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Why the HL-LHC?

The Higgs is the most tangible window ; ?f;éAFsauinﬁj =
to new physics so far -

And the LHC is a Higgs factory

The detectors exist
The infrastructure exists
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What else? Precision physics

Current picture . .. .
twill be a precision machine

ATLAS and CMS -0- ATLAS+CMS . .
LHC Run 1 = ATLAS Higgs coupling strengths
—+CMS — NP expected around few % to 10%
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What else? Precision physics
it will be  precision machine

Higgs coupling strengths

CMS 19.7 6" (8 TeV) + 5.1 fb” (7 TeV) — NP expected around few % to 10%
Higgs coupling structure
— Pseudoscalar, higher-order contrib.

HL-LHC projection

Expected limits on _ —— ECFA16 St (300fb")
Higgs Boson anomalous couplings
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What else? High mass searches

It can extend high mass particle searches
Reaches lower cross-sections, higher masses
SUSY, dark matter, heavy gauge bosons

SUSY HL-LHC projection summary

— Summary of CMS SUSY Projections with SMS
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What else? High mass searches

It can extend high mass particle searches
Reaches lower cross-sections, higher masses
SUSY, dark matter, heavy gauge bosons

SUSY HL-LHC projection summary
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Good physics requires good detectors

Precise reconstruction of objects: electrons, muons, taus, b-jets, etc.
High efficiency and background rejection

Good MET resolution
Efficient forward-jet tagging for VBF, VBS

b-jets efficiency electrons efficiency
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LHC and HL-LHC timeline

e Peak luminosity =—Integrated luminosity
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Why upgrading the calorimeters?

Laser monitoring

With the current technology

signal yield deteriorated by radiation-induced effects [EISIENSCEE—-
Mitigated by laser monitoring, but only to a certain point 1 B R B AN R N A

. o 02| <14 21¢nj<24 ® “\
— Impact on the energy resolution Hog oae

— Constant term: 10% at the end of HL-LHC

LHC luminosity

(1083 cm2s)
o#wﬁ =2
E ~
o]
o
E g
2
=
-~
e
2

NN NN NN IR S SR
FE PP Y GNP O

date (month/year)

Relative response of the existing Expected ECAL energy resolution
ECAL endcaps after 3000 fb™!
o - 1 CMS preliminary EE SLitrani + MARS Simulation
@ CMS ECAL LLJ M=2.2,3000 b Total
2 1 == = L i
F = o h N — Noise
E ] \ EE S TT: I'iaisztilc
i i NN \ — €ons ant
[ : -1 \\~‘\ \\ \‘
10 - ————
10-1 :_ . . = \\\\ >
- Simulation TN
L 50 GeV e- B \
i ~
2| [—— 1017 5E+33 cm?s” | 102 ‘\\\i
10 | —— 100 fb”, 1E+34 cm™’s™! = :
- | —— 500 fb”, 2E+34 cm™s™
- 1000 fb™', 5E+34 cm?s™
- | ——2000 fb™, 5E+34 cm’’s™?
- | ——3000 b, 5E+34 cm?s™!
-3 B e e G e e -3
[ =5 2 2.5 3 1 0 1 1 0 1 02
n E; (GeV)

28/02/2017 9



What is needed? High granularity

Top pair event + 140 additional low energy interactions
“Classical” spatial view of the vertices

Vertices concentrated within a
few centimeters

140 - 200 simultaneous
interactions

High granularity calorimeters and
longitudinal segmentation to separate
their contributions

High granularity tracker to keep low
occupancy
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What is needed? Precision timing

Interactions are spread over space Disentangle overlapping vertices

and time with precise timing
100 - 200 ps Key resolution: 10-30 ps

Beam spot space-time profile Space-time view of the vertices
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Collisions every 25 ns = “out-of-time pile-up”

Fast detector response and fast shaping
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CMS Upgrade overview

s

Trigger / HLT / DAa

Track information at L1 trigger
L1 trigger: 750 kHz, 12.5 ps latency
| HLT: 7.5 kHz

New tracker
Rad. tolerant, high granularity, less

material
Extend coverage to 7 = 3.8

28/02/2017

Muon systems
Replace DT & CSC FE/BE

Y| Complete RPC coverage in 1.5 <1< 2.4

Muon tagging 2.4 <n< 3

New endcap
calorimeters

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

"""":-‘2::-.., ‘7 NN




CMS endcap calorimeters

= \
QA HE
he-Dc S ==: 125212222

. convertor

gE-gbdesgetesgEs| =l L\
dlEOBoestesdest et et e k

HE-HBderdEsgesd Er e eedl

IEIETEREREREHEE

Bak BH EalE=sfBrat

MEQ frgnt EL

FEFETERERERHER

"“\ by e 7 apapasEaraeararars
= = T FE S

28/02/2017 13



HGCal timeline

LHC
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HGCal design overview

Recent technical choices are

not all public
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HGCCal design overview (Silicon part)

Detector key numbers

Focusing on the Silicon parts

And mainly on the ECAL EE FH | Total
Area of silicon (m?) 380 | 209 | 589
Channels 43M | 1.8M | 6.1M
Detector modules 139k | 7.6k | 21.5k
Weight (one endcap) (tonnes) | 16.2 | 365 | 52.7
Number of Si planes 28 12 40
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6 millions channels
3x area silicon in tracker
0.5 and 1 cm? cell sizes

Operation at -30°C: CO, cooling

Mitigate leakage current
Back HCAL also at -30°C?
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Hexagonal silicon sensors built Modules mounted on copper

into modules cooling plates
6" wafers: 2 sensors per module Embedded pipes
Or 8" wafers: 1 sensor per module 30° sectors = "cassettes”

21660 modules

Module stack Double layer cross section

Wirebond protector N Readout Chip Shleldlng Air gap

few mm

Readout chips
Printed circuit board

Adhesive layer

Sensor

Adhesive layer
Kapton w/ Au layer for bias
Adhesive layer

2-sensor baseplate

Si Sensors

Printed

Circuit Board Cooling pipe | W/ W) Baseplate
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Cassettes cooling

Goal: AT =1-2° around -30°C

Mockup with uniform heat load
Results: AT = 1.1 - 1.2° Fullheat  Full heat
Results Summary  load, load, P
(post-calibration) ~ 0-3bar 0.2 bar
: _ -29
Mockup with heaters and CO, Min. temp. (°C) -30.3 -30.2
cooling 292
Max. temp. (°C -29.2 -29.0
= _, >0
AN TS .
- Temp. spread (°C) 1.1 1.2 +1-29 4
Mean (°C) -29.8 -29.7 L1256
Standard dev. (°C) 0.225 0.226 N 2 8
30
100% heat load 100% heat load
0.3 bar diff. pressure 0.2 bar diff. pressure
-30.2
-304
-30.6
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ECAL mechanical structure (Technical Proposal)

ECAL part inspired by the CALICE CALICE prototype

design
Carbon fiber + Tungsten structure
Insertable cassettes

HGCal mechanical structure - CALICE Technological Prototype -

30° cassettes

Petals instead of
rectangular

structure

3 staggered groups
of layers

Limit the impact of
projective cracks
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Evolution from the TP design

Limit crack impact further Layer rotation

Rotation of each individual layers

Resolution (initial design) j| Resolution (layer rotation)

Single 1. E_ = 2257 GeV, Single v.E _ =2257 GeV, =20

Single layer structure

mockup

Cassettes can also be part of the

structure

Stack of cassettes and absorber plates
with spacers

Compressed by front and back planes
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Radiation tolerance

High fluence Leakage current increases linearly
Better charge collection of thiner sensors with fluence and volume

Heating o | and Noise « VI

: eak lea
Collected signal

25 T Leakage current per volume unit vs fluence
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Silicon sensors

Three sensor thicknesses

Low pseudorapidity — thicker sensors
High pseudorapidity — thiner sensors

Sensor parameters

Thickness 300 wm 200 ym

Maximum dose (Mrad) 3 20 100
Maximum n fluence (cm™2) | 6 x 10" 2.5 x 10 1x 10
EE region R>120cm 120> R >75cm | R < 75am
FH region R>100cm 100> R >#60cm | R < 60cm
Si wafer area (m?) 290 203 96
Cell size (cm?) 1.05 1.05 0.53
Cell capacitance (pF) 40 60 60
Initial 5/ N for MIP 137 7.0 3.5
S/N after 3000 fb * 6.5 2.7 17

Cell capacitances increases for thiner sensors
Meaning higher noise

Smaller cell sizes for 100 pm sensors — reduces also the cell occupancy
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Front-end readout chip

Critical part of the system
Analogue + digital (large buffers, trigger data reduction), high-speed readout

Low noise Low power budget Timing information
Large dynamic range <10 mW / channel 50 ps accuracy

0.4 fC - 10 pC

Baseline
130 nm technology - known radiation hardness
Charge + time-over-threshold (ToT)
High radiation Variants with bi-gain also studied

resistance
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Front-end readout components

Digitization Digital

B decng logic Data path

64 (72) channels Local R/W Control
N v
TOT -
Data
L1 Buffer Readout
Align Buffer Global
ADC —» Buffer —- > - ﬁ readout
@ 40 MHz Buffer

@ L1 rate

L » TOA [ Alln

Buffer
Li izati
HeariEton / 16 (8) trigger cells \
TOT / ADC ~~——
* T ti Trigger
- Digital runﬁa on Clonal gg
Gain (=9 . )
MEGA Correction — s> ¥ —» Compression == readout
Microelectronics p= (4 or 9) ! Buffer
(-suppress

/

/ Trigger path
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Signal after shaper ADC - ToT

— 2500 - 64 (72) channels

] 64 (72) channels b TOT )
0.0 - — — Align
I BEZ: — ADC —

Buffer
Align
| TOA [—» Buffer [
_ESUID 1 &Sy 00 o 8l e e e en e ae e e e e e ae o o
=
S W R S ey — — — — — -
& /
500.0 -
LSBY  ADpC
750.0 - e '
( |
10
JHEE mopm =L L A L e e e -~ (fC}
0.0 50.0 100.0 150.0 200.0 250,0 300.0 100 fC (~30 el

tme (ns) MlP)

Buffer waiting L1 trigger accept

12.5 ps latency
512 events x 32 bits = 16.4 kb / channel
Power consumption: 2 mW / channel
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Trigger path

Reducing granularity

Reducing energy resolution

Y

A 4
Linearization ) q 9o ‘
- 16 (8) trigger ¢ Eicearizaton / 16 (8) trigger cells
TOTiADC TOT /ADC
Correction > = )Y, B C ain » o ¥ —» Compression
2 (40r9) orrection 7l = ’
= (dor9)
0-suppress
——
5 250
o
—
) i I
L H—
O 200 = e
8 P Iy
D 0/
o L
o
£
o 100
©)
507 —Log 8
—4+4
0 L L

\\\\I\\\\\\\\\\\\\\‘\\\\\\
0 10000 20000 30000 40000 50000 60000

Input

Trigger cell sums Energy compression
Possible alternative cell geometry 8 bits, log or floating point coding

Output at 40 MHz
-300 Th/s in total
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VFE chip development strategy

Modify existing SKIROC2 chip SKIROC2_CMS

Add functionalities like ToT, fast timing
Faster shaper: 25 ns instead of 200 ns
Used for 2017 test beams

Submit several “Test vehicles”
Test building blocks, baseline + variants

Test Vehicles 1 & 2

mm

TV1

Test analogue
architecture

First "HGROC" ASIC

e, ascaans Submission mid-2017
TV?2 2 more iterations foreseen

8 channels
Test ADC + ToT
Buffers
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Data concentration

Motherboard PCB covering several modules
Separate noise sensitive VFE from concentration / transmission digital activity

Motherboard and data concentration schematic

Low eta - "Low" radiation High eta - High radiation

Concentrator

9]
—
@)
o
©
=
3,
n

Output optical links
(10 Gb/s IpGBT)

Data transmission in lower Concentrator aggregating data

radiation region from several modules
Use 10 Gb/s optical fibers Better trigger data reduction
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Trigger: from the front-end to the back-end

HGROC Trigger layers summary

. : r

Granularity reduction
: . HGROC
Energy resolution reduction
Front-end < -300 Tb/s
COnCeﬂtratOF Concentrator
Selection of a fraction of "
trigger cells lll _60 Tb/s
(

HGCal back-end Back-end
Clustering of energies Trigger primitive < -10-50 Th/s
2D clustering generator
3D cluster linking TPG Layer 2 Track trigger

\\
-2 Tb/s l
Clobal trigger

CMS back-end
Combination with other CMS trigger <

sub-detectors
L1 trigger decision

(
\.
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Energy calibration

Calibration chain
Equalization of the cell-to-cell response: inter-calibration
Cell weights taking into account absorber and silicon thicknesses

Absolute energy scale using standard candles like Z — ee
Extrapolation to high energy electrons / photons

Electronics monitoring Inter-calibration with punch-through

[solated cell

[
Layer N+1

“punch-through”

1.5V o :

= STROBEZ

: TEST2 o ' Laver N-1
H ar M-
: H /

' DA Q@ 1-100fC

Inter-calibration

Require isolated cell

Track MIP signal in layers =1

< 1% constant term requires 3% precision

Charge injection circuit

2 overlapping ranges
1fC - 10 pC
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Inter-calibration with "MIP" tracking

MIP peak fit example

mm:::—

| 154::4:::—

Inter-calibration with punch-through

Nnells

Isolated cell Noise = 0.3 mips

[ 28<¢<n<29
Layer N+1 1400 N
s ook N,;;=42800 :
“ " : MPV rel. unc.: 0.4% N

Layer N-1 punch-through 1000}

8oof 1 ]
R + i
600 1 §
: + ]
1.5M minimum bias events needed aoof- kM ]
. . . . [ + T
Noise of 0.4 mips = 3% precision ' y, ]
. . 200 L -
Events available daily : LU 1
Can be done at the HLT with L1 rate ) P PO PO DU T TN AN, v
0 05 1 15 2 25 3 35 4 45 5
HGCAL Geantd4 Standalone Simulation E (mips)
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ECAL simulated intrinsic performance

Transverse size vs depth

Geant4 simulation ---2mmairgap - - 4mm air gap
E = 7 - 10
€ 50 Shower max ’ i
a |
40—
~ Moliére radius ,"
30 K
‘————————————————J——14 —————————————————————
- 90% containmem‘f
20 '
P L
10[-.-" e 2
= ~_-r" 68% containment
- g 1
__.‘__Iv_'_'._'-r
1 11 1 | 1 1 1 1 | 11 11 | | | 1 111 | 111 1 | 1
% S B R
Layer number

Electromagnetic shower size
Very narrow in the first layers

Pile-up rejection, particle separation
Moliere radius around 3 cm
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Energy resolution (3 thicknesses)

c 01
._g - Geant4 simulation
S 0.09F
= B 0.2425
o) = A [100um] £ « ==222 ¢ 0.00753
3 008: it T
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> i o [200um] 2 e ® 0.00670
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) Bl SN
Z 005 Vg4
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@ 004f V\A .
= VoA
0.03 Ve .
= '\ A
& V‘~,
0.02— Ak ,_.‘.
0.01F -
o:l‘ 1 1 1 1 | e I| | 1 1 1 | 16eS! G685 |
10 20 30 40 102 2x102
E [GeV]

Energy resolution
Stochastic term: - 20%

Constant term: target 1%
Forward: moderate p.. = high energy
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Electromagnetic object identification

Improved particle identification
Thanks to the high granularity and the longitudinal segmentation

Shower width
5 v . .
<  CMS Simulation
0.25- |
0_2} § Sig.: Phase Il 140 PU
-==- Back.: Phase Il 140 PU
0.15—
0.1—
0.05—
L ] "‘\-..__M‘.
0: V4 I i T i P
0 0.005 0.01 0.015 0.02

=
©

Shower start position

1

-iICMS Simulation
1ok i § Sia: Phase | 140 PU
F :E ------ Badk.: Phase |1 140 PU
-]
102¢ g
10°F
320 321 322 323 324 325 326

327 328 329 330
shower start z [cm]

Compatibility with expected
EM shower length

:! C
@ 0.07F

0.06F
0.05F
0.04}

0.03}

0.02F

0.01F

L m .'.-‘........“...k‘sli'ss: d
-i0 -8 6 4 2 0 2 4 6 8 10
(measured-predicted)/siama

Reconstruction of
the shower axis

Improved shower width

variables
Even without
mechanical projectivity
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Shower start
Separation charged
pions vs EM objects

Shower length
Easily parametrized
Logarithmic E dependence

Powerful ID variable
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Per cell At = 50 ps

Cluster resolution: < 20 ps
For energy > 10 GeV

HL-LHC: 160 ps wide crossing

Baseline (end)

0.4 -
0.2
0.0
-0.2
0.4
-0.6

t[ns]

z [cm]

@ st DD
[6)] o (6] o [6)])
1077 events/mm/ps

g
=}

A (ns)
5 8

Cluster
=
>

0.08

0.06

0.04

0.02~

—— Cell A, =200ps —— Cell A, = 150ps|
- ——Cell A, =100ps - Cell A, =BOps
- —Cell A, =50ps. —— Cell A, = 20ps
B "'\\
:I 1 1 1 1 111 I_ _I _I I_Illll_ | | |
10 107

Photon Energy (GeV)

Can collect energy deposits

within a 30 ps window

Electron: Seed and brem photons
Jets: reject PU particles

28/02/2017

-

electron

brem

Electron with bremstrahlung
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Timing and vertex triangulation

Reconstruction of vertex space-time from object timing
2 objects needed: e.g. 2 photons
30 ps resolution assumed below

Large rapidity gap Small rapidity gap

||||||||||||||||||||||
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Showers separation

('-M'S CMS Experiment at LHC, CERN Q
, Data recorded: Thu Jan 1 01:00:00 1970 CEST
Run/Event: 1/ 101 PFCandidate 170,
Lumi section: 2 pdg = 22
pt =44.70
eta =2.164
N phi = 1.101
PFCandidate 235,
Cores of showers very well separated pdg = 130
R T <> pt=9.14
Identify individual showers a eta = 2.071
Calibrate them individually o = ”*:; 1"’;‘;51
andidate ]
Match them to tracks O pdg = 211
pt=18.22
eta=2.120
phi = 1.127
PFCandidate 191,
pdg = 130
pt=1.27
eta = 1.998
phi = 1.203
PFCandidate 167,
pdg = 130
pt=1.09
genParticle 15, eta = 2.236
pc:g =?§ » phi = 1.252
pt = 70. .
akdGenJet 0, || eta =2.143 PFCandidate 226,
et=9959 ||phi=1.113 pdg = 22
eta = 2.163 pt = 6.56
genParticle 6, eta = 2.344

phi =1.125 % ; S
p =
etg =2.156 F:)I;gingata 186,
phi =1.125 sl
eta = 2.068
phi = 1.272
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Test beams

Purpose: test stacked modules

Calibration with MIPs, S/N measurements Where? @ FNAL & CERN
Energy responses, energy and position resolutions

Comparisons with simulations

b
N

mg ,_

Setup at FNAL Setup at CERN

FNAL
Up to 16 layers, about 15 X | Up to 8 layers, up to 27 X

Electrons up to 32 GeV Electrons up to 250 GeV
Protons at 120 GeV Pions at 125 GeV, muons from pions
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What has been tested?

Hexagonal sensors

6" wafers

200 pm thickness

128 channels, 1.1 cm? cell size

Glued stack of baseplace, Kapton™,
sensor and PCB

Kapton

CuW Baseplate
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Readout and layer configuration at CERN

MOGHEERIZECES Double PCB design
- Flexibility
Easily change the top part with different chips

2 SKIROC2 ASICs
Developed by Omega for CALICE

Hanging file system
Ability to change layer configurations

Hangmg files system

)= —_— i
= T AR "

(G wmv
' l.-i“'qd‘:';T‘iWJ ~' | , g § 8 F 8 1k By kg Lead

Copper

Cuw
Si + PCB

28/02/2017



Response to muons and pions

125 GeV charged pion passing through 8 layers

Reconstructed MIP signal

Nice MIP signal

DC

Muons and pions S800F ﬁ
Noise = 2.4 ADC :53500:_
S/N =74 - .
400 *
3003—
ok | 125 GeV
Used for calibration i *
100—
e

o
]
—
(=]
—
o
3]
(=]
w
o
B
o
w
(=]
[s)]
(=}
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Electrons at 250 GeV

250 GeV electron passing through 8 layers - 27 X |

Longitudinal profile

E- 2500_| T T 1 T T 1 L T T 1 T T 1 _20Gev
= i —32GeV
= - : _ 70088V
. B i — e
5 2000} ! —200GeV
& - S !
2 1500 :
A i ¢
1000 ; I
i L
500 . ;
- . : H .
07|||| L1 |:|||.|:|! 2 \I\Ii
0 10 15 20 25 30
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shower depth (Xo)
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Electron energy resolution

Energy resolution - 2 configurations

Energy resolution vs beam

L ! | ! LI ! | ! T 1 | I L | I LI | ! I_
energy -
Low energy points from FNAL . CERNsim 1
High energy points from CERN )| s —— T OERN ool
Overlap between the two = FNALsim A

__________________________ o =FNALdata —

oy |

Data / simulation ]
Good agreement i ]
0.05% > .. N N T—— —

| ¢ ' -

O : I 1 | 1 11 1 | 1 I | | ] 11 | | | 11 | 1 I_

0 50 100 150 200 250
beam energy GeV
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Timing tests

Timing resolution vs amplitude Time resolution improves with S/N

_ g, * S0 GV 1 320um ptype. 4 X, lead oy g Constant term: 14 ps, for S > 20 mips
£ 81
v Oycp=22.1ps subtracted ;Ob 0.3502 ig.gogz
0.25 1 i +0. e : :
oL 001418 1000181 Timing test with special fast readout
- __Po
- O-t T @ 1 2x2 trﬂn:z t DRS4 CAEN VME
015 scintillator rlgger bord (odel
0.1
0_05:_ + Beam dlrectlon Photek 240
C L reference timer
r LA T - ++-++1++; ()
e I R o 03 a0 Absorber
Signal amplitude (# MIP) (Lead /Tungsten) HGC special timing layer

Entries / (0.01 ns)
©
3

N
g
T

Timing test with 300 um layer
Fast readout
16 ps for 32 GeV electrons

IS
8
T

@
8
aany

0=15.9+0.4 ps
32 GeV electrons
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200[

150

100F
50
-04

CERN beam tests in
November 2016

Up to 250 GeV electrons
Analysis ongoing
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Short term perspectives

Detector structure for

Many more results this year 2017 test beams

Complete analysis of 2016 test beam data
CERN test beams between May and July

2017 beam tests

28 EE layers + 12 FH layers + modified AHCAL prototype
Updated readout chip: SKIROC2 _CMS

Full system performance and timing of hadron showers

TDR at the end of the year ECAL

Refined engineering studies and choices Silicon HCAL
Refined simulation and reconstruction

2023 2025 1+ 2026

Engineering and
Pre—production

Installation
commissioning

‘ Endcap Assembly
28/02/2017 Off—detector electronics | :




Summary and conclusion

Very ambitious project of a High Granularity Calorimeter for the HL-LHC
Adapted to the extremely harsh environment: pile-up, radiation

The HGCal provides multiple measurements in one place
Energy, tracking, timing

Innovative mechanical, electronics and reconstruction solutions are

developed
To provide the best possible performance

The project is progressing at full speed on every aspects
On schedule for an operation with the first HL-LHC collisions
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