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Large Hadron Collider

e 27 km proton-proton
collider

* 4 experiments at interaction
points

* 2 general purpose detectors LHC
(CMS, ATLAS)

e 13.6 TeV center of mass
energy

e Collisions every 25ns
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Compact Muon Solenoid

— LHC Timeline
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' LHC HL-LHC .
LS1 LS2 3-14 Tev AN LS3 TRl
13 TeV s
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experiment
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ATLAS - CMS
upgrade phase 1

ALICE - LHCb

2 x nominal Lumi |2 xnominal Lumi

radiation limit

upgrade
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The Compact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0 m Pixel (100x150 ym?) ~1.9 m? ~124M channels
Overall length :28.7m Microstrips (80-180 ym) ~200 m? ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

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

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

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

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

- UC DAVIS GEM Seminar - Regnery




CMS, |
' Gaseous Detectors

e Gaseous chamber with a sharp

electric field % .
ionizing _
. « o . radiation hl
* Used to detect ionizing particles o |

* lonizing particles create an % =_ ﬂ Ammeter

. . Anode
electron-ion pair / \j

e Electrons avalanche in sharp / Cathode

Gas/Air

electric field Creating more Single Wire Proportional Chamber
electron-ion pairs

e Electrons drift toward the anode
and induce a signal

- UC DAVIS GEM Seminar - Regnery




* Wires evolved to strips

distances

* A new generation of gas detectors

— > Small distances

— > Sharp electric field
— > Higher rate capabilities

 However, discharges can fuse anode

and cathode strips

Photolithography made it possible
to print conducting strips at 200 um

~ Micro Pattern Gas Detectors

* New types of MPGDs prevent this s

N Ucpavis
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CMS

* 70% Ar (ionization) 30% CO,
(quenching)

* Foils - insulating layer with
conductors on top and bottom

— Conductors at different
potentials

— Microscopic holes create sharp

electric field

* Electrons drift in the gaps and
avalanche in the foil holes

* Electron cloud induces a signal
on the readout strips

Drift cathode |

GEM: Gas EIectron I\/Iultlpller

Ampllflcatlon

1” ‘“\\\ region

— BR0D
[ = JEiSctron fiow)
= Jorbackion

Drift High Rate

s EEEEE

‘ Transfer 1 Capabilities
co L L L L Less recovery
y‘ Transfer 2 .
___““_“ time between
particles than
: traditional wire
Amplifier chambers
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1 CMS: GE1/1
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~ GE1/1 Trigger Improvement
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Muon Trigger improvement:
Addition of 2 GEM hits to the 4-6
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CSC hits | magnetic [] 3|3
=> More precise measurement of field B | 2|5
polar muon bending angle! —_
= 4|5 mm
A
<-ip cnses Y e
=5 GeV/c 311 mm% z
|
i
soft muons arriving to| | i, |
| - YE-1/1 from IP are “bent” 20cm
ayers o by the magentic field :
Chambers paired into y g 5 46 cm >

a “Super Chamber”




CMS

GE1/1 Trigger Improvement

e Better measurement of the

bending angle lowers the N  PU=5014Tev
trigger rate CMS Phase Il Simulation

Run | detector
= 2 stubs with MS1/1

Run | + GE-11
- = 2 stubs with ME1/1
ME1/1-GE1/1 bending angle |

2

T T TTT00

llllll L Liii

Why muons?

L1 Trigger Rate [kHz]
o <
I[ LI li

* Low p_muons used in

standard model e
measurements -
- 1.6<Inl<2.2 =
* Important signature in - F1¥iGlndalone) |
6 78910 20 30 4 50 60
beyond standard model . L1 muon p, Preshold [GeV]
searches
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Compact Muon Solenoid

—
1l \

Production

Installation

Commissioning

- UC DAVIS GEM Seminar - Regnery
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= GE1/1 Chamber Design

DRIFT
- «— Vp=-3242V

Ar/CO, (70%/30%)

3 mm Ep=2.59 kV/cm

G EM1 EGEM = 80 kV/cm

v \ i— VG1T — 2465 V
= VG1B = 2079 V

1 mm Et;=3.02 kV/icm
f --.Gaz----‘_veﬂ=_1777v
— VGZB = 1397 V

2 mm Eq,=3.02 kV/icm

GEM3 « Vasr=—794V
o VesB = 431 V
1 mm E,=4.31 kV/cm

' READOUT

‘_VRO=0V

1 of the two GE1/1 layers

Two layers form a super chamber Potentials applied to each foil in GE1/1




VFAT3 front-end chips

e 128 readout channels
e Sends trigger data via 8 parallel lines

e Can deliver calibration pulses

GE1/1 Readout
Electronics

Radiation hard DC-DC converters
deliver a precise output voltage

Hybrid
Communication between VFATs
and backend electronics via
gigabit transceivers

Opto
[

e Sends slow control commands to
front-end electronics

e Transfers tracking and trigger
data to other subsystems

Data traveling from
the chambers

N ucpavis



GE1/1 Detector Production

Production and Test Sites

161 chambers produced

144 chambers for installation
17 spare chambers

Produced around the world: CERN, Pakistan,
India, Florida (USA), Belgium, Italy, Germany

Paired into super 72 super chambers
chambers installed in the
experiment

77 super chambers
produced

*QC: Quality Control, HV: High Voltage

W ucpavis | v DR
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Produced around the world: CERN, Pakistan, India, Florida
(USA), Belgium, Italy (Bari, Frascati), Germany

*QC: Quality Control, HV: High Voltage




CMS ,
-~ Electronics Test

Objective: Test front-end
electronics

* Test communication

* Calibrate electronics

* |dentify bad connections in trigger or
tracking paths

* Measure noise

Repeat after installing cooling plate and
installing chamber cover




_— Electronics Test: Trigger Path

<A
Causes of trigger path issues:
CMS work in progress

N
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_— Electronics Test: Tracking Path

CMS work in progress

—_
o
o

T T T | T T T I T T T ! T T T l T T T |

% of pulses recorded
o
o

D
o

128 channels .
Noise Causes:

® Ground loops on cooling plate
e Faulty electronics

40

20

| | l =1 1 I | | | I |

2 4 6 8 10 12

Test pulse charge (fC)

Deliver internal pulses to individual channels and
measure the percentage recorded

Noise = width of this ‘s’ curve

- UC DAVIS GEM Seminar - Regnery
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Compact Muon Solenoid

' Transporting the Chambers

= 2T - B
N [ J 5 OMS~"

N /4,4/ ot Jmc C \\}s K\ S{-f‘

i a1 feﬁ \*”\?‘Jf - o 8 \/‘W/\?

GE1/1 Chambers driven 10 km Sl %&? B

7 / ‘, < =
/// \( ‘\Nj\\‘f‘ //’/ B Vessorinex) \\ ;i\

4 \ 4 INPR2A s (" LHCPAGY®

! \\//’4 // \ &\
/ ( e . \
Then lowered 100m underground ) [ b \ \j/ \

ﬂf Chevry 7 \
/ ) / g \
LHC PA: ;‘; ( \4 ) ) } ;mex X .\
i { \ y: L. \ |
' N ot/ / ks A\ I

R spst
LHC P.A. 2 ALICE

1 y
o B \
\\ : Y 4 \\\
\ LII( P A 3.2 v \"\LH( a0 ,“HI
B 74 %,
j \ gvessin-Moéns /,,// 7 //
hY A h §
\ I Saint-Genis-Pouilly "~ Z- L // \
A\ A\ /( Ferney-Voh'.iirt‘:"l
\spsBA1. ﬂ

N2 ~<s/slnz \

7
7

/ x‘*)’f"’% /xi‘/ o

21




CMS . :
— Pre-Installation Electronics Test

—

F

Objective: test front-end connections
after transportation to CMS cavern

* Must be fast due to lack of cooling

e 20 minute test of tracking and triggering
path

e Benchtop power supply and “flying” fiber
optic cable

e Made possible with a low level tool to
measure the Trigger Hit Rate

Identified 5 problematic chambers
All chambers repaired before installation

W ucpavis | v DR

22



Compact Muon Solenoid

— Installation

Successfully Installed 144 GE1/1
Chambers during Long Shutdown 2

23
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cms | Early
/| Commissioning

* Test connectivity, mapping,
and HV
e Test the electronics in CMS

— New environment
— New noise sources

Challenges
* Noise Mitigation
e Communication Instabilities

- UC DAVIS GEM Seminar - Regnery



~~ LV Low Pass Filters

e Mitigate high frequency
noise in electronics

e 144 chamber-side filters
installed May 2021

Chamber
patch panel
100nf 1uf
T
LV- -~ T LV-
&
LV+ == =
T T ma
b A
100nf 1uf
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LV Filter Installation:
Positive End-cap

e
GE11-P-09
25
GE11-P-08
GE11-P-07
GE11-P-06 2
GE11-P-05
GE11-P-04
GE11-P-03
GE11-P-02
GE11-P-01
GE11-P-36
GE11-P-35
GE11-P-34
GE11-P-33
GE11-P-32
GE11-P-31
GE11-P-30
GE11-P-29
GE11-

CMS work in progress

Noise fC After LV filters
hp-10 GE11-P-09
GE11-P-11 GE11-P-08
GE11-P-12
GE11-P-07
GE11-P-13
GE11-P-06
GE11-P-14
GE11-P-05
GE11-P-15
GE11-P-04
GE11-P-16
GE11-P-03
GE11-P-17

GE11-P-02
GE11-P-18

GE11-P-01
GE11-P-19

-p-
GE11-P-20 SELLF3G
GE11-P-21 GELLP35
GE11-P-22 GE1L:F:30
GE11-p:23 GE11-P-33
GE11-P-24 GE11-P-32
GE11-P-31

GE11-P-26 GE11-P-30

GE11-P-27 GE11-P-29
P-28

Noise fC
GE1#P-10
GE11-P-11
25
GE11-P-12
GE11-P-13
2 GE11-P-14
GE11-P-15
15
GE11-P-16
1
GE11-P-17
GE11-P-18
GE11-P-19
GE11-P-20
GE11-P-21
GE11-P-22
GE11-P-23
GE11-P-24
GE11-P-25
GE11-P-26

GE11-P-28

GE11-P-27

Missing chambers due to GBT instabilities

" ucpavis |

GEM Seminar - Regnery
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cms i Communication Instabilities:
“—_ The Problem

e Data sent on optical fibers via a
versatile link (VTRXx)

— Send data from the detector
— Receive slow control information

e Around 15 of 432 VTRx’s have
communication issues

— The affected VTRx’s change, but
the number remains around 15

* The VTRx is used by many
detector groups at CERN

W ucpavis | v DR
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/| The Cause

 VTRx: Versatile Link

— Photodiode for receiving
— Laser for transmitting

cms | Communication Instabilities:
8 "W

ib
Fiber Connector |
BN 00000 0 00m™

Physica: o g
Contact

Alignment Alignment

Sleeve Sleeve

Photodiode is outgassing

Instabilities will be carefully monitored
during run 3

29
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Long Term Solution: VTRx Cooling

‘\\1 |

* Objective: create beneficial
temperature difference between
fiber and photodiode

e Recommended by CERN
electronics team

 Temperature measured in
laboratory with modified VTRx

* Modifications scheduled for Long
Shutdown 3




* Cooling with water flowing + ongoing scans

Temp (°C)

| stantly = 3°C

28

26

FTTTTTTTTTI

24

22

20

1 1 1 L 1 1 1 1 1
1000 2000 3000 4000 5000
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CMS

‘\\ |

* The temperature
gradient is within
the threshold

* VTRx cooling is
working well

 To be installed
after run 3

VTRXx Failure Investigation:
Recent CMS Temperature Studies

Comparmg the Cooling

CMS work in progress

43.5

N ucpavis

0.02
39.5 -
0.01 —
— :.
SJ S,
o +
. g
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. 355 L 0.00 g
8 5
(0]
o =
L —0.01 <
31.5 -
-0.02
27.5 | -
17.5 21.5 25.5 29.5 33.5
Fiber Temp [°C]



cms.| Commissioning with Cosmic Ray
#— | Muons

. . _~2509_Ms_ Preliminary N Cosmic Run 2021 ﬁt%a -—~250_g& Preliminary — Cosmic Run 2021 _ ék%a
 Align (4D) GE1/1 with other o oo o St e
B i 55‘.:_ w0 B A 53;1_ 200
CMS detectors R o £ F A b e
55(};! I:H-I II'|1|-'-'!'. s ESOEF "H' Y =
- ST it "
) E GE+1/1.11 120 E GE+1/1.L2 120
Includg in the Endcap Muon _521\-.&3 ;""'".:F'—’ _521'1.'%\ M”.,u
Trackfinder o 2 R 7 1
. Take data with . - RS 0 NgEEEE |
dKe data wi cosmic runs ’25-3;'0"—‘20'(3"—‘15'()"—‘1(-)?-‘56'“-()“'éo‘-'.-':ot‘)'.'1'56”2'06”2'50° ’2515;6'—'20‘0”—'15‘0”—'1(-):)‘-'“—'56‘“0m'50‘-‘.-':06"'1'56"2'06"2'500

GE1/1 hit global X [cm] GE1/1 hit global X [cm]

— Cosmic run with no magnetic

Preliminary Cosmic Run 2021 %10° _ 55 CMS Preliminary Cosmic Run 2021 %10

i P L P R L
. 00k Faplr ] B 220 3 of Foplr ] B o 220
fIE|d %122 ",:::E - EE 55& 200 %1:05 ﬂ::E - EE 53& 200
B TR TR, i R RGN e
. 51003 rﬂ']" 3 160 Emog rﬂ'] . I_.|I-|'|II 160
— Cosmlc run at 3.8 T o sof {1 1'1||||1‘14o o 50;| I 1\,140
o1l GE-1/1.11 120 oF |II| { GE:1/1L2 i”l] 120
Ll bl ! 115N J T
. 50f g uk 'r.ll III! 100 _501 I FRERE
* Evaluate and improve detector Hlln*sl]n PLIE T HLFI!I . ﬁ'f e
E i’ 60 o = 50
. . ot o i x -
efficiency NSRS D talseemr
g l-h-:-:; 20 ; "I-L};.rl‘ 20
25056200 150 100 50 0 50 100 150 200 250° 22350 00 -150 -100 50 0 50 100 150 200 250°
GE1/1 hit global X [cm] GE1/1 hit global X [cm]




-~ Efficiency in CMS

e Measure a track in the
Muon system

* Propagate to the GE1/1

system

* Look for (and match to)
a hit in the GE1/1 system

Matched Hits

Efficiency =

Total Propagated Hits

sﬂ‘“o

N ucpavis

GEM Seminar - Regnery
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CMS

Compact Muon Solenoid

Efficiency observed in the laboratory

CMS Work in Progress

1.0
8 GE1/1 Detector Production
K9] Gas mixture: Ar/CO, (70/30%)
(&) I
EEOB,
L L
& i
s 0.6
04—
0.2
I (Layer2) Avg VFATS3 threshold = 2.81 £0.39 fC
il (Layer1) Avg VFATS3 threshold = 3.26 + 0.60 fC
00 I Super Chamber ID (Layer) == Chamber ID
i ——  GE11-SCS-0035 (Layer1) == GE11-X-S-PAK-0013
0.2 N GE11-SCS-0035 (Layer2) == GE11-X-S-CERN-0004
[ T EE AN RIS R SRR B

580 600 620 640 660 680 700
Equivalent Divider Current (pA)

MIP Efficiency

Efficiency in CMS

Efficiency observed in CMS

0.8

0.6

0.4

0.2

CMS Work in Progress

T T T T ‘ T T T ‘ ‘

CRUZET: GE1/1 HV Scan

Gas Mixture Ar/CO2 (70/30%)

—— GE11-M-10L1-L_All
—4— GE11-M-10L1-L_Eta1
—$— GE11-M-10L1-L_Eta2
~—4— GE11-M-10L1-L_Eta3
—4— GE11-M-10L1-L_Eta4
4— GE11-M-10L1-L_Eta5
GE11-M-10L1-L_Eta6

—#— GE11-M-10L1-L_Eta7
—4— GE11-M-10L1-L_Eta8

690

700 710

Equivalent Divider Current (uA)

*Less data points due to time constraints

W ucpavis | cveon oo DR
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CMS Experiment at LHC, CERN

C §| Data recorded: Thu Nov 19 17:29:51 2020 ( A cosmic event in CMS with GE1/1
§| Run/Event: 338714/ 6072645 .+ |
§| Lumi section: 338 A ’ ¥ e
¢ 8 _ 7 e | iy ~ Commissioning is finished and now we
= AN | w0 are starting Run3!!!
A\ | '

CMS Experiment at LHC, CERN

Data recorded: Thu Nov 19 17:29:51 2020 CST
Run/Event: 338714 / 6072645

Lumi section: 338

UC DAVIS GEM Seminar - Regnery
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CMS, /| :
' Conclusions

* Gas Electron Multipliers are a novel micropattern gas detector

 New GE1/1 station will improve level 1 trigger rates (essential
for HL-LHC)

e 144 GE1/1 chambers were installed in CMS (out of 161
produced)

* High noise rate in CMS mitigated with LV filters

* VTRx issue will be resolved with baking and cooling
— Intervention planned for Long Shutdown 3

e Commissioning phase is finished

* Run 3 is starting!

UC DAVIS GEM Seminar - Regnery -

37




:::Q'L . = .

- é,,,(Thank you! e W e

R N Danke! . «-- g
» , - Merci! I

Grazie! o

UCDAVIS



Back-Up

UCDAVIS




. 3

3

C M S :
3

3

s

s

L H
3

g

X g

g

£

< 3

-

2

 GE1/1 chambers linked to

neighboring CSC chamber i
Chamber
* GEM trigger sent to (656)

neighboring CSC

GEM-CSC Trigger

CSC trigger GEM trigger
. primitive .
— Improved CSC trigger primitive
primitive
Improved CSC
trigger primitive

chambers matched in

Endcap e TraCk
Endcap Muon Track Finder

* Non-neighboring

Finder

N UCDAvIS

40



CMS

High Voltage Training

Flush chambers with CO2 at 18 L/H
Check at 50V across the foils for any short-circuits

Individually train GEM foils for 8 hours

— Ramp at 3 V/S to 600V on the foil
— Note stable voltages
— Repeat for the other two foils

— Drift gap with 900 V
— Transfer 1 and Induction at 600 V
— Transfer 2 at 800 V

 All fields on with Drift at 3760 V (12 hours)
- UC DAVIS GEM Seminar - Regnery

Stabilization of drift, transfer, and induction gaps (4 hours)

Drift cathode [




CMs

Final QCs: QCS8

Cosmic Stand

e 15 super chamber slots with 2 layers of scintillators
(90Hz trigger)

* 92k readout channels with CMS-like DAQ based on
UTCA backend (with CTP7s)

* CMS like environment (LV, HV, cooling, DAQ system,
and dedicated DCS)

e Gas mixture Ar/CO2 70/30% (with CO, and pure air
lines available)

QC8 Test

e HV scan with cosmic ray muons (12h runs for each HV

point) =

* Analyze efficiency
with CMSSW

=

)

W ucpavis | v DR
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161 chambers produced

144 chambers for installation
17 spare chambers

Produced around the world: CERN, Pakistan,
India, Florida (USA), Belgium, Italy, Germany

Paired into super 72 super chambers
chambers installed in the

experiment

77 super chambers
produced

*QC: Quality Control, HV: High Voltage




CMS

GE1/1 Detector Production

‘\\ |

6\06}
<~°&°
&
,oo}
&
o —
9 To
Installation
: : CMS
CERN Production and Test Sites :
Experiment
161 chambers produced Paired into super 72 super chambers
chambers installed in the
144 chambers for installation experiment
17 spare chambers 77 super chambers
produced

Produced around the world: CERN, Pakistan,
India, Florida (USA), Belgium, Italy, Germany *QC: Quality Control, HV: High Voltage




Compact Muon Solenoid

Efficiency vs HV Set Point

CMS work in progress

1.0
f.CJ ~ CMS GE1/1 Detector Production
K] _ Gas mixture: Ar/CO, (70/30%)
(&) DEE
= 0.8 i
L
o i
s 0.6
04
0.2/
I (Layer2) Avg frontend threshold = 2.81 +0.39 fC
| (Layer1) Avg frontend threshold = 3.26 +0.60 fC
0.0 | super Chamber ID (Layer) == Chamber ID
GE11-SCS-0035 (Layer1) == GE11-X-S-PAK-0013
02 GE11-SCS-0035 (Layer2) == GE11-X-S-CERN-0004
‘ ‘ | | | | ‘ | ‘ | | | ‘ | |- ‘ | |
580 600 620 640 660 680 700

" ucpavis |

Equivalent Divider Current (nA)

Efficiency vs Threshold

MIP Efficiency
° o o o
FS 2} © =}

S
o

e
(=}

-0.2

Spatial Resolution

CMS work in progress

2 4 6 8 10 12 14 16

CMS work in progress

CMS GE1/1 Detector Production
Gas mixture: Ar/CO,, (70/30%)
Equ. divider current = 690 pA (Eff. gas gain = 23k)

Super Chamber ID {Layer) == Chamber ID
GE11-SCS-0035 (Layer1) == GE11-X-S-PAK-0013
GE11-SCS-0035 (Layer2) == GE11-X-S-CERN-0004

18 20
Average Threshold (fC)

8

(mrad):

al resolution

Spati

0.15

0.10

o
n
T

CMS GE1/1 Detector Production
Gas mixture: Ar/CO, (70/30%)

[ Detector GE11-X-S-BARI-0014

Avg frontend threshold = (3.44 + 0.69) fC

020

0.05+

I FRETE RS SR el W FRETE NUNTE FEE |
620 630 640 650 660 670 680 690 700
Equivalent Divider Current (uA)

GEM Seminar - Regnery
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Compact Muon Solenoid

Noise Comparison: Negative

Before LV filters After LV filters

GE11-M-10
GE11-M-10 GE11-M-11 5 GE11-M-09
GE11-M-11 e GE11-M-09 CELETE , GEAL-EA08
GE11-M-12 ’ GE11-M-08
GE11-M-13 GE11-M-07
GE11-M-13 GE11-M-07
GE11-M-14 2 GE11-M-06
GE11-M-14 2 GE11-M-06
GE11-M-15 GE11-M-05
GE11-M-15 GE11-M-05
1,5
15
GE11-M-16 GE11-M-04
GE11-M-16 GE11-M-04
: GE11-M-17 GE11-M-03
GE11-M-17 ] GE11-M-03
GE11-M-18 GE11-Mo2 CELL-M8 GE11-M-02
—e-layer 1
GE11-M-19 GE11-Mo1 GE11-MH19 0 GE11-M-01
-~ Layer 2
GE11-M-20 GE11-mM36  CGELL-M-20 GELLMESS
GE11-M-21 GE11-M-35 GE11-M-21 GE11-M-35
GE11-M-22 GE11-M-34 GE11-M-22 GE11-M-34
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Missing chambers due to GBT instabilities
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Detailed LV Low Pass Filter

AWG 12 as LV cable
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AWG 12 as LV cable




VTRx Cooling: design and fit
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CMS, !

' GEM/CSC Comparisons

e Rate capability requirements:
ME11 1 kHz/cm?, GE11 10 kHz/cm?

e Time Resolution:

ME11 <10 ns, GE11 <10 ns

e Spatial Resolution:

ME11 < 1.2 mrad, GE11 < 0.3 mrad
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