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Pileup = Numer of pp interactions per bunchcrossing
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Mean Number of Interactions per Crossing

From nominal LHC (25ns) to HL-LHC: Number of bunches stays the same i.e. increase in Luminosity from
1034 to 5x10%* will increase the pile-up by a factor of 5.

Detectors have to be built to deal with a maximum average pileup per bunch-crossing of 140 or even 200
for the ‘ultimate’ HL-LHC luminosity of 7.5 x 1034 cm2s!
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Luminosity levelling

,,,,,,,,,,,,,,,,,,,,,,,, ‘ High peak luminosity

Minimize pile-up in experiments and provide
“constant” luminosity
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LHC luminosity evolution
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Parameter frev nb Nb
Nb L = )4 » R
o drte, 8
Ntot
beam current [A]
x-ing angle [prad]
beam separation [o]
B" [m]
€n [um] Factor =1.92x3.7x1.5=20
€ [eVs]
energy spread
bunch length [m]
IBS horizontal [h]
IBS longitudinal [h]
Piwinski parameter
Reduction factor 'R1*H1‘ at full crossing angle (no crabbing)
Reduction factor ‘HO at zero crossing angle (full crabbing)
beam-beam / IP without Crab Cavity
beam-beam / IP with Crab cavity
Peak Luminosity without levelling [cm™ 5]
Virtual Luminosity: Lpeak*HO/R1/H1 [cm™s™]
Events / crossing without levelling
Levelled Luminosity [cm™ 5]
Events / crossing (with leveling for HL-LHC)
Leveling time [h] (assuming no emittance growth)

LHC

nominal
1.15E+11
2808
3.2E+14
0.58
300
9.9
0.55
3.75
2.51
1.20E-04
7.50E-02
80 -> 106
61 ->60
0.68
0.828
0.991
3.1E-03
3.8E-03
1.0E+34
1.2E+34
19 -> 28

*19 -> 28

L. Rossi @Kick-off Meeting 11 Nov 2013

HL-LHC

25ns
2.2E+11
2808
6.2E+14
1.11
<> 590
12.5
0.15
2.50
2.51
1.20E-04
7.50E-02
18.5
20.4
3.12
<> 0.306
<> 0.905
3.3E-03
1.1E-02
7.4E+34
21.9E+34
210
5E+34

9.0

factor

1.9

3.7 new focussing quadrupoles
1.5

crab cavities



Pileup density, position

22 [mm]
HL-LHC baseline and backup (25 ns): 250 fb!/y, p, .= 140 @5E34 <€ 1 9z
(BB wire .or. crab w/o CK scheme) -
- T e T T : 10 -
; “HL-LHC+” (25ns): 250 fb/y, p,.= 140 @5E34 PR -
(BB wire .and. crabs with CK scheme) ' 08
“HL-LHC++” (25ns): 250 fb''/y, u,,= 140 @5E34
(BB wire .and. crabs with CK scheme .and. 800 MHz) B
LHC2012 (50 ns): 25 fbt/y, p,,,= 40 @7.5E33
z[m]
I 6.2 | o.‘1 | 02
I".“',"!§4s|7li3nuu|
Possibly reduce pileup density from 1.25/mm to 0.6/mm. SR - S

- However — shape changes with time.

S \| Barrel semicenductor fracker
\ | jed Pixel detectors
. A Barrel fransition radiation tracker
V End-cap fransition radiation fracker

03/02/20 14 K e End-cap semiconductor fracker



Pileup Density, time

CMS Experiment at the LHC, CERN
Datarecorded: 2016-Oct-14 09:33:30,044032 GMT

Run / Event 74.S; 283171 /95002595 / 195 ' ~130 vertices—

@ Real-life event with HL-LHC-like pileup from special run in
2016 with individual high intensity bunches




Pileup density, time

9/5/2019

105 0.
1ns

In the best case, still 1.2 pile-up every 10 ps
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Measuring position and time of a track

Simulated Vertices
3D Reconstructed Vertices
——6—— 4D Reconstruction Vertices

—+}— 4D Tracks

_llllllll'llllllll

- Allows more efficient separation of vertices

W. Riegler/CERN

Track-PV association pileup fraction

1CMS Simulation preliminary 13 TeV

0.9 tt event tracks
0.8 pT>0.9 GeV
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Figure 1.5: A simplified GEANT geometry of the timing layer implemented in CMSSW for simu-
lation studies comprises a LYSO barrel (grey cylinder), at the interface between the Tracker and
the ECAL, and two silicon endcap (orange discs) timing layers in front of the CE calorimeter.

either option.

CMS timing layer

1.3 Elements of the CMS timing upgrade

Precision timing can be provided by the front section of the upgraded endcap calorimeter
(CE) [1] and by the barrel electromagnetic calorimeter (ECAL) with a specific upgrade of the
readout electronics [11]. However, neither the CE nor the ECAL detectors will provide efficient
precision timing information for minimum ionizing particles (MIPs). Therefore, global event
timing with the ability to reconstruct the vertex time and exploit time information in charged
particle reconstruction requires a dedicated MIP Timing Detector (MTD) covering the barrel
and endcap regions. The scale of the time resolution needed in each of these detectors is pri-
marily determined by the spread in time of the luminous region at the HL-LHC. This spread
amounts to about 180 ps RMS and sets the time resolution required to achieve an effective line
density of vertices comparable to LHC (0.3 mm™!) to around 30 ps. This required time resolu-
tion does not depend on the HL-LHC luminosity leveling options. Rather, the timing upgrade
of CMS will provide an extra measure of robustness against any possible future beam-crossing
scenarios that may maximize or otherwise alter the luminosity production capabilities of the
HL-LHC.

e Cost effective design over a large area: Performance studies motivate the need of a

hermetic coverage, with time resolution of order 3040 ps for charged tracks through- Region | 1 | R(cm) | z(cm) | Fluence (cm~?) | Dose (kGy)
out the detector lifetime. barrel | 0.0 | 117 0 1.7x10™ 16

e Integration constraints: A single layer device between the Tracker and calorimeters, barrel | 115 117 170 1.9x 103 21
covering up to || ~ 3, is imposed by space and integration constraints. barrel | 145 | 117 240 2.0x10 25

‘ ’ ). o endcap | 1.6 | 127 304 1.1x10% 25

e Granularity: A channel area of order 1 cm* in the barrel, and varying in the endcaps endcap | 2.0 84 304 2 4% 104 75
down to 3 mm? at || ~ 3, yields a good compromise between low time response endcap | 2.5 50 304 6.6x10M 260
spread within a channel, low occupancy and low channel count. The channel occu- endcap | 3.0 30 304 1.7x101 690

pancy is limited to a few percent, ensuring both a small probability of double hits,
needed for unambiguous time assignment, and a manageable data volume.

W. Riegler/CERN
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CMS timing layer

Calorimeter upgrades can already
provide precision timing for high
energy photons in the central
region, moderate energy photons,
and higher energy hadrons in the
forward region

Additional capabilities: MIP
timing to cover large fraction of
charged particles in the event

Targeting o = 30 ps
Extension to Phase-ll Upgrade:
MIP timing layer

Concept for central region: Thin
LYSO + SiPM layer built into

tracker barrel support tube (in
between tracker and ECal Barrel)

— precision timing for charged

particles and converted nhotons

MTD design overview

CMS

LSl

ENDCAPS

i )
i 4

@ Concept for forward region (more
stringent radiation hardness
requirements): LGAD (Silicon
with Gain), single layer between
tracker and HGCal (on HGCal

nose)

Properties BGO

LYSO

Density (gem™) 713
Melting point (*C) 1050
Index of refraction 215
Radiation length (cm) 1,10
Attenuation (cm™) 0.9
Drecay constant (ns) 300

Light yield (%) Nal {N1) 25

73
2047
1.52
116
087
50
il

Comparison of the properties of BGO and LYS0 crystals...
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Barrel Layout

‘ SiPM |
LYSO:Ce

$3.7-24mm

| O
’, (n-dependent)
Y

11x11 mm tile, 4x4 mm SiPM active
area, ~ 250k channels

Pseudorapidity
4002 04 06 08 1 1.2 1.4
o JARRRRSS Aans B s e o s (N
X 09F ... Constant thickness: 3 mm =10 E
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qc) 0.7 z_ e : __8 8
S 06F e 1. &
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Variable thickness to maintain more

uniform material budget and
25 mm of available space within tracker signal-to-noise
support tube

Josh Bendavid (CERN) CMS MTD 13
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LYSO crystals+SiPMs

LYSO:Ce crystals w/o wrapping

N
o BB
.-(l
g B

Teflon wrapped

PSSt ':. e ’\' /
Figure 2.4: Top left: Set of 11 x 11 x 3 mm?> LYSO:Ce crystals with depolished lateral faces,
before and after Teflon wrapping. Bottom left: 6 x 6 mm? HPK SiPMs glued on LYSO crystals.
Right: Crystal+SiPM sensors plugged on the NINO board used for test beam studies.

W. Riegler/CERN
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LYSO+SIPM time resolution

TEST BEAM PRELIMINARY __ LYSO:Ce 10x10x3 + HPK 6x6 TEST BEAM PRELIMINARY LYSO:Ce 11x11x3 + FBK-NUV-HD 5x5
_.g 500 — [ [ [ | [ [ ] > B
S i ] O 014 .
o - —$— Ot = 34 ps (uncorrected) - QCJ R @ 0. = 38 ps (no wrapping)
(@) i 1 —&— o= 30 ps (rear wrapping)
400l —¢— 0t =21 ps (t-walk corr.) n g— 012 _
i i E [~ @ 0.=27 ps (rear + front wrapping)
i ] - i
i h 0.1 [
300 - B
L i 0.08|
200} - 0.06—
i ] 0.04—
100 |- - i
- 2 0.02|-
L—A—Lg\:@-wﬂigﬂﬂ L1 L] : =
0 -0.3 X .‘iznl I I[]_2I O:Ll,l_;_- (RTINS R NN R F'I—hi_L-—n‘_}_'}_;‘Lg!
A -0.2 -0.1 0 0.1 0.2 0.
tins] At [ns]

Figure 2.5: Distribution of the time difference in a pair of LYSO:Ce tiles exposed to a 3 mm
wide beam of MIPs hitting the centre of the tiles. Left: Results before and after time walk
correction for 10 x 10 X 3 mm? crystals read out with 6 x 6 mm? HPK SiPMs. Right: Results
for 11 x 11 x 3 mm? crystals read out with 5 x 5 mm? FBK SiPMs under different wrapping
configurations.
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Timing with silicon sensors

Current [A]

Current [A]

x [um]

Nuclear Instruments and Methods in Physics

g Research Section A: Accelerators, Spectrometers, =~ ==
ELSEVIER

Detectors and Associated Equipment e
Wolume 845, 11 February 2017, Pages 47-51

Tracking in 4 dimensions
N. Cartiglia * & &, R, Arcidiacono # &, B. Baldassarri * ¢, M. Boscardin b.d F. Cenna® ¢ G. Dellacasa ® &, G.-F. Dalla

Betta & f, M. Ferrero > ¢, V. Fadeyev h 7. Galloway ", S. Garbalino * ¢, H. Grabas ", V. Monaco * ¢, M. Obertino * ¢, L.
Pancheri T G. Paternoster 4, A, Rivetti 2, M. Rolo® ... A, Zatserklyaniy "

x10®

total current

2 —
15 electron current
. 2
: hole current
05 \N
0 g R ! 1 WO =10
0 1 2 3 4 5
Time [s]
=10%
16 &
M- total current
12 /
o;: electron current
Al hole current
02 F
o: 3 A Ix10°
0 1 2 3 4 5

Time [s]

After the primary particle has deposited the
charge, the movements of the charge
‘instantly’ induces a current on the readout
electrode.

If one could apply a threshold directly to this
signal, time resolution would be ‘infinite’.

Every realistic amplifier has ‘finite’ bandwidth,
l.e. the signal has finite risetime.

Together with the inevitable electronics noise
this leads to finite time resolution.

For a silicon sensor without gain, the signal
to noise ratio is most of the time actually the
dominant contribution to time resolution.

- Gain

17



Low Gain Avalanche Detectors (LGAD:S)

E The LGAD sensors, as proposed and manufactured by CNM
e (National Center for Micro-electronics, Barcelona):

High field obtained by adding an extra doping layer

E ~ 300 kV/cm, closed to breakdown voltage

Cathode

4 Ring
>
vFl:l

0 0w 0 Tt eceeeeedececlacaaaa
(@] "
(Y] ¥ L PP Oy [N AR
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- 2 1 1 - — -Net Region
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(: g 10" Boron e .D h
— .E ) Depletion l
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Nicolo CorTigliQ, INFN, Torino - 13 June 2016
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How gain shapes the signal

Initial electron, holes

UFSD Simulation
50 um thick
MIP Signal
Gain=10

Tota\fignal

1-\
Gain Holes

Electrons
Gain Electrons

Gain electron:
absorbed immediately
Gain holes:

long drift home

Electrons multiply and produce
additional electrons and holes.

« Gain electrons have almost no effect
« Gain holes dominate the signal

= No holes multiplications
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LGAD Test Beam Results

100

HPK 50-micron sensors 50D
Time Resolution vs Gain T =-20C

— © HPK 50D pre-rad
2 g0 © HPK 50D 114
1 . e & © HPK 50D 3e14
§ 60 ) 4 HPK 50D 6e14
2 . o 4 o’ y L.
$ a0 2 o 00 08y a © HPK 50D 1e15
) 5 o004, O HPK 50D 3e15
20 s ©  +HPK 50D 6el5
0 i ;
1 10 100
Gain
Region | 7 | R(cm) | z(cm) | Fluence (cm?) | Dose (kGy)
barrel | 0.0 117 0 1.7%10%S 16
barrel | 1.15 | 117 170 1.9x10™ 21
barrel | 1.45 | 117 240 2.0x10™ 25
endcap | 16 | 127 304 1.1x10" 25
endcap | 2.0 84 304 24x10™ 75
endcap | 2.5 50 304 6.6x10' 260
endcap | 3.0 30 304 1.7x10% 690

Josh Bendavid (CERN)

CMS MTD

30 ps resolution
achievable with existing
sensors up to lelb
neq/cm?

<40 ps resolution across
whole detector up to 2el5

Ongoing R& D (doping,
sensor thickness) to
further improve radiation

hardness and fill factor

20
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Some basic considerations on time
resolution of silicon sensors

W. Riegler/CERN
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Time resolution of silicon pixel sensors

W. Riegler! and G. Aglieri Rinella

CERN EP,
CH-1211 Geneve 23, Switzerland

E-mail: werner.riegler@cern.ch

AssTtrACT: We derive expressions for the time resolution of silicon detectors, using the Landau
theory and a PAI model for describing the charge deposit of high energy particles. First we use
the centroid time of the induced signal and derive analytic expressions for the three components
contributing to the time resolution, namely charge deposit fluctuations, noise and fluctuations
of the signal shape due to weighting field variations. Then we derive expressions for the time
resolution using leading edge discrimination of the signal for various electronics shaping times.
Time resolution of silicon detectors with internal gain is discussed as well.

Keyworps: Charge transport and multiplication in solid media; Detector modelling and simulations
II (electric fields, charge transport, multiplication and induction, pulse formation, electron emission,
etc); Solid state detectors; Timing detectors

21



Approximate formula for LGAD time resolution

Gain )

T=

T=z/v,

T>zlv,

Time for electrons and holes to
cross a silicon sensor of a
given thickness

W. Riegler/CERN
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Approximate formula for LGAD time reolsution

— Landau rm.s. --- PAlrms. ---- PAlsigma --- Poisson
i
118 236 4712 708 3 1179 1415
0.45 . . . .
oar ¥ |
035k ] ——.
*,
.
b -,
03 . S
~—
_. na2sf 1 S———— W
3 o N s el T S,
o2l e —————————————
Wy
R N B B
N
0.l A
Sy
-
005 . _— Wiy
_____________________________
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a) dium)

= biomioma Time (3]

b)

260 280

Figure 4. a) The function w(d) for different values of silicon thickness. w represents the Landau theory,
wy represents the PAI model and ws applies for the PAI model if we use a Gaussian fit instead of the r.m.s.
as a measure of the time resolution. b) Centroid time distribution for 4 = 50 um and V = 220V for the PAI
model. The dashed curve represents a Gaussian with a oo = A (w3) and the dotted curve is a Gaussian fit to
the histogram (ws).
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The CMS Experiment Upgrade

04/02/2014

W. Riegler, CERN



CMS design for n=1.0 o 25
N

. ] A
10 yrs operation I Muon Barrel: DT, RPC‘_ <\~
at 1x10%cm?s | T 1T | ‘

HCAL: HO 4

HCAL: HB
HE [*=9 ECAL: EB

Muon Endcap:
CSC, RPC

| EE -——
| Ly HF ki ] Silicon Tracker —
e e
I I
Tracking 1 7 ] ]
More than 220m? surface and ECAL
76M channels (pixels & stri HCAL
channels (pixels & strips) Lead Tungstate (PbWO,) HB and HE: Brass/Plastic scintillator
~ : nd HE: Br stic scin
6m long, ~2.2m diameter EB: 61K crystals, EE: 15K crystals B aos/rie

Sampling calorimeter. Tiles and WLS fiber
HF: Steel/Quartz fiber Cerenkov calo.
HO: Plastic scintillator “tail catcher”

Tracking to |n|<2.4

Muon System

Muon tracking in the return field

Barrel: Drift Tube & Resistive Plate Chambers
Endcap: Cathode Strip Chambers & RPCs

Trigger

Level 1 in hardware, 3.2us latency ,100 kHz
ECAL+HCAL+Muon

HLT Processor Farm,1 kHz: Tracking , Full reco




Tracker
ECAL
HCAL
Muons
Solenoid coil

PAS)



Phase 1 Upgrades — Pixel Detector

27

Upgrade

Outer rings
n=0 n=0.5 n=1.0 20
/ =28 — Upgrade
4 barrel layers
n=2.5
~ Innerrings
+—/
n=25 —_ Current
3 barrel layers
Current ~—
n=2.0
n=0 n=0.5 n=1.0 n=1.5
o 4 layers / 3 disks
- 1 more space point, 3 cm inner radius
- Improved track resolution and efficiency Pilot blade (partial disk) in LS1

o New readout chip
- Recovers inefficiency at high rate and PU
o Less material
- CO2 cooling, new cabling and powering scheme (DC-DC)
o Longevity
- Tolerate up to 100 PU and survive to 500 fb!, with exchange of innermost layer
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Phase 1 Upgrades — HCAL

o Backend electronics upgrade to uTCA
o New readout chip (QIE10) with TDC
- Timing: improved rejection of beam-related backgrounds, particularly HF
o Replace HPDs in HB and HE with SiPMs HB/HE FE upgrade in LS2
- Small radiation tolerant package, stable in magnetic field

- PDE improved x3, lower noise

- Allows depth segmentation for improved measurement of hadronic clusters,
' “ackgrounds, and re-weighting for radiation damage

\J» HF BE upgrade in LS1, FE at end of 2015

14

13

- Tested to 3000 fb-1
=———ccoom==x - Neutron sensitivity low
A I .

12 11 10 ., 8

% ¥ ‘

2 SiPM,

2

1 Readout

A

. Quadrant of HB and HE showing depth

segmentation with SiPM readout

7
29
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Driving Considerations for the Phase 2 Upgrade

29

» By LS3 the integrated luminosity will exceed 300 fb-t and may approach 500 fb!
(use 500 for detector studies)

» CMS looks forward to over 5x more data beyond that, at significantly
higher PU (and steady throughout the fill) and radiation

» HL-LHC with lumi-leveling at 5x1034cm2s! will deliver 250 fb! per year

o Driving considerations in defining the scope for Phase 2
- Performance longevity of the Phase 1 detector
- Physics requirements for the HL-LHC program and beam conditions
- Development of cost effective technical solutions and designs
- Logistics and scope of work during LS3

o The performance longevity is extensively studied and modeled, and the radiation
damage models are included in full simulation

o While the barrel calorimeters, forward calorimeter (HF) and muon chambers — will

perform to 3000 fb3, it is clear that the tracking system and endcap calorimeters
must be upgraded in LS3
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Electromagnetic Endcap Calorimeter (PbWO, Crystals), light output will become too small due to radiation damage

/
L =
— D

Hadron Endcap Calorimeter (Brass Scintillator) has to be replaced. CrytalsyPlastic Scintillators and WLS fibers

will broken by radiation.

Entire silicon Tracker has to be replaced = radiation hardness and readout (track triggering)



Performance Considerations

31

o Mitigation of the effects of high PU relies on particle flow reconstruction and
excellent tracking performance.

The Phase 2 tracker design must maintain|good performance at very high PU
We propose to extend the tracker coverage to higher n - the region of VBF jets

We are investigating|precision timing|in association with the calorimeters as a
means to mitigate PU for neutral particles

o Endcap coverage

The present transition between the endcap and HF, at [n| = 3, is at the peak of
the distribution of jets from|VBF|We are studying the feasibility of extending the
endcap coverage, and integrating a muon tagging station.

This has the potential for a significant improvement for|VBF|channels, but will
have implications for radiation and background levels. Studies are ongoing.

Physics studies ongoing to optimize the requirements in resolution & granularity.
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Vector Boson Fusion (VBF) -Jets

2n

g~ jet

A

)

—— L
'\.\‘ II..- -
—_—— -

n=3

Very important channel to
measure.

Quarks do not interact
through color exchange i.e.
the jets are peaked in forward
direction at n=3.

Signature: high jet activity in
forward region, little hadronic
activity in the barrel.

n =3 is exactly in the
transition region of the
endcap calorimeters !
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Phase 2 Tracker: conceptual design

o Outer tracker
- High granularity for efficient track reconstruction beyond 140 PU
- Two sensor “Pt-modules” to provide trigger
information at 40 MHz for tracks with Pt>2GeV
- Improved material budget
o Pixel detector
- Similar configuration as Phase 1 with 4 layers
and 10 disks to cover up to |n|=4
- Thin sensors 100 pm; smaller pixels 30 x 100 pm
o R&D activities
- In progress for all components - prototyping of
2S modules ongoing
- BE track-trigger with Associative Memories

5 cm long strips (both sides)
90 um pitch

P=272W

~92 cmZ2 active area

2.4 cm long strips + pixels
100 pm pitch

P=5.01W

~ 44 cm?2 active area

Trigger track selection in FE

%?II i E E ;; g ‘; — =|  “stub” pass fail
TE——— = %% -
E—— B # - >
“F—— T T X i il — =
| S s e ’“ml
_ | _ — [
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CMS crystal calorimeter performance for HL-LHC radiation

16th International Conference on Calorimetry in High Energy Physics (CALOR 2014) [OP Publishing
Journal of Physics: Conference Series 587 (2015) 012014 doi:10.1088/1742-6396/587/1/012014

:_\ : S P
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e, — L1 at 3000 fb-1 (13TeV)
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HE response degradation
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n figure 3. Response degradation of the Hadron Endcap calorimeters at different operating points for

wo different longitudinal segmentations in the calorimeter and as a function of pseudorapidity.
gure 2. Simulated fraction of ECAL response to 50 GeV electrons under different operating

nditions as a function of pseudorapidity.



CMS endcap calorimeter upgrade

TP Calorimeter Design

o | o I N Construction:
= N—— » Hexagonal Si-sensors built into
‘ 1N modules.
4] sps " : * Modules with a W/Cu backing plate
, : and PCB readout board.

* Modules mounted on copper cooling
plates to make wedge-shaped
cassettes.

s e P 2 » Cassettes inserted into absorber

structures at integration site (CERN)

L L L L
MEOQ frant EI.
U0

N5

Lo Key parameters:

_ « 593 m? of silicon
Y ‘ * 6Mch, 0.5 or 1 cm? cell-size
« 21,660 modules (8" or 2x6” sensors)
| | I | * 92,000 front-end ASICS.

» Power at end of life 115 kW.

System Divided into three separate parts:
EE — Silicon with tungsten absorber — 28 sampling layers — 25 X, (~1.3 A)
FH — Silicon with brass (now stainless steel) absorber — 12 sampling layers — 3.5 A
BH — Scintillator with brass absorber — 11 layers — 5.5 A

EE and FH are maintained at — 30°C. BH is at room temperature.
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Electro Magnetic Calorimetry

4£ﬁv9)<: b X Xo | Xo |
[
o —t '
7 Eo ‘ QL M fi‘:;:“ i

X"

Eé(lwhaful"é ,SLouev - Eh (o(otiiv;r

A
ba Nyg 2* (s

el

CC

) 2. 183773

Nmy=2" ... Munbe 0(5 porhil, (€*9) afbr n X,
E(n)- :;:T‘O .- Average 5'!*370(5 pavhichs aflev n X,
Shower Jlop_s /‘j E(n)= Ec»;t{c(.

4 Eo
? Mpox = a2 L E Showey [&’1{ vises will Jn Eo

Critical Energy E, = electron energy where
energy loss due to Bremsstrahlung equals
energy loss due to ionization.

. €10 4 €10 .
E. 2et2u ¢V v fleV

For Pb (Z=82) and 1000GeV electrons n,,, =17

W. Riegler/CERN
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Simulated EM Shower Profiles in PoWO,

Simulation of longitudinal shower profile Simulation of transverse shower profile

;e T T S B L R T = = T T T T
=014 | 1 =
2 -1 GeV S
Son |l oot (a) 1 < 1 b 4
= - . 10 GeV = Y ]
= o~ S

oaf [ &5 =-.

1000 GeV

008 L1 S AN1000GeY | L]

SR 10
006 | o & &
0.4 F. . 0 :
0.02 : : ..: n'. = 10 2
0 w L | | L | 1 E T | N [ | L [ 1 LA
0O 25 5 75 10125 15175720225 25 0 1 2 3 4 5 §]
t = X/X0 1 = Rho/X0

FIG. 2. (a) Simulated shower longitudinal profiles in PbWO,, as a function of the material thickness (expressed in radiation
lengths), for incident electrons of energy (from left to right) 1 GeV, 10 GeV, 100 GeV, 1 TeV. (b) Simulated radial shower profiles
in PbWO,, as a function of the radial distance from the shower axis (expressed in radiation lengths), for 1 GeV (closed circles)
and 1 TeV (open circles) incident electrons. From Maire (2001).

In calorimeters with thickness ~ 25 X, the shower leakage beyond the end of the
active detector is much less than 1% up to incident electron energies of ~ 300 GeV
(LHC energies).

Xy, 0f Pb =0.56 cm - 25X,=14cm Xo 0f PbOWO, = 0.89cm > 25X,=22.5cm
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Crystals for Homogeneous EM Calorimetry

Length of Crystal =23cm

LN e
|

Fig. 2. Longitudinal drawing of module 2, showing the structure
and the front-end electronics layout.

W. Riegler/CERN



Hadronic Calorimetry

In Fodroc Cooceder the [ongikéuel .
. - J To absorb a hadron shower one typically needs

Showev Is Jives by the Ahsorbho 10-11 interaction lengths.
Law oth - " % The interaction length is not such a strong function
‘ of the material, it should just be very HEAVY ! Cu,
Fe, Pb

I lVf?w( Debclov Nolwisy 2, s
my L LOV}LV Won XO

10 lambda = 170cm of iron.

py 4 CMS uses a Cu/Zn mixture with lambda = 16.4cm
AL~ 535 4° and a total of 6 interaction lengths + detector =
Lo A — 120cm in order to keep the coil radius small.

Q Xo A
Fe 31.837 1.36cm v 47 Cn, To arrive at >10 lambda in total, a ‘tail catcher’ is
Ph M35 0. 5Cem ~ 17l added outside the coil.

om m 2m

Key:

Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
il Photon

Electromagnetic
}l”'] Calorimeter

——
e
D Barmey, CERN, Fubraaay 2004

39 Transverse sice W. Riegler/CERN
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X0 (cm)

Radiation length of elements
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Radiation length of elements
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Moliere radius
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Moliere radius of elements
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Moliere radius of elements
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(Moliere Radius)/X0
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Lambda (cm)
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Nuclear interaction lengthsof elements
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05/02/2014

The ALICE Experiment upgrade

W. Riegler, CERN
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o ACORDE | AUCE Cosmic Rays Detector
e AD | AUCE Diffractive Detector

o DCal | Di-jet Calorimeter

o EMCal | Electromagnetic Calorimeter

HMPID | High Momentum Particle
e I identification Detector

ALICE Upgrade

6 ITS-IB | inner Tracking System - inner Barrel

0 ITS-OB | Inner Tracking System - Outer Barrel

”/A‘RE*SMMj 3
P2 : . oAl
Wi ) 7 el € MCH | Muon Tracking Chambers
- L=t 15 i
—— % - o MFT | Muon Forward Tracker
= @ MID | Muon Identifier
2] (1) @ PHOS / CPV | Photon spectrometer
=—— —- @ TOF | Time Of Fiight

@ TO+A | Tzero + A

m TO+C | Tzero + C

@ TPC | Time Projection Chamber
@ TRD | Transition Radiation Detector
m VO+ | Vzero + Detector

@ ZDC | zero Degree Calorimeter

Time Projection Chamber (TPC) New Trigger Detectors (FIT)
: Online Offline (02) system 58
* New readout chambers using GEM 02) sy New Central Trigger Processor (CTP)

* new computing facilit
technology puting Y TOF, TRD new readout electronics

* New electronics for continuous readout * online tracking & data compression PHOS, EMCAL, CPV, HMPID
SAMPA * 50kHz PbPb event rate _ _
( ) improvement of readout rate with

existing electronics
MUON ARM

e New electronics for Muon
Chambers (SAMPA)
e New electronics for Muon Trigger

Common Projects:
Common Readout Unit (CRU) for all detectors (PCl card)
SAMPA common FE chip for TPC and Muon arm c1



Time Projection Chamber (TPC):

Gas volume with parallel E and B Field.
B for momentum measurement. Positive effect: Diffusion is
strongly reduced by E//B (up to a factor 5).

Drift Fields 100-400V/cm. Drift times 10-100 ps.
Distance up to 2.5m !

” gas volume
®
‘6‘9 /
- %
-— _)dl’lft %
|
< .
a 9‘9 7 %
y //x -« > /
- ®
z 3
charged track

Wire Chamber to
detect the tracks

W. Riegler/CERN

ALEPH

Run=15768 Evt=55%06
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W. Riegler/CERN

STAR TPC (BNL)

Event display of a Au Au collision at CM energy of 130 GeV/n.

Typically around 200 tracks per event.

Great advantage of a TPC: The only material that is in the way of the particles
IS gas = very low multiple scattering - very good momentum resolution down

to low momenta !
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ALICE TPC: Detector Parameters

« Gas Ne/ CO, 90/10%
 Field 400V/cm

« Gas gain >10%

* Position resolution o= 0.25mm
 Diffusion: o= 250um Jem
 Pads inside: 4x7.5mm

« Pads outside: 6x15mm
 B-field: 0.5T

W. Riegler/CERN
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W. Riegler/CERN

ALICE TPC:

Largest TPC:

Length 5m
Diameter 5m
Volume 88m3
Detector area 32m?2
Channels ~570 000

High Voltage:

Cathode -100kV

Material X,

Cylinder from composite
materials from airplane
industry (X,= ~3%)

Construction Parameters
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W. Riegler/CERN

ALICE TPC: Pictures of the Construction

Precision in z: 250um End plates 250um

Wire chamber: 40um

56



ALICE TPC Construction

My personal contribution:

A visit inside the TPC.

W. Riegler/CERN
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W. Riegler/CERN

First 7 TeV p-p Collisions in the ALICE TPC in March 2010!
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W. Riegler/CERN

First Pb Pb Collisions in the ALICE TPC in Nov 2010 !

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693

60
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TPC Upgrade with GEMs

Replace wire chambers
With quadruple-GEM chambers

EEEEEEEEEE
CAGE

%" =

Exploded view of a GEM IROC
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TPC upgrade — Why? b

ALICE

. . . I

ROC ion feedback (A;,; and A,,40,: dEPENDENL) Gaing  Anode 1

] L :

GG open GG closed 5 e ey

inter.  Lla  (drift time) (ion coll. time in ROCs) 3 Gas Amplifiaion ® % & g
Y | Anieiaiieieieiinieieisieeieiieeieiete i Y \ = ©

: ] y

t0 t0+7.7us Int. + 100pus Int. + 280us | o .@ . I

1

[

!

O Space charge (no ion feedback from triggering interaction)
GG open [t0, t0+100us], t0 = interaction that triggers TPC
GG closed [t0+100us, t0+280us]
Effective dead time ~ 280us ® max readout rate ~3.5 kHz

Maximum distortions for A,,, =50kHz and L1=3.5kHz: Ar ~1.2mm
(STAR TPC distorsions ~1cm)

MWPC not compatible with

O Space charge for continuous readout (GG always open) 50 kHZ operation

gain ~6x103

20% ion feedback if GG always open ® ion feedback ~103 x ions generated in
drift volume

Max distortions for 50kHz ~100cm -




Triple-GEM principle of operation

a’f
Wy

Jmm S b Drift Gap |

= J
- - - “_--------g
I ©
Zmm il Transfer Gap ;T
- - -qi--------g
2Zmm | Transfer Gap ﬁ'

Iy
-
- Induction Gap

/ | D Readout
Electronics

* Fast electron signal (polarity!)

III

* no “ion tai

Drift
Cathode

GEM

GEM

GEM

Readout
PCB

* No “coupling to other electrods”

=» Gas gain about a factor 3 lower than

in MWPC

ALICE
GEMs are made of a copper-kapton-copper
sandwich, with holes etched into it

N
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TPC upgrade — Why?
R&D status with quadruple GEMs

T s
18
16
14
12
1.0

—o— IBF -
08
06

—o— ofre] °
16
[ Ep =4KVicm ;
04 B aRViem & (
2
0

IBF (%)

4-GEM (S-LP-LP-5)
Ne-CO,-N, (90-10-5)

110

0.33%

02} E_=01kVicm i

0-0-..I....I....I....I....I..
0.0 0.5 1.0 1.5 20 25

E,, (kV/cm)

* further reduction of IBF in 4-GEM system
with large-pitch GEMs (S-LP-LP-S)

» consideration of energy resolution is important:
dE/dx performance requires o(>°Fe) £ 12%

Harald Appelsh3user, LHCC Meeting Dec. 3, 2013 8
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further optimization: IBF vs. energy resolution

ALICE

- 22 LN L R B S L B L B R B R B 20 a — 20 T i i i j T
A 4-GEM (S-LP-LP-5) 118 2 zz, I 4-GEM (5-LP-LP-5)
b 1gl Ne-CO,-N, (90-10-5) = - Ne-CO,-N, (90-10-5)
D18} 116 %
16| 5 I
I - 14 % 150 )
14 =
[ 4112
12} B v
L 410 g 3/a"
10 1s T —m—V_ _=235V,08
0.8 10k —=—V__ =255V, 08 |
06} 16 —=—V_ _=285V,08 |
0al —e—IBF, V=235V ], —o—V__ =235V,095 |
~l —a— IBF, V=255 V —o—V_, =255V, 005 |
02l 12 Vs a= Veena! V. =
I —»— |BF. V._ =285V | - 34 cene/ Ve ——V =285V, 085
Do ey LT 0 5 L Ly
220 240 260 280 300 320 05 1.0 15 20
Vg (V) 1/sqrt(1B)

* Comprehensive voltage scan establishes operational point with IBF < 1% and energy

resolution o(>°Fe) < 12%

- All performance studies are for IBF = 1% at gain = 2000, i.e. £ = 20

Harald Appelshduser, LHCC Meeting Dec. 3, 2013
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ALICE TPC upgrade

simulation: IBF in 4-GEM systems

—a— Meas 5-5-LP-5
—o— 5im1 S-5-LP-5
—o— S5im2 S-S5-LP-5 .
—o— 5im3 S5-5-LP-5

—a— Meas S5-LP-LP-5
—o— Sim1 S-LP-LP-S
—o— Sim2 S-LP-LP-S
—o— S5im3 S-LP-LP-S

E_ (kV/cm)

IBF quantitatively well described
by simulation based on Garfield++

Harald Appelshduser, LHCC Meeting Dec. 3, 2013 10

67



IROC

Cover electrode

GEM 1

ALICE TPC upgrade

GEM 2

3
2 mm
¥

2 mm
¥y

GEM 3
GEM 4

.
2 mm
¥

Pad planc NN O S S S N S S

Strong back

N
2 mm

k.

ALICE

large-size single-mask
GEM foils

one (three) per layer
in IROC (OROC)

Harald Appelshiuser, LHCC Meeting Dec. 3, 2013

11
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ALICE TPC upgrade

Wire chambers GEM detectors

BEFORE AFTER

Find (O(10°) differences between two pictures

ALICE

69






Summary

... a random walk through detector principles, recent technologies and LHC experiment upgrade ideas ...

Since the original construction of the LHC detectors, many developments have taken place that are being
implemented in the LHC detector upgrades.

New radiation hard silicon sensor with n-in-p technology will be used for the Phase-I and Phase-Il upgrades.

Major progress on monolithic silicon sensors allows large scale application in areas with already significant
radiation loads. The technology develops very fast.

Silicon photomultipliers are being used on a large scale for calorimetry, fiber tracking and precision timing.
LGAD sensors for precision timing are implemented in the HL-LHC upgrades on a large scale.

Availability of 40MHz sampling ADCs and high rate radiation hard optical links allow to read out of the
entire calorimeter and muon system information as well as coarse tracking information at the full bunch

crossing rate for sophisticated high level triggering.

The significant increase in available computing power allows sophisticated selection algorithms and data
compression in the HLTs.
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