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> Large Hadron Collider

* Last piece of the complex CERN CNEN
accelerators structure CERN Accelerators o
D ions
* Most energetic accelerator ever built - L:;"" - b oo
- 13TeV ...at least! » elctrons

Plévo s sin Large I-la,cwonY 'Collder

Nonh Area

11978

* Also the largest!
o With LEP: reuse of LEP tunnel

e 27Km diameter

Super Proton Synchrotron

1976 Thm 4ei

Mainly Proton-Proton collision
o Project luminosity of 2x1034cm2 s1 met

and overcome e
. . Antiproton Decelerator ——4———
o Also the accelerator with the highest s : East Area
luminosity from 2018 up to last June... T S0k | B
e SuperKEKB established the new world record on 2020 n-ToF ¢ =
2UPErRLAs nemonTzi;\‘eo(Flign Line: uthdéEcrss: ’\ leLmsCome(l::LFnay
. . o 50 Mev 1.4 GeV
* Heavy lon collisions possible enmman PS8 s LLWE!EWR,,,,
H 1972 157m Linear Accelerator 3 2005 78m perZ
e) Reach program W|th Lead |Ons Load ons: 42Mel/ 722 eV fwcov 70w 2670 65Tev 833 Tev

©2010-2016 maalpu org inc! detad € CERN
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https://www.kek.jp/en/newsroom/2020/06/26/1400/

Energy Scale

. T L e T INFN
* High Energy 'y o <R

10° & 4 10*

. . I " E ot E p

o Needed for Higgs production! ok . e 19

o ...and whatever other particle(s) is there! 10" 1

10’ ; 1 10’
10* E' g 1 10° _
. . . . . . 10° é— } 10’ —"5
High Intensity (i.e. Luminosity) - |
o Interesting processes quite rare 2w S o 'Q
o Standard Model testing at high precision o 1¢° ;’a,m,mooeew 1 0 g
needs as many data as possible! 'y 1%}

10° r 1 10”

10° [ o 1 10”

10° r cn(ET"‘>\'s/4) 1 10*

0 E,o"w(MN=1m GeV) ,! 10°

10° Fo, (M, =500 GeV) \ 1 0°

107 L 1 s a3 ssesl P .'10.7

0.1 L 10
Vs (TeV)
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L arge Hadron Colllder~ e
Acceleratore di 27 km c1rcun_’1ference i

CINRR
PERUGIA
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['arge Hadron Collider s ==
Acceleratore di 27 km circumféren

— S 3.

General Pourpose Experiments:
- Extensive Physical program
Cover all type of measurement

possible at LHC

P
L
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Dedicated experiment:
- b Physics at small angles
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CINRR
PERUGIA

- Heavy lon Physics
- Quark—g‘luon JENuE
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CMS

CMS DETECTOR STEEL RETURN YOKE |
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS PERUGIA

Overall diameter :15.0m Pixel (100x150 um?) ~1.9 m* ~124M channels
Overalllength  :28.7m Microstrips (80-180 um) ~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

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

HADRON CALORIMETER (HC.
Brass + Plastic scintillator ~7,000 channels
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Oom im 2m im
Key:
Muon
Electron
=~ Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker
3 Electromagnetic
), " Calorimeter
o’

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

r
D Bamey, CERN, Febwrwpury 2008
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> | SOME RESULTS

e RUN-1 @'—:?“
o 2009-2013 - Standard Model re-calibration

o 2010 - Long-range near-side correlation
observation (QGP in p-p?)

o 2012 — Higgs Boson Discovery!

CMS {s=7TeV,L=5.1fb"'Vs=8TeV,L=5.31"
LR -

Mar 2015 CMS Preliminary S
o § 7TeV CMS measurement (L < 5.0 1b™) 8 = SN S
= 10— § 8TeV CMS measurement (L < 19.6 ™) 3 Unweighted
° 5 — 7TeV Theory prediction f R1500r
c 1 — 8TeV Theory prediction 1500 ~
2 10° Z CMs 95%CL limit T L “
8 g
t§ g (111000
o 10° > L
2 i Y1000 ; N
0 Lo - e I 120 130 1
O 10? e o g m,, (GeV) ]
c
2 e CETA =) [ I
‘g - L : (7] 500 - ¢ Data
9 - = [ — s+BFit
e 1 s it P~ |: sscome B Fit Component
[\ ks %z i ‘} IE | :ik‘t
i - * i @ [ BB
> o) WP IR EPEF IR P S
T T2 T T o T T T2 T Ter T o T T T Vo Tz Voo T T T T 110 120 130 140 150
Al resuts at: http:/cem.chigolpNi7 ™ Ey -4 (CMS, arXiv:1305.0609 ) -4 m,, (GeV)
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SOME RESULTS (i %)
= ,.,.,?.?‘9"3?5”,'1“.?;:’?

* RUN-1 4
m, = 125.38 GeV
o 2009-2013 - Standard Model re-calibration " fewwe-sx 3

b, .-
» i

or \fx_vg

102F Te*

o 2010 - Long-range near-side correlation
observation (QGP in p-p?) B o B S e

¢ Muons
o 2012 — Higgs Boson Discovery! B "RTORTN 0Y
2 15— TR
i P P
* RUN-2 8 osh i s
. 10_' ! L 102 CMS (preliminary) May 2019
. . Particle mass (GeV e e S
O 2015_2018 —_— nggs Coupllngs measu rements’ as ( ) (;\";;l;\r'l(::u{‘?ll';l\l)SY results: gliino pair production
SUSY searches, SM precision test o= sswm.sssw.smon o
35E i 3 &~ ti o e
3OE &t teif e
§ 25? & thi] b’
% 20 & - (/BTN :.:::i
g 15: & i/ "Q:f‘;;ql;':’
w » o
iok &+ aqii — qaWil
: [ P \ ? - mass seale [GeV] =
§575 51 52 53 54 55 56 57 58 59 B e e D Tt S B
m,., [GeV] T T
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RUN3

e Consolidate Run-2 observation @

o le: H>ff, VH, ttH, WV, VBS, .. T H——.
o separately in different channels ! 14 TeV: hich H
o differential measurements 1e 9 U5 Il (s (e
o systematics becoming relevant * Additional 250 fb-1: factor ~1.7
O ..
* Run 3 provides the opportunity to _ Dete.ctor Upgrades:
implement novel trigger and new analysis Pixel: Layerl replacement
methods and approaches HCAL barrel: install SiPM

o i.e.: Data “Scouting” Muon system: install GEM GE1/1

* Also known as trigger-level analysis
HLT-reconstructed events with reduced event-content Chambe rs; U pgrade CSC FEE;

o size ™~ 1.5 kB/evt Shielding against neutron

o rate ~ 5 kHz established b k d
No raw data stored ackgroun

No prompt reconstruction Trigger: heterogeneous Computing
at HLT
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WHAT NEXT?

* Substantial upgrade of the accelerator: HL-LHC (high luminosity LHC) CNe

o Push the reach of precision
measurements despite the very complex
experimental environment

* Precision Higgs Measurements
* Higgs Self Coupling
e Precision Electroweak Measurements

e Extend BSM searches to smaller production cross
sections

* Precision measurements of rare B decays
* Heavy lon Physics
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Vector Boson Scattering

* Scattering processes with Vector Bosons (V=W,2): @'—:?“
Reduced QCD activity between the tag jets

no color flow between interacting quarks

Large pseudorapidity separation and invariant mass between initial quarks ( tag jets )

Purely electroweak process O(a®gy,) at LO

Direct access to Spontaneous Symmetry Breaking without Higgs

Probe particularly sensitive to contributions from new physics thanks to the quartic vertex

O O O O O O

* 4 LO Feynman diagrams for ssWW

. . processess
Same Sign WW Vector Boson Scattering - EWK ssWW: pure EWK

processes (signal)

g
8 &3 *  QCD ssWW: QCD
o o O . .
s 4o interactions between
X S 8 irreducibl
=3 Sa partons (irreducible
=2 e background)

Qo =
%8 &2& «  QCDand EWK ssWW production
© E processes have similar xSec

(2]
& @ *  Boson polarization could be an

additional probe

S e . e e > e . L L L LL,,PLh
23 Marzo 2021 PHP2021 15



Effective Field Theory

* Direct detection of New Pbysics could be
out of the possible experimental reach

O

O

@)

Push the experimental limits in a model
independent way

Measurement of Effective Field Theory
parameters

Logr=Lsu+3 3 |
n=1 1

Power series of all the possible parameters
Enanchement on distribution tails

Some processes mediated by effective operator
could violate unitarity

Events

1

* Add bounds to constraint unitarity

10°
108
107
10°
10°
10*
10°
10?

10

q
CMS Preliminary
e LA

L =41.5/fb (13 TeV)
T T l T T L T

[ ves w [ lverv
w DY
[ vy [ Wuets
[ tw and tt [JvesaaGc

500 1000 1500 2000 2500

M, [GeV]
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LHC Schedule

* High Luminosity upgrade after LS3
* Peak Luminosity ~7.5x103*cm2s

e Expected Pile-up ~200

* Higher rates and radiation dose wrt

Run3

23 Marzo 2021

o New acces shafts
o New service tunnels

20 19 2020

WSONOD[FMAM )]

2021 2022
'4'"":1&."'11:101""

Long Shutdown 2 (l$2 ’

2023

2024 2025 2026

IS ONCFMAM) 1 AISIONG] [FMAM 3 I ASIGNDI[F AR

2027

MDA ONCTFMAM) SO [ MAMI I ASIOINDTFMAMOYAISTONGL FMAM) [ ASIOND

Shutdown/Technical stop
Protons physics

lons
Commissioning with beam
Hardware commissicning/magnet training

Crab cavities
(some) New Magnets (11T)

Civil engineering:

Luminosity [cms?)

..and more!

PHP2021

* Peak luminosif

101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 3536 37 38

Year

§ §F &8 & &8

g
Integrated luminosity [fb]

g
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cns Phase2 Pile Up
o ——— B (NN

3000
- L& [ 2018 (13 TeV): <u> = 37
o . . =
S 5ol o 2017 (13 TeV): <> =38 |,
. < 2016 (13 TeV): <u> = 27
o Mean PileUp 37 A 0 25 a3Tevr 5> - 13
£ 2000 i 71 2012 (8 Tev): <u> =21 [2000
g [ 2011 (7 TeV): <u> =10
2 1500 1500
) R 3 . 13 a/” (13 TeV) =80.0 mb
u n ° 3 1000 TeV) =730 mb  |y000
3 o (7 TeV) =715 mb
. ~ g 5
O ea n I e p o 500 j’l 500
@
'\\_ CMS simuaion of 140 p-p colisions
° © ° 0

* Phase2
o Mean PileUp 140-200!

Pile Up:
Number of interactions in

a single bunch crossing
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e CMS Phase2 Upgrade

A

Trigger/HLT/DAQ C

i INFN

* Track information in hardware event selection Barrel EM caloru:neter P
* New electronics

* 750 kHz hardware event selection 3
* Low operating temperature =

, g 10°

Run2: A = . Muon systems

e  80kHz Hardware L1 < _ = : ~+ New DT & CSC electronics

*  1.5kHz on disk \ * New chambers1.6<n<2.4
‘ g | Muon tagging 2.4 <n <3

New Endcap Calorimeters =
* Rad. Tolerant
* 5D measurement

7 Layer:

ertex-Track association
ime 0~30ps

pverage n<3

4
e
1
o
q x

New Tracker / 4 g@
* Rad. Tolerant - light N // : ,
* High Definition measurement hS //] N &G/ y
* 40 MHz selective readout for hardware trigger Beam radiation and luminosity
* Extended Pixel coverage to n = 3.8 Common systems and infrastructure
— A—
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TN High Luminosity Requirements

s
* Increased granularity: In order to ensure efficient tracking performance with a high level of pileup INEN
* Reduced material in the tracking volume: The exploitation of the high luminosity will greatly benefit from a lighter

tracker

* Contribution to the level-1 trigger: The selection of interesting physics events at the first trigger stage becomes extremely
challenging at high luminosity

. Er)](tendelfl tracking acceptance: The overall CMS physics capabilities will greatly benefit from an extended acceptance of
the tracker

* Radiation tolerance: The upgraded tracker must be fully efficient up to a target integrated luminosity of 3000fb~!
o Outer layers “far away” from interaction point will see >10**MeV neutron equivalent fluence

more than innermost strip tracker layers at 20 cm for today's trackers after 10 years of LHC running

"g'1200 - 10'
£ :
thOO (\E‘
Q
800 =
L
600 105 &
’ 8
400 & 5
- === =
200 - E— e —— — ) =
U, p— o— p— —. —rea— —— ——
0— 1014

0 500 1000 1500 2000 2500

23 Marzo 2021 PHP2021 21



INEN

TR T T 7 - ° A big part of current strip tracker will
g s AEE O == i : it become completely in-operational due
= 100- LTI ] ] - toeitherleakage current or full

00 i || l! I’ || || || I‘ l| I! | depletion voltage limitations at 1 ab™!
s P wrweatl O 0 ) i B 1B 0 :gﬁg o full tracker replacement needed for HL-LHC
iU E R R B program

i e Rl 6 i O :

0’:| I[ I/ 4710 00 02 04 06 08 10 12 14 16

G T L T L Y R T I =4 e L TR Ty [ I D DO I [ B e | 'Emoo_—l L L

- - MS 1500 . o E b B Lo

60— “II II|| ||“ ||II ||II o

= N TR TR - ty ty tly -

= ::II ::II iy iy y | 26

400:_— 322 1 % Y W W WU W W Y “:: “:: iy i, thy :§j§

CMS Phase-2 it "

Eniga bbb e
500 1000 1500 2000 2500 7 [mm]
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Phase-2 CMS Inner Tracker

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16
E’ 1200 = / £ £ S
s kB 18
~1E I T -

2.0
wE Outer TIHLker "" " II " -
s00 — " ! ||II ||II ||II -,

= ot B A I T S o o i -
400 QAV/VLL LY % % N W ::II ::II II:: II:: II:: : g.g
IR VORI W T T N — 32
200 —— 4 0
W w |
0 500 1000 1500 2000 2500 7 [mm] n
* TBPX : Tracker Barrel PiXel * TEPX : Tracker Endcap PiXel

e TFPX : Tracker Forward PiXel
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cMS,/ |

Inner Tracker Overview

* 3892 modules

* 2x10° pixels (124 x 106 in Phase-1 *

upgrade)
* 49m?
* Hybrid modules with:

* 2(1x2)readout chips
(1156 modules)

* 4 (2 x 2) readout chips
(2736 modules)

* Occupancy<0.1%
» Coverage upto |n|
=4.0

Simple mechanics:

TBPX

23 Marzo 2021

TEPX

Can be removed for
maintenance

Barrel splitsin halfatz~ 0

Disks with flat geometry
(no turbines)

Luminosity monitor with
TEPX

Features a two-phase CO, TEPX Disk 4 Ring 1: fully

cooling system (nominal T degfca.ted ko BHIL (Bear.n
of the coolant -35°C) Radiation Instrumentation

« 50-60 kW power budget and Luminosity)

PHP2021 24



¥ Modules and Read Out

e Read Out Chip (ROC) * Simple design

o Being developed by the RD53 o ROC is the only active electronics on
Collaboration module

o Forboth ATLAS and CMS inner * High Density Interconnection
detectors (HDI)

o low-threshold (< 1000 e-) _ o _

_ _ , o Flexible PCB containing only passive
o high hit and trigger rate: components

* 160 Mbps control & up to 4 x 1.28 Gbps output
links o 2 to 4 ROCs per module

o HV capable up to 1000 V

?!!!gmmﬁm

%\’b
>
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@ Sensors: type and geometry

* Radiation tolerance = thin sensors: 150 um
thickness

. expzected signal / threshold > 3 at O, =~ 8 x 10"
cm-

25x100pum?

* Track density = reduce pixel size by factor of six

o Different geometry under study
e 25x100 pm?, 50 x 50 um?, 25 x 100 um? «bricked»

High efficiency = pixel cell design
o lIsolation, biasing scheme, layout details

Study n-in-p planar sensors h',?

3D sensors under investigation for layer 1 (6% of
the total area) and innermost layer of the TFP
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@ Serial Powering f

~1.2V " Direct powering

50kW/1.2V ~ 40kA
@ (20kg or 10%Xo of Copper)

e Upgraded Inner Tracker | eowr

Supply
power consumption: 50
kW Power 12V _— Local (POL) conversion

Supply ~1.2V “ DCDC converters not enough radiation
R hard, heavy and bulky (no space)
* ROCin 65 nnm

technology and with e Wm Serial powering! /
40KA/(n~8-10)

high granularity: -
o high supply current  The serial powering is the unique scheme compatible with
HL-LHC physics

* Direct parallel All the el e hai h £ (b
: - . e elements in a chain see the same current (by
POWETINg regwres too construction) while the voltage is equally shared if all
much material elements represent the very same and constant load

* This is the task of the Shunt LDO: no additional ancillary
components are needed
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Phase-2 CMS Outer Tracker (i %)
1.0 1.2 14 16 @ﬁ\d

pa - _—
| | | | e
IIII IIII IIII II||
2.0
II|| | TEDD | | .
n n | | —
N i, Iy n i n |24
ol TBPS IIII IIII IIII IIII ||II | 26
0 A A N N N O W O N R ““ "“ iy iy iy | g'g
IR ORI T T VS TR U A — 39
200 F— ! ; ; ; 40
E I I i I I I Inner Tracker | I i -
r " i 1 i ! ! ! | 1 ! ! ! | ! ! ! ! | ! ! ! ! | ! ! 1 1
00 500 1000 1500 2000 2500 n
Z [mm]

* TBPS : Tracker Barrel with PS modules ¢ TEDD : Tracker Endcap Double Disk
* TB2S : Tracker Barrel with 2S modules
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Phase-2 CMS Outer Tracker

0.

o
o

.2 0.4 0.6 0.8 1.0 1.2
/ Z

I~

1.4

1.6

|
m="1200
g

600 f— , Il I Il 24
[ ] ] ly — = =26
L = O P Y S S W | "" Iy iy g — | 28
= ||II ||II - I Il 50
e SR \\ \\ n o f— 32
200 4
i — nner rac er i )
: I k . ; — ;I . ! - t B 4.0
% 500 000 1500 2000 2500
z [mm]

e Quter Tracker coverage up to n~2.5

* Tilted barrel geometry

o Tracking up to n~4 thanks to InnerTracker o Better trigger performances

* Two different type of technology: micro-
strips and macro-pixels

23 Marzo 2021 PHP2021

o Reduction on number of modules

INEN
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Tracks for L1 Trigger

e HL-LHC will deliver an high instantaneus luminosity with PU = 140, 14 TeV INEN
a high PileUp o = R : S PERUGA
o It’s fundamental to be more selective at L1 trigger in order to < ‘  LiMu (Run 1 configuration + ME1a unganged) -
keep data rate under control o o~ 0 < [<11 (Q24)
‘ ® S e 115l s24@Q29)
a ® e L1TrkMu (Phasell: muon hits in 2 2 stations)
. e ——0 <[n<1a
Include Tracks on L1 decision E 107 o0 o 1,;;!?2.4
10 f
g [ CMSPhasell Simulation ... ... . sevss
S R A e s S S TEETET
S C z 0= z 5 10 15 20 25 3o 50
E sl | _O-x ; | : Muon trigger p_ threshold [GeV]
= e ]
06 | L p 9520GeV —i—— Today’s L1 threshold at 200 PU ~ 4 MHz
L T UM conuation Mt ungonged - Tracks needed for trigger decision
L : : —e—0<n[<11 (@249 e
- 4 = shs24@24 Lepton threshold improvement
02— * L1TrkMu (Phasell: muon hits in = 2 stations) - .
- -0 —— 0 <11
N hea ) Bl Possibility for new triggers (e.g.
ogﬂa-.-rﬁ-hl._d....|....|....|....|....|....

10 15 20 25 30 35 40 45 . 50 displaced or disappearing tracks)
Simulated muon P, [GeV]

w
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Tracks for L1 Trigger

*  HL-LHC will deliver an high instantaneus luminosity with
: . INFN
a hlgh PlleUp PERUGIA

o It’s fundamental to be more selective at L1 trigger in order to
keep data rate under control

4

w (>’5 B T T T T I I T T T T T T 1 I T T T T T 1 1 T T T T T T 1 1 T | |
Include Tracks on L1 decision - - i
o
& B a
] o ]
= n
. Most of charged particles have low py ? ogl— | | | | | | . i
. Perform a pyselection at readout level in order to B ]
reduce the L1 tracking input data size 0.6— ~ , ~ , ! ~ —
: Non-irradiated :
placed at a radius = 68.8cm
0.4 ™ Vyu= 250V, V,, = 106 DAC units, ||
d=2.75mm |
Irradiated to 6 x 10" ny,/ cm? =
0.2 placed at a radius = 60cm —
AT V.- 600V, V_, = 110 DAC units, o
d =3.05mm B
1 I 1 1 1 I 1 1 | 1 11 l 1 1 1 I 1 1 1 l 1 11 I ]

Q.2 1.4 1.6 1.8 2 22 2.4 2.6 2.8 3 3.2
p, (GeV)

R R
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Tracks for L1 Trigger

*  HL-LHC will deliver an high instantaneus luminosity with
a high PileUp

o It’s fundamental to be more selective at L1 trigger in order to

keep data rate under control

Include Tracks on L1 decision

. Most of charged particles have low py

INEN

. Perform a pyselection at readout level in order to
reduce the L1 tracking input data size

' 1 . 4 ! ; { 12 14

pT Modules
O S
20
. Two silicon sensors with small spacing in a module k :: jt Py
: Ty Ol Sy 24
. Flex hybrid in order to get data from both sensors to L I fys y 2
one ASIC - Select track «stubs» i o 40w i
. Different sensor spacing for different detector region yI 0 =it ’ t i‘ t 'Ilpr:ier ' . i ' ’ ]
z ¥ LP. 0 500 1000 1500 2000 2500 z[mm]

. Tunable correlation windows
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CMs Phase-2 Tracker Modules

INEN

* Two type of modules:
o 2S Modules o PS Modules

« 2 different spacing : 1.8mm & 4mm ¢ 3different spacing : 1.6mm & 2.6mm & 4mm
*  One strip sensor: 2.5cm x 100um strips

* 2 micro strip sensors with 5cm x 90um strips _
*  One macro Pixel sensor : 1.5mm x 100um

* Sensor dimension are 10cm x 10cm pixels
o two column of 1016 strips *  Sensor dimension 5cm x 10 cm
o  two column of 960 strips
~30k pixels
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Modules Service Systems

23 Marzo 2021

1: 28 silicon sensor

2: AI-CF spacer

3: Front-end hybrid

4: Service hybrid

5: CFRP support

6: High voltage tab

7: Temperature sensor
8: Kapton HV isolators

1: PS-s sensor

2: PS-p sensor

3: Macro-pixel ASICs

4: AI-CF spacer

5: Front-end hybrid

6: Power hybrid

7: Opto hybrid

8: CFRP support

9: CFRP baseplate

10: High voltage tab

11: Temperature sensor
12: Kapton HV isolators

* Module houses both

frontend and service hybrids

e Service hybrid(s) has:
o IpGBT a

* Low Power Gigabit Transceiver

o VTRx+ L

e Versatile Link Plus Transceiver

o DCDC converters

—

* Frontend hybrids have
readout chip and data
concentartor

PHP2021

HL-LHC common

development
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Modules Service Systems

23 Marzo 2021

1: 28 silicon sensor

2: AI-CF spacer

3: Front-end hybrid

4: Service hybrid

5: CFRP support

6: High voltage tab

7: Temperature sensor
8: Kapton HV isolators

1: PS-s sensor

2: PS-p sensor

3: Macro-pixel ASICs
4: AI-CF spacer

§: Front-end hybrid
6: Power hybrid

7: Opto hybrid

8: CFRP support

9: CFRP baseplate
10: High voltage tab

* Module houses both

connected to:
» backend power system

» DTC (Data, Trigger and Control) system via

Optical link
» no token control rings
» no intermediate power grouping

concentartor

PHP2021

INEN

Each module is a functional unit individually

35



S, 2S module design (U3
Service hybrid with bPOL - @ﬁi‘,{

(DC/DC converters & power
connection) and IpGBT &
VTRX+ (optical fiber
connection )

Strip
sensor

Frontend hybrid
with CBC and CIC
chips

Kapton insulator

2/22/2021 TRACKER WEEK PLENARY 36



2S module design

Service hybrid with bPC @ ]

(DC/DC converters & PC "" A 4 ;. . o ‘ — PERUGIA
connection) and IpGBT : .

VTRX+ (optical fiber

connection )

sensor

Frontend hr
with CBC an
chips

2/22/2021 TRACKER WEEK PLENARY



PS module design

Readout hybrid with
ROH IpGBT and VTRX and @I—:?\l
optical fiber connection
Frontend hybrid
FEH withssAandcicC
chips

PS-s Strip

sensor

AIN spacers

'\\ 5

Power hybrid with bPOL
DC/DC converters and

power connection ' < Macro pixel subassembly,
' MaPSA  consisting of PS-p (pixel)

CF baseplate with Al inserts : Kapton insulator

2/22/2021 TRACKER WEEK PLENARY 38

sensor and MPA chips




. PS module design

Readout hybrid with B
ROH IpGBT and VTRX and INFN

optical fiber connection

Frontend hybrid

FEH withssA andciC
chips

PS-s Strip

sensor

AIN spacers

Power hybrid with bPOL
POH Dc/DC converters and = :
power connection 7.1 2 | Macro pixel subassembly,
- |1 MaPSA consisting of PS-p (pixel)
. sensor and MPA chips

‘nsulator
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> Module Read Out

op wire ° o INFN
o padsba'daxCBCASIC 1 x CIC ASIC ¢ Strlp-stﬂp Module (ZS) C;;A
-«—Spacer

b e o CMS Binary Chip (CBC)
o e e A ot reads both sensor and

bond pads contact identify stubs

Top silicon sensor

A
various spacingV Foldable flex

Bottom silicon sensor

Top sensor data
Bottom sensor data
Top+Bottom data
Stubs data

R R
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oms Module Read Out

winton \ 8xCBC  1xCIC * Strip-strip Module (2S)
o CMS Binary Chip (CBC)
reads both sensor and

identify stubs

strip bottom |

Top sensor data
Bottom sensor data
Top+Bottom data
Stubs data
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oms Module Read Out

wrptop |\ S ——> _8xCBC 1x Cic  Strip-strip Module (2S)
\ | o CMS Binary Chip (CBC)
strip bottom | | reads both sensor and

identify stubs

Top sensor data
Bottom sensor data
Top+Bottom data
Stubs data
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oms Module Read Out

wtop \ % ——» 8xcBC_ 1xcC * Strip-strip Module (2S)
| o CMS Binary Chip (CBC)
' reads both sensor and
\/

identify stubs

strip bottom ,

Top sensor data
Bottom sensor data
Top+Bottom data
Stubs data
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% Module Read Out

wipiop "\ L N X0~ ixoe . Strip-strip Module (25) (M5
\ | o CMS Binary Chip (CBC)
sirip bottom | ~— reads both sensor and

identify stubs

Top sensor data
Bottom sensor data
Top+Bottom data
Stubs data
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FMS | Module Read Out

sriptop |\ £ S % 8xCBC_— 1xcic * Strip-strip Module (2S)
\ | o CMS Binary Chip (CBC)
strip bottom | | reads both sensor and
\/'

identify stubs

Top sensor data

e * Pixel-Strip Module (PS)
tubs data o Short-strip ASIC (SSA) sends

strip 8 x SSA strip cluster and L1 data to
8 x MPA the MPA which combines
pixel 1xCIC with pixel information and

create stubs

23 Marzo 2021 PHP2021 45



FMS | Module Read Out

sriptop |\ £ S % 8xCBC_— 1xcic * Strip-strip Module (2S)
\ | o CMS Binary Chip (CBC)
strip bottom | | reads both sensor and
\/'

identify stubs

Top sensor data

e * Pixel-Strip Module (PS)
tubs data o Short-strip ASIC (SSA) sends

strip cluster and L1 data to
the MPA which combines
with pixel information and
create stubs
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FMS | Module Read Out

sriptop |\ £ S % 8xCBC_— 1xcic * Strip-strip Module (2S)
\ | o CMS Binary Chip (CBC)
strip bottom | | reads both sensor and
\/'

identify stubs

Top sensor data

e * Pixel-Strip Module (PS)
tubs data o Short-strip ASIC (SSA) sends

strip cluster and L1 data to
the MPA which combines
with pixel information and
create stubs
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FMS | Module Read Out

sriptop |\ £ S % 8xCBC_— 1xcic * Strip-strip Module (2S)
\ | o CMS Binary Chip (CBC)
strip bottom | | reads both sensor and
\/'

identify stubs

Top sensor data

e * Pixel-Strip Module (PS)
tubs data o Short-strip ASIC (SSA) sends

strip cluster and L1 data to
the MPA which combines
with pixel information and
create stubs
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FMS | Module Read Out

sriptop |\ £ S % 8xCBC_— 1xcic * Strip-strip Module (2S)
\ | o CMS Binary Chip (CBC)
strip bottom | | reads both sensor and
\/'

identify stubs

Top sensor data

e * Pixel-Strip Module (PS)
tubs data o Short-strip ASIC (SSA) sends

strip cluster and L1 data to
the MPA which combines
with pixel information and
create stubs
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% Module Read Out

—
% ——> 8xCBC —* 1xCIC

strip top

* Strip-strip Module (2S) iR

o CMS Binary Chip (CBC)
reads both sensor and

strip bottom |

N~

identify stubs
Top sensor data
Bottom sensor dat H H
e * Pixel-Strip Module (PS)

Stubs data

o Short-strip ASIC (SSA) sends
strip cluster and L1 data to
the MPA which combines

with pixel information and
create stubs

preamplifier gain amplifier

T = Binary Read Out
%% ﬂw« emo>— JL * No info about collected charge

L ot s sl * Binary (0/1) info for each strip
I15k
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Module Read Out

—
% ——» 8xCBC — 1xCIC

strip bottom |

Top sensor data
Bottom sensor data
Top+Bottom data
Stubs data

STUB:
— Position on Bottom sensors/MAPSA
* Cluster postion, half strip precision
- Bend information
» difference between top/bottom position

23 Marzo 2021 PHP2021

 Strip-strip Module (2S)

o CMS Binary Chip (CBC)
reads both sensor and
identify stubs

* Pixel-Strip Module (PS)

o Short-strip ASIC (SSA) sends
strip cluster and L1 data to
the MPA which combines

with pixel information and
create stubs

51



FMS | Module Read Out

sriptop |\ £ S % 8xCBC_— 1xcic * Strip-strip Module (2S)
\ o CMS Binary Chip (CBC)
strip bottom | | reads both sensor and
\_/'

identify stubs
Top sensor data
e * Pixel-Strip Module (PS)
tubs data o Short-strip ASIC (SSA) sends

strip cluster and L1 data to
the MPA which combines
with pixel information and
create stubs

LA

SF

* CIC concentrator chip

o Receives stubs and L1-data
and pack them

5 stub + 1 L1-data

320 MHz lines CIC

from 8 CBC/MPA

5(6) stub + 1 L1-data
320/640 MHz lines to
LpGBT

L

[T1T1]1
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Data AcQuisition

e DTC (Data, Trigger and Control ) boards readout and control @E\,
module . PERUGIA
o ACTA standard e . 3
..L -
[E bybrid :Ehvbrid
e Bi-directional optical links = =
o 2.56 Gb/s DTC - Module | —
. ‘1‘! o I
. clock, trigger, fast-commands and
programming
o 5.12 or 10.24 Gb/s Module = @H\
DTC .ococ: ey

. L1 and DAQ data

L1 track-finding * -

e |1 data at 40 MHz

Pattern recognition
Track fit
Route

 DAQ data (after L1) at 750
kHz
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L1-tracking constraints and requirements
e ~15,000 stubs per bunch crossing @ 200 PU - Stub bandwidth 0(20) Tb/s INFN

oc]esc ool «—
HB HF *i RPC||CSC
TPG TPG || TPG || TPG

Barrel Endcap
K Muon 2-C Muon
Track Track
Finder inder

Correlator Trigger 3.5 ps
Global
Trigger

m

EC EB || HB HF

* ~4 ps available for track finding (12.5
us total L1 latency)

* Present solution derived from two all-
FPGA developments:
o Time-Multiplexed Track Trigger (TMTT)

o Tracklet algorithm

Endcap
Calo
Trigger

~1pus

 Both tested on HW demonstrator to

measure latency and estimate —
resource utilization and performance ypesiedectinswor

PPS

BPTX

BRIL
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L1-tracking: aglorithms

Time-Multiplexed Track Trigger
o 8 Geometrical Division in ¢
o Some data duplication
o Hough Transform
* Fromr-d¢toqg/pr- Poplane
o Kalman Filter

* Repeat until all stubs are added
* X2 used to reject false candidates

Latency ~¥3.5um

VA track | Poa
N \
6 L
5 4 ? >
4 /i
3 5 track apr
l 2 i candidate
6
S %o .
X

23 Marzo 2021

PHP2021

INEN

Tracklet Method
o 28 Geometrical Division in ¢
o No data duplication

o Road search Latency ~3.3um

* Pair of adjacent layers used to form seed called a
tracklet

o Linearized 2 fit

* Complex calculations pre-computed and stored in
look-up tables

* Remove duplicates by checking for shared stubs
and retain track with the lowest x2/ndf

y y i y

b St \\5
\\\ }\\ ’;'“\\
B N\ N\ T e 8
e T Gae S e 9% e
Say W Ny ey e U e T
X \ £ 5N \ \
L ~ O X .
S X \ \ ~ X N\ \ < X X
\\\ ‘_4\-'\\ ')-'\\




CMS/

© Tlme'MU a 0-‘_ T T T T T T T [~ A B R IRARS BARS | T T [T
~ - 4 g 0.9 -
o 8 Geomel] B S ool 1 2o E
> qh, 'g i L -+~ Hardware Demonstrator 4 » E -+ Hardware Demonstrator 3
] I N @ 0.7 i
o Somedat§ & o 5 | -o- CMSSW Emulator i = -e: CMSSW Emulator £ 3
o o9 @ o008 - N 06F o]
o - 4 - E
O Hou gh Tra = = - | Tracks >3 GeV in MC ttbar events ] 0.5]— Tracks >3 GeV in MC ttbar events =
g N & | <pus>=200 i pal <PU>=200 =
0.04— = 4 3
* Fromr-o¢t 3] E i 8 E
¢ 0 @ i ] 03f 3 called a
o KalmanFil € F o - R "
= K 2 ] 01 .E
* Repeat unti by ] E E
0 FI'H EPUTETH (AT H ST ST AP rreirt i SN e Drura S E AR b wer c_AAAlLLLlLAlljlIlIlLlLLLl‘AAlAJLlAJAlAIJlIllllll-
* X2 used to 0 02 04 06 08 1 12 14 16 18 r: Iz.zl 2'4 0 02 04 06 08 1 12 14 16 18 r: lz.zl 2'4 . Ji
particle | n particle |n stored In
CMS Phase-2 Simulation Preliminary CMS Phase-2 Simulation Preliminary
Eo :"l"|' IS | R N R AT | L | T | IR T B : 2:'"I"'l""l"'l"'l"'l"'l"'l"'l"’l"'l' R
Y K <~ 0.18F & W?ER&'”n"u%’#&f‘uon = '% 1.8F &= Wﬂ%&'&‘iﬂ?&?ﬁon = j stu bS
YA trac € 0161 —e—<PU © 90% = 216 — 0 90% =
\ %0145_ I:EHEZ& ® 68% _E §14E_ I%ﬁ)ﬁj&; ® 68% __:_
- NEE E E .
e - o 3 = - .
2 2 o 8 0121 Tracks > 2 GeV in MC ttbar events = 31 2| Tracks > 2 GeV in MC ttbar events - )
'5 _.-E Q o1 = 1 ,’8*“-9‘6—3 }\\
5 © @ Hoos- ] 0.8f- 5B E S Y
3 -~ E 3 2 g & ; P ™
0.06) e 06 I i il %\
\ > 0.04F so® ; 0.4[3, sy 5:8:6: 8.8 2 mm i \
& 0.02}; = 1% 0.2f; 3 I\ NN
....... o o T R bt e e e A e e DO (1) =P P IS TP AP IV PO PP TP U BN B \
5 ¢o 0 02040608 1 121416 18 2 22 24 0 02040608 1 121416 1.8 2 22 24
particle|n | particle | n |
x
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Tilted Barrel Geometry

00 02 04 06 08 10 12 14 00 02 04 06 08 1.0 12 14 16
E y — / / 18 ?zw— ! / /
by by g P E.E TR
__ | | | | 20 __ I I | 20
i o b |
22 ’22
ol il il il | il " q ol g I, I, I, e
- - = S A R ty My u
_ § 5 n ; i3 hohoon o [
s [ [ i a0 ML L L iy .: iy iy [ 2
= :I :I 52 , IR N N O T T T | I 32
: b fe
I =T T
] o0 150 200 £ 2[mm) 1 % 50 7000 7500 2000 7500 Z [mm] i
) 2 hits 2 hits 1 lun
Flat Geometry 1?;1’:; PS Module (2 halves) 0 stubs 0 stubs 0 stubs

INEN

* Stubs generation works only if the charged P — S
article cross the two sensors on the same B - ——
alve of the same module y
Tilted Geometry ki )
2 hits 2 hits
e This is not true for (flat) barrel peripherical 15lub \ mun\ 2hits
modules \\ \ 1stub
—> (increasingly) Tilt peripherical barrel p— \
modules Y.
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> Tilted B | Geomet
e arrel geometry
* Sizable reduction on the number of modules N " b h &
needed E E »
L = From ~15k (flat) to ~13k (tilted) S I .
nc Y5 5 5 P o= bk
- 1T Y Y| e—] O A A
"L S WooW w oo [ S O P RN T T ty I
C by by Ny Iy Iy |2 = by oy Iy y Iy | 26
omwaasaaaaaaes h h I §obE N R ISR a ey y Wooofe
o o 2 I S A SN S l ’ , ’ [
4.0
OOE. a a i 5(‘!“5 * t. * t. #.TD l — ; WéO_O — 2000 — 2J50_0 — n
z [mm]
—— CMS Phase-2 Simulation (s=14TeV, Muons (pT>10GeV), 0 PU
5141 .
2 hits e E : i : :
tsb B8 F oo SR (PR (. TP [ JU o
= ‘5@0?0000%%000%.@0%.5’0@@9000000@09%0
—l o o ' %o,
o] (%0.9_— b ‘.. i ; e
. o : . -
Se— OS(E— RTINS IS e 3 L =
o — - i ° i °
1 ) - .‘ ... e Flatbarrel geometry | . ;0.
3 2 hits E O Tilted barrel y
1stub 06 : :' a_"e geomem. b
B : e
. ° ° ° ° e 0'5:_ .. : ..
— (increasingly) Tilt peripherical barrel -1 . | L e
modules s halmleapsdalbalpaiie,

INEN
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o Material Budget

o F o -
X 1.6 Phase-1 Tracker I oo oo X 1.6 Phase-2 Tracker I oo oo INFN
Brec [~ CMS Simulation e - CMS Simulation PERUGIA
>< Inside IT tracking volume >< Inside IT tracking volume
- Between IT and OT 1 ‘4 - Between IT and OT
- Inside OT tracking volume 1 2 - Inside OT tracking volume

LINLINL N L L L L L LB B

T} TR EFRT L] T 6L T T e LT

. 7 2 25 3 35 4
In| In|

15 2 25 3 35 4

* Material budget much o DCDC converters o CO2 cooling
reduced wrt Phase0/1 o Fewer layers o Inclined geometry
detector despite an o Lighter materials
increase in the number of o Optimized service
channels routing
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Powering & Cooling
Large Area + High Granularity

B~
bPOL12V
~g7w ——

L High Power Budget : Outer Tracker ‘Q

~100kW

L . . Powerful cooling system:
Parallel Powering with on- . (4+1) x 50W cooling plants

module conversion * based on two-phase CO, cooling system (-35°C set point)
* small pipes

Detector Volume |

12+1V

Tracker Volume 11+ 1.5V @ SEH
80m ém . Upto 120cm
‘ )L L
p : er
@Counting room

1
iCat lel Cable 2 ‘ Wires 3+4

Cavern
wall
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s Some highlights from beam tests

. lefe rent module prototypes tested in R R CNFN
particle beam o _
g | ’ m Correlation window

0.2 . . @ 4 strips

o 28 |
lél @ 5 strips

. . o ; @ 6 strips
Full 5|ze.module and mini-module has been tested ook - wps |
* No services and no data Concentrator pt@”mdﬂm Gy
e Stubs finding capabilities tested 24_’00 S
. . . . . Rotation Angle
o Magnetic bending «simulated» with module rotation S—

g b:
o PS ;f‘-jo-sé
* Single sensor (pixel) with MPA readout 0-85
o No stub info e B
¢ IMPA+SSA intercommunication was tested on bench %
* First fully working PS module assembled few weeks ago sk 1B _
. ; ° ® 2 At (ns)

23 Marzo 2021 PHP2021 61



>. Performances: Phase-1 vs Phase-2
 Track parameters resolution of Phase-2¢ Significant extention at higher n
tracker improve wrt Phase-1 @

o Higher granularity and less material

C Slm Iatlon Lo | CIIMlSl S!rpllj!atllolr? T | % Sl L L LS | OB 7R | L B AR FA
Al— 1‘—,1'["('!,11 llIII[III‘IIII1][IIIIY[II*]II]__ E | I l l I i L ] I =2
o DT Simulated muons ] O, i Simulated rcuons |
- e s -

» T p _10Gev | == pT 10 Ge

Q_ | o ! m (=) | : <
- Lo L e Phase-1 tracker ! © : e Phase-1tracker
\6 SRR a——— . a Phase-2 tracker e 2 g 4+ Phase-2tracker

© 102

IIII'IIII|I||iIIIIIIlIIlIlllllllll'llll lllllllllllllllllllllllllllllllllllllll
4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4
Simulated trackn Simulated trackn
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o Performances: High PileUp

* Dip around +1.2n due to Barrel/endcap * High tracking efficiency (~90%) also at @'—:?“
transition in Inner Tracker 200PU

o Due to TDR geometry, reduced by a factor ~2 o Fake rate below 2(4)% at 140(200)PU
with optimized geometry

CMS Phase-2 Simulation 14 TeV CMS Phase 2 Snmulatlon 14 TeV
> i IO R P Seichll g’ M i SR AL REEE RRALE LR LR L LR
8 1- ; : : | ©0.14} +<PU>=140
kD) I 'g\ mf“_ ; E ——<PU>=200 , |
58(:2 P . k! LN SN . O . _E %‘50-12:’ e Tracks from f events ] 7
() 0'8. f i ' | - E p,>0.9 GeV : : |
8) 870_1_ S— .
- — : - '2
S 008 ] §0.08/- i
— =
P S e~

0.4} _ . : ] 0.06
—o— <PU> =140 i I | ; i
i —-—<PU>=200 1 0.04f e S o
0.2 Tracks from f event S " %o KN B
s racks from tt events I : 'l

j p,>09 GeV, Idi <35 cm : 0.02- v%b%lz%bf%sf%?" ~

0||||||| OW" l.“,ll.“l.l.,lm.lfm

4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4

Simulated trackn Reconstructed trackn
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MODULE ASSEMBLY

* Quite complex assembly procedure CNER

* Stringent mechanical requirements

o Precise sensor-to-sensor alignment crucial for stubs finding algorythm
o Main constriants:

23 Marzo 2021

Shift | to strip: <50um

Shift // to strip: <100pum

Relative sensors rotation: <400um

Distance between sensors: £100um wrt nominal

Dimensional QC

VI, electncal QC
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cMS,/ |

* Assembly based on fixture
o R&D almost completed

* Pre-production = 2021
* Production =2 2022/2024

23 Marzo 2021 PHP2021 65



CMs_ CONCLUSIONS

* CMS will restart to take data soon! (NN
o Probablyin 2022 Q1
o Run-3 operation will last at least 3 years

e ...meanwhile:

o Complete the R&D and start the production of all the pieces needed for the HL-
LHC phase

A long way towards 2026!

Stay tuned!
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. 4 Introduction

e Anomalous magnetic moment of a lepton as precison CNER
test for SM _
o Can be (very) precisely calculated in SM framework /j —g eh g
) I e -
o But... it’s flavor dependent! M ZmMc
* Electron — 9
Gu — 2

0 g.-2 determined with high precision —
o Sensitivity to new particles limited by a ~(m/M)?2 factor

* Muon
o Sensitivity to an higher mass region [GeV, TeV]
o State of art: 30 discrepancy from SM prediction
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State of the art

e IN!;UL\I’

* Most precise measurement

st from E821 at Brookhaven
HLMNT11 National Laboratory (BNL)

DHZ17 * Muon g-2 experiment at FNAL
KNT18 want to inprove the accuracy by

= 370 a factor 4
BNL (x4 accuracy) 7.06 1
R T T ST R—T 210 220
(,™ x 10'%)-11659000 If
1. Theory remain asitis
ay(exp) = 11659209.1(5.4) stqt (3.3) syst - 107 2. No relevant change to central value
then
au(exp) — au(SM) = (27+7) - 10717 Aa,, = a,(exp) — a,(the) = 6.70
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% Present theoretical uncertainties

QED EW HAD
0 ta, +a,

aM:a

Hadrons loop

Photons and Leptons .
(extimated from

experimental measurement)

loop
(calculated)

Bosons (W+,Z,H) loop

(calculated)

FNAL BNL CERN III CERN II CERN I
2017 2004 1976 1968 1961

LO

4th

QED 6th

8th

10th
hadronic VP LO
NLO

NNLO
hadronic LbL
weak LO

HO

* Main contribution to
theo. uncertainty

» 0 LO hadronic vacuum
polarization

— o Light-by-light scattering

New Physics 7

SM prediction
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G a,"'9: LO Hadronic contribution

* Traditionally computed via a dispersion integral using hadronic CiNeN
production cross sections in electron-positron annihilation at low
energies

* QCD lactice calculation still not competitive

* A novel approach proposed: MUonE

o A high precision measurement of a "% with a 160 GeV 1 beam on e" target at
CERN

o hadronic contribution to the effective electromagnetic coupling, AaH(g2) for
space-like squared four-momentum transfers g2 =t < 0, via scattering data

10 — 2 /0 (1 — 2)Aaneq(t(z))dz

s

t(x) = /iL (0 < —-t< +OO) t : momentum trasfered in the reaction
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How to measure?

INEN

* Aay,q4 (t) can be extracted from p-e elastic scattering using a high
energy muon beam (E~160 GeV) on electron low-Z target

0 5.53-1071 298 10.5 35.7 lpeak OO
T lt] x 10% (GeV?)

* Experimental kinematic limit
o 0<-t<0.161GeV?
or
o 0<x<0.93

Tpeak = 0.914
tpeak = —0.108 GeV?

2.2
) x 10°
-

(l—z)-Aam( =
w

e MUonE will measure ~87% of the

area
o Can be extrapolated to the 100% with
functional model of Aay 4 (t)

0 0.2 0.4 0.6 0.8 ZTpeak 1

72
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CMS,
o

A
L

Key element

* The key elemet to achieve the precision required is the measure of the CNER
scattering angles

Muon beam momentum = 150 GeV

* Experimental needs:

o PID to separate electron and
muon
*  ECAL + p-filter

Muon scattering angle (mrad)

o Precise tracking for angles

. Tracker

o Electron energy measurement
to add redoundancy and
reduce systematics

e ECAL

Electron scattering angle (mrad)

01/10/20 CMS SYSTEM TEST MEETING 73



CMS

The Detector

¥
INFN
PERUGIA
L ~100 cm ‘
Target k T_ Target k +1
lJ' b e a m 1 module (2 sensors) e
| 44—
—h—
-
(160GeV) -l -
> S
n
layer 3 layer 2 layer 3 layer 1
Station k: 3 layers, 6 modules, 12 sensors ——> 40 Statlon
JaT]
<
O
(¥4 ]
Target n-1
e
J[ H . o—p
I L
ol ol g LR - filter |
layer 3 layer 1 layer 2 layer 3
Active p-chamber
Last station
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s A Tracking Station

& & P
' TS

G B 5
Z AfCC 552

INFN

PERUGIA

. 100 cm R e
§ I * Requirements:
Pt ~100mrad o Dimensions: 10cm x 10 cm
acceptance . . .
10cm : | © Single hit resolution: 0 <20 pm
M ¢ Q o Fast timing (we have to cope with
0 O(50 MHz) p)
v o Thickness: d £300 um
~1cm State-of-art Silicon detectors
Be Target it resolution ~20 pm
Expected angular resolution ~ 20 pm / 1m = 0.02 prad,,
At the end ECAL and Muon Filter for PID
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CMS

Techno

Oogy

e Best solution:
o 2S module from CMS
o Or better 2 x 2S module for each plane

1 [mm]
8 B
-3

To get x-y info

2S Modules: Two-strip double-layers
7680 modules
~31M channels

LP-GBT &
Optical VTRx

Each 2S Module:
* Sensor Area ~100 cm?
* 16 CBCs, each reading 254 strips

(127 from top & bottom sensors)
* 4064 Channels in total

* Readout both L1 triggered data &
Primitive trigger data

2500

Front End
Hybrid

Double-Layer
. Si Strip Detectors

,,,,,

DC-DC
Converter

Service Hybrid 1 per side

01/10/20

~100 cm I e
~100mrad
10 cni : acceptance
M ®
1]
~1cm State-of-art Silicon detectors

Be Target it resolution ~20 ym

Expected angular resolution ~ 20 ym / 1m = 0.02 prad,
At the end ECAL and Muon Filter for PID

CMS SYSTEM TEST MEETING

Enough spatial
resolution

Stub instead of hits

Fast stub readout
O(40MHz)

INEN
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ECAL

* For particle ID and background rejection CiNen
* Radiation hardness is required because of the intense pu beam
 Based on CMS ECAL system ot

o PWO crystal 1

o APD sensors "ﬁ»

. . 0 EE — —
o FEE based on MGPA chip + 12bit ADC e '
o DAQ based on Serenity board L E A e A S 5

o Laser Calibration System

140
E(gen)(GeV]
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The Beam

* 160GeV/c muon beam @ M2 CERN SPS

* Beam spot size at the entrance of MUonE
O O, =26mm

O Oy = 27mm
:

* Very small beam diveregence
o oy =0.3mrad

g 88888 ¢E
-

o oy =0.2mrad

-~
oF

¢
¥' (mrad)

* Momentum Resolution !
o At present BMS provides ~0.8% =

10 L] x
True_mom-Recon_mom (GeV/c)

01/10/20 CMS SYSTEM TEST MEETING 78



Trigger & DAQ

* No trigger foreseen
o Stub info have sufficient information and resolution
o A selection could be added to reduce the data rate on disk

n
wn

||3||||

strip

Threshold [x1000 electrons]

-
o
0 o |

80 90 100
Sampling Time [ns]
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Pre-amplifier Gain amplifier Comparator power filter

100 kQ

Comparator output n nn TN

(HDL input)
Fixed Pulse Width
outpu

40 MHz Sampled

output

Logical OR outpu ..u_f_l_r-

HIP Suppressed _1—1_,—0—1_

output (on count 3)7T 1 1 :

* The full DAQ system is based on the CMS Serenity Board (Track Trigger) CNER

e Expected beam rate 50MHz asyncronous wrt tracker readout (40MHz)
o Optimization via threshold level and comparator operation mode optimization
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Backup
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23 Marzo 2021 PHP2021 80



CMS /|

Mechanics

23 Marzo 2021

° TBPS

* Flat Part: planks

* Tilted Part: rings

* TB2S

* Ladder support structure

 TEDD

* Building block: DEE (half disk)
* Double-Disk to be hermetic

also with rectangular modules

INEN

Module type || rpps | TB2s | TEDD || Ot
and variant per variant

25 1.8mm 0| 4464 2792 7256
4.0mm 0 0 424 424
1.6mm 826 0 0 826

PS 26mm 1462 0 0 1462
4.0mm 584 0 2744 3328

Total 2872 | 4464 5960 13296
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Sensors

* Irradiation campaign to study the sensors behavior and perform a @.‘:ﬁ
technology choice:

o Take nominal expected max. fluences for outer (2S) and inner (PS) regions after
3000fb-?

o Consider the approximate mixture of neutrons and charged hadrons

4 Annealing (days at 21°C) N/ Annealing (days at 21°C) N\
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
18k 18k
1a,
Fi = 3x10%n_Jom?| Fi = 1x10%n, Jom?]
1ok oo o S——— 16k
Yk = e 14k S
—_ \ —_ T
L. e A2 2% L. o
© o —— 2 § @ “f"'\;
5 S —— 3 °
& 10k PS-s B 10k o—o— PS-s
o o
- - - Y I
$ w Z g S & 2 g = —1 ] -S
iz CMS Tfacker A IR R — Lo
® @ sols ‘ ® ® k.
ok % : Preliminary ok - % : CMS.T .acker
[290um: —@— 600V--O-- 800V 290pm:—@— 600V—0— 800V Preliminary
4K 1240pm: —@— 600V—0O— 800V 4k H 240pm:—®—600V—O— 800V
| |Mixture: 2.5x10™ n,jcm? neutrons; 0.5x10™ n,Jom? 23MeV proton Mixture: 4x10'“n,g/cm? neutrons, 6x10"n,,/cm? 23MeV protons
0 2400 4800 7200 9600 12000 14400 16800 19200 21600 0 2400 4800 7200 9600 12000 14400 16800 19200 21600
Annealing (hours at 21°C) Annealing (hours at 21°C)

Expected max. 2S fluence after 3000fb! Expected max. PS fluence after 3000fb!
Signal measurements: Signal measurements:

» thFZ240 barely reaches 2S limit * thFZ240 only just above PS-s limit
* FZ290 is well above * FZ290 comfortably above with 800V
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Irradiated Sensors at Beam Test

e Sensor irradiated with neutron only at JSI @
CBC3 readout chip (almost final)

Charge collection reflected in hit efficiency as a function of threshold
o FZ290 can tolerate higher thresholds

o Only after long annealing (200 days) at ultimate 5x10'*neqg/cm? both materials are
comparable

dark noise occupancy was measured:
o lower than 10 while expected hit occupancy is ~102
o Scale with annealing (current) and not with thickness

threshold (e™) threshold (e™)

0 2000 4000 .. 6000 8000 10000 12000 0 2000 4000 .. 6000 8000 10000 12000
1.01 = 10° 101 : 10°
. F=2.5x10"n,/cm? : F= 5x10"n.,/cm?
1.00 ' U=000V |, 1.00 i U=600V |,,.,
: T~-20°C T~ -20°C
| z oy
0.99 i 1072 g 0.99 1072 2
> 8 ®
v | a' ]
s 1 % < 1 g
5 098 i 103 Y 2098 N 107 Y
g ' ¢ £ ' 3
1) 1 o e \ ]
“ “w
0.97 i 10~%5 0.97 | 1073
| e \ ] c
096] CMS Tracker ! - 0.96] CMS Tracker ‘g@ﬂ, -
: Preliminary 3 ’ Preliminary ,“ﬁ \
Hop T I
095 uoh - 10¢ 0.95 . 107
[ 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
pedestal - threshold (VCth) pedestal - threshold (VCth)
—¥— FZ290, $=2.5-10"n/cm?,202d  —@- thFZ240, $=2.5-10n,/cm?, 202d —¥— FZ2290, $=5.0-101n,/cm?,202d  —@— thFZ240, $=5.0-10'n,/cm?, 202d
i F2290, $=2.5-10"ng/cm?, 11d - thFZ240, ¢ =2.5+10%n.g/cm?, 11d i FZ290, =5.0-10"n/cm?, 11d  —+ thFZ240, ¢ =5.0-10"n/cm?, 11d
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CMS

Where

* CERN M2 = between BMS and COMPASS

01/10/20

1/ p-e setup upstream of present COMPASS experiment, i.e. within M2 beam-line

= More upstream of Entrance Area of EHN2 (Proposed by Johannes B. & Dipanwita B.)

*  Will require the removal of some components

Y rwrm— O

Magnetized Iron Q33 Cedarl Cedar2 Q34 B? Q35 B8 B9 Q36 {{4,4-,; A I_

ll’ " ' = ——

LTy - b
' o —

s

T e
“ —

p-e Upstream (under-study) — T length required (updated): 35 m targets +
~30m trackers + 0.8 m Ecals + 3 m (p-Filter) ~39 m
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Tracker Readout

* The tracker readout is a simplify version of @'—:?“
the CMS backend

o Communication between module and backend
system established over a pair of optical fibers
with [pGBT protocol

* 2.56Gb/s downlink for Clock, fast command and slow
control

* 5.12Gb/s uplink for data transmission

o MuUonE will be without a trigger and readout the
40MHz stub data stream ‘ A
* Fraction of events with more than 3 stub ona CBC<0.1% Number ofstubs”

* Main constraint due to CIC

o 16 stub transferred in 8BX per CIC = 32 stub in 16BX per
module

o 1.25 muon per BX expected = enough room to handle
fluctuations
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DAQ Frontend

* Serenity Board + 2 daughter card with KU15P CNER

* Asingle Serenity card can handle 12 tracking station
o 72 modules

m

* Expected data throughput
o 16 bit for a stub
o 64 bit header
o 3 stub per BX
o 40Mhz rate

|

o ~20Gb/s per
station

o ~240Gb/s ouput

per Serenity
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2021 Pilot Run

* In Q4 of 2021 a MUonE pilot run is foreseen
o 2 tracking station + 3 upstream planes (x,y) + ECAL prototype
o 3 weeks of beam time at M2
o 1 year to build and integrate the detector

Ei ‘ l _b BB
2 ae | %?“ .l
o R e ] -
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. Tracker Mechanics

e Studies to optimize the resolution CNeN
o CMS beam test indicate that the best resolution is obtain with a tilt of ~15°
(268mrad) g
i —:’— \ gao 4
Target : | ‘
| o=

turn angle
XY Plave [deg)

YZ Plane

* Detailed simulation
studies ongoing

o Target: optimize the
tilting angle

15,355+
L (ep mrad)
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Tracker Mechanics: enclosure

* The tracker structure is inserted into an enclosure which provides the
connections to the services, the light tightness and it thermally isolates
the tracker

* Two patch panel for
each couple of
module

o One for electrical and
optical connections

o One for hydraulic
feedtrhoughs
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