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Outline

Lecture 1: Overview of experiment and machine goals,
some overall numbers and facts

Lecture 2: LHCb and CMS upgrade plans,
with excursion into DAQ/Trigger and photon detectors

Lecture 3: ALICE and ATLAS upgrade plans,
with excursions into Silicon and Micropattern Gas Detectors

Bonus: Brainstorming on detectors for a FHC (100TeV)
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Excursion to DAQ and Trigger Systems
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The Challenge at LHC
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Triggering
There is no way to write all data to tape ! (today)

There is no way even to send all data into a computer farm for
processing and event selection !

We must inspect the detector information with a hardware layer based on
,simple’ signals and provide a first decision on whether to keep the event or
throw it out.

ATLAS/CMS - 40MHz to 100kHz with first Trigger Level.

Detector data not all promptly available = Selection function is
highly complex and is evaluated by successive approximations,
the so called Trigger Levels.

First Trigger Level is based on ‘simple’ signals like Calorimeter
Energy or Muon Momentum.

More sophisticated triggering strategies are needed for HL-LHC, i.e. very possibly

track triggering at first trigger level !
04/02/2014
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Selectivity: the Physics

« Cross sections of physics processes . LHC \s=14TeV  L=10%cm’s" e sy
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LHC to HL-HLC

ATLAS/CMS plans for L=5x1034
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Interaction rate
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Year

Triggering

Pipeline Memories, e.g. ATLAS
Liquid Argon Calorimeter:

Analog pipeline i.e.

Switch Capacitor Array (SCA)

Up to now, full Digitization was not

possible at 40MHz 10bit in 2005 due

to excessive power consumption.

The power consumption of ADCs has

however desreased dramatically

over the last years i.e. for the LHC
experiment upgrades, 40MHz
digitization will be possible !

22ps
<255 TRIGGER
(HW) 5oz

zzzzz

07s  EVENTFILTER
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40 MHz

i 5-10 kHz (2MB/event) i 10 kHz (4MB/event)

10-20 GB/s € PEAKOUTPUT = 40 GB/s

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 9



LLT: p,ely,
hadrons

B 540 MHz

B 20 kHz (0.1 MB/event)

A 4
st _

2 GB/s € PEAK OUTPUT > 75 GB/s

50 kHz (1.5 MB/event)

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 10



Moore’s Law

http://www.livescience.com/23074-future-computers.html

If the doubling of computing power every two years continues to hold, "then by 2030
whatever technology we're using will be sufficiently small that we can fit all the
computing power that's in a human brain into a physical volume the size of a brain,"
explained Peter Denning, distinguished professor of computer science at the Naval

Postgraduate School and an expert on innovation in computing. "Futurists believe
that's what you need for artificial intelligence. At that point, the computer starts

thinking for itself.”

- Computers will anyway by themselves figure out what to do
with the data very soon.

04/02/2014 W. Riegler, CERN 11



&N Big Data
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8 standard

8 data
processing
applicable

size
“Data that exceeds the boundaries and sizes of
normal processing capabilities, forcing you to take

a non-traditional approach”

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 12



N How do we score today?

N/

Tweeter

Stock database

] RAW + Derived|data @ Run1

Library of Congres Digital collection
Climatic Data Center database
LHC raw data per year . I L

YouTube videos per year

Digital Health records

Google index

Facebook new content per year

0 20 40 60 80 100 120 140 160 180 200
PB

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 13



V Data: Outlook for HL-LHC

N/

450.0

400.0 —

350.0 ——

300.0 —

250.0

PB

200.0

150.0 —

100.0 | —

50‘0 -—'

0.0

Run 1 Run 2 Run 3 Run 4

« Very rough estimate of a new RAW data per year of running using a
simple extrapolation of current data volume scaled by the output rates.
» To be added: derived data (ESD, AOD), simulation, user data...

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 14



V Exabyte Scale

N/

« We are heading towards Exabyte scale

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 15



V Scales

We have to learn new vocabulary for HL-LHC era:

3000 fb-1 = 1 attobarn?!' atto =10-18

1000 petabyte 1 exabyte exa= 10"

We have to cover 36 orders of magnitude in our day to
day communication !

We compete with inflation theorists ...

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 16



@) CPU: Online + Offline

Moore’s law limit

160

GRID
140

MHS06

“ ATLAS

120 CMS

100 wlHcp Room for improvement — — —»
“ ALICE GRID

80

60
Historical growth of 25%/year <~ _ _

40 e

—
20

ONLINE

0
Run 1 Run 2 Run 3 Run 4

» Very rough estimate of new CPU requirements for online and offline
processing per year of data taking using a simple extrapolation of current
requirements scaled by the number of events.

» Little headroom left, we must work on improving the performance.

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 17



\/ How to improve the
L performance?

Very little gain to be

/ > expected and no action to

« Clock frequency be taken
 Vectors . .

_ o Potential gain in
* Instruction Pipelining throughput and
 Instruction Level Parallelism (ILP) in time-to-finish
* Hardware threading

Gain in memory footprint
and time-to-finish

 Multi-socket but not in throughput

 Multi-core }
 Multi-node

Improving the Running independent jobs per core
| ith s th | (as we do now) is optimal solution

algoritnms IS the only for High Throughput Computing
way to reclaim factors in applications

performance!

Predrag Buncic, October 3, 2013 ECFA Workshop Aix-Les-Bains - 18
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The LHCb Experiment Upgrade
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The LHCb Upgrade Program

ECFA High Luminosity LHC EXperiments WWorkshop
Aix-les Bains _1-3 October 2013
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Motivation

LHCDb is a high precision experiment devoted to the search for New Physics (NP)
beyond the Standard Model (SM) by

» studying CP violation and rare decays in the b and c-quark sectors

» searching for deviations from the SM due to virtual contributions of new heavy
particles in loop diagrams

» being sensitive to new particles above the TeV scale not accessible to direct searches

Past and running experiments have shown that:
v" flavour changing processes are consistent with the CKM mechanism

v' large sources of flavour symmetry breaking are excluded at the TeV scale
v" the flavour structure of the NP, if it exists, would be very peculiar at the TeV scale (MFV)

However:
» measurable deviations from the standard model are still expected, but should be small
» need to go to very high precision measurements to probe the most clean observables

- LHCDb upgrade essential to increase statistical precision significantly

% 04/02/2014 W. Riegler, CERN Andreas Schopper 21



LHCD statistical sensitivity to flavour observables

Expected statistical uncertainties before and after the upgrade, compared to theory

Type Observable LHC Run1 LHCb 2018 LHCb upgrade  Theory
BY mixing ¢o(BY — Jhp @) (rad) 0.05 0.025 0.009 ~ 0.003
85(BY — Jhp £5(980)) (rad) 0.09 0.05 0.016 ~ 0.01
Aq(B?) (107%) 2.8 1.4 0.5 0.03
Gluonic ¢H(BY — ¢¢) (1ad) 0.18 0.12 0.026 0.02
penguin ¢ (B? — K*K*%) (rad) 0.19 0.13 0.029 < 0.02
26 (B° — ¢K2) (rad) 0.30 0.20 0.04 0.02
Right-handed FEBT = 47) 0.20 0.13 0.030 < 0.01
currents (B — ¢y) /Tpo 5% 3.2% 0.8% 0.2%
Electroweak S3(BY — K*utp™;1 < ¢* < 6GeV?/c?) 0.04 0.020 0.007 0.02
penguin g5 Ap(B° — K*utp™) 10% 5% 1.9% ~ 7%
A(Kptp=;1 < ¢ < 6GeV?ch) 0.14 0.07 0.024 ~ 0.02
B(BT —w ntutu)/B(BT — Ktutu™) 14% ™% 2.4% ~ 10%
Higgs B(BY — utup™) (1079) 1.0 0.5 0.19 0.3
penguin B(B® — utp™)/B(BY — utyp™) 220% 110% 40% ~ 5%
Unitarity (B — DWKWM) 7° 4° 1.1° negligible
triangle YB? — DFK*®) 17° g 5 .4° negligible
angles B(B® — J/y KY) 1.7° 0.8° 0.31° negligible
Charm Apr(D° — KTK™) (1074 3.4 2.2 0.5 -
CP violation AAcp (1073) 0.8 0.5 0.12 -

% 04/02/2014
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Luminosity [x10 30]

How to increase LHCD statistics significantly |

2012 running conditions LHCb up to LS2

S e T TS > running at levelled luminosity
N of ~4-1032 cm?s!, pile-up~1
) » first level hardware trigger
<1-2-10%3 cm-2s- running at ~1 MHz
10° | » record ~3-5 kHz
- < ~ 41032 cmr2s! LHCb 2012
o 2= 1 MHz limitation
ISR S DO R R S (vEouve |
T Py
LHCDb upgrade g :j_
» increase luminosity to a levelled o
1-2-10% cm?s7!, pile-up~5 i
> run fully flexible & efficient -
software trigger up to 40 MHz N AR 2N S
> record ~20 kHz PR BT inosiy (K10 Fomee

Luminosity [x10 *cm2s )

% 04/02/2014 W. Riegler, CERN Andreas Schopper 23




Trigger upgrade |

run an efficient and selective software trigger with access to N increase luminosity
the full detector information at every 25 ns bunch crossing and signal yields
upgraded Trigger effect on luminosity and signal yields
60 —
50 |
Pl LLT 20 L

e /Luminosity
[ A B—uu
30 v B—hadrons

custom electronics

Y, e, y and hadrons p_cuts

20 |

SLuminosity (fb™"), Yield (arb.unit)

Tracking and vertexing

h . . 10
Inclusive/exclusive selections -

L1
- NMFOD OO0~ NMS WO O~ O

FFFFFFFFF N ON ON ON ON ON ON N «~v

Storae OO0 0000000000000 O0O0O0
g NNNNNNNNNNNNNNNN?N

edar
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40 MHz architecture overview |

40 MHz

<+

N

Front-end

incl. Zero-
Suppression

individual
sub-systems

Front-End

electronics

underground

see N.Neufeld talk
. Event-size Rate Bandwidth
TFC Fan in/out [kB] [kHz] [Gbls] Year
ALICE 20 000 50 8000 2019
| ATLAS 4000 200 6400 2022
Trigger Throttle Back-end cMS 4000 1000 32000 2022
Interface n
LHCb 100 40000 32000 2019
|
AT
T >| DAQ
] } x| PAQ 20 KHz
I_ I S
| input buffer + event building oulp;t_b_u?fer
-ﬂ——'-' Global ECS
; ) event
optical link | — | common Back-End readout boards | _ buildi
. uildin
via GBT TELL40 [or PCI express] g
& HLT
~300m on surface

% 04/02/2014

W. Riegler, CERN
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Detector upgrade to 40 MHz readout |

v" upgrade ALL sub-systems to 40 MHz Front-End (FE) electronics

v" replace complete sub-systems with embedded FE electronics

v" adapt sub-systems to increased occupancies due to higher luminosity

» keep excellent performance of sub-systems with 5 times higher luminosity and 40 MHz R/O

A RICH Detectors

Muon System

4 JI—II

Trackmg System Calorimeters ._\. ;,.
0 10 m 20 m

% 04/02/2014 W. Riegler, CERN Andreas Schopper 26
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Vertex reconstruction with VELO |

candidates / (0.1 ps)

Current detector

light layout NI !,ﬁ

B e Tagged mixed z
LHCb | g
= o Tagged unmixed | &
400~ Fit mixed §
— 2]
wenn Eit unmixed N
— ()]
B ~
2
200 @
- from B.—Dn S
o
B . ] N
i ~ 45 fs time resolution
G | " N N N | L L L L | " " L L
0 1 2 3 4
decay time [ps]
Resolution of IP, vs 1/pT
100 FEC8Tav
s = e .
= impact parameter
*E==—2012 Data resp(;’:llﬁtigﬁ e
80E—— 2012 Simulation
70—
60
E 50
40
0E LHCb Internal
20 2012 Data:c = 11.6 + 23.4/p_um
10— 2012 Simulation: ¢ = 11.6 + 22.6/p_ um
O S S 3 S Y
1IpT [GeVic]
% 04/02/2014 W. Riegler, CERN
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VELO upgrade | ©5oonime”

Uperade challenge:
v' withstand increased radiation

(highly non-uniform radiation of
up to 8-10"° n, /em?* for 50 fb™!)
v" handle high data volume
v" keep (improve) current performance
» lower materiel budget

» enlarge acceptance
RF-foil

Technical choice : - 10 slot
: prototype

v' 55x55 um? pixel sensors with micro channel CO, cooling
v' 40 MHz VELOPIX (evolution of TIMEPIX 3, Medipix) curren
» 130 nm technology to sustain ~400 MRad in 10 years
» VELOPIX hit-rate = ~8 x TIMEPIX 3 rate
v" replace RF-foil between detector and beam vacuum
» reduce thickness from 300 um — ~150 um
v move closer to the beam
» reduce inner aperture from 5.5 mm — 3.5 mm

new aperture 3.5 mm

% 04/02/2014 W. Riegler, CERN Andreas Schopper 28




Micro channels
200 pm x 120 pm

—

165um
ASIC_ 1

VELO upgrade |

pixel detector with
| micro channel cooling
::J:)g?:::s ~400 um

Prototype pixel sensor

L:nLL

l ' H | tracks/chip/event

at L=2-1033 cm2s!

% 04/02/2014

W. Riegler, CERN

Andreas Schopper
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w 220
RICH(1) optics £
+__¥ = % 0.045 P
: : : < 160
Particles traversing radiator produce 2 140
. . =
Cherenkov light rings on an array of HPDs 5 120
. ] 100
located outside the acceptance 2 s,
60
RICH 1 N
C4F10 20
0.015 PR TR T T N W | 1 I TR T T T A | 0
10 10°
Photon Momentum (MeV/c)
. Detectors
Magnetic
Shield 1 ;
[ g 4 Hybrld with
- herical Photon embedded
A | ‘ .- pherica
eroge \o-- | & Mirror Detector : MI_'IZ Y
. . ‘ ctecto O chip
._Beam pipe spherical mirror
™ = 7 ( Si pixel orroy)
1024 elements
VELO / I \>‘Track \‘ Ceramic carrier
exit window [ N VACUUM \
\Carbon Fiber - \/ \
Exit Window = /\ \\Phczf_oz%w;ode
ISy [ fi }\
A - —
Plane < | Photoelectrons \\)’____‘,‘-:
Mirror | N N Flectrodes
\ Q‘n P /
\ Photon \ ~
. AN /\A&& i
\\ \t5 \\\ Ezl::j:r éinary )
‘ ‘ | ' photon detectors \ i
0 100 200 z (cm) optical input
window
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optimise RICH1 optics
——— RICH upgrade |

Luminosity of 21033 cm?s"! - adapt to high occupancies
1 | » acrogel radiator removed

pir » modify optics of RICH1 to spread out Cherenkov rings
(optimise gas enclosure without modifying B-shield)

40 MHz readout = replace HPDs due to embedded FE
» 64 ch. multi-anode PMTs (baseline)
» 40 MHz Front-End: Claro or Maroc chip

LTINS 0’;” e
Jem—— HPD prototype with
external electronics

% 04/02/2014 W. Riegler, CERN Andreas Schopper 31
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Pion misidentification efficiency [%]

pd
N

RICH upgrade

RICH Kaon ID RICH1-Optics-Comparison as function of luminosity

— Required Dets : RICH

I I T I T I I T
Lumi2-S-Current-V0-Optics-RICH1
RichDLLk-RichDLLpi > cut
Long tracks | 1.5 < P(GeV) < 100 | 0.5 < Pt(GeV) < 100
Required Dets : RICH
85499 Kaons in Acceptance

Lumi10-S-Current-V0-Optics-RICH1

I RichDLLk-RichDLLpi > cut
— Long tracks | 1.5 < P(GeV) < 100 | 0.5 < Pt(GeV) < 100
I Required Dets : RICH

103306 Kaons in Acceptance
Lumi20-S-Current-V0-Optics-RICH1

— RichDLLk-RichDLLpi > cut

Long tracks | 1.5 < P(GeV) < 100 | 0.5 < Pt(GeV) < 100

— Required Dets : RICH

103158 Kaons in Acceptance

— Lumi20-S-Vertical-V7G-Optimized-Optics-RICH1

RichDLLk-RichDLLpi > cut
Long tracks | 1.5 < P(GeV) < 100 | 0.5 < Pt(GeV) < 100

51469 Kaons in Acceptance

I T T I | T I I

Current RICHI1

» 2:10%2c¢m3s’!
— | » 10-10*2¢cm3s’!
4 | » 20-102cm3s!

- | RICHI1 upgrade
1 | » 20-10°2 cm2s’!

note:

. full GEANT MC
with standard
LHCb simulation

framework

70

Kaon identification efficiency [%]

% 04/02/2014
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Tracking System |

» excellent mass resolution
» very low background,
comparable to e*e- machines

> worlds best mass measurements
[PLB 708 (2012) 241]

» TT silicon
> IT silicon
» OT straw tubes

T
250

o =7 MeV/c?

Trigger T T-stations
Tracker

Events / ( 5 MeV/c? )
o
2

150

Upstream track
4

100 7/

50

o
-~
-~

VELO ™ ¥¥#==—=—— —
VELO track T~

5300 5350 5400 5450
My 6) [MeV/c?]

TI T2 T3

% 04/02/2014 W. Riegler, CERN Andreas Schopper 33




TT upgrade: Upstream Tracker (UT) |

vy witch o :

Y% pitch 5 Ength silicon strip detector staves a la
adapt segmentation to varying ATLAS-LBL
occupancies (out = in-side): ASICs

» 10 = 5 cm long silicon strips
» 180 = 90 um pitch
» p-in-n = n-in-p SENSORS

HYBRIDS

KAPTON
TAPE

SUPPORT

40MHz silicon strip
R/O = SALT chip

Region 0 Region 1 Region 2
6/7 modules 4 modules 6/7 modules [ JCF Foam / Honeycomb| | Facing

CFRP

84/98 sectors 80 sectors 84/98 sectors

Cooling Tubes

% 04/02/2014 W. Riegler, CERN Andreas Schopper 34




T-stations upgrade |

Inner Tracker & Outer Tracker Full Fibre Tracker

FTDR

Outer Tracker with straw tube technology

Inner Tracker with silicon strip technology

[ Tracker with scintillating fibre technology

% 04/02/2014 W. Riegler, CERN Andreas Schopper 35



T-stations upgrade: Fibre Tracker (FT)

S Clntlllatln g ﬁbre mat Distance between fibers(in ym)
4 oy Y N - P ‘ 160 —
C position
mean position 140~ I\E/lr::: : 244982
signal ok RMS 6.26
100
pos Photons can create signal C RMS~6 Mm
B 80—
(fired pixels are red) o
80—
ol . 40—
Fibres: -
@ =250 um B
p— _IIII‘I||A|I||||II I|||III||IIIIIIlllllllllllll
00 210 220 230 240 250 260 270 280 290 300
9
| Pixels
belong to
different
b, 3 - ; Pre-Amp . Zero optical tranceiver
( detector and Shaper 6 bits ADC Suppression (GBT)
channels f sipm  flex optical
] . A , J central tracker cable r_;_ fibres .
/ tral tra counting
= = (H oo b > e
- \ /
A
PACIFIC (Front End ASIC)
\ /
A4
Front End Board

analog readout by dedicated
40 MHz PACIFIC chip
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T-stations upgrade: Fibre Tracker (FT)

» 3 stations of X-U-V-X (£5° stereo angle) scintillating fibre planes
» every plane made of 5 layers of @=250 um fibres, 2.5 m long
» 40 MHz readout and Silicon PMs at periphery

readout at
<— periphery
Challenges = radiation environment
» ionization damage to fibres = tested ok

» neutron damage to SiPM = operate at -40°C

Benefits of the SciF1 concept:

v' a single technology to operate

v uniform material budget

v SiPM + infrastructure outside acceptance
v" fine channel granularity of 250 um

WGZ~Xg

v" x-position resolution of 50 — 75 um
v" high hit detection efficiency (> 99%)

v' fast pattern recognition
2X~3m

ik 8 —



Calorimeters upgrade

Radiation damage and occupancies:

v" Preshower and SPD removed

v" HCAL modules ok up to ~50 fb"!

v’ irradiation tests show that most exposed
ECAL modules resist up to ~20 fb-! > LS3

E beam, module #1 (irradiated 2Mrad) module #2 (not irradiated)
GeV light yield resolution, light yield, resolution, %
ph.el./GeV % ph.el./GeV
50 583+12 2.16x0.04 2598452 1.37+0.04
100 576+12 1.57+0.03 2611452 1.01+£0.03
120 571+12 1.36+0.03 2604+52 0.98+0.03

most inner ECAL modules around beam-pipe
can be replaced

TS ——

JUSS L N N S

I__vl_
18
'y
N
N
N
¥
'8
'8
'y
¥
'y
4]
3
1y

g
g
3]
3
a
§
e
)
3
<N
3

40 MHz readout electronics:

» reduce photomultiplier gain
» two interleaved integrators at 20 MHz
» fully differential implementation

» Track and Hold

=iy~

& ﬁ p=

Current amplifier Switched Track and
(mirrors) integrator Hold

ADC
driver

Second Prototype:
ICECAL2

Current
preamp

% 04/02/2014 W. Riegler, CERN
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Particle identification with Muon System

3 ~§.3:‘eyjéiu; uoriw f

[ | |- pRIWI Q|

5 stations M1 to M5

Modifications due to hi

her luminosity and 40 MHz readout:

>

YV V V

remove M1 due to too high occupancies
keep on-detector electronics (CARIOCA), already at 40 MHz readout
new off-detector electronics for an efficient readout via TELL40

production of spare MWPC for installation in LS3 in hottest regions

high detection efficiency: e(n) = (97.3£1.2)%

e(p—n)=(0.21+0.05)%
g(n— n) =(2.38+0.02)%
e(K— pn)=(1.67 £0.06)%

low misidentification rates:

Candidates / (25 MeV/c?)

& LHCb
]

10000

Vs=8TeV

8000

+

=

lIIIIIlIIIlIIIlII[lIII

<
!
=

nS

6000

4000

2000

11000
m( ) [MeV/e?]
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Summary

» due to its excellent detector performance LHCb is producing world
best measurements in the b and c-quark sector

> by 2018 with ~8 fb-! LHCb will find or rule-out large sources of
flavour symmetry breaking at the TeV scale

» the LHCb upgrade is mandatory to reach experimental precisions of
the order of the theoretical uncertainties

» an efficient and selective software trigger with access to the full
detector information at every 25 ns bunch crossing will allow to
collect the necessary >50 fb-! within ~10 years

» the installation during LS2 requires an 18 months shutdown

% 04/02/2014 W. Riegler, CERN Andreas Schopper 40
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y Photodetection in HEP (icFa) %.

The classical domains of application

O Calorimetry

« Readout of organic and inorganic scintillators, lead glass, scint. or
quartz fibres = Blue/VIS, usually 10s — 10000s of photons

O Particle Identification
» Detection of Cherenkov light >UV/blue, single photons

« Time Of Flight > Usually readout of organic scintillators (not
competitive at high momenta) or Cherenkov radiators

O Tracking
» Readout of scintillating fibres - blue/VIS, few photons

XII' ICFA School on Instrumentation in Elementary Particle Physics, Bogota, 2013
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Basics of photodetection

Many photosensitive materials are semiconductors,
but photoeffect can also be observed from gases
and liquids.

semiconductor =€ vacuum

Eo \
wi” 'EAapp 0| |EA
_ e L
EcT ~N v Wph>Eg
-
1 EF-\—N\ml- 5/\1@
””” Ey SO0 7

(Photonis)

Internal photoeffect: E, > E,

0 }h P [W]
e“eo\ [ photodet

77777777777777777777777 - Q\(\o’\o
1 E, = electron \_6((\6\
-affinity \® I [A]

QY
h — " —— p /)Ofo N

photodet

External photoeffect: E, > E . E,

lll Npe
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Photo-multiplier tubes (PMT’s)

Basic principle:

Photo-emission from photo-cathode

Secondary emission from N dynodes:

- dynode gain g = 3-50 (function of

incoming electron energy E);
- total gain M-

N
M = Hgi
i=1

Example:
« 10 dynodes with g=4
« M=40<~10°

Very sensitive to magnetic
fields, even to earth magnetic
field (30-60 uT = 0.3-0.6 Gauss).

- Shielding required (mu-metal).

E .

Incoming

Photon
Photo-

Focusing
Electrode

pe

Figure 1

Window
Anode Ms
\ ‘

J
Voltage Dropping
Resistors

-(http://micro.magnet.fsu.edu)

Power Supply ¢ e er

C. Joram CERN - PH/DT
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Photon Detectors at LHC

Photomultipliers (PMT):
 Used for ATLAS Barrel Hadron Calorimer scintillator readout

* Used for ALICE TO cherenkov detector and VO scintillator trigger detector
* Used for LHCb ECAL and HCAL scintillator readout
* Used for CMS Hadron Forward Calorimeter quartz fiber readout

04/02/2014 W. Riegler, CERN 45



Multi-anode and flat-panel PMT’s

Photocathode

~

J+——TFocusing electrodes

— X\

< Dynodes

= many times =2

Incoming

Photon\ Window
Photo-

Focusing
Electrode

04/02/2014 W. Riegler, CERN
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Multi-anode and flat-panel PMT’s ‘@'

R

| PMT
(Hamamatsu) Multi-anode PMT (Hamamatsu) MAPMT

« Up to 8 x 8 channels (2 x 2 mm? each);
Size: 28 x 28 mm?;

Bialkali PC: QE = 25-45% @ A
Gain =3 10>;

Gain uniformity typ. 1: 2.5;
Cross-talk typ. 2%

=400 nm;

max

2
S
o
:
-
%
Cherenkov rings from Flat-panel (Hamamatsu H8500): 5
3 GeV/c n~through aerogel =
06 « 8 x 8 channels (5.8 x 5.8 mm2 each) g
r (0]
ol 102 « Excellent surface coverage (89%) 5
TN ;
02| % IS
_ - ; :
ke F €
g of i 10 E
02} i 3 7 i E
04 E
[ ! m
[ TR | I | I T S N N N S S N R E 9
0'6—0.6 -04 -0.2 0 0.2 0.4 0.6 §
0, (rad)
(T. Matsumoto et al., NIMA 521 (2004) 367)
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Photon Detectors at LHC

Photomultipliers (PMT):
 Used for ATLAS Barrel Hadron Calorimer scintillator readout

* Used for ALICE TO cherenkov detector and VO scintillator trigger detector
* Used for LHCb ECAL and HCAL scintillator readout
* Used for CMS Hadron Forward Calorimeter quartz fiber readout

Multi Anode Photomultipliers (MA PMT):
* Planned for LHCb RICH upgrade to replace HPDs
* Planned for CMS Hadron Forward Calorimeter upgrade to replace PMTs

04/02/2014 W. Riegler, CERN 48



Micro Channel Plate (MCP) based PMTs @

PMT
% hot MA PMT
oton
Window/Faceplate > MCP PMT - Typical secondary
~ yield is 2
Photocathode Photoelectron AV ~ 200V
Dual MCP ANAANAARAANARARAANA NN ANRANANRRNNAANNNNNNNNNNNNNNNNNNNNNNNNN AVN ZOOOV ¢ For 40 1 LD there
/ P— are typically 10
ain "~ i 10 ~ 103
MCP-OUT T str.lkes (2 . I10
Pulse gain per single

plate)

- Pore sizes range
from <10 to 25 um.

MCPs are usually based on glass disks, with lots of aligned pores. . Small distances >

small TTS and good
immunity to B-field
PHUTUNIS

The surface of the pores are metal coated.

Gain stage and detection are decoupled - lots of
potential and freedom for MA-PMTs: Anode can be easily
segmented in application specific way.

T. T L L | B B 7

50 mm

XII' ICFA School on Instrumentation in Elementary Particle Physics, Bogota, 2013

Dual MICP Ceramic Insulators
Anode & Pins

Available with up to 1024 (32
x 32) channels (1.6 x 1.6 mm?)

I
N
©
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Photon Detectors at LHC

Photomultipliers (PMT):

* Used for ATLAS Barrel Hadron Calorimer scintillator readout

* Used for ALICE TO cherenkov detector and VO scintillator trigger detector
* Used for LHCb ECAL and HCAL scintillator readout

* Used for CMS Hadron Forward Calorimeter quartz fiber readout

Multi Anode Photomultipliers (MA PMT):
* Planned for LHCb RICH upgrade to replace HPDs
* Planned for CMS Hadron Forward Calorimeter upgrade to replace PMTs

Micro Channel Plate Photomultipliers (MCP PMT):
* Planned for ALICE TO cherenkov detector upgrade to replace PMTs

04/02/2014 W. Riegler, CERN 50



Hybrid Photon Detectors (HP

Basic principle:

- Combination of vacuum photon detectors and solid-
state technology;

- Optical window, (semitransparent) photo-cathode;

- Electron optics (optional: demagnification) focusing 77
electrodes

- Charge Gain: achieved in one step by energy
dissipation of keV pe’s in solid-state detector anode;
this results in low gain fluctuations;

- Encapsulation of Si-sensor in the tube implies:

o compatibility with high vacuum technology (low
outgassing, high T° bake-out cycles);

o internal (for speed and fine segmentation) or
external connectivity to read-out electronics;

o heat dissipation issues;

C. Joram CERN-PH/DT

D’s) @ %.

photocathode

electron

\

Sensor

SRR S
NN
silicon | !
n*/ t&; e-h

Energy loss eV, in |

(thin) ohmic contact =y pe—y ey

AV =20 kV
AV =Vth
M =4 ) > M~5000
WSi
o, =vVFxM F = Fano factor
F, ~ 0.1

Particle Interactions — Detector Design Principles
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Hybrid Photon Detectors (HPD’s)

10-inches (25.4 cm

|

10-inch prototype HPD (CERN)
for Air Shower Telescope CLUE.

C. Joram CERN - PH/DT
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Photon counting. Continuum due to
electron back scattering.
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Pixel-HPD’s for LHCb RICH detectors

Si pixel array
(1024 elements)

Ceramic carrier

SN

SRS S>3

Electrode

Solder

bump :
Eohde Binary

electronics
chip
N/EP-TA2

article

Optical input
window

« Cross-focused electron optics T. Gys, NIM A 567 (2006) 176-179 Pixel-HPD anode

« pixel array sensor bump-bonded to binary
electronic chip, developed at CERN

« 8192 pixels of 50 x 400 um.
« specially developed high T° bump-bonding;

« Flip-chip assembly, tube encapsulation (multi-
alkali PC) performed in industry (VTT, e il
Photonis/DEP) During commissioning:

illumination of 144 tubes by

beamer. In total : 484 tubes.
C.Joram CERN-PH/DT Particle Interactions — Detector Design Principles 4-53
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Photon Detectors at LHC

Photomultipliers (PMT):

* Used for ATLAS Barrel Hadron Calorimer scintillator readout

* Used for ALICE TO cherenkov detector and VO scintillator trigger detector
* Used for LHCb ECAL and HCAL scintillator readout

* Used for CMS Hadron Forward Calorimeter quartz fiber readout

Multi Anode Photomultipliers (MA PMT): o le 9 S O Focusingdkcuses

. NS
Planned for LHCb RICH upgrade to replace HPDs T%i}‘%@

* Planned for CMS Hadron Forward Calorimeter upgrade to replace PMTs

Micro Channel Plate Photomultipliers (MCP PMT):
* Planned for ALICE TO cherenkov detector upgrade to replace PMTs

Hybrid Photon Detectors (wpD): :
* Used for CMS Hadron Barrel and Hadron Endcap Calorimeter Scinitillator readout o
* Used for LHCb RICH detector - \ ““““ 1.,

electrodes’

........

04/02/2014 W. Riegler, CERN 54



@)

(Si) — Photodiodes (PIN diode)

- Gain=1
AvalanChe phOtOdiOde (APD) | P+ electric contact
- High reverse bias voltage: typ. few 100 V E field Groove to limit

(icFr) %.
7\  Solid-state photon detectors

P(I)N type

p layer very thin (<1 um), as visible light is
rapidly absorbed by silicon

High QE (80% @ A ~ 700nm)

surface currents
strength /

g‘n Elementary Particle Phyoluo, vuyula, v 1v

Special doping profile = high internal field S — A
(>10° V/cm) - avalanche multiplication — 40 ¢
e N- Drift space for low C 2
Avalanche stops due to statistical fluctuations. %
_ PMT -
Gain: typ 0(100) N+ —1— Low resistViSACPM T E’
2\\_"" <
Rel. high gain fluctuations (excess noise from \'ﬂ Electric Coml\glliCPPlNPIE)IIi'Ldg
the avalanche). CMS ECAL APD: ENF = 2 @G=50. Hamamatsu APD 7
. - . $8148. L
Very high sensitivity on temp. and bias voltage (140.000 pieces =

AG =3.1%/V and -2.4 %/K used in CMS barrel
ECAL).

C.Joram CERN-PH/DT PMT, MA PMT, MCP PMT, PIN Diode, APD Particle Interactions — Detector Design Principles 4-55



Photon Detectors at LHC

Photomultipliers (PMT):

* Used for ATLAS Barrel Hadron Calorimer scintillator readout

* Used for ALICE TO cherenkov detector and VO scintillator trigger detector
* Used for LHCb ECAL and HCAL scintillator readout

* Used for CMS Hadron Forward Calorimeter quartz fiber readout

Multi Anode Photomultipliers (MA PMT): o le 9 S O Focusingdkcuses

. NS
Planned for LHCb RICH upgrade to replace HPDs T%i}‘%@

* Planned for CMS Hadron Forward Calorimeter upgrade to replace PMTs

Micro Channel Plate Photomultipliers (MCP PMT):
* Planned for ALICE TO cherenkov detector upgrade to replace PMTs

Hybrid Photon Detectors (wpD): :
* Used for CMS Hadron Barrel and Hadron Endcap Calorimeter Scinitillator readout o
* Used for LHCb RICH detector - \ ““““ 1.,

electrodes’

Avalanche Photo Diodes (APD): =
e Used for CMS ECAL
e Used for ALICE PHOS and ECAL Calorimeters

04/02/2014 W. Riegler, CERN 56



—~
. i . . c
How to obtain higher gain (= single photon =
detection) without suffering from excessive noise ? %g
O
Operate APD cell in Geiger mode (= full discharge), °
however with (passive) quenching. S
S 2
o o
N ‘®
Photon conversion + avalanche short-circuits the = £
diode. o S
g g
i ®©
Bias voltage & §
£
| A =
| DIODE Linear [ Geiger E
I -mode ; -mode 5
| Y W : GEJ
I I R : quenching E
| V Col | : VBias 5 S :
I BD — VD —— 3 : discharge S 3
— N = AN %
| | . : 5 5
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I el . P < X
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&
GM-APD {\,bo@
: N
Bias bus o
O .
SO
> &
- Quench V¢
) A = OQ \O
sraszass \ N - = resistor Q‘\O

Sizes up to 6x6 mm?2 now standard.
o _Vbias

Quench

resistor

XII' ICFA School on Instrumentation in Elementary Particle Physics, Bogota, 2013

/ . 4
GM-APD o ' a
580 M5/s
(@] . SRR
N ofF 1
& 2Q -Musienko @PDO07

Quasi-analog detector allows photon counting with a clearly quantized signal
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Multi pixel G-APD = G-APD, MPPC, SiPM, ...

* G-APD show dark noise rate in the O(100 kHz — MHz / mm?) range.

You cannot get "something for nothing”
« The gain is temperature dependent O(<5% /°K)
=

* The signal linearity is limited
» The price is (still too) high

1087 (Ta=25"C)
1076 e
,l = 7
7/
3 1075 ,4/
@) 7
~ y (o))
- // O
c
S 10M A 2
o 7 8
o & ©
>
E 2
1073 ®
Q £
®
5
1072 = T
=== 0.5 p.e. thr. 5
= 1.5 p.e. thr.[]
10 T T

69.0 69.5 70.0 70.5 71.0 71.5 72.0

Reverse voltage (V)
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injected photoelectron per pixel
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Si PMs = G APD = MPPC: Dark Count Rate vs. Temperature

T el el e . MPPCS103g2-33-050C-32¢
W 1
M = [ b T=30C
= e = i e
o e T - T=10C
) 1 T—:;IDL. % d-_'-q’;’_ L-A ,_...--" e
[ 1L === =200 =t el “-r*_t =0C
_‘.."":H*‘/ k2 I=10C 10 B .,Ir"r*
_:,,ﬁ"}yf___;i:;? T=0C Ak
R e 102 |
A

10* £ 10t _ ’__"*V T=-50C
‘ i - & T=—B60C

» e
. i et -

103 , P H_:.::,. =
1= 102 _ ‘ ' -”(T‘—’t_v_,, T=-90C
0 | e |
1 - i £ 0 il L.
0 0.5 ] 0.5 | 1.p A2 Ae & 5 P

Overvoltage (V)

Nicoleta Dinu, LAL Orsay
Darc Count Rate (DCR) E.g. 1.5V:

1-10 MHz at T=30 C and 0.1-1kHz at -60 C !!!
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Fiber Tracking

Images of tracks from 5 GeV/c pions (1989)

Active target in WA84 (1989)

IMAGE INTENSIFIER

micro channel type
GLAS TAPER ,PRﬂ(lFliRS

: -20kV
magnification 2 5\ \ A
~ S AWeNK:
T N \ 3
[ S . VIDED signal
C o) (I | e
~ b —~1x< N / ! OkV
TARGET ( \ ‘ akV viekv {
5x1oxaggm | \ ] g \ IMAGE INTENSIFIER
Fik ~ KV |30V ‘
mf’ﬁf lennn 30KV OkV SRRV oy +7kV
0.77PMP

FIBRE PLATE INSULATOR IMAGE INTENSIFIER
magnification= L8
gain @ 10

Readout of photons in a cost effective way is rather challenging.

Only a few photons per fiber, i.e. single photon sensitivity is necessary

04/02/2014 W. Riegler, CERN



T-stations upgrade: Fibre Tracker (FT)

b o : Distance between fibers(in ym
scintillating fibre mat gy
Y @ [ Y s T 160
C position
iti 140— Entries 485
: mean position — Mean 2495
signal p C RMS 6.26
120 —
100~
Photons can create signal C RMS~6 Mm
5 N 80—
(fired pixels are red) o
80—
ol . 40—
Fibres: -
@ =250 um wE
p— _IIII‘Illlllllllll I|||III||IIIIIIIII||||I|||II
900210 220 230 240 250 260 270 280 280 300
| Pixels
belong to
different
b, Pre-Amp . Zero optical tranceiver
( detector and Shaper 6 bits ADC Suppression (GBT)
A channels entral tracker SiPM cf;i)l(e r_. optical
Sl fibres counting
scintillating —» —k: > Q__GE | ]—)D N |> | Tores o
fibres room
4 N /
A
PACIFIC (Front End ASIC)
) \ /
. A4
1 SiPM Particle creates photons in each fiber Front End Board
channel
[f;,ﬂ" CEET 1 e analog readout by dedicated

40 MHz PACIFIC chip
- Operate at -40 C
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\/ SiPM designs (just examples)

 —— L —
Hamamatsu HPK (http://jp.hamamatsu.com/) \/
FBK-IRST

25x25pum?, 50x50um?, 100x100um? pixel size

50x50um? pixel size 4X4mml2
3X3mm2 £ i
1x1mm? ( Ii/ ru N

1x1mm?2 Y
3x3mm? \ ‘

, E‘ | | !

Arrays || E—
— |

1x4mm? 6x6 mm?2

4x4mm? 3x3 cm?

2x2 channels 8x8 channels
1x4 channels 2x2 channels

SensL (http://sensl.com/)
20x20um?, 35x35um?, 50x50pum?, 100x100um? pixel size

_» //5"' N\ 4
2 ) |\‘ 3
LS

3.16x3.16mm? 3.16x3.16mm? 6 X 6 cm?
4x4 channels 4x4 channels 16x16 channels
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Photon Detectors at LHC

Photomultipliers (PMT):

* Used for ATLAS Barrel Hadron Calorimer scintillator readout

* Used for ALICE TO cherenkov detector and VO scintillator trigger detector
* Used for LHCb ECAL and HCAL scintillator readout

* Used for CMS Hadron Forward Calorimeter quartz fiber readout

Multi Anode Photomultipliers (MA PMT):
* Planned for LHCb RICH upgrade to replace HPDs
* Planned for CMS Hadron Forward Calorimeter upgrade to replace PMTs

Micro Channel Plate Photomultipliers (MCP PMT):
* Planned for ALICE TO cherenkov detector upgrade to replace PMTs

Hybrid Photon Detectors (wpD): :
* Used for CMS Hadron Barrel and Hadron Endcap Calorimeter Scinitillator readout o
* Used for LHCb RICH detector - \ ““““ 1.,

electrodes’

Avalanche Photo Diodes (APD): =

* Used for CMS ECAL ﬁﬁ i |

e Used for ALICE PHOS and ECAL Calorimeters

Geigermode APDs (GAPD) = Multi Pixel Photon Counters (MPPC) = Silicon Photo Multiplier (SiPM):
* Planned for CMS Hadron Barrel and Hadron Endcap Calorimeter to replace HPDs
* Planned for LHCb Fiber Tracker (operation around -40 degrees)

04/02/2014 W. Riegler, CERN
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The CMS Experiment Upgrade

W. Riegler, CERN
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The CMS Upgrade Program

ECFA High Luminosity LHC Experiments Workshop
Aix-les-Bains, October 1, 2013

J. Spalding, on behalf of the CMS Collaboration

An outline of the upgrade program
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CMS design for n=1.0 67

10 yrs operation b Muon Barrel: DT, RPC‘_ =Y
at 1x10%*cm?s™ I s s el ‘

HCAL: HB
ECAL: EB

Muon Endcap:
CSC, RPC

i ] Silicon Tracke

T

. . o |
l Pixel Detector l
—— m—

—
_.[_1—7... HF
-y

Tracking
More than 220m? surface and ECAL
76M channels (pixels & stri HCAL
channels (pixels & strips) Lead Tungstate (PbWO,) HB and HE: Brass/Plastic scintillat
6m long, ~2.2m diameter EB: 61K crystals, EE: 15K crystals an - prass/Hlashic scintifator

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
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Tracker
ECAL
HCAL
Muons
Solenoid coil



ST T T T IR i e

J June 2013 - photo by
: ' Michael.Hoch@CERN.ch

69



70

LHC to HL-LHC - The Challenge

The accelerator upgrades will enable an extensive and rich physics program

> Experiment must maintain full sensitivity for 1S will be a very typical event

discovery and precision measurements at low py,
under severe conditions

o Pileup
— <PU> will approach 50 events per crossing by LS2
- <PU> =60 by LS3

— and <PU> up to 140 (accounting for uncertainty ‘ .
and bunch-to-bunch variations) for lumi-leveling 5. rved signal loss in HF quartz fibers

at 5x103*cm2s1at HL-LHC 2011+2012 Laser data vs Radiation dose
CMS prelimina

1.04 :' ARLAARRRRRARS Raan expectation (NIM A 585 (2008))

O RadIaUOn damage 1.02; n4:36-4:54
. . . 1€ 4 472519 i
— Light loss (calorimeters), increased leakage 0.98 B g
o = A= = k =
current (silicon detectors) 0%6E" F gy, -
: . . : 0.4 T -
— Requires work to maintain calibration 0.92F :
H H . . 0.9F ;v o
— And eventually limits the performance-lifetime - B E
of the detectors 0.861 . Dose,Mrad
35 4 45 5

o
o
(¢,]
—
~F
o
N
N
(&)
w
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CMS Upgrade program

LS1
2013-14

LS2
2018

v

LS3
2022-23

—

LS1 consolidation: Complete detector & consolidate operation for nominal LHC

beam conditions ~13 TeV, 1 x Hz/cm?, <PU> ~25

* Complete Muon system (4t endcap station), improve RO of CSC ME1/1 & DTs
* Replace HCAL HF and HO photo-detectors and HF backend electronics

* Tracker operation at -20°C

* Prepare and install slices of Phase 1 upgrades

S—

Phase 1 upgrades: Prepare detector for 1.6 x 103*Hz/cm?, <PU> ~40, and up to
200 fb! by LS2, and 2.5 x 1034 Hz/cm?, <PU> ~ 60, up to 500 fb! by LS3

* New L1-trigger systems (Calorimeter - Muons - Global) (ready for 2016 data taking)

* New Pixel detector (ready for installation in 2016/17 Year End Technical Stop)

* HCAL upgrade: photodetectors and electronics (HF 2015/16 YETS, HB/HE LS2)

Phase 2 upgrades: 2 5 x 1034 Hz/cm? luminosity leveled, <PU> ~128
(simulate 140), reach total of 3000 fb! in ~10 yrs operation
* Replace detector systems whose performance is significantly
degrading due to radiation damage
* Maintain physics performance at this very high PU




LS1 and Phase 1
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LS1

o Completion of the design for 1x103*cm™2s™! ME1/1 ad ME4/2 consolidation during LS1
B N N A P P

_~ [l RPCs _

— Muon endcap system ME

- ME1/1 electronics (unganging)
— ME4/2 completion of stations & shielding

— \MEZI? ! =

— Tracker
— Prepare for cold operation (-20°C coolant)

o Address operational issues in Run 1

— HF photo-detectors
— Reduce beam-related background

— HO photo-detectors

— operation in return field: replace with
Silicon PhotoMultipliers (SiPM)

o Preparatory work for Phase 1 Upgrades ; |
— New beam pipe and “pilot blade” installation for the - TR T

Pixel Upgrade P

— New HF backend electronics - ahead of HCAL '

frontend upgrade ::-' ' .7
— Splitting for L1-Trigger inputs to allow commissioning s | il (I
new trigger in parallel with operating present trigger |05 = | -
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Phase 1 Upgrades — L1 Trigger

Architecture based on powerful FPGAs and high bandwidth optics

— Entire upgrade (Calorimeter, Muon and Global triggers) built with three types of board,
all using virtex 7 FPGA

Calorimeter Trigger Muon Trigger
— Allows much improved algorithms o HB,H”SﬁiTR} HFHucHATLRJ [ csc ] L u } L RPG ]

for PU mitigation and isolation

— Trigger inputs split during LS1 to allow
full commissioning of new trigger in | ,
parallel to operating legacy system CaloTrigeer Layer

& fan-out

Calo Trigger Layer 2 Sorting/Merging Layer
’ e

———————————————

Global
Muon Trigger

Regional
Calo Trigger

EM Region © osLB

Layer 1
Calo Trigger
candidates energies O oRM
Global Layer 2
Calo Trigger Calo Trigger

Optical splitting for parallel
commissioning, calorimeter trigger

Global
Trigger

Level 1 Trigger Upgrade

Current L1 Trigger System
Upgrade L1 Trigger System

Staged approach: grow from slice tests to full system commissioning through 2015 -
ready for physics in 2016
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Phase 1 Upgrades — Pixel Detector

Upgrade

Outer rings
n=0 n=0.5 v 2o J
- Upgrade
/ 4 barrel layers
n=2.5 —
/ ~Innerrings
|
50.0 cm #
|
—
\ =~
n=2.s — Current
3 barrel layers
Current
n=2.0

1=0 1=0.5 n=1.0 1=1.5
o 4 layers / 3 disks

— 1 more space point, 3 cm inner radius

— Improved track resolution and efficiency

Ready to install at end of 2016

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

:|» HF BE upgrade in LS1, FE at end of 2015

— PDE improved x3, lower noise
— Allows depth segmentation for improved measurement of hadronic clusters,

.. 7 6 5 4 3 2 1 rejection of backgrounds, and re-
\\\\%%T\\c%x\\\\\\

15

weighting for radiation damage

R T . . e e e e ]r § SiPMs: successful R&D program
__ e | E 8 — Tested to 3000 fb-1
0| 2 E — Neutron sensitivity low

2 f

ul

Quadrant of HB and HE showing depth
segmentation with SiPM readout

R S O S S AT S ST
]
-

—
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Phase 2



Driving Considerations for the Phase 2 Upgrade
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» By LS3 the integrated luminosity will exceed 300 fb! and may approach 500 fb!
(use 500 for detector studies)

» We will look 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 5x103*cm?s* 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 fb1, 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 LJ_

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

will broken by radiation.

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



Performance Considerations

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.

80

— Physics studies ongoing to optimize the requirements in resolution & granularity.



Vector Boson Fusion (VBF) -Jets

q -2 jet

q - jet

-

=

2n

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 N

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 um; smaller pixels 30 x 100 um
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 cm? active area

2.4 cm long strips + pixels
100 ym pitch

P=5.01W

~ 44 cm2 active area

Trigger track selection in FE

120U

e “stub” pass fail

1000

 § ,

800

|

600

—_—— LT LT
e
-




Endcap Calorimeters N

Two approaches

a) Maintain standard tower geometry - develop radiation tolerant solutions for EE and HE to
deliver the necessary performance to 3000 fb!

— Build EE towers in eg. Shashlik design (crystal scintillator: LYSO, CeF)

— Rebuild HE with more fibers, rad-hard scintillators =<
EE
— Rad tolerant WLS fibers (capillaries under development) / u 2\ Yﬁ‘i’ 3 @
— Rad tolerant GalnP “SiPMs” (or fibers to high radius) | "- - =

H E Existing tile design New tile design

19 mm

— Development of
radiation hard tiles

Bl S
WLS fiber

b) Study alternative geometry/concepts with potential
for improved performance and/or lower cost. Two concepts under consideration

— Dual fiber read-out: scintillation & Cerenkov (DROC) — following work of DREAM/RD52

— using doped/crystal fibers - allows e/h correction for improved resolution

— Particle Flow Calorimeter (PFCAL) — following work of CALICE
— using GEM/Micromegas — fine transverse & longitudinal segmentation to measure shower topology

Tile (Scintillator SCSN-81)



Muon systems
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Improve offline and trigger performance, and provide redundancy in the high

rate, high PU forward region

— Concept under study to complete muon stationsat 1.6 < |n| < 2.4
— GEM in 2 first stations (Pt resolution)
— Glass-RPC in 2 last stations (timing resolution to reduce background)

— Investigating increase of the muon coverage beyond |n| < 2.4 with GEM tagging
station (MEO) coupled with extended pixel (depending on HE upgrade)

o R&D activities well underway
for GEM and Glass-RPCs
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Trigger and DAQ

o The L1-trigger will build on the Phase 1 architecture, with
— track information (from outer tracker) available to all trigger objects

- with increased granularity (EB at crystal level) — Match leptons with high resolution tracks
— ability to operate up to 1 MHz - Improved isolation of e, vy, |1, T candidates

— Vertex association to reduce effect of
pileup in multiple object triggers

o This requires replacement of ECAL Barrel FEE
— Allow 10 ps latency at L1 (limited by CSC electronics) New EB FE board

— Provides improved APD spike rejection at L1

o HLT and DAQ will be upgraded to handle
up to 1 MHz into HLT and 10 kHz out,
maintaining present HLT rejection factor MultGain re-Amplier chip (MGFA

40 MHz CLOCK driven
Synchronous control loop

IMHz EVENT driven
Asynchronous control loop

VFE card
FE card

New FENIX2 chip
Master GBTX chip for control/readout
at 5 Gbps
L¢l_— Readout-only GBTX chips
Bi-directional 5 Gbps Versatile Link

) __ Control Data

Transmit-only 10 Gbps Versatile Link

Datectors AD41240 ADC
Digitizars

@ — “Moore’s Law” ( for CPUs, networks, and storage) suggests
g that “normal technology improvements” will handle this
on the timescale of LS3

Switching networks




R&D
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o R&D is essential to develop cost effective solutions that meet the challenge of high

radiation and bandwidth

o Ongoing developments for Tracker, Track Processor, Calorimeters and Muon
chambers. In many cases final design choices are needed in 3-4 years.

o Some of the key areas of development include

Radiation tolerant silicon sensors for the pixel and strip detectors

Radiation tolerant ASIC development (including 65 um process), especially for trackers

High bandwidth and radiation tolerant optical data transmission

Radiation tolerant powering scheme

Light mechanical structures, detector assemblies and high density interconnections

Fast processors for track-triggers

Radiation tolerant crystals, tiles and fibres for calorimeters, and radiation hard photo-detectors
High rate gas chambers with improved spatial and timing resolution

Demonstration of high precision timing in calorimeter pre-sampling

Software development for new processing technologies (multicore processing, GPU, etc...)

o Many of these areas are are common with other experiments

o Progress will be discussed at this workshop — encouraging sharing ideas and
common development where possible



Concluding remarks

CMS has a phased upgrade program to allow the experiment to fully capitalize on
the physics potential of the accelerator upgrades.

Phase 1 upgrades are progressing well and will ensure that CMS performs well up
to peak luminosities >2 x 103*cm2s%, which will be reached by LS3.

The longevity of detectors has been thoroughly studied. We conclude that the
tracker and end-cap calorimeters must be replaced in LS3.

We are developing the full scope of Phase 2 to meet high PU and radiation
challenges, supporting a broad and rich physics program at the HL-LHC.

R&D support in the 3-4 coming years is critical to demonstrate cost-effective
technical solutions for the upgrades.
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