)

o\ peak charge at |

o 500V is ~4000e |t e e
bias voltage, V (Th reshold 3500e

-26 C, 1, 44uA)

|. Tsurin — ATLAS UK Planar Pixel Sensor R&D Meeting, 16 Sept 10



Ultimate Interconnection: Vertical Integration

Ideal solution for reducing material and easing assembly in detector
system is to integrate electronics and sensors into a single item

... iIf affordable

This has been a “dream” for many years

More complex detectors, low mass
Liberate us from bump/wire bonding

-
it
\\\\\

.
i

(Y

Many different aspects of these
new technologies such as SLID
(solid liquid inter-diffusion),
TSV (through silicon vias),

ICV (inter-chip vias) as well as
more highly integrated concepts.

Commercial technologies
becoming available for custom
design:

IBM, NEC, Elpida, OKI,
Tohoku, DALSA, Tezzaron,
Ziptronix, Chartered, TSMC,
RPI, IMEC........

But are they all, or even, are any
technologies radiation hard?



Conclusions

The current LHC experiments required order-of-magnitude greater size,
speed, granularity and radiation hardness than previous experiments.

Nevertheless, all LHC experiments are performing exceptionally well.
LHC performance is exceeding expectations and hopes are high for 2010/11.

By the end of the decade there should be enough to revolutionise our
understanding of physics at the TeV scale.

However, the effective energy reach and ability to consolidate discoveries at
the LHC are both enhanced significantly by a high luminosity upgrade.

With 3000fb-L, the full potential of the LHC complex for energy frontier
physics can be exploited.

Such a super-LHC requires granularity and radiation hardness in the
tracking detectors that are, again, a factor of 10 greater than before.

A number of other future facilities are being actively planned, but some
options will depend on the outcome of current experiments.

Particle physics is poised on the brink of an era of unprecedented new
discovery potential and technology development opportunities.



Back-up Material



Introduction: What Everything is Made from

Distance

1m

1 nm

0.1 nm

10 fm

1 fm
<< 1fm

Forces

gravitation
electro-
magnetism

strong
weak

‘- || | || | || H B B B B BB NN

Energy
Radiation
0.01 eV IR
0.1eV light
>]1 eV Uv

10 keV  X-rays

1 MeV oy

0.1 GeV hadrons
1 GeV partons
100 GeV  Z/W

TeV 7



The Standard Model

e Matter is made out of fermions: ' m
— 3 generations of quarks and leptons

j . m u . . -
e Forces are carried by Bosons: X
— Electroweak: y,W,Z S d . . - 2
@
— Strong: gluons = =
1"
Measurement Fit  |O™*-Q" |/ g ‘é . . - O
.1 2.3 ) @
- o
m, [GeV] 91.1875£0.0021 91.1875 % e ..- B
I, [GeV] 2.4952 + 0.0023  2.4958 — LL
Opag [MD] 41540 £0.037  41.478 Three Generations of Matter
R, 20.767 = 0.025 20.743
A 0.01714 + 0.00095 0.01644 L.
A(P) 0.1465+0.0032  0.1481 Remarkably successful description of
R, 0.21629 + 0.00066 0.21582 known phenomena:
R. 0.1721 £ 0.0030 0.1722 a q
AT 0.0992 £ 0.0016 01038 - predicted the existence of charm,
A 0.0707+0.0035  0.0742 bottom, top quarks, tau neutrino, W
A 0.923 = 0.020 0.935
A: 0.670 + 0.027 0.668 and Z bosons. ;
A(SLD) 0.1513+0.0021  0.1481 3 Very good fitto the experlmental
sin®0.7'(Q,) 0.2324+0.0012  0.2314 data so far
my, [GeV] 80.399 + 0.025 80.376
I, [GeV] 2.098 + 0.048 2.092
m, [GeV] 172.4+1.2 172.5 but...

July 2008 O 1 2 3



What We Don’t Know: the Higgs

« What is the origin of masses?

 Augu=i 2009 m _.=157 GeV

= Within SM, Higgs field gives mass to 6
Particles (E-W symmetry breaking) “ W !
: : 5- % i —0.02758£0.00035 Yl
* SM predicts existence of a new , L} - 0.02748¢0 00012
massive neutral particle - i FeGiistimm Siiata i
Not found yet! Néf 3 ]
« Theory does not predict its mass 2 |
 LEP limit: m;>114 GeV @ 95% CL _
 Indirect limit from EW data: I 1
- Preferred value: m,, = 84*34 . GeV 0 -ASCHOCO NS Foliminary
-my, < 154 GeV @ 95% CL 20 190 300
m,_, [GeV]

with s (M) = 0.1185 0.0026, Acg(5),,,4=0.02758 0.00035

WOULD THE HIGGS DISCOVERY
COMPLETE OUR UNDERSTANDING OF NATURE ?



f ® Mass hierarchy problem neievitos busats
H wat \ / . SR Neutrinos:
—— - = = = radiative correction in Higgs sector \ 0.47%

Am 2~ A?  Dark Matter =
- » ree 'H

A=My?

Beyond SM: the Unknown

The Standard Model is theoretically incomplete

Stars:

e Unification 0.5%

e Matter-antimatter asymmetry

Dark Matter:
25%

Dark Energy:
70%

« Many possible new particles and theories

Can show up in direct

SuperSymmetry searches or as subtle

Extra Dimension deviations in precision
measurements

New Gauge groups (Z', W’)
New fermions (e*, t', b’ ...)



M (GeV)

Search for SuperSymmetry

Standard particles

New spin-based symmetry relating

fermions and bosons

Minimal SuperSymmetric SM(MSSM):

Mirror spectrum of particles

Enlarged Higgs sector: two doublets (5 physical

SUSY particles

- P,

Higgsino

z<z -¥

-l) <z

states)
Quarks @ Leptons @ Force SQuarks ) Sleptons (# SUSY Force
m, =100 GeV ,m,,, = 300 GeV Carriers SAEie
800 A, = ~300,tan § = 6,4 > 0 * Many searches but so far nothing seen and
- —_— expected masses are above what could be
- == probed at energies before the LHC
5007 ; _"”_ charginos/neutralinos > 165 GeV
- H.A —_— i,gﬁ:.ig;r — squarks > 390 GeV (all gluino masses)
100~ h— ‘ G — gluinos > 280 GeV (all squark masses)
- — Selptons >100 GeV
[ - —-'—15»; ; — stop > 200 GeV
200_— A o — sbottom > 240 GeV
o h — limits on new higgs
- In this model, there is a spin-half partner to the photon
0—— S |J|=I1}2| —— that hardly interacts at all but is predicted to have the

J=0
M) ~ M(x2) ~ 2M(;0,)
M(g) ~ 3M(x+)

right range of masses and primordial densities to be the
Dark Matter required by cosmologists.

o4
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Monday 23 November: first collisions at Vs =900 GeV !
—> ATLAS records ~ 200 events (first one observed at 14:22)

Collision Event

7E (GeV)

%AILAS

EXPERIMENT
0 2009-11-23, 14:22 CET

Run 140541, Event 171897

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.htmi




CATLAS

_g.EXPERIMENT

2009-12-00, 08:25 CET
Run 141749, Event 133538

\

Collision Event with 2 Muon Candidates

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html




8, 14, 16 December: collisions at \s =2.36 TeV (world record energy)
—>ATLAS records ~ 34000 proton-proton collision events

2-Jet Event at 2.36 TeV

mi oy

{\%AILAS

EXPERIMENT

2009-12-08, 21:40 CET
Run 142065, Event 116969

Jetl: E; (EM scale) 16 GeV, r|— 2.1
Jet2: E{(EM scale) ~6 GeV, n=1.4




Collisions with ID Fully Powered.=

CATLAS
2 EXPERIMENT

2009-12-06, 10:03 CET
Run 141749, Event 405315

Collision Event




The challenge of the LHC is to cope with
proton-proton collisions at GHz rates
leading to up to 10 collision events per
year, but where only a tiny fraction can
be sensibly recorded

racIbie

Most events do not correspond to the
proton’s constituents undergoing the
head-on collisions that have the energies
to make new particles

Country providing resources
Country anticipating joining

@ O

Requires factors of several million fast,
on-line, intelligent data filtering

Even then, many tens of Petabytes per
year need storing and processing

—> Worldwide LHC Computing Grid
( WLCG of 100,000 processors at

over 130 sites in 34 countries
http://lcg.web.cern.ch/LCG/public/)

Statistics:

Submitted:
Waiting:
Ready.
Scheduled
Ru

o ¥ |2 -
' Aborted: Developed by e-Science, HEP

tort LR ; B Cancelles: 0 < M Impenal College



http://lcg.web.cern.ch/LCG/public/
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CMS: The Compact Muon Solenoid
TR e, HCAL

Muon
chambers

4T solenoid | ‘| Total weight: 12,500 t
Overall diameter: 15 m

Overall length 21.6 m
Magnetic field 4 T




Examples of Expected Physics Gain
(Physics case for 3000 fb-* much better known after LHC first data analysed)

See Eur. Phys. J. C39(2005)293

* Precision Standard Model physics with up to 10 data (sensitive to new physics)
 Higgs couplings (eg n™p) and sensitivity to self-couplings
* Triple and quartic gauge couplings
- Strongly coupled vector-boson scattering (if there is no Higgs)
 Rare top decays through FCNC

« Extended mass reach for new particles (by additional ~0.5 to 1 TeV):
» Heavy Higgs-bosons, extra gauge bosons, resonances in extra-dimension
models, SuperSymmetry particles (if relatively heavy).

« SuperSymmetry (if relatively light, already discovered at LHC)
« complete the particle spectrum
e access rare decay channels and measure branching ratios
* Improve precision (e.g. to test against WMAP results)

 Because of statistics and mass reach, SLHC is to a large degree complementary
to Linear Collider — LHC/SLHC can pair produce particles of > TeV masses
which couple predominantly through the strong interaction.



Upgraded LHCb Reach

To study even rarer processes TS
need to upgrade the detector to b s b _ A’/f\ -
cope with multiple interactions

per beam crossing (Go from
short strips to 55umx55um pixels)

Look for consequences for b-
decays of new phySiCS possibly Known Particle Possible New Particles
found by ATLAS or CMS

Upgrading will allow us to
precisely measure these effects

Complementary to studies by |
possible using ATLAS and I S

CMS and with other future ~ <1
proposed faclilities eg “SuperB” 75

=
=
L]




ATLAS Tracker Upgrade Layout

Barrel Pixel Tracker Layers: r=3.7cm, 7.5cm, 15cm, 21cm
Short Strip (2.4 cm) p-strips (stereo layers): r =38cm, 50cm, 62cm
Long Strip (9.6 cm) p-strips (stereo layers): r=74cm, 100cm

- 131.0 —=}= 279.1 -]
# - 1208 2141
'|f 112,5 —efm—— 174.4 ——=
—= 1068 |=— 147.6 —=]
e

—=| 82,6 70.9
.

\
e ———
3g.0 501
100.0 /(
' 1 !
e \ 743 ( i
~vices inside PST yet E
~ OUTER OVLINDER S "A

e r e I b=

| AN 0 AN 7% B\ g}

4 N E 3 i 3 %‘

B | 2 3 3 3 Y N
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« Prototype cables made
 Embedded (glued) into 1m long stave
« Thermal, mechanical electrical testing just starti




Data Processing Issues at the LHC

The problem of the data deluge at the pam Ty Leten
LHC both prompted sophisticated on- The LCE-nowsinghides maxgithan-240-¢
detector data reduction using a multi- > coun _”ef’_TT‘?‘k'”g it the world's 'arg

tiered filtering “event triggering” and
developments to harness internationally  units
distributed large processing arrays and  Gigaby
mass-storage, “Grid technologies”.

‘The Large Hadron Collider (LHC), currently
being built at CERN near Geneva, is the
largest scientific instrument on the planet.
When it operates at full capacity, it will
produce roughly 15 Petabytes (15 million
Gigabytes) of data annually, which thousands
of scientists around the world will access and
analyse.

The mission of the LHC Computing Grid
(LCG) Project is to build and maintain a data
storage and analysis infrastructure for the
entire high energy physics community that
will use the LHC.’

Us) andia totqﬂh_pgr@
f oft storage capacr[y
RO

E-i“:-h':

] rr| -.-u ' 'l.i ﬁ o b ok —h
http://gridportal.hep.ph.ic.ac.uk/rtm/embeded_rtm_1024x768 html

[,‘mrlm[n’-;! by e-Science, HEP
Imperial College .,



CMS Planning for Upgrade Project

» The SLHC planning assumptions keep changing in
the light of experience with the machine and
different ideas for achieving high luminosity running
In a decade’s time

« Developing and building a new tracker requires ~10
years

— d years R&D

— 2 years Qualification

— 3 years Construction

— 6 months Installation and Ready for Commissioning

 NB — even this Is aggressive

— System design and attention to QA are important considerations
from a very early stage

— Cost was a driver for LHC detectors from day one



CMS Tracker Services

. M ajor ConStrai nt onu pg rad ed Installation of services was one of the most difficult
SyStem jobs to complete CMS

— Complex, congested routes\,ﬂ@w
f\-‘\,-_/(

— Heat load of cables
must be removed

N\ I:)cable T I:\)cable(F)FE/Vs)z

— Cable voltage drops

exceed read-out chip
supply voltages
» limited tolerance
to voltage excursions

It will probably be impossible to replace
cables and cooling for sLHC

P.e= 33kW 1=15,500A P.=300kVA

Geoff Hall Vertex 2008 80



ATLAS Stave Electrical Concepts

Need to bring in power at low current and high voltage but
deep sub-micron ASICs operate at lower and lower voltages

][] ][] N [ I | 1 ] N
. o [ [ 1O 1O 1 1 O [ |
é_ ... either serial o - i, - : 0"
I powering 1 ~ g
- [ ] N (W N [ | [ |
11 1O 1 1O 1O (e o (W
‘ POWER (CONSTANT CURRENT) 1 g 1 1 1 J
{7 GND H
HV w
PROTECTION & MCC 4 A A %)
| DCS |4'r
: THERMISTORS -
THERMISTORS -
—=3 ) TR jr;:i# N N s
L3
¥z \; — E= ' _ i DATA
— &
CMD
e
(i v (M)LVDS TERMINATION
€7 GND

SMC & DCS power

6 GND

... Or various proposals to achieve DC-DC conversion

(Step down voltage at each module)



Hybrid Pixel Detectors

Silicon sensor

« Hybrid pixel detector:

 The sensor and the readout
electronic are realized in different
semiconductor substrates

» Size of the electronic readout pixels
Is equal to the size of the sensor
pixels

* The connection between the

Bump bond electronic and the sensor is done

Readout chip connection via bump bond connections

« Bump bond technology:
« Size: 20 um, pitch: 50 pym
* In (AMS) & PbSn (1ZM) used for ATLAS pixel




Geometry Choices

- Bias Ring —+ P-in- N-1N-N
* p-in-n - ij P
: Guard Ring T 04 | o’ " T
— Least expensive Sio
. . . Bye le- S f e s n*
— Single-sided processing o _
: I _ — More puppii@ysstiopluding Hamamatsu)
— Available from a _found“es_ — Limited production experience
— Most experience in production - 1 VELD bdlKinstalled, spare system
- All strips at CMS/ATLAS/ALICE, undr dopstriction :
Tevatron, b-factories, ... Al P
A L _ :
Bias Ring >
e piA<iB; - Bias Ring Guard Rinf -1 N -
sy 21 p-b0iRing — P
uar Hutgs. We e _ Sio
— @@é 1\ n*
— Limited suppliers p-spray/stop
— Some experience with “large” scale
production n-bulk p-bulk
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P-strip vs. N-strip Readout

Effect of trapping on the Charge
Collection Efficiency (CCE)

“Standard” p-in-n geometry

(after type inversion)
1 - - - - - - p*

Un-depleted

|||||| h* i
n+

Qi = Qoexp(-t/ty), 1/t = PD.

t is collection “time”, 7, is effective trapping time
“New” n-in-p geometry
“New” n-in-n geometry
( after type inversion)

N, BN, B BN BN BN W n*
M
o
Un-depleted
p*

Type inversion turns lightly doped material to “p” type

 Holes collected
« Deposited charge cannot
reach electrode

— Charge spread over many
strips

— Lower signal

» Electron collected
— Higher mobility and ~33%
smaller trapping constant
« Deposited charge can reach
electrode
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Reverse current (UA)

n-In-p Planar Sensors at Extreme Doses
1 and 2x10'°® ng, (innermost pixel layers at sSLHC)

1 0 ! I ' I v I Ll v I M I
25 — ————r —————r v FZn-in-p, 300pm, 1.5x10"n_jem’
I A p-in-n MCz Micron 26 MeV | - 4 FZn-in-p, 300um, 1.5x10" neq!c.mz %
+ @ p-in-n FZ Micron 26 MeV . 16 2 T
20 L - A -nein-n MCz Micron 26 MeV | g | v FZn-in-p, 140um, 1.5x10"n, jom v 1
- —0O— n-in-n FZ Micron 26 MeV < FZ n-in-p, 140pm, 1.5x10"® nen!cm2 ; 1L
‘O L - -A - n-in-p MCz Micron 26 MeV —_ L T % 1
= —B— n-in-p FZ Micron 26 MeV e
o 15| —m— n-in-p FZ HPK ATLAS 70 MeV - o 6F % T ;
2 O n-in-p FZ HPK ATLAS 26 MeV o I 7
g I | © L T I Tl
= X 4
(@) o T g’5 8 s o "..
s 10k 1 o] H Vot O It | Sy
"q"J -09 4 B T B * g?gnvv
O L 5] < 8
o 2 L 1 Sl M i
o 5} B i 5] N Vit
O ’714‘ )—l;‘ﬂ O 2 - 0 100 200 300 400 500 600 700 800 900 1000 1100 1200
I Estimated maximum signal 20C Equivalent Time (days)
O o0l " " ool Pl | F 4
1 10 100
14 2 0 . 1 ) 1 N 1 . 1 5 1 N 1
Fluence (10" n, cm~) 200 400 600 800 1000 1200 1400
Bias (V)
) ! j ! ! ! ' L ) ! ! ' ' : 10 T T T T T T T T T T T T T
1000 — = 18 2
v FZ n-in-p, 300pum, 2x10 neqfcm
; —=— 140pm, 2E16 n__ cm’ q 5 < FZn-in-p, 300um, 2x10'° n_fcm’
800 e 140pm, 2E16 n B i v FZ n-in-n, 140pm, 2x10™® naqfcm2
i > —_ § <  FZ n-in-n, 140pm, 2x10"° n Jom® I T
| —o—300pm, 2E16 n_, cm {1 @ | Y 1Y
= oL i
600 4 —o— 300pm, 2E16 n__ cm’ - o % T 7
s | % )
| l 5 I E
B al Y i
400 - 3
Trap-to-band tunnelling % I
Impact ionisation o
200 2 2 1
Estimated maximum signal
0 v T v T v T v T v T v T v T 0 * L * L * L L + L * L * L
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Bias (V) Bias (V)



FEI3 SCM 4x10%>

Measured at 500 V blas @-

26 C
— Most pixels trimmable
— Noise and thresholds good

Next step will be a source
run. With an expected
sighal of ~5 ke and
<thr>=3500, we should see
some of the landau at 500 V

Once measured will
Increase bias voltage slowly
and repeat
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342119

2500 2879

m=2 Trimmed

SINGLE FE MODULE

PLOT MODE
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CHIP LABELS TOT FOR THIS Q:
j 25000 e
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FEI3 SCM 9x10% n,, cm= Trimmed

Measured at 500 V blas @-
26 C

— Most pixels trimmable
— Noise and thresholds good

Next step will be a source
run. Will need at least 800V
to get to an expected signal
of ~5 ke and <thr>=3700,
to some of the landau at 500
V

Once measured will
Increase bias voltage slowly
and repeat
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Bias voltage, sqri(V_bias) (V*1/2)
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Pre-irradiation
Comparison with Nobu’s presentation

* Nobu showed a very interesting presentation during the last meeting.
* Observed the max bias voltage to depend only on (horizontal) unimplanted
distance to the edge implant, not number of GRs.

35

M-gubsP-edga

Slim Edge {N-auh.fr-l-ed_ge ] . o p | ots are
/ = ' & from Nobu's
> 25 o ,
/ F - presentation
=
= 20 at 6" PPS
== W5 (320um) E e —— W5 {320um) .
= W7(200um) | L 15 e - W7 {200urm) meeting.
W13(200um) | & W13 (200um)
210
r é‘

Best examples of p-type (green, 70 um) and n-type (blue, 78 um)
extend above the very uniform dependence.
* Without edge implant, and with resistive edge, we have a

Taotal width of non—mplant fialds, X {um)

Non-implanted edge GR <

Edge distance, X {pm)

different distance at play: depth matters (e.g. same point at the
distance:of 400 um detector thickmess)i activities at santa cruz, v Fadeyev 17



Slim Edges After 4x10% n,, cm~

. >00 2 "MPI" Style Guard Rings (90 um) . =00 4 "MPI" Style Guard Rlngs (200 um)
= 400 — Ramp Up : S 400
= Ramp Down = "
§ 200 § 200 Ramp Up Again
% 100 2 100
Q

oc (o' oo

0 0)

0 200 400 600 800 1000 0 200 400 600 800 1000
Bias Voltage (V) Bias Voltage (V)
100 n n H - - - -
8 "MPI" Style Guard Rings (390 um) Diodes tested after irradiation
—80 :
3 390 um will hold 1100 V
+ 60 .
S *Thinner structures show breakdown
3% before 1000 V
%20 It isn’t clear if due to narrow edge
é o *Or due to dicing cutting through outer
guard ring due to miss alignment
0 200 400 600 800 1000 1200

Bias Voltage (V)
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