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CMS Detector at LHC

CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0m Pixel (100x150 ym) ~1m? ~66M channels
Overall length :28.7m Microstrips (80x180 um) ~200m?* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A
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MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers
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PRESHOWER
Silicon strips ~16m? ~137,000 channels

. FORWARD CALORIMETER

k! | Steel + Quartz fibres ~2,000 Channels
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CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals \
)

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

)
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CMS at LHC: ECAL and HCAL end-cap Calorimeters

Current End-cap Calorimeter
1.5<n <3.0
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CMS at HL-LHC: High Granularity Calorimeter (CE)
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Pb/CuW ~221m] Steel/Cu
27.7 Xo ~15 A ~85\

Complete replacement of the end-cap calorimeters with HGCAL
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Active Elements and Radiation Dosage

» Cost-efficient design
« Silicon in high-dose regions for higher radiation tolerance
 Scintillators in low-dose regions for affordability

CMS p-p collisions at 7 TeV per beam
- Absorbed Dose at 3000 fb™!
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Front End Readout

Efficient readout essential to maximize detector
performance

HGCROC takes data from sensor signals

Digitized data from HGCROC concentrated by ECONSs
Clock and Fast Control Fanout by Rafael Chip

Data is sent off detector on optical fibers at 10 Gbps for
further processing

3/20/2025 Credit: Nadja Strobbe
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HGCAL Trigger Path: From Collisions to Analysis

140 Th/s

‘4""

16Gb/s links

Backend Stage 2

trigger prlmltlves

7 Thls, 25Gb/s links P Level 1 T"gger

3/20/2025

Silicon Layer

- A’ “ ’l
- f ]
3 = ) dEH 1 e e
= ",; '!'HI‘U!!
5 il ‘ r
- bl ‘ ';M".:"
8 | W‘,r“
£} ‘
N ||.\HH
| lmlruLuLJLqu
Yol

He)_(al_)_qard

113 > ¢ ft
) @

Backend Stage 1

4 O
... readout ...

- -

Credit: Bruno Alves

P — e

%

o
$3%
|

- =

himcstiptee i S e ol o

=t i
fah % 1 i

% =4 bt ol =

- S s

HGCROC

“HLT ------p Physics Analysis



ECON-T

Low-power ASIC (< 0.5W)
Radiation-tolerant design (200 Mrad TID)

Performs digital processing of HGCROC data
at 40 MHz

Full triple modular redundancy (of clocks, flip-
flops and logic: SEU tolerance)

« Upto 12 x 1.2Gbps input links (eRx)
« Up to 13 x 1.2Gbps output links (eTx)
 Typically, two eTx links are active
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Block Diagram for ECON-T

ePortRx formatter_buffer
H i e ———— = I
I ePortRx_ser ePortRx_par : Mux_fix_calib Algorithms | Formatter Buffer :
| 2par allel ! } !
| : 48into 48 Threshold | :
. 5 | t / Sum |
Din_p[11:0] ———p| | ol | L ,Dout_p[12:0]
Din_n[11:0) —+¥| — '—i->| Multiplexer, g — —+—> —_— —»' 13 - ePortTx —’Dout-:[ll'ol
- | float to fixed - | -
- ! |
| 5 rlti P : and calibrate Trigger Cell || puep !
I ePortRx_gro |-C annel Best : ;
| ups aligners : Choice | :
| |
e e e e e e e e e, ! Repeater/ ||} -\ ———————————————————————— !
buffer
» Error_b
EC Current Names Auto
Femdclk_p Fast clk40 ou! Encoder
E— =
FCmdclk_n Command cBIé(:O_ulc 2tree
FCmdData p |
| il o —
FcmdData_n LINK_RESET_ECONT clkd0_out PLL,
LINK_RESET ROCT clkd0_i2c_2tree — 5
Chip_sync Clocks,
[=——> e
Resets Clk1p28G
L » Clkd0
» PLL_Lock_n
SHA 12C ] [———————— Clk40_i2c_master
> > —————> Clk40_i2c_slave
SCK ————— ¢ One All registers
12C_Address[3:0] ————p master and > E::—xon)
® Clk_Mon_n
many slave
blocks
Future Test DIO_Mux_p([2:0]
. Reset_B Structures L5 pio_mux_n[2:0]
Soft_Reset_B
VCOdecouple
TestClkin_p
TestClkin_n
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Block Diagram for ECON-T

» Data Reception Block
* Receives and aligns data from 12 input channels

ePortRx formatter_buffer
[mmm——————————————————a
|
| ePortRx_ser ePortRx_par Mux_fix_calib Algorithms Formatter
| 2par allel
: 48into 48 Threshold
; | t /S
Din_p[11:0] + ou um L sDout_p[12:0]
Din_n[11:0] > —_— fl]multutpl?xeen;:1 e 13 - ePortTx ————Dout_n[12:0]
oat to fix .
: 12 and calibrate Trigger Cell
: ePortRx_gro 12 -'channel Best
| ups aligners Choice
|
————————————————————————— Repeater / e e e e e e i
buffer
» Error_b
EC Current Names Auto
Fast clk40_ou Encoder
FCmdClk p 5 -
FCmdclk_n Command ;I::O_Qc 2tree
igmga:"—g — LINK_RESET_ECONT clkd0_ost ———»|  PLL,
ata_| LINK_RESET_ROCT clk40_i2c_2tree — 5|
Chip_sync ClOCkS,
I Resets » Clk1p28G
| » Clkao
= » PLL_Lock_n
12C = » Clk40_i2c_master
SDA ¢——9 > » Clk40_i2c_slave
SCK ———————— One All registers Clk_M
: > on
12C_Address[3:0] ——» master and <y g
many slave -
blocks
Future Test

Reset_B

Soft_Reset_B

VCOdecouple

TestClkin_p

TestClkin_n
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Block Diagram for ECON-T

« Trigger Algorithms Block
« 4 Trigger data selection algorithms
ePortRx formatter_buffer
FF—  — . — — )
| ePortRx_ser ePortRx_par : Mux_fix_calib Algorithms | Formatter Buffer :
: 2par allel ! : I
| : 48into 48 Threshold | {
. . | t /S |
Din_p[11:0] ———» | ou um | | L sDout_p[12:0]
Din_nf11:0] =+ ‘ U7 | mesthotn Sover |11 = TP 13- ePortTx L Sp0ut ni1z0)
_ | at to fix X |
: 12 | and calibrate Trigger Cell -,—} |
| | ePortRx_gro 12 —channel | ! Best | {
: ups aligners : Choice : {
| |
————————————————————————— ! Repeater / e
buffer
» Error_b
EC Current Names Auto
Femdclk_p Fast clk40 ou! =1 Encoder
R -
FCmdclk_n Command ;lg:o i2c_2tree
FCmdData_p
vl M s - LINK_RESET_ECONT clkd0_out ———  PLL,
= LINK_RESET_ROCT clk40_i2c_2tree — 5|
Chip_sync ClOCkS,
I Resets » Clk1p28G
| » Clkd0
il » PLL_Lock_n
12C = » Clk40_i2c_master
SDA ¢——9 > » Clk40_i2c_slave
SCK One All registers -
; > on
12C_Address[3:0] ——» master and <y g
many slave -
blocks
Future Test
DIO_Mux_p[2:0]
L DIO_Mux_|
Reset_B Structures L5 pio_Mux_n[2:0]
Soft_Reset_B
VCOdecouple
TestClkin_p
TestClkin_n
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Block Diagram for ECON-T

Din_p[11:0] —————p
Din_n[11:0] — |

FCmdClk p 5
FCmdClk_n ————»

FCmdData p
FCmdData_n ————»|

SDA ¢——»
SCK ———p
12C_Address[3:0] —————¢

« Data Transmission Block
« Organizes and transmits data to output channels

ePortRx formatter_buffer
[Femm e —————————— s e
ePortRx_ser ePortRx_par Mux_fix_calib Algorithms Formatter
2par allel
48into 48 Threshold
out / Sum »Dout_p[12:0]
—_— - \UItipleXET, ——— — 13 - ePortTx ;Dout_:[lzzol
) float to fixed Tri upec I -
12- and calibrate rigger te
ePortRx_gro 12 - channel Best
ups aligners Choice
————————————————————————— Repeater / o e A e e o i i
buffer
» Error_b
EC Current Names N Auto
Fast clk40_ou Encoder
Command | clk40_i2c_2tree
BCR
LINK_RESET_ECONT clkd0_out ———  PLL,
LINK_RESET_ROCT clk40_i2c_2tree — 5|
Chip_sync ClOCkS,
I Resets » Clk1p28G
| » Clkao
il » PLL_Lock_n
= » Clk40_i2c_master
12C > » Clk40_i2c_slave
One All registers -

» Clk_Mon_p
master and > Clk_Mon_n
many slave

blocks
Future Test

Reset_B

Soft_Reset_B

VCOdecouple

TestClkin_p

TestClkin_n
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ECON-D

* Low-power ASIC (< 0.5W)
* Radiation-tolerant design (200 Mrad TID)

 Performs digital processing of events passing L1 trigger at ~
750 kHz

* Full triple modular redundancy
(of clocks, flip-flops and logic: SEU tolerance)

* Upto 12 x 1.28 Gb/s mput links (eRx)
* Up to 6 x 1.28 Gb/s output links (eTx)

* For low density module:
* 6 active input links
1 or 2 active output links

* For high density module:
12 active input links
* 2 active output links

3/20/2025
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1.28 Gb/s
12 links

3/20/2025

Block Diagram for ECON-D

ROC DAQ
controller
v
© eRx Output Buffer
Sz 2| processor ||  Ping Pong Memory control o [—
= (=] [) v =3 @
;? 2 oRx reg array o) >_<|
-%) - ~ processor State Machine )I —[Output buffer E.:
51 SRAMs

s . X128 words g X256 words . .
o S = Write| o Read = ] - —
X x = FSM|¥ FSM B S | = ]
» 8 L = o

.- (x12) . (x12)

l I SRAMs
Clocks and resets
Master ‘l' —
i asl
Aligner Reset request Comman PLL  |—>Clocks
i2¢ slave i2c Wishbone _R§?
wb master [ | ™" bus PUSM control —>Resets

Credit: Cristina Mantilla-Suarez

1.28 Gb/s
6 links



Block Diagram for ECON-D

» Data Reception Block (same as ECONT)

« Master Aligner determines new event arrival
from all active eLinks collectively

1.28 Gb/s
12 links

3/20/2025
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1.28 Gb/s
12 links

3/20/2025

Block Diagram for ECON-D

Two independent Ping Pong Memory Banks
Ensures continuous data processing
Programmable zero suppression with corrections for common
mode noise and out of time pileup

ROC DAQ

controller

eRx

(2L x)

Output Buffer
control

~

v

-> Output buffer
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1.28 Gb/s
12 links

3/20/2025

Block Diagram for ECON-D

Output Buffer (OB) Block

OBSRAMs store data of event being processed

eRx

(2L x)

ROC DAQ
controller
v
o J eRx Output Buffer
g —>| > ?| processor —> Ping Pong Memory control % —
= a [) v = )
;l ~ reg array o -
@ - B Wx State Machine )I —[Output buffer P
5 processor p SRAMs =
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- o = Write| o Read = g i i
> o i FSM|[¥ FSM = @ % %
o N N = =2
l I SRAMs x
Master \l, Clocks and resets
i Fast
Aligner Reset request Command PLL  |—>Clocks
i2c slave i2¢ Wishbone Reset
wb master [ | ™" bus PUSM control —>Resets
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Functionality Tests

Verify the proper functioning of various chip components.
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Functionality Tests: Motivation

Verify the proper functioning of various chip components.

 Fully characterize and understand ASIC behavior
« Validating different subsystems of ECONT/ECOND

« Ensuring ASICs meet design requirements

3/20/2025
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Functionality Tests

Verify the proper functioning of various chip components.

ePortRx formatter_buffer
[ —————————mma e
|
: ePortRx_ser ePortRx_par Mux_fix_calib Algorithms Formatter Buffer
| 2par allel )
| 48into 48 Threshold
. | t /S
Din_p[11:0] ———» ou um L sDout_p[12:0]
Din_n[11:0] —¥| — Multiplexer, — 13 - ePortTx —>Dout_:[12~0]
- ' | float to fixed Super - ’
: 12 and calibrate Trigger Cell
: ePortRx_gro 12 —'channel Best
| ups aligners Choice
|
————————————————————————— Repeater / e e e e e e i
buffer
» Error_b
EC Current Names Auto
Fast clk40_ou Encoder
FCmdClk p 5 -
FCmdclk_n Command ;lg:o i2c_2tree
FCmdData_p
vl M s - LINK_RESET_ECONT clkd0_out ———— PLL,
= LINK_RESET_ROCT clk40_i2c_2tree — 5|
[ Chip_sync ks,
Resets > 2:::32“
> = » PLL Lock_n
= » Clk40_i2c_master
SDA 12C > » Clk40_i2c_slave
SCK One All re)isters
12C_Address[3:0] master and » > (C:::_monJD
® Clk_Mon_n
many slave
blocks

Reset_B

Soft_Reset_B

VCOdecouple
TestClkin_p

TestClkin_n
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Future Test
Structures

» DIO_Mux_p[2:0]
[ DIO_Mux_n[2:0]

12C Register Read/Write Validation Test

Credit: James Hirschauer, Ralph Wickwire



Functionality Tests

Verify the proper functioning of various chip components.

Din_p[11:0] —————p
Din_n[11:0] — |

FCmdClk p 5
FCmdClk_n ————»

FCmdData p
FCmdData_n ————»|

SDA ¢——»
SCK ——py

12C_Address[3:0] —————¢ master and

ePortRx formatter_buffer
e T e . — — )
ePortRx_ser ePortRx_par : Mux_fix_calib Algorithms | Formatter Buffer :
2par allel ! : I
: 48into 48 Threshold | {
| out / Sum ! I »Dout_p[12:0
=== Multiplexer, ——— —p  — —:—» 13 - ePortTx —’Dout_:{u:o}
. i float to fixed - “pec all | =
B I and calibrate rigger Cell || p==—p> I
ePortRx_gro 12 —channel | | Best | {
ups aligners : Choice : |
|
|
————————————————————————— ! Repeater / e
buffer
» Error_b
EC Current Names N Auto
Fast clk40_ou Encoder
Command | clk40_i2c_2tree
BCR e \\
LINK_RESET_ECONT clkd0_out PLL,
LINK_RESET_ROCT clk40_i2c_2tree
Chip._sync Clocks,
—_— Resets » Clk1p28G
| » Clkd0
i » PLL_Lock_n
= » Clk40_i2c_master
12C > Clk40_i2c_slave
One All registers
y4 » Clk_Mon_p
® Clk_Mon_n
many slave A
SNS~—
blocks

Reset_B

Soft_Reset_B

VCOdecouple
TestClkin_p

TestClkin_n
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Credit: James Hirschauer, Ralph Wickwire

Future Test
Structures

» DIO_Mux_p[2:0]
[ DIO_Mux_n[2:0]

PLL stability Test at different voltages
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Functionality Tests: From Prototype to Production

Verify the proper functioning of various chip components.

o Started with Prototype Chips
« [nitial versions had some minor design flaws
« Thorough functionality tests helped identify them

 Transition to Production Chips
 Improved design met all technical requirements
 Production Chips being tested at Fermilab (since Summer 2024)

3/20/2025
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Functionality Tests: Setup

Socket Board, with the chip in it phad b | Py [
Zynq SoC (FPGA) Board N / 2C ' \
* sends 12 x 1.28 Gbps data to both ASIC and internal T §:§ Emi«‘] =
bitwise emulation of ASIC Emulator " ASIC
: ' /
receives 12 x 1.28 Gbps output data from ASIC J Tist vectar il
* Compares ASIC and emulator output to check ASIC \ . bfter
performance 5 camtare :
Power Supply to power the chipat 1.2V ;;:fm
Fans to cool the FPGAs \
| Stream
| compare
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Functionality Tests: Setup

Socket Board, with the chip in it a5 il (O A | —cLink data ) 1/O L
Zynq SoC (FPGA) Board N / e \
* sends 12 x 1.28 Gbps data to both ASIC and internal T §:§ T
bitwise emulation of ASIC Emulator " ASIC
* receives 12 x 1.28 Gbps output data from ASIC J Tist vectar 1 ' t ./
nput |_
* Compares ASIC and emulator output to check ASIC \ , bafer
performance X c;;:re :
Power Supply to power the chipat 1.2V Jﬁi'fm
Fans to cool the FPGAs \
| Stream
| compare
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Functionality Tests: Setup

* sends 12 x 1.28 Gbps data to both ASIC and internal
bitwise emulation of ASIC

3/20/2025

Zyng P51 |

Linux

AXT Output RAM elink data
| + PRBS15 buffer | |
e / L1 :
<'H
i
ECON-T B ECON-T
Emulator ! ASIC
Test vectar .
RAM Input
__1_/—'_-— huffer
\ Link
K | capture '
Link !
capture .
| Stream E
COMpare :
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Functionality Tests: Setup

Socket Board, with the chip in 1t

Zynq SoC (FPGA) Board

e sends 12 x 1.28 Gbps data to both ASIC and internal
bitwise emulation of ASIC

* receives 12 x 1.28 Gbps output data from ASIC

* Compares ASIC and emulator output to check ASIC
performance

Power Supply to power the chipat 1.2 V
Fans to cool the FPGAs

3/20/2025
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AN , Output RAM eLink data
+ PRES14
ECON-T
Emulator
| Test vector
RAM

/

ECON-T
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\ Link
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~/

| Stream

| compare
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Functionality Tests: Setup

Socket Board, with the chip in it frta oS Oy [ dete ) O
Zynq SoC (FPGA) Board . / 2C d:: \
e sends 12 x 1.28 Gbps data to both ASIC and internal T g.ﬁ T
bitwise emulation of ASIC Emulator ar ASIC
e receives 12 x 1.28 Gbps output data from ASIC J st vector In;mt J
« Compares ASIC and emulator output to check ASIC . buffer
performance \‘x captare :
Power Supply to power the chipat 1.2V n:al:;:llie
Fans to cool the FPGAs N
N\
| Stream
| compare
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Functionality Tests: Setup

Linux

Zyng P51 |

, Output RAM

« Power Supply to power the chipat 1.2 V

Fans to cool the FPGA

3/20/2025
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Setup

Functionality Tests
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Functionality Tests: eRx Phase Scan

Phase Select Setting

eRx Phase Scanat 1.2V
RN RARRE AR RARRN RRRRN RN
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Functionality Tests: Power Usage

Threshold Scan, 6 eRx
L

S sa0f T

E | o’ j

5330j . © 1

% B .d’.. %% |

Q. 320 K4 " g

i ,J'. o ) i

310:* / ,‘..’.' *:

a0 i ]

=0 * g o i

- e 6elx 1

280|- / 5 eTx E

o 3eTx

27 o 1eTx 7

- 1 eTx (truncating) 1

260, « Inactive ]
A B B B |

P T T T
0 20 40 60 80 100 120 140
Packet Size (32 bit words)

Credit: Danny Noonan
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Functionality Tests: Identifying Outliers

Current Distribution

103
‘ mm Current p:0.247 0:0.0006
B Underflow: 0, Overflow: 0
102—:
§
E
=
101 -
0 | o |

0.20 0.25 0.30 0.35 0.40 0.45
Current (A)
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Manual Testing
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Manual Testing

 Testing ~100 chips manually took 1 full day for one person.

3/20/2025

34



Manual Testing

 Testing ~100 chips manually took 1 full day for one person.
* Why?

3/20/2025
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Manual Testing

 Testing ~100 chips manually took 1 full day for one person.

« Why?

Breaks for lunch and coffee.
Ran a test, then started to work on something else.
Getting distracted.
No testing overnight or on weekends.

3/20/2025
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Rosey to the Rescue

5 sy

o

3/20/2025



3/20/2025

Rosey to the Rescue

‘ ‘ B e
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Rosey to the
Rescue

 Step 1: Add barcodes to the trays

3/20/2025
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Rosey to the
Rescue

 Step 2: Arrange the trays on the robot table

Z\EH) Y
V) e\ e\
\Z8)\ V8 5
s\\ 8\
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Rosey to the
Rescue

Step 3: Let the robot handle it.

3/20/2025



But Is It really that simple?

* With the robot, we started testing chips overnight and on weekends.
« Test failures started to appear in chips.

3/20/2025
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Debugging with a Breeze

* With the robot, we started testing chips overnight and on weekends.
« Faillures appeared In chip tests.
 Turned out that central heating in WH caused FPGASs to overheat.

3/20/2025

43



Debugging with a Breeze

* With the robot, we started testing chips overnight and on weekends.
« Faillures appeared In chip tests.
 Turned out that central heating in WH caused FPGAS to overheat.

Improved air circulation in robot enclosure to regulate temperature and
ensure stable operation.

3/20/2025 44



Debugging with a Breeze

Temperature Trends

8]
o
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Testing Overview

* Need 50,000 Chips for HGCAL
+ ~27k ECON-D
« ~21k ECON-T

* Since December 2024
« Tested ~ 6300 ECON-D Chips
« Tested ~ 5200 ECON-T Chips
e Total: ~ 11,500

« Robot Commissioning Period
 Testing Rate will increase

3/20/2025
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Opportunities at Fermilab

C

MS DAS, Jan 2025
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Thank you to the entire ECON team for their
guidance and support!
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Thank you for your attention!
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Backup
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One layer in CE-E

Hexaboard

Silicon sensor
Kapton sheet

Cu/W base plate

Credit: Jia-Hao Li
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Functionality Tests: Categories

« Power Consumption and Voltage Stability Test
* PLL stability at different voltages

* |2C Register Read/Write Validation

* Error tracking and validation

* PRBS based eLink error detection Tests

3/20/2025
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