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LHC: from Run | to HL-LHC

* Peak luminosity Integrated luminosity
6.0E+34

» Unraveling the true nature of EWSB
5.0E+34 = Precision measurement of the Higgs Sector
= Observation of HH production,

constraints on self-coupling A

— 4.0E+34 .
o = Rare (uy, Zy...) or forbidden H,,; decays (tp...)
*’E = Unitarity via Vector Boson Scattering
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Phase 0 ) o 1 " mass 1(2,%\/)
\s=7-8 TeV » Search for new physics |
[Ldt=25fb" and/or measurements of BSM particles

(if found in > Run Il)
= Extended Scalar Sector,
= SUSY, Dark Matter, ...

Higgs boson discovery !

Powerful demand on
very high luminosity !
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Higgs boson discovery !

LHC: from Run | to HL-LHC
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Challenges: Radiation damage

3000 fb-1 Absolute Dose map in [Gy] simulated with MARS and FLUKA
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Aging studies shows that Endcap Calorimetry (+Tracker) has to be replaced.




Challenges: Pile-Up (PU)

Figure 9.1: An event display showing reconstructed tracks and vertices of a simulated top-pair
event with additional 140 interactions overlaid for the Phase-1lI detector.

» HL-LHC Nominal Parameters:
= 140 additional interactions per bunch crossing (every 25 ns) + out-of-time PU
« Could go up to 200
= |nstantaneous Peak Luminosity: 5x103* cm-2s™

> Challenges for Triggers (especially Level 1!) & offline reco + computing (30xLHC)

Need to preserve “low” energy physics (125 GeV Higgs)
and explore TeV scale (e.g. SUSY) in a very harsh environment !




HGC+BH: covers n range up to 3

HGCAL: General Layout

CMS choice: High Granular Sampling Si-based Calorimeter [*]

with 4D measurement of showers (energy, position)
(possibly 5D with timing) [**]

MEQ frgnt EL.
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| Back Hadron Calorimeter Yé
(Brass or Steal + Scintillators) HG

thermal screen

Neutron
moderator

L
Muon Solenoid
Phase II Upgrade

Technical proposal

Technical Proposal
CERN-LHCC-2015-010
(Juin 2015)

[*] thanks to CALICE developments,
progress on Si & data transmission 7



HGC Parameters

HGC-HCAL.: Si+Brass or Steal
12 layers, ~26 X, (>3.5 A)

el

HGC-ECAL: Si+W/Cu

/

28 layers, ~26 X, (1.5 1)
10 x 0.65 X, +

10 x 0.88 X, +

8 x1.26 X,

___—

LU

Operation at -30°C via CO, Cooling

(to mitigate Si leakage current)

Table 3.2: Parameters of the EE and FH.

EE FH | Total
Area of silicon (m?) 380 | 209 | 5890)
Channels 43M | 1.8M | 6.1M
Detector modules 13.9k | 7.6k | 21.5k
Weight (one endcap) (tonnes) | 16.2 | 36.5 | 52.7(7)
Number of 5i planes 28 12 40

(*) 3x CMS tracker !

(**) one HGC+BH endcap: ~230 tonnes

8



Modules, Cassettes & Mechanics (Technical Proposal)

Modules
with 2x6 or 8" Hexagonal Si sensors,
PCB, FE chip, on W/Cu baseplate

Wirebond protector

Readout chips

Adhesive layer -.J
Kapton w/ Au layer for bias
Adhesive layer

2-sensor baseplate -

To cope the irradiation / PU:

= n-dependent depletion of Si (100, 200 or 300um)

= n-dependent cell size (0.5 cm?or 1 cm?)

Modules mounted on
Cu Cooling plate with embedded pipes
== Cassettes

Cassettes
inserted in mechanical structure
(containing absorber)

WI/C-fiber EE alveolar structure

Readout Chip Shielding Airgap

Printed Si Sensors

Circuit Board Cooling pipe (Cu/W) Baseplate



Technical Coordination

Endca

IB Chair Drew Baden
Deputy IB Chair: Greg Landsberg

Calorimeter Project
Structure to Q1-17 (making Technical Choices, ..)

Editorial Board &Conferences

D. Barney and Y. Onel

TC: P. Bloch (+ Elect Coord)
DTC: J. Strait (+Engineering)

I
Project Office

Coordinator: Roger Rusack
Deputy Coord.: M. Gastal

Subsystem Manager

SM: T. Virdee
DSM: Marcello Mannelli

P. De Barbaro (H —r i
D. Petyt (EAAL), Y. Sirois

Advisory

Tasks: schedule, WBS, cost, Resources Coordinator
Databases, .... TDR Editors A. Petrilli
C. Seez, ...
Silicon | Electronics and Test Beams
, . _ _ ) Performance
(Englneenh (Active) BH (Active) Electrical TPG/be D. Barney, & Simulation
| _J-Strait, C.Ochando J. Incandela IMans, xx JFr— Systems g P-Dauncey, xXx 1 g Freeman, | 1 % angreey
M. Mannelli < C. De la Taille R. Rusack F. Chlebana
A. Marchioro C. Seez '
EE Structure [ — '
FH/BH Structure Sensors [ TPG: Simulation 4, Beam@FNAL
T. Bergauer - i f# (ADC, TDC : J. Freeman
Services, - - Dergauer, Optics e  [PY ()| & Algorithms B : _ _
Intearati R. Lipton, C. De la Taille J-B Sauvan p R. Rusack | Simulation
niegration M. Mannell _ 7 — S. Banerjee
- _C00|mg &C I v Links & On Beam@CERN
nvironment Cntr odules Module TPG: Front-end i D.B
Assembly, = Jincandela - FTOIOSENSOrS a Studies - barmey Local Reco
Installation & M. Paulini I. Puljak L. Gray
Maintenance Clock & Control _ 1 Analysis
D. Drushkin’ = Cassettes Assemb| J-L. Faure TPG ar(.:hltecture - em PhyS
H. GerWig, S. Tkaczyk 1 y dESIgI’I & ObjeCtS
N. Golubev, Centres Power implementation
ATevT, Assembly Centres (preparation) distribution P. Dauncey(interim) jets, t,m
(preparation) B B
A. !’ov, = Candidates, China, = be: DAQ system
P. Rubinov, India, Taiwan, Slow Control & Coordn | | Det. Studies
S. Surkov, ..... US(2+1) A-M Magnan
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Timeline | Milestones

HGC 16-06-15 16 17 18 | 19 20 21 22 23 24 25
Si HGC %.0 ° ¥
TDR K ?‘

EDR “O\N o ]

Front End: FE ASIC Chip set
Test Vehicules
V1 FE ASIC (including variants)
Submit & produce
Test functionality
Study performance
V2 FE ASIC

Submit & produce
Test functionality
Study performance

Final chip submit & produce contingency V3 -
Sensors

Market Survey with qualification
Tender & place order

10% Pre-Production preprod

Full Production contingency
Modules

10% Pre-Production preprod
Full Production

Cassettes
10% Pre-Production preprod

]
Production
HGC1
Cassette insertion
Integration onto BH
Test

Ready for Installation W85
HGC 2

ety = TDR expected end of 2017, including'key technical choices, e.g:
« EE structure (October 2016)

 All cold endcap or not (December 2016)

« 6" or8" Si Wafers (May 2017) ...

= Construction starts in ~2020, Installation during LS3 (~2023)

=
2

=--9JeM)0S ‘sWeaq 19| ‘I9/9d | ‘Solueysaw ‘sjusuodwod Jo1a81ap Uo Jaylo :saull uappiy Auepy
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Hardware HGCAL pour CMS a I'X

Chapeau:

Ecole Polytechnique/IN2P3

- HGCAL Finance Board and Institution Board: Y. S.

T

Economie du tickst d'entrés CMS pour le
laboratoire Oméga; ¥ accés via CMS-LLR

L‘!F “"\.u
Laboratoire OMEGA | ..., » | Laboratoire LLR
X/ IN2P3 X/ IN2P3
1. 1. -':'r r"'h.,
YV B Y
FE chip <. | Back-End Electronics Mechanics
Ch de la Taille et al. 1.B. Sauvan et al. C. Ochando et al.
~ [Omegal(Fr), ™ [LLR (Fr.)|, CERN, FESB Split (Cr.), > |LLR (Fr.)] CERN, RDMS
Timing: IC London (UK) ? SPP Saclay (Fr.), IC London (UK),
SPP Saclay (Fr.) ? Minnesota (USA)
.| HGCAL FE chip | Trigger | ECAL
SKIROC-CMS J.B. Sauvan et al. Design & structures
Test Vehicules Architecture, Simulations

- Mechanics: C.O, Th. Pierre-Emile, Y.S.,

Trigger primitive generation***

Simulation & algorithms

(M. Frotin)

- Trigger: P.Busson, S. Baffioni, T. Romanteau
+ JB. Sauvan (CERN)

- Perf.: C. Charlot, R. Salerno, Y.S.

- Tests pour FE/TPG: Y. Gerebaert, JB. Sauvan
(CERN), I. Puljak (FESB)

#+% TPG FE studies: IB Sauvan (CERN), I. Puljak (FESB)

12



Front-End Electronics (1)

One of the most challenging aspect of the project !

Need to have large dynamic range @ low power + low noise

> (stringent) Requirements:
Low Noise: ~ 2000 e-

* including sensor |, noise

Shaping Time: 10-20 ns @i e Fop
* Pulse Shapeis 1-2ns | I

« ~3000 MIP in 300pum Si

Low Power: ~10 mW / channel
e (=100 kW for 6M channels)

System on chip (digitization, processing...)

> Baseline architecture: Charge + Time-over-Threshold ”(“I'oT) [*]

TDC (100ps)
, O
Thr c

= Switch from charged readout to ToT at ~100 fC
= ADC (10 bits) and TDC (12 bits) with existing designs

= Potential for 50 ps timing per cell

[*] alternative: more classical readout
(bi-gain) or switched feedback 13



Front-End Electronics (2)

One of the most challenging aspect of the project !

Need to have large dynamic range @ low power + low noise

» SKIROC2_CMS (not the final chip):

= |ncludes some of the HGC features:
« ~20ns shaping time and 40MHz sampling
« ADC + TOA (~50ps) + TOT
« P-on-N and N-on-P read-out options
= Production launched in January, Received mid-June

= First tests on-going (noise, stability, linearity, crosstalk, ...)

Time over Threshold Time over Threchold
negative input positive input
300

y =49 152 + 3381
25 ToT

= o o | ot o |
-0 y = 22 753x + 50.622

150

ToT (ns)

100

50

0 2 4 5 B 10 g 5 4 6 8 10
Qinj (pC) Qinj (pC) 14



Front-End Electronics (3)

One of the most challenging aspect of the project !

Need to have large dynamic range @ low power + low noise

» SKIROC2_CMS (not the final chip):

Includes some of the HGC features:
« ~20ns shaping time and 40MHz sampling
« ADC + TOA (~50ps) + TOT
« P-on-N and N-on-P read-out options
= Production launched in January, Received mid-June

= First tests on-going (noise, stability, linearity, crosstalk, ...)

= Plan to use it for CERN test beams (Fall)

= Also: test vehicles on blocks launched
= (TSMC 130nm, various preamps flavors, shapers, discriminators)
= Second TV in September with one full channel (various flavors)

= First iteration of full chip expected by Spring 2017.
with feedback from test vehicles & SKIROC2_CMS

15



Recent Highlights: Test beams (1)

» Test heams Goals:
= Proof of concept (modules, PCB-to-Si connections, ...)
= Use of SKIROC2_CMS (25 ns shaping, ToT, ...)
= Very fast timing
= (Calorimeter Performances
(energy response, resolution,... simulation)
* with setups from 1 layer (April 2016) s U
to full HGC (28 EE layers + 12 FH layers, 2017 ?)

> Tests at FNAL & CERN (2015 - ...)

Module assembly (UCSB)

16



Test beams (2)

Module with 6" HPK 128 ch sensor
FNAL (

> 4 layers setup at June)

-
pr
""""""
"
-
-
e

SKIROC2

38 Data taken during the May/June run.
— 4 layers of sensors at 3,6, 9and 12 X,

— 200 pm sensors with W/Cu plates in stack with tungsten and copper
cooling plates at room temperature.

— Beams: Electrons at 8, 16 and 32 GeV, Protons at 120 GeV.
— Cerenkov information not available.
— Gain 2.33 higher than March run.

— ADC gain set to 1 ADC count ™~ 830 electrons.
17



Recent Highlights: Test beams (3)

> First results:

¥[cm)

32 GeV electron after 6 X0

o(t-t,)/V2 [ns]

X[gm]
Size of cluster ~ 2 cm

Pedestals subtracted
Next steps:

10"

1072

Sijad1 VS Sipagn €50 GeV 4 X,
M N G(t1-t2) A
N = @ C
V2 V2ex
| ——— Si 133 um: A=1.00+0.01,C=0.009+0.001
B Si 133 um: toy pulse simulation
. ' 77777777777777777777777777 ——— 5i211 um: A=1.06+0.02,C=0.008+0.001
---------------- Si 211 um: toy pulse simulation
——— 5i285 um: A=1.11-0.02,C=0.010+0.001
------------- Si 285 um: toy pulse simulation
L MRNN
o Nye
B | | | | | L1 1 ‘ | | | | | L1 1 |
2
1 10 10

SN, ,

Timing precision ~15ps for S/IN>60 (~20 MIPs) for

the 285mm thick diodes
~no change with irradiation

=  FNAL: <= 28 layers for tests in June/July [SKIROCZ2], + Fall 2016

= CERN:

« short period in H2 (August/September, November) [SKIROC2_CMS, if validated]

(+ timing dedicated tests)
e Periods in 2017 -

LLR will contribute here (shifts, analysis)

(2-3 weeks already foreseen beginning of year)

P210 post-doc will help a lot ©

18



M. Anduze, M. Frotin, C. Ochando,

MeChanics (1) T. Pierre-Emile, Y. Sirois
L“z Focus on EE mechanics: W/C-fiber alveolar structure:

Design Simulations

Prototyping
Mechanical tests

19



. M. Anduze, M. Frotin, C. Ochando,
MeChanlcs (2) T. Pierre-Emile, Y. Sirois

L“Z Focus on EE mechanics: W/C-fiber alveolar structure:

Study of EE/FH interface

Study of various geometries

Linked with G4
simulations
(IC London)

Integration (with CERN)

Study of Services arrangement, Assembly,

Cooling
manifolds

Cassettes insertion 20



. M. Anduze, M. Frotin, C. Ochando,
MEChan ICS (3) T. Pierre-Emile, Y. Sirois

L“Z Focus on EE mechanics: W/C-fiber alveolar structure:

Current design:
= Disks of alveoli
= (Can be rotated one wrt each other
* (continuous 2° rotation, staggered, ...)
= Compromise to find between physics, services
layout, assembly.

Casseftes Reassembling composite plies
[ e e 1 l—
/ Rotated disks design schematic diagram
Adhesive film
Alveola made of carbon plies ___
W plate Qty 12)

* Each disk is made of 12 alveola|[in brown on the 3D view)|

* Reassembling plies are put on both sides of each alveola to improve load
istributi id fiber discontinuity within the same plane

21



. M. Anduze, M. Frotin, C. Ochando,
MeChanlcs (4) T. Pierre-Emile, Y. Sirois

I—/M Z Focus on EE mechanics: W/C-fiber alveolar structure:

Assess Mechanical behavior via FEA simulations:
= in various positions,

= for various material properties,

= stresses from T° cycling

22



. M. Anduze, M. Frotin, C. Ochando,
MeChanlcs (5) T. Pierre-Emile, Y. Sirois

LMZ Focus on EE mechanics: W/C-fiber alveolar structure:

: Producing small prototypes
Mechanical tests on small samples Note: Autoclave not big enough for real size production....
Before/After irradiation, T° cycling,...

;;;;;

e : ' 3 FSLISTESS e
small disk of alveoli proto (~1/3 size)

Prototyping /
Mechanical tests

23



. M. Anduze, M. Frotin, C. Ochando,
MeChanlcs (6) T. Pierre-Emile, Y. Sirois

L“Z Focus on EE mechanics: W/C-fiber alveolar structure:

Mechanical tests on small samples
Before/After irradiation, T° cycling,...

= Suffers from Mickael’s departure...
= Not so easy to find neutron sources with sufficient
fluence, room to install setup, ...
= Possible sites: Ljubljana, Louvain?, ILL ?
= Mandatory to complete the design !!!
* NIM papers can be written on these topics...

Prototyping /

Mechanical tests

24



Mechanics in HGCAL: EE mechanical structure options (1)

3 different designs under study (with different level of maturity)
Decision: October 2016

¥
el L promilie
| -r',,g__ ,.f- |
(A) WIC-fiber Alveolar Structure (B) Full Disk (C) “Disk & Spacer” design

= phi-sector Disks, = |nspired from PreShower = Variant of “full disk”
= WITH INSERTABLE cassettes experience = Made from 30° cassettes,

= Full disk of Cu & absorber, connected in inner/outer periphery

stacked in vertical position + spacers + ...
= NO cassettes = Horizontal assembly

= Services decoupled from
Cooling 25



Mechanics in HGCAL: EE mechanical structure options (2)

3 different designs under study (with different level of maturity)
Decision: October 2016

General Points to address (to be completed)
Physics: cracks (what is tolerable?), total thickness ?
Cassettes: insertable or not.
Mechanical behavior: under various positions, under T° cycling, under events
(magnet quench, earthquakes,...)
Assembly/Installation/Services: strategy for cabling, vertical or horizontal, ...

26



Mechanics in HGCAL: EE mechanical structure options (3)

LLR design:

Physics: ~ok (not perfect but may not be decisive now)
Mechanical behavior: ~ok (still need T° cycling + radiation)
Assembly/Installation (from assembly of structure, cassette insertion, cabling, mounting
of the rest of HGC...)
* To be developed (including idea of tooling) with HIGH priority.
« Some temporary help (mechanics, electronics?) needed !
But:
 (Cassettes: needed or not ?
« HGC buried under cables/pipes + radiation: prevents to replace cassettes
 use of more sensors geometries than full disk due to cassettes (dedicated
PCB/readout, more cables, ...)
* Flexible enough ? (need to know exactly the cassette thickness before launching
production)

27



Ph. Busson, Th. Romanteau,

L1 Trigger & BaCk'end EIeCtronics S. Baffioni, JB. Sauvan, |. Puljak, ...

On-detector Oft-detector

> All data sent off-detector on radiation tolerant links. Challenges:
= Data volume: 1 Pb/s ! To be reduced by at least a factor 20...
= Data volume -> Number of link (~8k for trigger) -> cost !

= Huge Pile-Up: reduction of info <=> reduction of rejection power... Trade-off/Optimization to found.

> The LLR has been one of the main drivers of the HGCal L1 trigger project, together with the
University of Split (Croatia)...
= Significant parts of the studies done for the Technical Proposal, feasibility studies
=  Software developments, firmware developments
= Coordination activities
= ... and wants to remain a main actor !

28



Ph. Busson, Th. Romanteau,
S. Baffioni, JB. Sauvan, |. Puljak, ...

Sensor cell geometries

* Hex cell geometry makes trigger sums
quite non-uniform

* A lot of messy edge effects around wafer

* Often have less cells than four in the sum;
means more trigger channels

ﬁgﬁﬁ i * Other sensor cell geometries

\ may be preferable
A

J

\ \ * Systematic study of possible
/ /
’;{I

alternatives being done

* Including starting with trigger
cells and then subdividing

f

ECSE0

ooddy

. -
'*.f‘w"‘-ﬂlr"‘-r'*w"

AL
X

27 Jun 2016 Paul Dauncey 12 29



L1 Trigger & Back-end Electronics: LLR+friends™ plans (1) | s gatron 15, Sacvan I Purak. .

» Development of the trigger system, driven by algorithms
= Development of the best possible algorithms
= Dimension the system according to these algorithms

» Need continuous monitoring of algorithms resource and latency needs
= Test platform for algorithm evaluation based on currently available hardware
= Test platform available at LLR, with many free slots for more uTCA boards

UTCA crate + optic patch s 2t S
panel + server @ LLR .=t

“ friends = Split, CERN, ...

30



L1 Trigger & Back-end Electronics: LLR+friends™ plans (2)

Ph. Busson, Th. Romanteau,

S. Baffioni, JB. Sauvan, |. Puljak, ...

» Participation to the front-end ASIC tests and test beams
= SKIROC?2, test vehicles and future HGCROC chips

= Benefits from the close contact with Omega

be interfaced to these chips

the trigger needs

= Measurements of pedestal, linearity, crosstalk, noise, etc.

» Part of the trigger processing will be done in the front-end ASICs and the off -detector electronics will

= |tis important to follow very closely, test and control that the front-end ASIC is compatible with

» Test of the SKIROC2 chip already started by the LLR+Split team

Test board from Omega

ADC sigma

Noise measurement

Channel number

KY|



P210 “Projet Emblématique”

The HIGHTEC Project at P2I10

Calorimeter for ILC

Wl HGCFC

LLR, SPP, SEDI

LAL, LLR

P70 4

LLR Palaiseau CNRS, LAL Orsay CNRS, SPP + SEDI Saclay CEA

13
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P210 “Projet Emblématique”

900 keuros asked.
765 keuros received (-15 %)
Includes post-doc at LLR for HGCAL (+ILC test beam) from X+IN2P3
45% SIWLC, 46.2% HGCAL, 8.7% HGTD
~57% hardware / 43% manpower + travel funds
Cut on hardware + post-doc

Will help a lot in test beams + synergy CMS/CALICE !

> P2I0 & LLR-CMS:
= Mechanics: fund to help R&D, prototypes, tests
= |1 Trigger: fund to help test bench
= Test beams, Performances, Detector design/optimization: post-doc

33



Conclusion

HGCAL Project is very ambitious, challenging... and thus exciting !

> So far, so good, we are on track and on time:
= Siwafer design & Module mounting
= Test beams underway (FNAL, CERN)
= Front-End electronics: SKIROC2_CMS being tested, test vehicles launched, on time for first iteration
of full chip in 2017, ...

> AtLLR:
= Mechanics: major decision in October on EE structure
* LLR has the most studied & complete design.
« But does not mean it is the “best” or will be chosen...
* (temporary) help needed for the rush...

= L1 Trigger:
 Project would highly benefit from an additional firmware engineer
(development of algo firmware to be tested on our test platform)
 Will also need more processing boards

> P2I0:
Although reduced budget will impact us, it will provide valuable support on R&D and test beams/performance

34
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L1 Trigger at LLR&friends (1)

N'oublie pas de couvrir un peu FE / BE electronics (i.e. quelque slides avec
les responsabilitésde Polytechnique + mention des liens avec Split (BE) et
arrivé de JBS (trigger) + 1 post-doc

(test-beam analysis)

36



(major) Changes wrt TP

The TP chose schemes that could be built using currently available technologies.
Now studying many options that may lead to cost or performance benefits.

Absorber for FH and BH: non-magnetic stainless steel

Under consideration: enclosing the whole endcap calorimeter in the cold volume

EE and FH: tiling the full face of the disks with hexagons or keeping the phi-wedges.

A module comprises one 8" sensor or two 6" sensors.

We can use FEC5 protocol LpGBT links that can transmit 9.0 Gb/s instead of the
assumed 6.4 Gb/s

The numbers of links "10 Gb/s" optical links has increased: Data 3761 -> 5415 and
Trigger 6428 -> 7572.

The trigger scheme and granularity is being reassessed
Hexagonal cells have been introduced in the simulation geometry

The milestones are being updated

37



Modules, Cassettes & Mechanics (Si & modules)

Modules

with 2x6 or 8" Hexagonal Si sensors,
PCB, FE chip, on W/Cu baseplate

See talk by Z. Gecse (test beam)

To cope the irradiation / PU:

n-dependent depletion of Si
n-dependent cell size

< Thickness 300 pm 200 ym 100 ym I
Maximum dose (Mrad) 3 20 100
Maximum n fluence (cm~2) | 6 x 101 2.5 x 101° 1 x 101®
EE region R>120cm | 120 > R > 75cm | R < 75cm
FH region R>100cm | 100 > R > 60cm | R < 60cm
Si wafer area (m?) 290 203 96
< Cellsize (cm?) 1.05 1.05 0.53 >
Cell capacitance (pF) 10 60 60
Initial S/ N for MIP 137 7.0 3.5
S/N after 3000 fb~* 6.5 2.7 17
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Summary of the CMS upgrades for Phase-l|

Trigger/HLT/DAQ
* Track information at L1-Trigger

» L1-Trigger: 12.5 ps latency - output 750 kHz
* HLT output =7.5 kHz

Barrel EM calorimeter
* Replace FE/BE electronics
* Lower operating temperature (8°)

Muon systems
* Replace DT & CSC FE/BE
. electronics

/ * Complete RPC coverage in
™/ /region1l5<n<24
| n tagging 2.4<n<3

Replace Endcap Calorim :

* Rad. tolerant - high granulagi§
* 3D capability

Replace Tracker
* Rad. tolerant - high granularity - significantly less material
* 40 MHz selective readout (Pt=>2 GeV) in Outer Tracker for L1-Trigger

* Extend coverageto n=3.8
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Radiation Tolerance (1)

Charge collection vs neutron fluence

300 & 200 pm active thickness 200 pum active thickness, p-in-n vs n-in-p

600V . . signal normalised to 73e/pm from CCE on pad sensors, -20°C,
signal normalised to 73e/ym from CCE on pad sensors after 23 GeV proton irradiation, 1063 nm laser

-20°C, 10min@60°C, 1063 nm laser

20 t —e—MCz-200N

_ 600 V
—&-MCz-200N -0-MCz-200P

-
(&)

~©-MCz-200P | ~=-FZ-200N

‘‘‘‘‘

——dd-FZ-200N —-FZ-200P

signal [ke]

’
/

|
—_
o

T

g JEEPRNOYS -A-dd-FZ-200P
S g S &5 ©
& 5 L © —e—dd-FZ-320N
2 = ® & = | 5 | 23 GeV protons
= & 3 3 3¢
Q e 2 £ -&-dd-FZ-320P
E o EZ
(4] —
ﬁ:" L i . L PR S | s . N L R R R 0 lll . s N N PR S | L s . . " PRI |
0 10 100 0 10 100

fluence [10"¢ neq/cm?] fluence [10'4 neq/cm?]



Radiation tolerance (2)

Signal, Ke

[\
(%)

|IIII|IITI|IIIIIIIIIITIIII

N
Qo

15

10

Neutron irradiation

CMS Preliminary [ = Nipesoov

: : : : P type 600V
5 291um n: type [ 4 Ntype 800V

2185um n- tyipe

w 131 um p type

10'° 10'®

Fluence, n/cm’

Charge collection efficiency

Currentﬁ/olume, A/cm?3
Q
(%]

10

= A leakage current at 800V, scaled to -30C |-~ T

A leakage current at 600V, scaled to-30C ||

B “Annealing 1Tomin@eoc”
P measuredat -20C

16
F=Il,lenc:1e(,J n/cm”2

Leakage current vs fluence at -20°
(extrapolated to -30°)

Draft paper in preparation
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HGCAL: General Layout

Jafair
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Back-Hadron Calorimeter

T ) iininan) > Improvement of current HE tiles for ~ 5 Mrad tolerance,
Sommni with increased granularity (~ x2 in ¢, x1.3in n):
STINRNnnG = doubly-doped plastic scintillator x 2 light after irradiation

T = Finger tile design: shorter light path
T ET EREN R HCAL Endcap Megatiles Upgrade

:g|Bssibsal} BH EIRED 50

Existing tile design New tile design

L | it |
. . “+ ﬁ [
«>"‘;“ i V {
] e p—
Clear fibers - I T

i ERES EX ERERER R

SEEEa e eefesgeegRegees

Clear fiber-wisfiber | " |

AR A A T A e P o o B Ay R A B T

G2 DD L e SPLICE ,
radioactive “
SEIERIS R N S — [
WLS fibers
LN WLS fiber
Quarts fibers
BH number
Scintillator 428 m?
’ o Tile 27
WLS fibers 12 km M o i (8 fingers tiles option)
Clear fibers 73 km
SiPMs 5184 » Also thinking of usage of Si at high eta.
Optical fibres (data) 1152 = Would require to cool down the full endcap calo...




HGC Calibration

> Calibration requires:

= Inter-calibration (cell-by-cell response equalization)__/—: Wi_thI_M";S "
« Objective: Constant term smaller than 1% Specialized cells

< 3% precision for IC (results in <0.5% constant term)

= Cells weights taking into account absorber thickness
« W plates: thickness contained within +/- 40 um
« WI/Cu plates: thickness contained within +/- 50 um
 Siwafer: thickness contained within +/- 5 um
« Diffusion depth of all pads (within a wafer):
+/- 3 um of the average of the wafer

= Response Linearity, Monitoring

= Absolute scale with standard cam
Charge injection
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HGC calibration: inter-calibration with MIP tracking

> “MIP” Tracking (“punch through”) | 1
= Require signal in layer before/after + isolation
= (Can be done on any readout (L1, offline) ——h—— Layer N+1

Layer N-1
» Tested in MC minimum-biased sample '

with <Np,>=140

» Need 1.5M events to reach 3% precision > In addition, for redundancy:
(takes ~ 1 day) = |Low-capacitance/low-noise cell included
in each wafer for calibration:
Z=1800N03mp = 7 sub-cells subscribed inside a standard hexagonal cell
1600;— 2820 ] (large S/N)
-

’ 0002 MPYV rel. unc.: 0.4%

|+
800F Y
600
i +
400 g

200 K

I +++H g b 1
e e 4

s e 1

oLl P A A i

I T P BT T T
0 05 1 15 2 25 3 35 4 45 5
HGCAL Geantd Standalone Simulation E (mips)
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HGC Calibration: linearity, monitoring

» Electronic chain of each channel:
= linearized, monitored with charge injection system (chopper circuit, fixed calibration capacitances
connected to FE)

J_ — - - - - -0 --~ 3
= STROBE ' |
50k }—% | l
TEST N 1
e >
DACL—)> 50fC-10pC | |
| FRONT END :
oy . J
STROBEZ
TEST?2 500fF
DACL—) 1-100fC
-1.5V

Electronics calibration circuit.
Two sections with overlapping ranges (one for small, 1-100 fC, one for large signals)
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HGCAL Performances

- s st | Lumi Secluon: £

Reconstructed jet using current VBF Jets +
CMSPandora algorithms

One color per cluster




Phase | (PU 30)

CMS Simulation \ /

ection
=
() —

Background rej
o 92 o 9
[y (] | [ m]

—
S

e/lg Performances (2)

BDT Electron ID performances
(low ET, critical for multi-leptons topologies: H—~>ZZ—4 leptons, ...)

HGCAL (140 PU)

14 Teu/

E_ Phase | 50 PU

- Phasel aged 140 FU

;_ — Phase Il 140 PU

;_ endcap
S R A B i L ey
i 0.8 0.85 0.9 0.95 1

Signal efficiency
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First Prototypes/Mock-up

Mechanical Prototype: Modules Mechanical Prototype; Cassette
for Cooling Tests -

- - - - -

"~/

LV Iegd




CO2 Cooling

Cassettes FEA

CMS internal

Goal: AT~ 1-2K

6mm Cu plate 1 pipe — uniform heat load
AT ~ 0.9K (over the cassette)

Cooling Tube: OD-4.8mm, ID-3.2mm,
Length - 5.9 m, mass flow: 2.0 gm/sec,
T, -28.00C, T, -28-86C.

min

Thermal Mock-up with tests
(CO2 Cooling stations at FNAL, IPNL)

S oF Theomes NOoss Wit 250 VRTIF2 200050 1D 50 5025 of e

- as - L 4 - - -
HCC Jun15 13
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Level 1 Trigger (1)

Group 4 cells to get a trigger cell
Simple data compression 1
Full resolution data PHmy R ot
Each module produces up to 6 Gb/s PRI, &

Electrical links Electrical+optical  Layer 1 ) Optical links ey ET | &
@ 3.2 Gbps @ 10 Gbps : @ 16 and 20 Gbps H O e L 15 1 M

MP7 from Imperial College

e -
v T—

g

-

-

- (inspired from MP7, used in Phase | Trigger)

-

[g} BXN

; s}

» 2-Phase Architecture similar to Phase 1 CMS Trigger
(regional Layer 1, global Layer 2, efc...)

» Based on (near-)existing technology (FPGAs, links, ...)

Example of HGC-Trigger module, with modern FPGA
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Mechanics: HGC-EE

WI/C-fiber Alveolar 30° “petals”/’wedges” Petals assembled together as 3 wheels,
(8-9 layers each) glued together

(each wheel is rotated by (up to) 10°)

Cassettes (with active element)
inserted in alveoli.

Design & Building technique inspired by the CALICE Si/lW ECAL mechanical structure

. = o

----------

- CALICE Technological Prototype -



Why CO2 Cooling ?

From N. Lumb (IPNL)
Current Endcap uses monophase (liquid) cooling

— Coolant heat capacity (C6F14): 1.05 kJ/kg/oC

— Kinematic viscosity: 0.4 ¢St

— Density: 1.68 g/ml
CO2 based systems are 2-phase

— Latent heat of vapourisation CO2: 574 kJ/kg

— Kinematic viscosity: 0.1 ¢St

— Density: 1.0 g/ml
Consequently, CO2 based systems remove same amount of heat with much lower mass flow
(factor ~100 depending on allowed monophase AT)

— 150W removed by ~1g/s CO2!
— Can use pipes with smaller cross-section
— Reduction in mass of pipes and the liquid contained within them
Also in favour of CO2:
— High heat transfer coefficient
— Radiation hard
— Environmentally friendly: Global warming potential = 1 (vs several 1000s for C6F14)
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300 um

S

2700 data (300um) 10 Gb/s
> ~ 4200 triggﬁ300um) 10 Gb/s

TP description : sketch [P. Bloch]

I, \\ 8
0.8K data 2700 data
| IpGBTs ! Y ) e
\ 100 200um 13.2K trigger s 5 ["',-' 3300 trigger
N ’ A -8 2
" 566 cortrol

3.2 Gb/s Copper links

. 5m

| AR g ? g
13.5K control

.

744 )

< 100m

/s

Cold detector

TPG generation
on detector

~ 14K optical links
~ 36K copper links

RBX region on the back of BH

« DCDC converters
Data concentrators for
copper links

4** copper links -> 1 optical one
** assumes further data compression by

N ANDO
SU-40%

CdLT HGCAL electronics CERN

>

USC

Trigger + Data
Back End

17
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Timeline | Milestones

» 27-28 June 2016: First CMS Comprehensive Review,
= including external reviewers: L.Serin (ATLAS), Frank Simon (CALICE)

» End of 2017: Technical Design Report
= including key technical choices:

Examples of Milestones for 2016

Subject Item Process/Criteria Internal LHCC
Milestone | Milestone
FH & BH Absorber Brass or SS Activation and Cost Jun-16 | Q2 2016
Simulati Perf & Desi
EE Mechanical Design Full disk or phi sectors &'m” atianfRerfermaneckDesignptes| o, a6 | opoets
cons
FE electronics Confirm 130 or 65 nm  |lrradiation & Test vehicles Oct-16 | Q4 2016
iati Prototypi
DC-DC converters Location: local or remote ?rraqmi‘on Eiobohipine/iSyeters Dec-16
implications Q4 2016
Electrical/optical links Location: local or remote |Irradiation / System implications Dec-16
Scintillator T Radiation hard bility t t
Bl Actve Materidl cinti 'a or Type, adiation hardness, ability to operate Dec-16 Q4 2016
Megatile Structure cold
Int ti tudi Perf &
Cold Volume Si only or full HGCAL iEgtatinns Gaes ((Redoanang: Dec-16 | Q42016
System Implications
Si Sensors p-in-n or n-in-p Irradiation / Performance & System Mar-17 Q12017
Si Sensors 6"or 8" Dialogue with vendors Mar-17

> End of 2019: Construction starts...

R&D is NOW !

Engineering

Silicon (Active)

BH (Active)

Electronics & Elect. Systems
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mega Recent Highlights: Front End PR b TP e et

» Stringent requirements for Front-End Electronics
= Low power (few mW), low noise (<2000 e-)
= High radiation (200 Mrad, 1016 N)
= System on chip (digitization, processing...)
= High speed readout (5-10 Gb/s) = SKIROC2_CMS expected in June.
= Timing information to 50ps accuracy = 4-5boards will be equipped for tests
> Milestones (can start with SKIROC?2)

15-Feb-16  Submit v0 fe chip (SKIROC-CMS) | = end january
31-Mar-16  Submit f.e. test vehicles in TSMC130 nm technology | = end april
1-Jun-16 1st Comprehensive Review = 26-27 june

30-sep-16  lst results from f.e test vehicles — 2 test vehicles - full one channel

31-oct-16  Confirm choice of front-end electronics (130 nm) 7?7 Under study
15-Dec-16  Define architecture & specs for LV/HV supply. links and on-module components
15-Dec-16  Define location of DC-DC converters

15-pec-16  Define location of electrical/optical links
? Testbeam results of TOT architecture

31-Mar-17  Submit V1 ASIC = First 32/64 ch ASIC with full functionnality
31-mar-17  Choice of S1 sensors type: all n-on-p or mixed (1.e. n-on-p and p-on-n)

1-Jun-17 2nd Comprehensive Review
30-Sep-17  Lstresults from tests of V1 ASIC
1-Nov-17 Submit TDR

30-Jun-18  Submit V2 ASIC



HGCAL at LLR: L1 Trigger

P. Busson, S. Baffioni, T. Romanteau, J-B. Sauvan

» LLR among the main drivers of the HGCAL L1 Trigger project

Architecture

= Define baseline architecture for TP

Front-End Studies

Work on trigger “raw data”
(Data reduction,
trigger cell geometry, ...)

252 cells with 192 cells with
groups of 3 cells

= Now in strong collaboration with Split & CERN

Simulation &
Algorithms

= Development of emulator,
+ standalone tools
(digitization, ..)

Phasea-1 (40PLI]
HGCal (140PL)

1] 20 El 40 =11
E'thrashold [GaV]

Besoin urgent d'un Test Bench SKIROC-CMS au LLR pour rester dans le jeu
coté interface trigger avec le chip de FE
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> First results:

120 GeV protons as a proxy for MIP and calibration

> Next steps:

S‘ - T T T T T T T highGainADC = 10/00 ADC ]
< 300 meanttp - @13 2013 )
- meanhaise = -0.0924 + 0.069 -
:250—_ NBKG = 1639 + 44 ]
@ ] nMip = 1285 + 47 .
E 2001 sigmalandau = 0.711+ 0.095]
> n sigmaMoise = 2141+ 0.049
“ 150F =
- oo .

1 00__ = ripd Moz + MIF -

- Proton trigger .

50:_ =vm e fited MIE Evt —:
RO A L,-f'."\.._L | et .

Bo 10 0 10 20 30 4
highGainADC (ADC)

0

¥[cm)

= <= 28 layers for tests in May [SKIROCZ2]
= First tests at CERN in August/May (preceded by CALICE tests),
then in November [SKIROC2 or SKIROC2_CMS if validated].

Recent Highlights: Test beams (3)

32 GeV electron after 6 X0

X[Em]
Size of cluster ~ 2 cm
Pedestals subtracted

400
l 350
— 300
— 250

200

150
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Physics

> (A) Phi-sector Disks
= Various configurations simulated

(1) “TP design” 2) Di?ks rotatTd every 2° (3) Disks with staggered layers
3 blocks (8-10) layers rotated ayer by layer (ever 2M or 31)
by 10° (or every 2 layers==1 cassette)
Continuous W | Continuous W -

» Active-to-active gap: mainly created by C-fiber alveoli (+ Si guard ring, mechanical tolerance): 0.5 — <1cm

<00 I}'ﬁfﬁ_ Lj']-“f'_
'y - - + F - =395, = x F single v, E__ = 225.7 GeV, n=2.0
":..EE {’ Single 7. E_ = 225.7 GeV, j=2.0 = Single 7. E_ = 2237 GeV., v=2.0 Caosf- LUl LR T
I::q:— i,‘]' } un:,q:— o
= 3 C B
:”:E__ + l::ﬁ':_ l].D3_
— + C :
B gy v e g {-"r-lli-ﬂ'. ﬂ-_ln“#*ﬂ —_ omb- F
E oo
a0 '::II_— C
L1E-15 crank L20-Z7T crand Lo# oraok o D: 111 T L1 11 iy 1 11
III 11 III L1 L1 11 L1 11 L1 1 1 L1 1 1 11 i -
g ki i] -5 :II &3 1|!|-:| 150 :'l'l.‘lfl



HGC Performance (1)

EM shower energy containment Electron energy resolution
vs Sithickness
Geant4 simulation  ---2mmairgap - - 4mm air gap S o4
e L '% - Geant4 simulation
£ 50 S 0.09° — 0.199
— L 3 B v|300um 2-"19%0.006 (ni<1.75)
=L R — )’
i = T % o |200um E:O-?é“@o.om (1.75<[n|<2.15)
40 9 0.07— — 24
- o "F @ 2] 100um E=°-.E3®o.oos (>2.15)
i O goe @ PO A
~ Moliere radius o - e i
30___ _______________________________________ ..% 0.05— Y A
- . © R ¢ Sy
- 90% containment ’/' S:’ 0_04; 3 R
20— C Y
i R 0.03 e,
7 = A
I b 0.02 Ve ]
10—~ « - 3
:’ ; % 68% containment 0.0 1i v *
;'-‘.—.".‘.r‘ 0_ L1 1 1 ‘ 1 1 | | L1 1 1 | 1 1
00 1 1 1 é 111 |1|()| 1 1 |1‘E)\ 11 |2|0| 11 \2|5| 11 |3|()| 6 78910 20 30 40 50 102 &102
Layer number Energy (GeV)
Shower radius quite small in first layers. Stochastic term: ~20%
Can use longitudinal segmentation for PU rejection, ... but low constant term (target: 1%)

Obtained with standalone G4 simulation. Benchmarked againt CALICE test-beam results



HGC Performance (2)

» High Granularity + longitudinal segmentation gives additional powerful handles for particle ID:

 shower start, shower length compatibility, restoration of projectivity, 3D shower profile fits,
layer-by-layer PU subtraction, etc...

a.u.

107
102

10°

14 TeV

-1CMS Simulation

=== Sig.: Phase Il 140 PU

===== Back.: Phase Il 140 PU

300 321 322 323 324 325 326 327 328 329 330
shower start z [cm]

14 TeV
5 0.3
< [ CMS Simulation
0.25[
0.2 Signal (Z—ee)
015l Background (QCD)
01 L
: Shower width in n
0.05 |i}.,
0:- o 11'1__‘:.“:"1"'?'3--1---.._..‘.1..1.,h e
0 0005 001 0015 002 0025
GTU]

» Combination of HGC and Tracker (with far from optimal PFlow algo)

1 14 TeV
T T I T T T I T T I T T
[ CMS Simulation  Anti-k,, R=0.4 (PUPPI) |
+ 30<p <150 -
T .
.8 e =
| -o Phase | 50 PU )
6 [ * -e Phase | Aged 140 PU
Tt - -o-Phase Il 140 PU |
L *
o
.47 - * £
.
L ] .
N o .,‘ vedl
2F-*% 'M-:*’ .-
L - . i
07\ L | L L 1 | L L | L 1
2 0 2

Jet Energy Resolution vs n

N je'lSHecolN jetSMatched

5 14 TeV
| CMS Simulation  Anti-k., R=0.4 (PUPPI) |
L 13<| n |<3.0

4r -# Phase | 50 PU B
i e Phase | Aged 140 PU

3l N
L -&- Phase Il 140 PU b
f++ ]

2r Vo B

Y ]
Y ]
13%&1+*;E0:—0-=0=0—0—0——¢—+;

0_ L L 1 L1 1 | L 1 L L 1 L L |

10 10°
pree
Jet Fake Rate

14 TeV

0.7 CMS Simulation

L emeee Sig.: Phase Il 140 PU
0.06F
» -=+=-- Back.: Phase Il 140 PU
0.05
0.04F

0.03f

0.02

0.01F

ST X W Lo
-10 8 6 4 -2 0 2 4 6 8 10
(measured-predicted)/sigma

= ~Recover Phase |
50 PU performance !

S||99 paJenbs ,wd X YIM

More in talk by F. Chlebana (PFlow)
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Conclusion & Perspectives (1)

» HGCAL is on the critical path towards physics discoveries & measurements inﬁPhase |

(HH, VBF jets for Higgs/SUSY/Dark Matter, Unitarity, ... )

and has all ingredients for being rad-hard, ¢
" : e
mitigate PU, 3
deal with high rates,... .
. . ¢ .::";: ‘tg
» Many major & excited challenges for the next decade : . -3 .. -,

= Engineering (includes cold/warm transition, services,
= FE electronics & L1 Trigger
= Software, computing

PF
Pt

p
al

pl

PFCandi
pdg = 1.
pt=1.0
eta=2.

phi =1

PFCancidate <
pdc =22Y

=656

ela-2344
£]x| | phi=

1.165

PFCandidate 186,

pdg=22Y
pt=0.20

ela = 2.068
phi = 1272

Bl
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Conclusion & Perspectives (2)

» Now in R&D phase
= Fast progress since Technical Proposal (mechanics, sensors & modules, FE, ...)

= Several test beams session scheduled this year (FNAL, CERN) | See talk by Z. Gecse

= TDR expected end of 2017, including key technical choices (test beam)
= Construction starts in ~2019
2015 2016 2017 2018 2019 2020 2021 2022 1 2023 . 2024 . 2025

|

|

|

|

:

o |
HGCAL Prototyping Engineering and Seflsor Productu‘)ln :
|

|

|

|

|

[ [ |
| | |
Pre—production : : :
T | | g On—detector Electronics | | |
: | | S ' ' | | |
: : : — Mechanics Production : : :
|
: : : : Module Assembly : : :
| | | I I | | |
i : < : : Cassette Assembly : : :
| | | |
| | | |
|
! : : : Off—detector electronics : :
' | | | T T | | A
. e
B ackmg . Engineering and | Megatile Production : : : e 2
Prototyping . =} : : =
HE Pre—production | ! =
' | ; | Absorber Production : Preparation in UXC E =
| w =
[ : : : : Absorber : : : % o
[ | | | | Assembly . | S. =
: ! ' ! ! ' Endcag ! & g
| | | : ! | Assembly ! o
: ! ! ! ! Electronics and Photo— —
| ! : : : sensor Production | |
Conceptual Schedule : : : ' ' : :
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_ Services: Turning the Corner at the Cassette Edge _

* Very high density of services at the cassette edge:
Electrical, Optical, Cooling
» Serious, integrated design effort is required ... only barely begun
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%20  HIGHTEC® Synergies @ P2IO

An optimisation of ressources

« The R&D developments needed for SIWLC, HGCAL, and HGTD have a lot
in common and will greatly profit from this common HGCFC P2IO project
« This interest for a common effort and sharing of knowledge and know-how

between physicist and engineers in this HGCFC project applies to each of the
four main areas:

Mechanical Design: SjWLC, HGCAL, HGTD use similar C-Fibre techniques and
engineering expertise for their reference designs

FE & BE electronics: SiWLC, HGCAL, HGTD each rely on variants of the Omega
"SKIROC" type of FE chips
Also, digital electronics and data flow is a similar and
major challenge

Clocks and Timing: Clock distribution and the study of the impact of timing for
pile-up mitigation are common issues of HGCAL and HGTD

Performances & TB: Similar PFlow algorithms and clusterisation adapted to high
granularity are major developments from same post-docs
Common beam tests are foreseen at CERN*

* A first SIWLC beam test at CERN organized with CMS HGCAL has occurred
already in November 2014 at the initiative of P2I0O groups !



