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The Compact Muon Solenoid (CMS) detector

Basic information « Take "3D photographs" of
CMS DETECTOR S particle collisions (up to 40 million
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Pixel (100x150 um) ~1m? ~66M channels timeS per Second) in a” directions-

Microstrips (80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A * Welg ht 14000 tonneS- 15 metres
MUON CHAMBERS high, 21 metres long.

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

Overall diameter :15.0 m
Overalllength ~ :28.7m
Magnetic field  :3.8T
r— ) L

 Physics goal: standard model,
B,  PRESHOWER beyond standard model, Higgs boson
T mechanism, boost Higgs, dark
| rorwarn carornverer  Matter, extra dimensions...etc.

 Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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What is HGCAL, and why do we need It

What is HGCAL. Basic structure and purpose.

What is HGCAL, and why do we need
it

* It'sa 5-D calorimeter with high granularity
which can measure energy deposition, time,
and shower shape.

« Itis designedto cope with the larger number T
of collisions per bunch crossing (event
pileup)and higher radiation dose in HL-
LHC. g
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CMS p-p collisions at 7 TeV per beam

Up to 2 MGy absorbed dose

< 1 MoV-noulro equivalent fluence in Silicon at 3000 "’ 3
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Basic structure of the High Granularity Calorimeter (HGCAL)

What is HGCAL. Basic structure and purpose.

Mix layer of silicon and scintillator section

« Silicon section (using silicon
sensors): Cover the
electromagnetic calorimeter
(CE-E) and part of the Hadronic
calorimeter (CE-H)

mixed silicon-
scintillator cassette

« Scintillator section (using
SiPM-on-tile technology):
Cover the CE-H where the
expected end-of-life neutron
fluence is less than 5x1013
n/cmz

~2.3 [m]

k2.2 [m]
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SIPM-on-tile technology In the scintillator section of HGCAL

Components, readout system

 The SiPM-on-tiles include wrapped plastic Ehanges HGCROC

particles

scintillator tiles and silicon (Amplify and digitize
photomultiplier (SiPM) the analog signal)
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« Tiles are wrapped in reflective foil which
can maximize the chance of light reaching
the SiPM.
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« Smaller tile size and larger SiPM size can
collect more light to the SiPM.
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« The size of tiles are chosen for good S/N
for MIP calibration (needed until its end of
life)

« SiPM can detect photons from the tiles.
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Tilemodule with SIPM-on-tile technology

Components of a Tilemodule R —— .

p R —— ' SiPM

« Acomplete Tilemodule is a basic
unit for particle detection in the

scintillator section of the HGCAL.

* The Tilemodule includes wrapped
scintillator tiles, SiPMs, HGCROC,
LED calibration system, and other
electronics.

* There are 240k channels in the
Scintillator part in the HGCAL.

«  With scintillator tile size 4 ~ 30 cm?,
and SiPM size 4 mm2 and 9 mm?

* The HGCROC readout 72 channels
from the Tilemodule.

“"
« The HGCROC has 2 DAQ elinks and ‘ ;‘ || |
4 trigger elinks (1.28 Gbps/elink) for : .

data readback.
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Frontend data acquisition (DAQ) system
Where the data go

Motherboard

VTRX+

11

| downlink @ 2.56 Gbps

uplinks @ 10.24 Gbps l

IpGBT (TX)

bidir e-links @ 80 Mbps

<
12C, GPIO, ADC, DAC

Zr.c.'-unk@mza bps

ECON-T

ECON-T

¥

Y ,_| bidir e-links

@ 80 Mbps
ECON-D

LED bias

i

-F-F-#ﬁF-F-F-F ™ ™ ™ ™ ™

e-link @ 1.28 Gbps
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Clock|(320 MHz),

--r-------

r
1
e-litk @ 1.28 Gbp

Fast|Control (320 Mbps)

1
Wingboard/
Cables

Y
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Av4
12C, GPIO, ADC, DAC
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Tileboard PCB

ingboard (10°),
with Motherboard

below

Twinax cable
and 3 power wires

| Scintillator Tileboard

" Silicon Modules
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Quality control and Tile assembly centre at DESY
TAC and QC

TileAssembly Centre (TAC) at DESY is one of only two centers performing Tilemodule production
and quality control (QC) at every stage for the CMS HGCAL.

Objectiveis to assuretop performance based on DESY
. . Foil preparation
tests of small fractions of main components
machined tiles wrapping

Injection

« Light yield (LY) molded tiles

Developing test stands:

Wrapped tile size

Mixed

cassette
integration

« SiPM gain and saturation

 Tileboards and Tilemodules

Tileboard PCB
production

To achieve: HGCROC-
SiPM

* High accuracy of measurements atfast pace

« Tile-to-tile wrapping and light yield uniformity, SiPM S — q  scintillator 'V_
breakdown voltage uniformity

» Speed of Tilemodule assembly ~150/month
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Tilemodule test stand
Code test

Quality control for all Tilemodules produced
for the HGCAL.:

« Thermal cycling (-30°C ~ 25 °C) and cold
test using built-in LED system with climate
chamber.

- The goal is to check if there is any
disconnection or short of the electronics after
cool down, and test the data read-out at -30 °C
(HGCAL operation temperature). R

__ SR

Tileboard
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Tileboard tester
(small back-end for
slow control and fast
command)
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Multi-Tilemodule test with cosmic ray

Will be used in cosmic ray test stand and also a small EM stack in test beam for quality control.

Cosmic test with multi-layer Tilemodule system.

Segmented layer 1

* All Tlemodules produced for the CMS HGCAL will 207 o cition tracking _Trigger Scintillator 1
be tested with cosmic ray for quality control. By = — = |
: : / T T T T T T ) >—1
 MIP calibration and energy measurement.
Lo ———— §
c
Coincidence | , _ [ L1111 1 Wil "_’_*'%
o Trigger §§ RS S ‘—*“3
Challenges of the multi-Tilemodule test —C 35’ < E
A 1T 1 F = {
system development: =5 B
LT T T TR I Jro—— &
« Synchronization of all Tilemodules in the test e s —
.
system. (Fast commend, slow control, trigger | ]
signal...etc) 4 ——
R e o 1 | '
. . Segmented layer 2 Cosmis i inti
 Required Hardware, firmware, and software are all For position racking  muson e - ki

still under development.
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Multi-Tilemodule test system

Will be used in cosmic ray test stand and also a small EM stack in test beam for quality control.

Multi-Tilemodule testsystem
(under develop)

« Can measure up to 20
Tilemodules at the same time.

« Willbe used in cosmic test stand
for quality control.

 The same systemwill be used Iin
an EM stack
(15 Tilemodules interleafed with
steel absorber) for shower
analysis in test beam.
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Tileboard
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Tileboard
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Tileboard

Generate slow
control for itself

F Y

Tileboard

Tileboard

Tileboard

Yyy

KnSRcaploiyReEs (Readout-Controller)

Kria Controller

Slow control, DAQ data (send by Ethernet cable (RJ45) )
Enable fast command setup (last part to be enabled when run start)
Disable fast command setup (First part of being disabled when run stop)
»

r

v |

Back-end

Ethernet switch
T AR A A A A

k
F‘ [\FV

Kria adaptor type 3

Kria Controller
(Readout-Controller)

Kria Controller

Generate slow
control for itself

< 3| Kria adapt 3 i
type (Readout-Controller) Multi-tileboard ' (self-trigger) <
™
»  Kria ad : '
Tileboard 4_‘—> oe s g | Kria Controller .(—J_
Kria Controller 4‘ i A L « . ]
3| Kria adaptor type 3 (Readout-Controller) A A . trigger
Tileboard » eadoul-Lonirofler) 4 | ' i primitive Tileboard
- ' (send by Twin- (selt-trigger)
L1A trigger L ax C"i{}|e‘-
T < y (generate and - “ !
e o send to itself
e Kria Controller Y \ \
» Kria adaptor type 3 N ! and everyone)
Tieboard | > (Readout-Controller) — || | |
Til < . P
h ; Kria adaptor type 3 Kria Controller hi Fast d Fast command,
- » {Eeatiouticonialias) <« aLs1 : ?::;r;:: ’ Slow control, DAQ data, L1A
u < ' clock ’ trigger, clock
---------------- (send by RJ45 (send by Twin-ax cable)
T i cable)
Til £ Fast command,
Slow control, DAQ
data, L1A trigger,
i < clock
(send by Twin-ax
= < cable)
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Plan for the future
When will the Tllemodule be built and ready to go

Pre-series Tilemodule (ongoing)

* Close to final components

»  Will not be installed to the final detector.
* To be familiar with Tileboard production
» Developing quality control procedure

Full production (will startin 2025)

*  WIill produce the remaining 90 ~95% of the
Tilemodule for the HGCAL.

»  Will produce in full speed.

2025

Pre-production Tilemodule (will start in 2024)
» Are real detector pieces
«  Will be installed in HGCAL.

« Learning phase of full production.
»  Will produce first 5 — 10 % of the full production.
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Summary

« HGCAL is going to replace the current CMS endcap in the
high luminosity phase of LHC.

 All Tilemodules produced for HGCAL will be tested with
cosmic ray, thermal cycling and cold test.

 Full production of the Tilemodule will start next year.

« Multi-Tilemodule test system under development.
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Schedule of the HL-LHC

Plan for the next decays

HiLumi,

LARGE HADROM COLLIDER -

LHC HL-LHC
— |-
| Run 4 -5...
13 Toy A == 13.6 Tev LIAC 13.6 - 14 TeV ner
Diodes Consolidation i
splice consolidation lirmi LIU Installation _
7 TeV 8 TeV button collimators ?r?;a.lrgtlitan o inner triplet HL-LHC
— R2E project regions Civil Eng. P1-P5 radiation limit installation

5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
]

beam pipes . . . . HL upgrade
nominal Lumi _Ef_"c_’ﬂm ALICE - LHCb ; 2 x nominal Lumi

75% nominal Lumi .'—”/"_' upgrade 1
2 -1 intearated BEALUUR |2
30 fb 190 fb™" | uminosity PILE

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY =3 PROTOTYPES CONSTRUCTIONM | INSTALLATION & COMM. H” PHYSICS

« Lowering, installation, and commissioning of the detector will be done during Long Shutdown 3 (LS3).
- Expected instantaneous luminosity = 5x1034 /cmz2s, and pileup = 140 (can reach 50 % even higher)
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HGCAL readout chip (HGCROC)

Informatino about the data readout chip

. 72 active channels, 2 calibratin channels,
and 4 common mode channels.

Dynamic range ~ 0.2 pCto 10 pC.
 Peaking time ~ 20 ns.
* Linearity < 1%.
«  Energy measurement:
- ADC 10-bit SAR, range 0 ~ 100fC

- TOT range 100 fC ~ 10 pC, with bin size
=2.5fC.

« TOA:10-bit TDC,LSB < 25 ps, 25ns full
range

« Datareadout path: Latency up to 12.5 ps.
With 2 outputs in 1.28 Gbps.

« Triggerreadout path: Latency up to 36 BX.

With 4 outputs in 1.28 Gbps.

. 320 MHz clock.
DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

Phase Decoded clocki0M
Shifter == PLL === SIS Vo ET ST e e SRS S Fast commands |g—
Inttmd ¢ .| comm port ¢—
Clock and control path i :
Y Y  J
6 e DAQpath [ 1] \ Readout path
9 ADC docatig T L |
‘ | | riggered M =
Latency H| .. || et 1 a
L TOT TOT Lol A Circular -3l FIFO I readout
encoding[ " |\, | Buffer 9 manager
manager )\ N +CRC
5 'l Rave |© 2x Dat
ata
e XA N| Ram1 | 11 -1 link
G
&ﬂCMand?. calibration channels
A A
Trigger
readout
manager
4x Trigger
link
) DAC Slow control
Calibration -+
St ToT/ToA comm. port
injection - >
[ l ‘ thresholds cC
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Single Tilemodule test system

Block diagram

Tile board dircui Tile Tile board tester
ircuit for board
1*C address FPGA Kernel User space
12C_ADDR]0:3] I adaptnr space {Linux)
HGCROC | (Linux) DAQ server
c» L Epe > ELINK TRIGGER , | |88 capture < | 2
: MPPC_CH K ———— < > 3! Data buffer =
1o [1 :64] Half 0 trigger capture 'g
L AA block € _ H
i |— trigger capture ‘ } | =] :
i | }
o — ﬁ block ] = —» Data buffer g
! w| _ . i
Vo s = Half 1 Tk D.\Q trigger capture )‘ 3
i gl = - :d) ' block <« Configure I_;
: g g 1'.""” - DAQ capture = | management 3
LI rigger
3 ! “l 2 VPA |VDDA (VDD [reset e
s = m A | A | A | A | = *'_ )’ Remote PC
i a8 nEi. S g & E
E ] E | ﬂ §E : EE : = 5 2= ““:‘:";mz“d ; ~ ; slow control server
: i pemmmm--- PR ﬁ: - m: | = =X Tact and cloe = — _ |
E i H E (PR CEEEEE LT 4 E E command - - ; b+ g External
o ' ; i = T st comman h_} trigger
H ] i GBT-SCA v (link reset encoder E E
i i | ’c and L1A) ettt E.( = source
LI " i : L ECISLON 00 1SSuing =
e LED system <—————— 32 GPIOs master DAC BI_?S“[?}E]IULL L1 sigas) = 3
. i : i i E : trigger data to —
P D p—— R FLINK SCA L be exmained | -
H ! i j ’m‘ LLA R S self-trigger |0 ower
i i i it [+ block « supply
i : ADC BUS[0:30] ; : E }-‘?* = o e txiu'n-al wgger W4 L0V Voo
H i l H i \ :E g = PT1000 link capture %_’ | i' 0 N +10V DC
L T S YY) PR B . > i LED bias
O i [P bPOL12 |- -, pRase e e demeemeadd  voltage
;i Analogue iHif=ssessesg : : | information i 3V ~ 48V DC
i devices i ALDO ;----- LDO («- - : slow i i
. : i 33V L —> | contre! &k > L MPPC bias
i ' e ] bPOLI12 [¢--' | H10VDC block || || T seeeeecb o voltage
e laboig-l Le3A e g 41V ~48V DC
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Block diagram of the multi-Tilemodule test system

On the hardware perspective, what do we need

The system includes

7 Kria controllers

- 1 as Trigger-Controller

- 6 as Readout-Controllers

1 Kria adaptor type 2 + trig

6 Kria adaptor type 3

20 Tilemodules

- up to 18 Tilemodules under test
- 2 triggering Tilemodules

1 ethernet switch

1 PC and power supplies

Tileboard |
Tileboard |
Tileboard |
T <
>
» Kria adaptor type 3
Tileboard | >
Tileboard -
< ‘
» Kria adaptor type 3
Tileboard 4—\
>
Tileboard ¢ » Kria adaptor type 3
Tileboard 4—‘—>
» Kria type 3
Tileboard - v
T <€
>
» Kria adaptor type 3
Tileb q4 4 "-
Til < »
» Kria adaptor type 3
>
Til <
T <
il < Fast command,
Slow control, DAQ
data, L1A trigger,
T < clock
(send by Twin-ax
= < cable)
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Generate slow
control for itself

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Slow control, DAQ data (send by Ethernet cable (RJ45) )
Enable fast command setup (last part to be enabled when run start)
Disable fast command setup (First part of being disabled when run stop)
-

A 4

Ethernet switch

r

Back-end

AAAAAA

) )

<

L)

;

L)
<

L)
< Generate Sflcuw

X control for itself

L I O U T
< I

i | Tileboard

" : (selftrigger) €
< Z—r Multi-tileboard — LelA L=
L)

' »> ﬁ;’:m‘;’ Kria Controller I(—J_
< [:_E (Trigger-Controller) {(_11

' A A | rigger
<« l T 1 primitive Tileboard

i TIA Giaoor | (send by Twin- (self-trigger)

; .:ge"em'.ggnd 1 axcable)
< send fo itself

' and everyone)

—[ [ | |
4' Fast command
P I— Fast command, Slow control, DAQ data, L1A

L1A trigger,
I clock ' trigger, clock
(send by RJ45 (send by Twin-ax cable)
cable)
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L1A trigger of the multi-Tilemodule test system

How the system generate the L1A trigger

« ThelLlAtriggerwill be generated

by the Trigger-Controller.

 The L1Atriggeris encoded in the

fast command stream.

« Steps:

-2 triggering Tilemodule will sent

trigger primitives (trigger sums over 4

cells every 25 ns) by trigger elinks

- The Trigger-Controller will

process this trigger information and

make the decisionto generate the L1A

trigger if not receiving any "busy" flag

from other Tileboards.

Til «
Slow control, DAQ data (send by Ethernet cable (RJ45) )
Enable fast command setup (last part to be enabled when run start)
Til -« Disable fast command setup (First part of being disabled when run stop)
»> Back-end
- _ Generate slow
- control for itself ' |
- < X Ethernet switch
L. -
. P, Kria Controller <
| PR TR (Readout-Controller) ¢ T T T I I I I
Til < »> N
Tileboard
E Kria adaptor type 3 Kria Controller <
= (Readout-Controller) < Generate slow
Tileboard 4—‘ control for itself
> Kria Controller <l e
Til d e » Kria adaptor type 3 « X I Tileboard -«
(Readout-Controller) .E Multi-tileboard I (self-trigger)
ﬁ, Kria ad : '
Tileboard : [:_E type 2 :::Ig Kria Controller ‘—J. L
rigger-Controller) |
> Kria type 3 Kria Controller < 'Y 'y (Trigg ) ¢ trigger
Tileboard ¢ I > Lr (Readout-Controller) ¢ X et Tileboard
~ I l—f : ofrclr-.t:;lyr:m (seli-trigger)
L1A trigger v blﬂ‘.
T < 3 (generate and , axcaple)
2 o send to itself
- Kria Controller I
» Kria adapior type 3 ¥ ! and everyone)
o < > (Readout-Controller) «—| | | |
il -« » -
h » Kria adapt type 3 Kria Controller B Fast command,
> (Readout-Controller) P I— Fast command, Slow control, DAQ data, L1A
i < ” L1A trigger, trol, ]
T < CI;LQKQBF trigger, clock
———————————————— (send by RJ45 (send by Twin-ax cable)
T < cable)
il < Fast command,
Slow control, DAQ
data, L1A trigger,
gl < clock
(send by Twin-ax
= < cable)
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L1A trigger of the multi-Tilemodule test system

How the system generate the L1A trigger

The Trigger-Controller will apply
some algorithms for making the
decision, such as coincidence,
masking with respectto timeto
avoid two L1Atriggers too close to
each other.)

Tileboard |«

Tileboard |«

Tileboard |«

T *

L.
» Kria adaptor type 3

Tileboard < >

Tileboard = I

‘_‘—i Kria adaptor type 3

Tileboard (—I

>
Tileboard | » Kria adaptor type 3
Tileboard 4—,—) '
i
» Kria type 3
Tileboard <—I—; )
>
T *
L.
>
» Kria adaptor type 3
Tileboard >
!
!
i

Tileboard | »

» Kria adaptor type 3
L.
Eal

Tileboard |«

T *

Tileboard |« Fast command,
Slow control, DAQ
data, L1A trigger,

T = clock

(send by Twin-ax

T P cable)

DESY. | Multi-Tilemodule test system with the Kria controller | Jia-Hao Li, 26 July 2023

Generate slow
control for itself

Kria Controller
(Readout-Controller)
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Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Slow control, DAQ data (send by Ethernet cable (RJ45) )
Enable fast command setup (last part to be enabled when run start)

Disable fast command setup (First part of being disabled when run stop)
-

» Back-end
Yy
X Ethernet switch
< TJLJL AAAA
<
i)
L)
L)
L)
L)
. G te sl
enerate slow
4.— control for itself
JI_ FPTTTTTTsEsssEEE T I
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-« 3 Multi-tileboard ~ « (CEAGETER
i 3| Kria adaptor Kria Controll !
. | type 2 +irig a Controller ‘—J.
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A A
< ' i primitive Tileboard
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i Fast command,
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Slow control of the multi-Tilemodule test system

How the system generate the slow control

« Theslowcontrolwill be
generated by the Trigger-
Controllerand Readout-
Controllerthemself seperately.

- all 7 Kria controller are connectted
to the Back-end through Ethernet
cable.

Tileb <
Tileb <
Tileb <
T <
>
» Kria adaptor type 3
Tileb < »
Tileboard » I
>
<—‘_—i Kria adaptor type 3
Tileboard 4—\
g
Tileb < » Kria adaptor type 3
Tileboard 4—‘—> '
i
» Kria type 3
Tileboard 4—,—; )
T <
L.
>
» Kria adaptor type 3
Tileb < >
!
!
Tn e 4 - :
» Kria adaptor type 3
Tileb <
T <
Tileb < Fast command,
Slow control, DAQ
data, L1A trigger,
T < clock
(send by Twin-ax
T < cable)
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Generate slow
control for itself

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Kria Controller
(Readout-Controller)

Slow control, DAQ data (send by Ethernet cable (RJ45) )
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Disable fast command setup (First part of being disabled when run stop)
-

r
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< [:_E (Trigger-Controller) ﬁ
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A A

< ! T ; primitive Tileboard

: ; L1A trigger | (send by Twin- (selttriagen)
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Fast command of the multi-Tilemodule test system

How the system send fast command

« Thefastcommandis send from ——

A

Slow control, DAQ data (send by Ethernet cable (RJ45) )
the Trigger-Controller. Tieboara |« niEQE:L'?J:fLE;“;“;221:?&3'?F‘i'.i?‘piiiﬁfbi?@”;i?ﬁ.E“L“;iﬂe"ﬁ”.-:‘n‘lflp;.’ .
s !
« The fast command setup in the Trigger- - ) ;—----f-l-f---l-lf---; Ethernet switch |
Controller will be enable or disable through . : 5 instoripes | SiaContaler T TMHH
ethernet cable from the back-end. | |
| - 2 cinsamoripes | o Convele S
 The fast command setup is the last one to be | o “— *  control foriself
enabled when a run starts. And it is the first Tibowra |« > Komssorpes | S o j_ | o €]
one to be disabled when a run stop. Trooara | = Kasiwlor | KriaController < |
<_’—; s ypna | Kt Cotrller < f:_E R (Trigger-Controller) ‘Tlgg?_—i
« The fast command goes: ek > R — e | el
- Trigger-Controller -> Kria adaptor type 2 e[ > cnramiges | ot < i o
+trig -> RJ45 cable -> Readout-Controller-> e g M
tKer;:\ adaptor type 3 -> Tilemodules-under- j e D — T
) I | o e (send by Toin ax cabie)
-Trigger-Controller-> Kria adaptor type 2 T : ) . d o

data, L1A trigger,

+trig-> triggering Tilemodules Siow control, DAQ

== < clock
(send by Twin-ax
cable)
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DAQ data of the multi-Tilemodule test system

How the system collect DAQ data

The DAQ data of all 20
Tilmodules (18 Tilmodule-under-
test + 2 triggering Tilemodules)
are collected from the 7 Kria
controller through ethernet cable.

Tileb «
Slow control, DAQ data (send by Ethernet cable (RJ45) )
Enable fast command setup (last part to be enabled when run start)
Tileb -« Disable fast command setup (First part of being disabled when run stop)
»> Back-end
— _ Generate slow
- control for itself 4
T P e Ethernet switch
-
L.
. P, Kria Controller < AAAAAAM
| PR TR (Readout-Controller) ¢ T
Tileb o« »> N
T L)
; ;
Tileboard ‘ .
E Kria adaptor type 3 Kria Controller 4,
> v (Readout-Controller) < Generate slow
Tileboard 4—‘ ; , control for itself
L) L)
_______________ .
Tileb - > Kria adaptor type 3 Kria Controller %. i X Tileboard
- - v Readout-Controller] = ¥
‘ ) 3 Multi-tileboard & (selt-trigger)
»  Kria ad, : '
Tileboard : ' type 2 m‘;’ Kria Controller q—JI
> Kria 3 Kria Controller ] i (Trigger-Co ller) ¢ trigaer
> plor type N A Al i 99 .
Tileboard L (Readout-Controller) t ! i primitive Tileboard
' i Q 'y . (self-trigger)
X L1A trigger , (send b)élTwm
T - P ! (generate and , axca e)
2 o send to itself I
- Kria Controller I '
» Kria adaptor type 3 and everyone) '
Tileb < > (Readout-Controller) —| | | |-
Tileb -« » -
h » Kria adapt type 3 (R K::a Coglrollelrl ) B Fast d Fast command
- v eadout-Controller ast command, .
. ~ > 4+— a trigger, Slow control, DAQ data, L1A
< : : clock trlgger,_clock
———————————————— (send by RJ45 (send by Twin-ax cable)
T < cable)
Tileb < Fast command,
Slow control, DAQ
data, L1A trigger,
Tileb < clock
(send by Twin-ax
= < cable)
Page 25
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O1 Introduction



The Large Hadron Collider (LHC) at CERN

Basic information

(k- 0 Srgp s N W S g « The largest particle accelerator in the
| i - o world.

« Located 100 metres underground at
CERN with 27 km superconducting
magnet ring.

« 4 collision points around the accelerator
ring.

« 4 different particle detectors in each
collision point: CMS, ATLAS, ALICE, and
LHCDb.

R e
T - N

« (Goal: Standard model physics, the origin
of mass, supersymmetry, dark matter, dark
energy, matter v.s antimatter, quark-gluon
plasma...etc.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 27



The Compact Muon Solenoid (CMS) detector

Basic information « Take "3D photographs" of
CMS DETECTOR S particle collisions (up to 40 million
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A * Welg ht 14000 tonneS- 15 metres
MUON CHAMBERS high, 21 metres long.

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

Overall diameter :15.0m ‘ Pixel (100x150 ym) ~1m? ~66M channels ti m eS p er Secon d) in al I d irection S .

 Physics goal: standard model,
B,  PRESHOWER beyond standard model, Higgs boson
Pm T mechanism, boost Higgs, dark
| rorwarn carornverer  Matter, extra dimensions...etc.

 Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 28



The Compact Muon Solenoid (CMS) detector

How it works.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 ym) ~1m?* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

4 ’ FORWARD CALORIMETER
' Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

2.

3.

Bending the trajectories of charged
particles (by using magnetic field ~ 4
tesla): identify particle charge, measure
particle momentum.

ldentifying tracks of the bent charged
particles (done by silicon tracker)

Measuring energy of particles produced
in each collision: Electromagnetic
Calorimeter (ECAL) => electrons,
photons. Hadron Calorimeter (HCAL) =>
hadrons (quarks and gluons)

Detect Muons: can also measure
its momentum by tracking devices and
muon chambers.
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Schedule of the HL-LHC

Plan for the next decays

HiLumi,

LARGE HADROM COLLIDER -

LHC HL-LHC
— |-
| Run 4 -5...
13 Toy A == 13.6 Tev LIAC 13.6 - 14 TeV ner
Diodes Consolidation i
splice consolidation lirmi LIU Installation _
7 TeV 8 TeV button collimators ?r?;a.lrgtlitan o inner triplet HL-LHC
— R2E project regions Civil Eng. P1-P5 radiation limit installation

5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
]

beam pipes . . . . HL upgrade
nominal Lumi _Ef_"c_’ﬂm ALICE - LHCb ; 2 x nominal Lumi

75% nominal Lumi .'—”/"_' upgrade 1
2 -1 intearated BEALUUR |2
30 fb 190 fb™" | uminosity PILE

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY =3 PROTOTYPES CONSTRUCTIONM | INSTALLATION & COMM. H” PHYSICS

« Lowering, installation, and commissioning of the detector will be done during Long Shutdown 3 (LS3).
- Expected instantaneous luminosity = 5x1034 /cmz2s, and pileup = 140 (can reach 50 % even higher)

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 30



High Granularity Calorimeter (HGCAL)

What is HGCAL. Basic structure and purpose.

f
i B {
o / [ f
" e § \’
- , J
P i
g i /
'f [ . | |
'l 4 » |/ ]
4
' 4
1 RV
|

“ '
|

» As part of the CMS phase-Il upgrade, HGCAL will replace the current endcap of the CMS detector
in the HL-LHC.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 31



What is HGCAL, and why do we need It

What is HGCAL. Basic structure and purpose.

What is HGCAL, and why do we need
It
* It'sa 5-D calorimeter with high granularity

which can measure energy deposition, time,
and shower shape.

« Itis designedto cope with the larger number
of collisions per bunch crossing (event
pileup)and higher radiation dose in HL-
LHC.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

CMS p-p collisions at 7 TeV per beam

< 1 MoV-noulro equivalent fluence in Silicon at 3000 "’

Up to 2 MGy absorbed dose
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Basic structure of the High Granularity Calorimeter (HGCAL)

What is HGCAL. Basic structure and purpose.

. _ _ N Mix layer of silicon and scintillator section
« Silicon section (using silicon

sensors): Cover the
electromagnetic calorimeter
(CE-E) and part of the Hadronic
calorimeter (CE-H)

mixed silicon-
scintillator cassette

« Scintillator section (using
SiPM-on-tile technology):
Cover the CE-H where the
expected end-of-life neutron
fluence is less than 5x1013
n/cmz

~2.3 [m]

k2.2 (m]
DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 33




Basic structure of the High Granularity Calorimeter (HGCAL)

Active elements and key parameters

Active Elements:

* Hexagonal modules based on Si sensors in CE-E
and high-radiation regions of CE-H

» “Cassettes”: multiple modules mounted on
cooling plates with electronics and absorbers

* Scintillating tiles with on-tile SiPM readout
in low-radiation regions of CE-H

Key Parameters:

Coverage: 1.5< |n|<3.0

~215 tonnes per endcap

Full system maintained at -30°C
~620m? Si sensors in ~26000 modules
~6M Si channels, 0.6 or 1.2cm? cell size
~370m? of scintillators in ~3700 boards
~240k scint. channels, 4-30cm? cell size
Power at end of HL-LHC:

~125 kW per endcap

~2.3 [m]

€ ~2.2 [m] >
Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 26 layers, 27.7 X, & ~1.5A
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 21 layers, ~8.5A

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 34



What is HGCAL, and why do we need It

Physics motivations

Vector boson fusion (VBF)

« Two quarks from each of the LHC protons collide
with each other. The quark radiate off a heavy
vector boson (W or Z) and deflected slightly
different from its original direction.

« The particlejet of the deflected quarks and
the can be detected by the HGCAL.

Quark-Gluon Discrimination

 The high granularity of HGCAL can help
Improving jet identification.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 35



What is HGCAL, and why do we need it

The importance of precision about time and space

« Withthe high granularity, HGCAL will be able to
identify VBF jets.

« The pileup issue can be greatly improved with good
timing resolution (tens of picoseconds) of the HGCAL. q

~22[m)]

(Ex: VBF H ->vyy)

VBF H ->vyy VBF H ->vyy
(Wlthout tlmlng selectlon)

(select hlts W|th tlme wmdow <90 ps)

[m] ES~

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 36
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02 Silicon section of the
HGCAL



Silicon module (hexaboard)

Structure of the hexaboard

« The basic element in the silicon section of the
HGCAL is called hexaboard.

» Silicon cell size: 0.5 (for HD hexaboard) and 1 cm?
(for LD hexaboard).

« Data readout by HGCROC chip.

Hexaboard

Silicon sensor
Kapton sheet

Cu/W base plate

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

Stepped holes Wire bonds
BV / Gnd
ring

Silicon (320 pm)
Kiionf"' foil ilated with ‘old ‘~ 100 Hm|

Layer with only silicon section

-3mm<

~2.3 [m]



A cassette in the silicon section

Structure of the hexaboard

Optical output/inout

\.
e LV connector

Coollng plate

B,

LD wagon board

LD hexaboard

Local
HD hexaboard

Deported
DC/DC converter

LD engine board

HD engine board

——

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

Low density region

* Siliconsensor
thickness: 200 and
300 pm.

—

DC/DC converter] <+ 192channels per

hexaboard.

High density region

« Siliconsensor
thickness: 120 pm.

« 432channels per
hexaboard.
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A cassette In the silicon section

Mockup cassette in the silicon section

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 40



Power tree of cassette

For the cassette with only hexaboards

Cassette

_PPO Periphery IIIIII EngineBoard WagonBoard HexModule
Lov { Concentrator
1 Mezzanine I:l
i ) ECON-T
: 2.5V = ECON-D
2.5v|VTRx+ 35 o
SIS0 VDDD = 1.2V
N o
Low DCDCModule (Raracl]
Density | IEGBT | EN|
Regions i bPOLI 12\,;5 | T [HGCROC-D] «3
10V. ~ —r ‘ v VDDA = 1.2V
16V [bPOL12V] 1*'['-———_|rn [HGCROCA], 5
S EN
: 5 a! BCDCModuie
Sl3ll. o
i olloln = '__E&__
E E §_ I bPOL12V/|
- o] bPOL12V —~I
T i i e 1o s s e e e e 2 8 8 e e t J I
{ ‘ )
: DDA=
High HGCROC-Aly3
Density DDA=
Regions P e N X3
N T
10V ThPOL12V] 2.5V y— S e, 1.5V DDD=
TMPOLI2VI2:3Y -\ HGCROC-Dlx6

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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Front-end data acquisition (DAQ) system

Where the data go

1 ¥
s 1 | VIRX+ .
1 A 4| downlink @ 2.56 Gbps o
'
: T uplinks @ 10.24 Gbps i
VI | o ey RS EC/12C..... o
" H v .................... J' f
v i
. IpGBT (TX) IpGBT (TX) IpGBT (RX/TX) :
: T :
1 i
FESspsssszzzz=zs ::;:::::::}:r::::::::::
1 & Wagon
: &
" 8  prrmm— § e e o
i ® < Clock (320 MHz)
' y= N Fast Contol (320 MH2)
t b ® :
------ % - - f W BN BN OB A B B BN OB OB A W A W O . * - O W W
P 4 :
Rafael
= --- - o - ------- - e m s m W
1 ¥
: z | |
: ECON-T v
1 HGCROC m
1
1

" Concentrator
s Mezzanine

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

HGCROC: Data readout chip. There are 3 of it on the
LD hexaboard, and 6 on the HD hexaboard. Receive
and digitize signals coming from the silicon sensor.

ECON-T: Concentrator chip for trigger path. Select
and compress trigger data from the HGCROC. Trigger
data transmission in 40 MHz.

ECON-D: Concentrator chip for DAQ path. Channel
alignment and zero suppression. Collect data from the
HGCROC after level 1 trigger accept (L1A). DAQ data
transmission in 750 kHz.

Rafael: fanout chip for clock and fast control.

IpGBT: Send and receive data, clock, fast commend
from versatile transceiver (VTRx+). Also responsible in
sending slow control via 12C
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Frontend data acquisition (DAQ) system

Fast command and clock for the LD hexaboard.

—LD-EnaineBoard

VTRx+
Rafael IpGET(T)
I IpGBT(T) I
LD-WagonBoard LD-WagonBoard
] IpGET(D
CLK320 & FC CLK320 & FC CLK320 = K320 CLK320 & FC CLK320 & FC
& FC & & FC

[ D0¥29H

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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Frontend data acquisition (DAQ) system

Slow control for the LD hexaboard.

LO-EngineBoard

LD-WagonBoard LD-WagonBoard
Opticnal for the 7t Module
wihere present
Al
SCL
= sSCL pGBT 12C
o o pCL scL SDA SDA | [cre+ADC
BDA DA DA SDA
% Q
2 & AG N
Q Q (o Q; (9] % Q A
o\\ % A\ 2A\\ MZ
Z\\ » f’c‘) P A AND
0 ) g e
Gy Ce . o s
Chon o 00 oc Oc o
(") (]
(7] G} & 9
g 2V(D V(D (D)
g SCLESDA 20 2 3 SCLESDA Vo 2 SCLESDA ?1¥ © % § SCLESDA H'e g CLESDA i %
o A 3 = = =
R [ #LDO z D0_P g [D0_PM i
T50_FW z ey Ll & LDO_PM E A o 5
g 8 g e =
s 3 ) > ?‘CF’ J€
]
S > o IS5 @3"‘@0‘}
A A o .
> Sy o )
o5 R N

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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System test for the LD hexaboard

System test of the v3 hexaboard

« With ECON mezzanine (only equipped with
ECON-T), Wagon board, VTRx+, mini backend
(zcul02).

« Able to send slow control, fast command, and
read/write to registers in the front end ASICs.

 Able totransmit trigger and event data from the
HGCROC. (configured to send dummy data)

Engine board

‘ | |
ﬁ*—sﬁe—t Nt W—N—.. R

Wagon board

gqulhuLThgy

h ”“M

A successful 12C transaction between two front end ASIC

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 45



Test beam at CREN in August 2023

Test beam for hexaboard Front end setup

Mounted hexaboard ona C

TS RTE - Bl

u cooling plate
O

Successfully detect the beam

i

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023



Module assembly

System test of the v3 hexaboard

 There are currently 6 module assembly centres
(MAC) for producing hexaboards.

» Video of the hexaboard module assembly procedure
(from the NTU MAC in Taiwan):

https://www.youtube.com/watch?v=f0fYabsCFZY &t=407s

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 47
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03 Scintillator section of the
HGCAL



Tilemodule with SIPM-on-tile technology

Components of a Tilemodule

« Acomplete Tilemodule is a basic
unit for particle detection in the
scintillator section of the HGCAL.

* The Tilemodule includes wrapped
scintillator tiles, SiPMs, HGCROC,
LED calibration system, and other
electronics.

* There are 240k channels in the
Scintillator part in the HGCAL.

«  With scintillator tile size 4 ~ 30 cm?,
and SiPM size 4 mm2 and 9 mm?

* The HGCROC readout 72 channels
from the Tilemodule.

« The HGCROC has 2 DAQ elinks and
4 trigger elinks (1.28 Gbps/elink) for
data readback.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

SIPM

LED

~2.3 [m]
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Frontend data acquisition (DAQ) system
Where the data go

A
i Motherboard
I VTRX+ I
A | downlink @ 2.56 Gbps
1 T [
! uplinks @ 10.24 Gbps l !
: » bidir e-links @ 80 Mbps X :
I IPGBT (TX) |......cgromcoee ) IPGBT (RX/TX) !
1 1
i ? eclink @ 128300y 7 '—? bidir e-links 1
! ; ECON-D ot ingboard (10°)
il ECON-T || ECON-T LED bias - . with Motherboar(,i
1 [
I-.F.Fﬁ.l-.r.#ﬁl-.l-.l-.r I S AP Twinax cable
2 ! Clock| (320 MHz), s
' % eIk © .26 Bps Fast|Control (320 Mbps) ngbo ard/ : and 3 power wires
I ~—
& A4
20 GP0ADCDAG N - [ Silicon Modules
HGCROC i GBTSCA
ALDOV?2
Tileboard PCB
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SIPM-on-tile technology In the scintillator section of HGCAL

Components, readout system

 The SiPM-on-tiles include wrapped plastic
scintillator tiles and silicon
photomultiplier (SiPM)

« Tiles are wrapped in reflective foil which
can maximize the chance of light reaching
the SiPM.

« Smaller tile size and larger SiPM size can
collect more light to the SiPM.

« The size of tiles are chosen for good S/N
for MIP calibration (needed until its end of
life)

« SiPM can detect photons from the tiles.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023

Charged
particles

Plastic scintillator tile

5

N

rd
w

Analog signal

HGCROC
(Amplify and digitize
the analog signal)

25 RTBIRIS RS 9220
. RARaRz A2l {mE U8

oeq ey g gt gAReES
oo -0 § 0 A0 ek —I""'

n,,.g..gl!“!li‘
. 'nu-IO !“"‘

‘;
Digital signal
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Test beams of the Tllemodules at DESY

Test beams that has been done at DESY

« Validated the performance of the SiPM-on-tile
on Tilemodules with all the on-board
electronics.

« Using 3 GeV electrons at the DESY-II test
beam facility.

 This includes:

» Different SIPM sizes
» Different scintillator tile sizes

« Different scintillator materials produced
using different techniques

* J|rradiated and Non-irradiated SiPMs

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023



Test beam of the Tilemodule at DESY

Using pulse shape and trigger information for MIP extraction

The HGCROC is designed to work in sync with the 40 MHz LHC clock.

The DESY clock is asynchronous to this. Therefore the signal could come anytime within a clock cycle.

The DAQ system also has an internal clock which measures the TOA measurement of the trigger with ~0.8 ps resolution for

each event. This trigtime information therefore can be used to reconstruct the pulse shape as seen in the plot below.

The MIP maximum can be obtained by measuring the peak value of the MIP spectrum and then subtracting the pedestal.

adc
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rurort

a
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f
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- )A“ ]k CMS work
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’ 200, 400, 600, 300,

Time of Arrival of the trigger measured by the
DAQ system with respect to 40 MHz clock
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Reconstructed Amplitudes [ADC]

MIP maximun

1000,
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Test beam of the Tilemodule at DESY

Measure SiPM gain from single photon spectrum

« Alow intensity LED is equipped next to each SiPM on

the Tilemodule.

* Photons produce by the LED are captured by the SiPM. Single photon spectrum
. . . . % - oly Y 2y 3y
« Sampled SiPM signals will produce a Single Photon % 190
Spectrum (SPS) with each peak corresponding to the = E
number of photons detected by the SiPM. 100:_
« The difference between two peaks is defined as the 80__
SiPM gain in photon equivalent units (p.e.). 60}
40—
Light Yield (number of photo-electrons captured): 20:— S “MS worl
] ~ N progress
nghtﬁe.lld[pE]:M{Pmaxjfna[‘:qDC] O_I|IIIIHII|II \|I II| I\\|IIII|\ I—‘—I—'_H—I_Ih\\n
SiPM gain[ ADC] 130 140 150 160 170 180 190 200 210

Amplitude [ADC]
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Test beam of the Tilemodule at DESY

Compare light yield measured from different type and size of tiles

There are 4 different size of tiles on the Tilemodule tested.
- 33.53 mm (R18), 35.03 mm (R20), 36.59 mm (R22), 38.22 mm (R24) side
lengths.

« Light yield is inversely proportional to the squared root of the tile area, so

smaller tiles have a larger light yield.

« The moulded tiles batch 1 (made by the current producer) has a light yield
close to the IHEP inj-moulded tile v.3 (made by the previous producer, not

available fortile productionanymore).

« The three moulded tile batches use different material compositions which

explain the different light yields.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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CMS work in progress
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Test beam of the Tilemodule at DESY

Different SIPM size (non-irradiated SiPM)

Measure the MIP spectrumfor4 mm2and 9 mm?2 SiPM on the mini Tileboard with the

same configurationand same type of tile (IHEP inj-molded v.2 tile).
«  The MIP maximum forthe 9 mm2SiPM is larger than the 4 mm2 SiPM

* Applycorrection to the light yield measured from 4 mm2and 9 mmz2 SiPM in Mini Tileboard
- temperature correction (25°C)

- over voltage correction (6 V)

« Thelightyield for4 mm2 SiPMis 46.6 p.e.
« Thelightyield for9 mm2 SiPMis 106.8 p.e.

« Theratio between9 and 4 mm2 SiPMis 2.29, which is closeto the expectedratio, of 2.25

(estimated from the size of the two SiPMs).

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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Test beam of the Tilemodule at DESY

Irradiated SiPMs MIP data with beam directed hitting the SiPM area
01600
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. . . . . . . " " S 1400 -fit maximum-=(178.96+/-0.34)-ADC
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10001
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Tilemodule assembly centre
Tile wrapping and pick-and-place machine at DESY TAC

* The full production of the Tilemodules will startin 2024.

* There are currently two Tilemodule assembly centres (TAC). One of them is in DESY and the other is in Fermilab (FNAL).

) From DESY
« Many setups have been developed for quality control. TAC.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023 Page 58



Quality control for scintillator tiles

This is part of the quality control of the Tilemodule

Collimator
Sr90 source
vvvvvvv HGCAL Tile ~0.2MBq
SiPM

Alignment frame
PT1000

g S L e e

. Sliding assembl
i - g - y
amplifier /I |
Trigger tile /
with SiPM Opt fiber

Light yield test stand for scintillator tiles.

« Tested with Sr90 source.

 Measure light yield for quality control.

« Small fraction of tiles produced will be tested
with this setup.
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Quality control for the SIPMs

This is part of the quality control of the Tilemodule

+ Datareadout by KLauS6-ASIC.

* Pulsedlaser (510 nm at 40 mW) with optical attenuator
and fibre splitter.

. Can measure 32 SiPMs at the same time.

. Measure SPS.

«  Study the correlation betweenphoton released by the
device and photon detected bythe SiPM with high light
intensity.
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Quality control for Tilemodules

Will be use in cosmic ray test stand and also a small EM stack in test beam for quality control.

Segmented layer 1
For position tracking
\

Trigger Scintillator 1

B T ‘ — —_—
(@ [T T T T T W ——
[ Err T T ———— §
i z
Coincidence | ,, _ IYIlwll[-lllr—v—-g
2 - J
Trigget gg T - S
£5< P
@ -
s E EEEET T T ——
F = " |
S (O B B O O g
o ) D ) I S s ) R
' [
| = ] =)——
I 1 | " 1 1 e ——
/4—
Segmented layer 2 Cosmic | Trigger Scintillator 2
For position tracking muon
14

All Tilemodules produced will be tested

with the cosmic test stand.

Additionally, an EM stack with 15

Tilemodules will be built for shower

analysis in test beam.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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HGCAL readout chip (HGCROC)

Informatino about the data readout chip

. 72 active channels, 2 calibratin channels,
and 4 common mode channels.

Dynamic range ~ 0.2 pCto 10 pC.
 Peaking time ~ 20 ns.
* Linearity < 1%.
«  Energy measurement:
- ADC 10-bit SAR, range 0 ~ 100fC

- TOT range 100 fC ~ 10 pC, with bin size
=2.5fC.

« TOA:10-bit TDC,LSB < 25 ps, 25ns full
range

« Datareadout path: Latency up to 12.5 ps.
With 2 outputs in 1.28 Gbps.

« Triggerreadout path: Latency up to 36 BX.

With 4 outputs in 1.28 Gbps.

. 320 MHz clock.
DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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Single Tilemodule test system

Block diagram
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Test beam of the Tilemodule at DESY in May 2023

Test beam setup and goal

Data taking

) Tileboard tester |
« Measure MIP spectrum by taking 100,000 events per I —w ./  Tlleboard.gdapici.Crrs

channel with 3 GeV electron beam.

« Signal responses from 3 GeV electrons are very similar to
Minimum lonizing Particles (MIPs)

« Has been verified with muon beams of 120 GeV energy at
CERN SPS

« Using the on-board LED system to measure single
photon spectrum (SPS) by taking 3,000 events per
channel.

== A ‘1

*“'Trigger sci-ntilnl‘tor

N
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Test beam of the Tilemodule at DESY in May 2023

Test beam setup and goal

Tiles and SIPMs to be examined

* There are 21 different sizes of tiles In 2
different materials.

« 2 different sizes of SIPM (4 mm2and 9
mm?)

To decide which type of tiles and SiPMs
have the better performance to be used
In the HGCAL. We need to do test beam
for measuring and comparing the light
yield.

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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Test beam of the Tilemodule at DESY in May 2023

The Tilemodule tested in the test beam

Tilemodule v3

* Isthe latesttileboard generation and is very similar to
the final version used in the HGCAL.

« Willbe usedin the pre-series test, including all quality
control and quality assurance steps.

* Equipped with SiPM which has the latest radiation hard
package and is foreseento be used in the final
experiment.
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Test beam of the Tilemodule at DESY in May 2023

The Mini Tileboard tested in the test beam

« The mini Tileboard contains 6 SiPM channels,
LED system, HGCROC, and slow control chip.

« Asitdoes not have any power regulators, all
power are supplied externally.

Main motivation

e The size of the mini Tileboard can fit into most
of the standard tubes used at irradiation
facilities.

- This allows us to test the radiation hardness of
the whole module.
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Test beam of the Tilemodule at DESY in May 2023

Two type of module were tested in the test beam

« Tilemodules e MiniTileboard

Mini tileboardZé
4 mm2 SiPM : !

2 mam2 SiPM
9 mmz2 SiPM

TB3 board 1 . TB3 board 2 Mini Tileboard

equipped with moulded tiles Batch 1 equipped with moulded tiles Batch 2 equipped with IHEP v2 tiles
with pre-series4mm?2 SiPMs with pre-series4mm?2 SiPMs
: : . with pre-series
The tiles equipped here are produced by the institute Amm?2 SiPMs and

expected to make the final tiles for HGCAL. Imm?2 SiPMs

« All Tilemodules use a custom-made DAQ system which is driven by Zynq FPGA for data acquisition.
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Test beam In Oct 2018 at CREN

Test heam for hexaboard
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Block diagram of the multi-Tilemodule test system

Kria controllers

Kria adaptor type 2 + tri
« Trigger-Controller: bToT P |

-is a Kria controller connected to a Kria adaptor type "2
+ trig"

- hosts 2 triggering Tilemodules by Twin-ax cable
- drives up to 6 Readout-Controller by RJ45 cable
 Readout-Controller:

-isa Kria controller connected to a Kria adaptor type "3"

- can control up to 3 Tilemodules by Twin-ax cable

Both of the Trigger and Readout-Controller are using the

same type of Kria Controller. They use different type of
Kria adaptor and firmware.
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Fibre splicing

» All 72 splicing points are
located in the same
region.

Cladding

Protective Jacket

2022/4/6 Jia-Hao Li Optical and electrical cabling for the CMS HGCAL cassette
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Fibre splicing

Splicing
machine

Remove the
cladding

Fibre Optic Cleaver (Cut
the core at 90 degree angle
with smooth surface)

2022/4/6 Jia-Hao Li Optical and electrical cabling for the CMS HGCAL cassette
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Fibre Spllcmg
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* The light blue arrows indicate the flbres coming from the left 31de of the cassette. And the red arrows indicate the
fibres coming from the right side.

2022/4/6 Jia-Hao Li Optical and electrical cabling for the CMS HGCAL cassette
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Terminology

definition

 SiPM gain:
Charge amplification factor of the SiPM

(Charge Collected per SPAD )
(Charge of an electron )

SiPM Gain=

« Overvoltage (OV):
Difference between bias and breakdown voltage

Overvoltage =( Bias voltage ) —( breakdown voltage )

DESY. | CMS HGCAL | Jia-Hao Li, 4th October 2023
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