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R, The CERN Large Hadron Collider

DI MILANO

e p-p), p-A and A-A collider (*) Main topics of these lectures
— 2009-2012: Run1 Vs = 7-8 TeV
— 2015-2019: Run2 s = 13 TeV

e Seven experiments: ALICE, ATLAS, CMS!}), LHCb, LHCf, TOTEM and MoEDAL

Ips
e 40 MHz (25 ns) collision rate

—
Quantity Number — =
gl.rcumferencc.a 26 659 m o ATLAS " T ALIQE{,—"

ipole operating temperature 1.9 K (-271.3°C) Rl T

Number of magnets 9593
Number of main dipoles 1232
Number of main quadrupoles 392
Number of RF cavities 8 per beam
Nominal energy, protons 6.5 TeV
Nominal energy, ions 2.56 TeV/u

(energy per nucleon)
Nominal energy, protons collisions 13 Te
No. of bunches per proton beam 2808
No. of protons per bunch (at start) 1.2 x 1011
Number of turns per second 11245
Number of collisions per second 1 billion
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suman Luminosity

DI MILANO

Luminosity £ . Integrated luminosity

o7~ ok Nzajlldt

— rate of interactions

nbfresz — total number of produced events
B 4o, o, — determines the physics reach of the
experiment
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T Standard Model Physics Output
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CMS Preliminarv

The Nobel Prize in Physics 2013 was

& 7 TeV CMS measurement (L < 5.0 awarded jointly to Francois Englert

A @ 8 TeV CMS measurement (L < 19| and Peter W. Higgs "for the

ST S S R i 13 TeV CMS measurement (L < 1] theoretical discovery of a

bnjedsy ¢ ¢ +ob b b Theory prediction mechanism that contributes to our
O 3 P L £ Z CMS 95%CL limits at 7, 8 ang understanding of the origin of mass

of subatomic particles, and which

recently was confirmed through the

discovery of the predicted

Lo b .| fundamental particle, by the ATLAS

& . . =+ = : | andCMS experimentsat CERN's

: E Large Hadron Collider."

May 2021
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Beyond the Standard Model

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2021 Vs=13TeV
Model Signature  [Ld:[fb™") Mass limit Reference
25, d—at” Oep 2-8jets EWS 139 |INASRDEGE 1.0 1.85 < v 2010.14293
a, Gat) H ! i Rl 0 m{¥})<400 Ge'
5 ’ menodet  1-3jets E#?‘“‘ 361 |4 [8xDegen] 0.9 mig)-m(E})=5 GeV 2102.10874 Ipoies
@ N ) . - N
£ zE aoqat) Oep  26jets EP™ 139 |2 23 m(E)=0GeV 201014293
5 Z Forbidden 1.15-1.95 m(¥)=1000 GeV 2010.14293
3 —ggWEY Teuw  26jts 139 |z 22 miE)<600 GeV 2101.01629
D gz i—qallOi] ee, 2jets  EPS 36.1 I3 1.2 m(g)-m(¥} )=50 GeV
B gz Eoggwzt Qe 7-jets EPS 139 |2 1.97 %) <600 GeV
2 SSepu 6 jets 139 |2 115 m(z)-miF})=200 GeV
= ¥ s = .
= g gty 0-1ep 3b  EPs 798 | 2.25 mF))<200 GeV
SSepu 6 jets 139 2 1.25 m{z)-m{¥})=300 GeV
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By 0.68 10GeV<Am(b; ¥1)<20 GeV
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o
g§ O-tep  >ljet  EFS 139 |7 1.25 m(E)=1GeV 5
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M High-Luminosity LHC
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HiLumni Y

L\ LARGE HADRON COLLIDER

LHC HL-LHC

13- 14 7ev S it

13 TeV energy
Diodes Consolldation
splice consolldation cryolimit LIV instaiiatlon : . HL-LHC
7 TeV 8 TeV button colllmators inferaction inner triplst : 2
Fr— R2E project regions Civll Eng. P1-P5 radiation limit installation

et | aoee | awoa | aoer | s | o | e [][]
510 7.5 x nominal Lumi
ATLAS - CMS3 k/’_,_,——i—*

experiment upgrade phase 1 ATLAS - CMS

RESREAS niominal Luri mirli ALICE - LHCb | 2% nominal Lumi e

75% nominal Lumi /_ upgrade '
-1 integrated JEAUUVR T8
EI EX s 4000 1o
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY € ¢ PROTOTYPES o CONSTRUCTION INSTALLATION & coum. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Pl Coordinate system
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n=0
. Y4 = 0.55
4 Yy Pseudorapidity ?
0 / n = 0.88
. 6 = 90°
B n——lntanz 6 = 60° n=1.32
f =457 /
g = 30°
n =244
7= 10°

LHC LHCb
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ey s HL-LHC properties and operation
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Parameter Nominal LHC HL-LHC
(design report) 25 ns
(standard)
Number of bunches 2808 2760
Beam current (A) 0.58 1.1
Minimum £ (m) 0.55 0.15

Peak luminosity with crab cavities Lpeak X Ri/Ro

(103 cm2 s7!) (L18) = ;
Levelled luminosity for p = 140 (10** cm™2 s™!) - 5.0
Events/crossing p (with levelling and crab cavities) 27 131
Maximum line density of pile-up events during fill
0.21 1.28
(events/mm)
" 1
2 2 ) 0.9 t
n N n N 0.0,\ 2
[ = bfrev JEN bfrev R R = <1 + c z) i L HL;}ng NG s
* ) it
410, 0, Arte,B* [y O,y ok o
— y relativistic factor 06 | LHG Run’2
- &, normalized emittance ? 0.5 _ _
effective cross section
— [ beta function at the collision point 0.4 HL-LHC without CC ]
. 0.3
— 0, crossing angle o
- o, longitudinal bunch length BiA
0 1 Il 1 1
0 0.2 0.4 0.6 0.8 1

p* [m]
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Luminosity: pile-up

proton - (anti)proton cross sections

109: T T T Ty T

10° 3 o

tot

Tevatron

c (nb)

10* |

10‘5 ;_ MH=125 GeV{

&
107
[ wJs2012

LHC:

events / sec for ~ = 10 cm?Zs™
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Recorded Luminosity (pb '/1.00)

4000

3000

2000

1000

CMS Average Pileup (pp, Vs=13 TeV)

[ol=]

in

B Run ll: <u> = 34
B 2018: <u> = 37
1 2017: <p> = 38
[ 2016: <u> = 27
2015: <u> =13

ol (13 TeV) =80.0 mb

Mean number of interactions per crossing

e Total pp cross section: 80 mb
— For1 X 103*cm™2s~1, 10° events/s

— W.ith 25 ns collision rate: 25 events/collision

A. Andreazza - LHC: Detectors and upgrade

6000

15000

14000

13000

12000

11000



O R Luminosity: pile-up

HL-LHC Nominal —
HL-LHC No leveling —
LHC nominal —

a—d

(9]
—
POl I

ATLAS

EXPERIMENT

‘0
o
= LHC Run 2
Run Number: 336852, Event Number: 883966264 =t
™ 3
Date: 2017-09-29 09:19:23 CEST D
- :
__4—'_ 3
0 L
o
£ | 1
= 5 | 1
- g o]
a—
n -
s ! —_—
— —— — i : 1
0 1 L |
0 2 4 6 8 10

Time [h]

e Total pp cross section: 80 mb
| E=—t—N — For1 x 103*cm™%s71, 10° events/s
o S — With 25 ns collision rate: 25
' e e events/collision

e (Can be mitigated by Luminosity Levelling
(already used at ALICE and LHCb IP)
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g o Luminosity: radiation effect

e Radiation effects from the high interaction
rate:

— high particle flux:
e requirements on detector granularity

Total ionising dose [Gy/fb™|

e background rates and space charge effects

— permanent damage on detector and
electronics

— detector activation

Commercial Radiation Radiation Design
solution tolerant hardened unfeasible

10"
10"
10"
10™
10°
10°
10’
10°
10°
10*

r [cm]

__High Energy Hadrons

I | I I I I | | | | | cm?yt
100 10 107 108 10° (10| 10% 1022 10t 101 10

o

. Grays
I | I | I I | | | | | !
10%¢ 10 102 10! 10° (10'| 10* 10® [QI01 10¢0 106

[

__ 1 MeV equivalent neutrons
| I | I I | | | | | | cm?yt
10 TF | 10 Her ae [0 g0 108 46H- 0B e

--——XSea level <
X—X Aviation HL-LHC
X Space station

X—— X High earth orbit to deep space

[

Fluence of hadrons with E )20 MeV [cm%/fb™]

reproduced from B. Todd and S. Uznanski, Radiation Risks and
Mitigation in Electronics System, in CERN-2015-003

|z| [cm]
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R Layout of the lectures
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e Inthe following I'll try to review:
— general detector concepts in high-energy particle physics

— which technologies have been chosen for the ATLAS and CMS detectors to cope with the
LHC harsh environment

— how they have been evolved to match the 10 more challenging environment at the LHC
e Layout
— ATLAS and CMS detector concepts
— The detectors inside-out:
e Inner tracking
e Calorimetry
¢ Muon systems
— DAQ and trigger (if time allows)
e Most material is from the experiment Phase |l upgrade TDRs
— sometimes not up-to-date, but it present the projects in an organic way

— but I'll try to throw in some basic principles for non-experts
| am not an expert on everything, my apologies for any incomplete/erroneous information reported
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e i The "All-purpose” HEP Detector
CMS Slice —u.

Charged Hadron [eg. Fion)
— — = = Neutral Hadron (e, Neutron].
""" Fhoben {

@

ar

AN
\

et

R T

..
e
'II

L
et ]

%
[ECATERE T TITE = ot 1
lorimacnn

~
Hadron Supererducting

-
i

- ¥ #
Lalonimeler g T &

Irar return yake infersperied )

= with Mucn chambers ]
Neutring: 3

What's the difference?

Y r
.'IEL_I'I'O!" ..‘|'

*Electronk
{Pholon- 4 )

% b
T
i

ATLAS Slice
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st The "All-purpose” HEP Detector

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

photons

Innermost Layer. .. P .. Outermost Layer

Momentum measurement
decay vertex reconstruction,
hadron identification

Identification of muons with

enough energy to cross the
Charged hadron calorimeters (>2-3 GeV)

Low material (~1X,) Electron absorption,
idenfication, neutral hadron
photon detection I detectionr
~20X,, 1-2, 5-6)
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g i The magnetic systems
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ATLAS CMS
A Toroidal LHC Apparatu$S Compact Muon Solenoid

e Large air-core toroids integrated e Powerful solenoid
with the muon system — 4 T magnetic field
e Thin solenoid around the central — outside of the calorimeter
tracker e Muon system integrated in the
— 2 T magnetic field solenoid yoke
— inside the calorimeters N o

' \ Tile calorimeters
\ '\ }
\ LAr hadronic end-cap and
. forward calorimeters
Pixel detector \

Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker
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R, The magnetic systems

ATLAS CMS
A Toroidal LHC Apparatu$S Compact Muon Solenoid
e Large air-core toroids integrated e Powerful solenoid
with the muon system — 4 T magnetic field
e Thin solenoid around the central — outside of the calorimeter
tracker e Muon system integrated in the
— 2 T magnetic field solenoid yoke

— inside the calorimeters

XXXII Int. Seminar of Nuclear and Subnuclear Physics
" " g A. Andreazza - LHC: Detectors and upgrade
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o s Momentum measurement concepts
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e A charged particle bending radius in magnetic field:
plGeV/c] = 0.3 g B|T] R[m]
e Deflection due to the Lorenz force on a length L:
L 0.3¢gBL
= _ = 6/2|6/2
R p R
— in case of non-uniform magnetic field,
use the bending power
del
L/2 L/2

e Deflection measurement :s >

— direction before and after the bending field

O'p _ Og _ POp uti .
» 0 0.3 gBL Detectgr resolution:
4

e Sagitta measurement D P

— deviation from a "straight line" inside the magnetic field:

L* 0.3 gBL?
s=R(1-cosf) mom = — " % _ 95 _ _8pds
8R 8p p s 0.3¢gBIL?
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Multiple scattering
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Deflection of a charged particle
trajectory due to soft interactions
with the material

— on average (ep> =0, (Hp) =0

but the standard deviation is finite:
13.6 MeV <

Z
Bcp Xo

p,rms

1+ 0.0381 X
: nX0

pc particle velocity

thickenesss

p particle momentum
z particle charge (in units of e)
Xy is the radiation length of the material

716.4 gcm™2A 1
=~ X —
Z(Z +1)In(287/VZ) p

Xo

A, Z mass and atomic number of the element
p density

XXXII Int. Seminar of Nuclear and Subnuclear Physics

Relevant for small

Full covariance matrix is given by

1
€p,rms = ﬁ Op,rmsX
(epp) = 2 Op.rmsX

Resolution term due to multiple

scattering:
0. 0 1
P =PI « /P X const
p 6 1/p
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R ATLAS Muon Spectrometer
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Large (odd numbered) sectors

zml ¥ EML SoL
6
10 M
BOL || 5
6 A
BMLI[ T [ 2 [ 3[4 | u
6 - 3
BIL |; ;
' EIL  End.cap h = Tacs T
" magnet =
0 | - z
0 2 - 6 8 10 12 14 16 18 20
o :‘;‘:/Iiesisﬁve-plafe
; chambers (RPC)
End-cap toroid
Monitored drift tubes (MD e
ontfored diiffubes (MDD 5B/ Forwardtoroid| | ¢ 8T 7 T 1]
o0 @ = 5 i Barrel region '%; Fer;(?‘;(;ap j
- ~ c ]
Instrumented air-core toroid system: \ [ 2 ]
- 4 ¢=n/8 g 3
* bending power 1-7.5Tm L E
- 9=0 ]
* standalone momentum o ki
reconstruction capability 5 v i
2 —
GpT/pT = 10% at p;=1TeV 0 05 1 5 2 2.5
!
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BT, CMS Muon System
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CMS Experiment at the LHC, CERN
Data recorded: 2015-Oct-30 19:23:54.631552 GMT

- --#-- Muon system only

AP )Ip,

—— Full system

16 —<— Inner tracker only

T
Y

1 n-1 T ai FEyET, m-" i
n 01 02 03 04 05 08 0.7 0.8 0.9 10 14 et
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T T [ | T 7T t 7 T | o T [ T F T ‘ S | '. T T T+ 1 D‘l;g 1.2 335° —

£8Cs
H RPCs

- B RE4/2 [e— R_E413 |
L
N o
n »N
e b
N @
T

ME1/3
I

——— (ME32 —————

0<n<0.38

°
3
[=]
-
o
P
I

1= e =" - 102 10°
30 57 pT [GEU!E]

[ ECAL L

Silicon
tracker

0 SN L S Tty e P | Jeiia | —
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R o ATLAS Inner Detector
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r R=1082mm \
e Pixel Detector <
TRT

— 4 barrel layers, 3+3 disks, 108 pixels

— barrel radii: 33, 50, 85, 122 mm
— pixel size 50x400 pm?2 (50x250 IBL) L:f:::
Orp=6-10 um, 0,766 pm scr 4 :j;‘;‘:m"‘
e SemiConductor Tracker e z00mm
— 4 barrel layers, 7+7 disks, 6x10° strips |
— barrel radii: 30, 37, 44, 51 cm Pixels{ };:Zi%ﬂ?’_ :

— strip pitch 80 um (40 mrad stereo) o am

— Ope-16 pm, 6,580 pm K—/;/_“

e Transition Radiation Tracker
— barrel 55<R<102 cm
— 36 layers, 4x10° drift tubes

A 21m
— 4 mm diameter _
\B\)| Barrel semiconductor fracker
Pixel detectors
- O'R(D= 1 70 I.lm Barrel transition radiation fracker
. . . I i End-cap transition radiation fracker
- Also CcoO ntrl b UteS tO E|eCt ron |d entlﬁcatlon End-cap semiconductor tracker

XXXII Int. Semi f Nucl d Sub I Physi
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o CMS Silicon Tracker
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e Pixel Detector
— 3 barrel layers, 2+2 disks, 107 pixels
— barrel radii: 44, 73, 102 mm

— upgraded to 4 barrel layers, 3+3 disks,
108 pixels

— pixel size 100x150 pm?
\\\\\\\II//////

— Ope~10 pm, 0,710 pm o 10 08 05 04 °j>‘11°_°f 04 05 08 10 "
e Internal Silicon Strip Tracker (TIB, TID) 51&5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 187
— 4 barrel layers, 3+3 disks, 2x10° strips 32 ) ‘ ‘ ‘ ‘ ‘ ‘ ‘ 4 z-o:
— barrel radii: 20-55 cm o r——--lr_-_-;_—;___—_—_—_--_ ------ -
— strip pitch 80-120 um ol Zgggg e | ||||I ||I ||I |||;-:;-:_:-:_:-:_:_:_:_:E 11l ||| ||| ||I 1 ke, i
— Ogp~23-35 um ol PIXEL.”_”
e External Silicon Strip Tracker (TOB, TEC) = 200 R 200 e
— 6 barrel layers, 9+9 disks, 7x10° strips Lo
— barrel radii: max 116 cm Phase-t a1 7 1
— strip pitch 120-180 um S

- OR(D~35-53 IJ.m r=44mm : = —

Original ~ =73mm : R s

r=102mm
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O R Technology choice

DI MILANO

e Theinner tracking system purpose is to:
— measure particle momentum
— identify and separate the pileup interactions

few um

— detect decay of particles with a flight length from 1 mm (b-, c-hadrons, 1) to | resolution

several cm (s-hadrons, new physics)

e and has to cope with:
— particle rate: 100 MHz/cm? at 1 X 1034 cm2s!
— doses up to 10’ Gy and NIEL 10'® (1 MeV n,,/cm™)

several particles/cm?/bunch crossing

opening angle ~0.1 rad
transverse vertex resolution ~10 um
decay length resolution ~100 pm

strip detector view
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R i Technology choice

DI MILANO

e The inner tracking system purpose is to:

— measure particle momentum

— identify and separate the pileup interactions few pm

— detect decay of particles with a flight length from 1 mm (b-, c-hadrons, t) to | resolution
several cm (s-hadrons, new physics)

e and has to cope with:
— particle rate: 100 MHz/cm? at 1 X 103 cm-2s1 several particles/cm?/bunch crossing
— doses up to 107 Gy and NIEL 10'® (1 MeV n,,/cm™)

é 300 L T L I__?II LI B tl :-I LN I S B B B B l-l T] é% B ]
- [ Pixel view - 4 w0 Stripview [
250 |- - I .
" g O 200 —]
200 - - L -
n - 7] 150 —
150 . ™ I . — u -
[ 7 100
100 - " i
50 - - . i T i = ] 50 _— i
i FEAl TEEN:: FAEE TR IFENE FEFEL EFNE R TAN I_ 0
20 40 60 80 100 120 140 160 180

Column

Simulated event in the ATLAS pixel at R=50 mm and 103* cms
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R Impact parameter(s) resolution

DI MILANO

XXXII Int. Seminar of Nuclear and Subnuclear Physics

d transverse distance with of trajectory
from the interaction region

— ~0 for primary particles

— ~crfor decay products (independent of boost)

Z, position along the beam axis

Resolution is dominated by the first
measurement points
— rest of trajectory determine the curvature/momentum

n?+1
(n—1)2 Oy

Detector resolution o4 =
- n = x,/xq often referred as lever arm

— 2n2
Ogq = E ,xi ep,rms,i
i

— where the index i runs over all material crossed by the particle up to and including the
first measured point

Multiple scattering

A. Andreazza - LHC: Detectors and upgrade
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R Impact parameter(s) resolution

e dtransverse distance with of trajectory
from the interaction region
— ~0 for primary particles
— ~crfor decay products (independent of boost)

d;2017‘

e 7, position along the beam axis —

e Resolution is dominated by the first L]
measurement points

— rest of trajectory determine the curvature/momentum

n?+1
(n—1)2 Oy

e Detector resolution Oq = X cost.

- n = x,/xq often referred as lever arm

e Multiple scattering 1
_ 202

Oq = z,xi ep,rms,i X —

i p

— where the index i runs over all material crossed by the particle up to and including the
first measured point
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e Data2015,1s=13TeV

|ayer: 400

. wme Example: ATLAS IBL insertion in LS1
INF DEGLI STUDI Xampie. insertion iIn

= 400———— — -

5 3 - . . T

= 350 ATLAS Preliminary & DaladUiofEbTeV —

£ - 0.0<n<0.2 ]

© 300F * Data2015,1s=13TeV

250%—0‘ Effect of smaller radius —f

2001 in multiple scattering term =

150 =

_____ e —0— -

100 = —o— —

501 —— =

C —— _

O: L . | | o I_._:

45107 1 2 3 4 567890 20

p, [GeV]

= 600———— ' I ]

— - ATLASPreliminary o -

e During Runl (up to 2012), innermost barrel & S%F 0.0<n<02 | =

Eo- e

Finer segmentation,

— radius at 50 mm 3002— _O__O_ better detector resolution

— pixel size 50x400 pm? 200.}+ e E
e |n Run2, inserted a new layer 1 _'__,_—._—o—_o__o_

— radius at 33 mm OO§ S T

— pixel size 50x250 pum? 431041 - ; 5 3 4 567891|0 20

p; [GeV]
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R, Back to history: most famous tt

DI MILANO

fit neutrino jet #3  jet #1
jet #4 \ B _
40758_44414 & - _ pp > tt+ X
24-September, 1992 I_) EW_ N E —
qq
L bW - betv,

TWO jets tagged by SVX

fit top massis 170 +- 10 GeV
e, Missing Ey, jet #4 from top
jets 1,2,3 from top ( 2&3 from W)

e Lorentz boost increases

e o decay length L

beam pipe . .
. it decreases opening angle

of decay products to build
the vertex, increasing oy

SVX tags

e The two effects

Two Vertex Views
: I compensate
( note scales ) o, oy
L CcT
% . .
= — 1 average lifetime of
Ita;kr;‘:;ﬁm Prima decaying particle
Verte:(y Secondary

Vertex

G
\ Ellipses

4 5mm-——»
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Calorimetric systems

:'_N N

e Detection of neutral particles
— interaction and conversion to charged particle
— energy deposited by ionization
e Lepton identification
e Energy measurement (improving with increasing energy)
e Neutrino/Dark particle detection (missing energy/momentum)
Tile barrel Tile extended barrel
- n=1.479 ']=9;9 COIL
g \.
s s ~,
LAr hudro(r;:gc) e, SR < . \‘\ HB
end-cap — I/I/ 7 “’“\_\_H S
Y /II “\‘“\‘f‘ - \‘x\
end-cop (VED) — HE R S EB
E 11:2.3_ EE \MH“\\ .\'\‘ = MSCGs
En=3 [0 SE Tracker
—— N - M e
I “'*ﬁ—_.h_r“__i_:;:-:__,ﬁ___m sulwnsun m cols
S ¢ S ":‘*éa-;lia_
LAr electromagnetic |
barrel LA forward (FCal) 0185 m,. .
L 270m
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R ot Calorimetry basics: interactions

DI MILANO

High energy particles have different interactions with matter:

e electrons and photons degrade their energy by bremsstrahlung and pair production; the
length scale is given by the radiation length X:

Y ~ 716.4g cm™ 4
" 2(z+1)in(287/Z )

e hadrons undergo nuclear interactions, with mean free path given by the interaction length
A;

A, =35gcem”A4'"

e as to muons, and low evergy charged particles, usually the dominant energy loss process is
by soft collisions following the Bethe-Bloch law:

dE N, ,,Z | {lln2mcﬂ27/2T _p _}

2 I’

=—*ze"——
dx &, Ap

which is in the inteval 1-2 MeV/ g cm™ for most materials.

XXXII Int. Seminar of Nuclear and Subnuclear Physics
"Francesco Romano", 7 June 2021

A. Andreazza - LHC: Detectors and upgrade




g v Calorimetry basics: Heitler model

DI MILANO

Despite electrons and hadrons having different behavior, it is possible to
grasp the more relevant features through a simplified model:
e a particle fly a fixed lenght 4 between two interactions;

e ateach interaction m particles are produced, with typical transverse momentum
Pr;

e the secondary particles interact again, originating a particle shower, until they fall
below a critical energy E_;

e after that they are absorbed in a typical length given by E_A-dE/dx) .
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st Calorimetry basics: Heitler model

Starting with a primary particle of energy E:
e the total number Nof secondary particles is
N=FE/E,

e this number is reached at a length n4, where nis given by:

N=m”:>n=lnE£/lnm

c

. A E E — , .
resulting in shower length L: L= In—+— Lemgianelinel s
Inm E — dE/dx scales logarithmically on £

Apr
e between the f"and the (/+1)%" interactions, the secondaries expand by R, =1 Pr _ *Pr,
resulting in a transverse shower size at maximum, R__.: £, £

_Zﬂ«pT i ﬁmen_mN 1 Ap;

~

E m-1 m-1E,

e finally shower fluctuations will be driven by the number of interactions:
-

oxX, |—=[—

m mk,
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| e, Calorimetry basics: em and had

DI MILANO

Electromagnetic showers

- m=
- A=XO
. 47Tmc
pT— a e
800 MeV
C T Z+1.2

e Shower dimension

— longitudinal: L = lnE£ + 14

E
— trasversal: R = 2py, py = XOE—S
Cc

(Moliere radius)

e Energy resolution

— clearly technology dependent
Of _ 1-— 20%

E E[GeV]

Compact~ 10 cm
High energy resolution

XXXII Int. Seminar of Nuclear and Subnuclear Physics

Hadronic showers
- m~6
- A=A
- pr =pr = 340 MeV/c
- E.=2m,

e Shower dimension
— longitudinal: L = 0.2 In E[GeV] + 3.2

— trasversal: R = A,

e Energy resolution

— clearly technology dependent
Op 50 — 100%

E E[GeV]

Some interaction lengths ~ 1 m
Lesser energy resolution

"Francesco Romano", 7 June 2021
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ATLAS and CMS

Technology
%\ /W%%\ Pb (passive) / PbWO, crystals
% A % LAr (active)
N AN VNNV A

Depth
\/\M/\/\W\/\/\ . Resolution -

10%/VE 3%/VE

Wavelengh-shifing flre. Technology

Scintillator Steel

Steel / Brass /
Scintillator Scintillator
Cu+W / LAr

Depth

8-10 A, 6-10 A,

Source
tubes

Resolution

50%/VE 100%/VE
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O SRS Energy resolution

Comparison of the LHC calorimeters' energy resolution

ﬂ.“ﬂ:'l"'|"'-|- ] IJ-.IE_,_- | —T [ ¢ T 1 7 T ] T P
0.045 EM calorimeters at the LHC - : Hadronic calorimeter systems at the LHC _
E ] C. Lippmann - 2018 g 3 €. Lippmann - 2018 -
S| E 02 H |
0.035 H{* 3
o 0025 5 . 5 o
0.02 } e ALIGE EMCAL 3
e LHCb ¢
0.01 £+ >
N L e — =
; E™ IP{-{.;‘_?S_ | i CMS 3 0.05 | \ | |
50 100 150 200 250 0 50 100 150 200 250
E (GeV) E (GeV)

Sampling C;\:Llr;r;at:gcaen
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DAQ and Trigger

e Data reduction:

— from 40 MHz Calorimeter detectors
bunch crossing rate TileCal | Muon detectors
— to ~1 kHz storage — J Detector
. . evel-1 Calo ] 44 Level-1 Muon | Read-Out
for offline ana|y5|5 Preprocessor . Endcap Barrel | ‘ FE‘
sector logic || sector logic FE| FE [
e 1stlevel l l | | B |
) > > > —>
hardware trigger: CP(ey) || JEP (et E) Voo IEAEI
_ } ‘ Muon CTP *g y ROD ROD
— calorimeters " Interface &1
(MUCTPI) <
— muon systems il Ratatiow
— L1Topo 0
— only trigger components Central CHlg Reac-Out System (ROS)
L | » Trigger '
— initiate full detector Processor '
eyl - . CTP "y
readout within a predefined =T ¥
latency 100 kHz rate Central Trigger St
kbl 2.5 s latency 21
— ~100kHzrate ~ TRl e  Net
Rol { Fast TracKer «------ :
e High Level Trigger: | L TRy proemd
— in principle full detector information available RnLovel Tiooes
. . . . ( ) b Data Storage
— streamlined offline-analysis algorithms [Accept
' - ] Processors i & |
— partial (regional) reconstruction B Event =
Ier-

Data
1 kHz rate
0O(100 ms) decision time
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“*9 | DIMILANO
e Trigger/DAQ
— Add tracking at first level trigger, exploit higher granularity

O R The upgrades for HL-LHC

— Improve bandwidth and processing for triggering, increase in latency
e Tracking detectors

— New all silicon tracking detectors for ATLAS and CMS with extended coverage to |n| <4
e Timing detectors

— ATLAS: High granularity timing detector in front of forward calorimeter ATLAS

— CMS: MIP timing layer around trackers
e Calorimetry

— ATLAS: New FE electronics for Tile and LAr calorimeter (increase granularity)

— CMS: New High Granularity Calorimeter (HGCAL) in the endcaps
and replace electronics in electromagnetic calorimeter

¢ Muon system
— ATLAS: New FE electronics and additional units in muon spectrometer
— CMS: Extend forward chambers and replace electronics

For selected items: LHC technology — Upgrades for HL-LHC
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R i DAQ and Trigger Upgrades

DI MILANO
e Trigger selection defines the acceptance g [SPweSmiden ity
of phsycis measurements i o s
— compromise between efficiency (on interesting S sf Z|§t»
events) and rate (dominated by backgrounds) 2 4@3,5 5 _:x iy
e At HL-LHC: Tl 2

— signal proportional to luminosity increase
— background increase due to higher pileup
— even if improving the recording capability

to 10 kHz, it is necessary to be improve oLt i e
> 20 40 60 80 100 120 140
the background rejection Lepton p_[GeV]
— more complex trigger algorithms require longer g 05— :
c 0.452_ ATLAS Simulation 3
latency, ~2.5 us — ~12.5 us : more memory g, s = 14 Tev E
needed to store data waiting for L1 decision g 0.35~ ‘i""‘"f:;;‘*g SUSY ’ £
.. . . 0.3¢ oo eNMm SRS
e This will be a major driver on some detector o 2 i E
. 0.2E | ; =
u pgra d es ’ 0.1 5;_ ;ﬁFggitwold %ngrade _f
— Improved trigger readout granularity 01 | ‘ E
— Fake reduction 0.05: | 1 =
oo by ey e e by T
— Addition of tracking information at L1 fo0 " 150 200 250 300 350 400

Missing Energy Threshold [GeV]
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R CMS L1 Trigger for HL-LHC

DI MILANO

Calorimeter trigger Muon trigger Track trigger
e
Detector Backend systems

I ' OMTF EMTF
Layer-

Local

Global Calorimeter Global Track

: i : lobal
Global Muon Trigger Triager Globa
External Triggers -
. . PF
Global Trigger Gar

Phase-2 trigger project
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ATLAS Trigger for HL-LHC

[ Inner Tracker ]

Calorimeters ][ Muon System |

— LOMuon
LoCalo :
Barrel NSW Trigger
[Semar Lcrgic] | Processor ]

@ [s Endcap ] (MDT Trigger]

ector Logic| | Processor

Glubsl Trigger

HI N
g Event
Processor

" — T

Data Handlers ‘ «€---- LD trigger data (40 MHz)

<= = L0 accept signal
h 4 <— Readout data (1 MHz)

Dataflow h <«- - - rHTT data (10% data at 1 MHz)

=3

Handler ggregato <= = EF accept signal

<«— gHTT data (100 kHz)
Storage ] [ Event ]
A r

)) <}:| Output data (10 kHz)

.i.

Y

Event Fllter

Permanent

Storage
Processor
[ Farm |::‘ HIT ]
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ovERSITA Silicon Detectors

DI MILANO

For HL-LHC, two completely new full-silicon tracking systems

= SRS SN SN T AL A B ]

CMS E 1400-ATLAS Simulation Preliminary -

= ITk Layout — ATLAS-P2-ITK-23-00-00 ]

_ 0.0 Q.Z 04 0.6 0.8 1.0 1.2 14 16 1200 11 1o =
1200 - ]
§1000 31M strips 168 m?2 ‘I I\ l\ || || 18 1000 -
& | | EGOM strlps 165 m? - m=20 7
g P —— | | | | 2.0 800 = =

| | l\ || li 25 P .

600 170M macro-pixels + 11M strjps 50)m2 ' ! ! 54 600 o . S | e

s et L T 5 I: |{ I: o }- .
400~~~ Iy ) | | | 5 400: y ]
\\\\\\ o ; \\ ' \\ : ' ' : l l 30 --2G strirg 13 g I T T

200 26 plxels 5m ' , , : 40 200,_4__:‘3/*»" \4 Vi ||/|,|1,_1—/+’T”| S T n=40
=== T i I i i | I I ! n "’:ﬁf-””' I WI | | JIH__L)M—’—) =4

i i i i s 2 [ 7

0 500 1000 15b0 2000 25b0 Z [mm] 00 500 1000 1500 2000 2500 3000 3500

Z [mm]

e Extend tracking to |n|=4

®* n-in-p silicon sensors _ CMS ATLAS

* Increased particle flux+increased trigger rate: strip pitch [um] 90-100 70-85
fast data transmission

i Strip length [cm 2.5-5 2.5-8
e Rad-tolerant CMOS FE electronics: b length [em]
65 nm pixels, 130 nm strips Strip thickness [pum] 300 300
e Efficient power distribution: Pixel size [um?] 25%100 50X50
serial power in pixel, DC-DC converters in strip 25x1500 (macro)  (25x100 in LO barrel)
* CO, bi-phase cooling Pixel thickness [um] <150 <150

e Carbon structures: stability and low mass
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R General layout e performance

DI MILANO

'—b ? TTr T T | T T 1T | LI A | T T 1T ‘ T T 1T | LI | T T 1T | T 11T | T E *I L | ! ‘ 1 I EhE =. I A R I S I SR I SR I S I7
= - mi N =, - ATLAS Simulation Preliminary —&—p_=1GeV -
e 3 PP1 and enclosure 2 L [Tk - Digital Clustering, 50 x 50 um® 1= Pr
g:? B HH Dry Nitrogen A'TLAS| Pre“mlnary e ATLAS Run-2 - Analogue Clustering, r I:- 33mm,, X g I~ ITk Layout —e— p =10 GeV
2 [ < stipsenicesandcooling  SiMulation g - Simulation 12 oL Aseemcironee e o
5 2°F ==stipsupports T Layiout © 1 Single k + 3 £ S ; =
o L = — [ : -
'E C ~ Strip modules ATLAS—PZ—ITK—22—OD—00 % E — pT =1 GeV (ITk) q:‘- E EO i d, Resolution .
T = . . . - F = i - -+ 109 (o]
i 2 ,§ P!xel services and cooling B a a C p - 1 GeV (Run-2) e L 4 ] B p— 6000 o0 © 0
- EEZ Pixel supports 12, - ——p, =10 GeV (ITk) e = 7 2 00 o° o
3 5:"; —— Pixel modules 7 — p, = 10 GeV (Run-2) ¥ :.:M‘ -I*_._ i 10 56 500 0 00 =
b ==Beampipeand IPT | ’ ——p_=100 GeV (ITk) ‘++".,!:‘ : . .
- = 107 E---pT:‘!OGGEV[RUﬂ—Z} ’,:‘: :.:.,..t‘-“" _E [ .....g.o‘.'..:.l
1__ C = . _. P p—— ce o ® go0® . 4
C ] 10 T =
0‘5__ i i.............lll.l...ll 3
e e e - T B R s 10‘2 il i iy i ] S i e e I e T v IR o e ] 7| o b b s b v b b b v b g |7
% 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 0 0.5 1 1.5 2 25 3 35 4
n true track n true track hy|
CMS Slmulatlon CMS Slmu!all{:»n
= C -""T_ 1 T = P  TTTTTTTTT ||-||||||||||||||||||||||||||||
X 1.6[ Phase-2 Tracker I oo e o E Simulated muons
= [ Inside T tracking volume 1“-'_ : . ! I:!T =10 GeV
14 o S R i = : H E E E i
. B svveenmanaor o » Phase-1 tracker o E | = Phase-1 tracker
1 2 - Inside OT tracking volume “E’ Phase-2 fracker w0 i |7 Phase-2 tracker
i

i b e et 4.8 -2-4 8 1 2 5 @ 43 249 1 2 3 &
¢ 85 1 15 2 25 @ 35 4 Simulated trackn Simulated trackn
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ovERSITA Silicon Detectors

DI MILANO

e The simplest Silicon Detector is a reverse-biased pn-junction:
— The polarization creates a field

that prevents diffusion of majority Sb P As & Electron
carriers in a depleted region e T J Fixed + charge
— Signal is generated by electron- | DRERSec
hole pair production by the EFLI2 6V | s =B
energy loss of charged particles oousey  0067ev 0083V ﬁ Fixed - charge
— Leakage current from thermal excitation — — — —rrore— Ev
_Eg_
Ileak o T%e k8T
e Ttemperature
* E,bandgap
e k. Boltzmann constant FIXED CHARGE OF ATOMIC CORES
B
— A depleted region is created spontaneously P ‘L ‘l' n
also in absence of an external polarization: P-O-D- - + +O+O+O
T i 626262 - ", "OE%S
sz”;ln(NAND/nl.2 — “p--0- -+ +@+@+@+_?|_
PR A = =—@— - * FOI0+0
-~ P-P-®- -+ +O+O0+tO+
25 mV at Dopant Intrinsic carriers bD—-D—-D— - + +O+0+0
room T densities density ~101% cm-3
1014—18 Cm-3
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R pn-junction: basic properties

DI MILANO

e Relationships between bias voltage I,
depletion d, electric field £, and dopant P, Ny n, Ny
concentrations N, 5, can be obtained -
solving the Poisson equation:

dE, _p
dx & 3 3 1 3
e Property determined by the less doped ] : d : _
material ' | | 1 ANp
— assuming it is n-type: Ny<KN, : '-
_ —gNa! :
E ; a A; - |neutrality: x N, =x,N,,
Emax = _\, zel/;ND - | >
26, 5
d=x, = i ¥ ;
eN , :
—
C— gé iy geN , .
d 2V,
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WD) | i pn-junction: basic properties

DI MILANO

e Previous formulae are valid as long as the depleted region thickness d'is
smaller then the actual device thickness w

* The depletion voltage Vj,, is defined by x=w~

2&V 2
we [Py W, Ut | 1
e D 28 ; >
E(x)=-o (y— xy= - Loty

W2

e For I> Ve, £may change at most
by a constant:

2V V
E(x) — _ d;pl (W . x) __ B depl
w w

There is no region with null field: faster charge collection (see next slide)
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If n(x) and p(x) are inhomogeneous o
concentrations of free electrons and holes,
their corresponding current densities Jare:

Jp = qpunE — qD,Vp
Jn = —qnu.E + qD,Vn

J=Tp+)n
The drift velocities are o
Upn = UnE
Upe = —Hek
Relationships are linear as far as o

Up K Vthermal

above v saturates at approximately
0.8x107 cm/s

Drift and diffusion of charge carriers

In the linear region the mobility u is related
to the collision time 7. and the effective
carrier mass m”:

in this situation also holds Einstein's relation:
kgT
D,n=—
q
At room temperature:
- Up =480 cm?/Vs
- Uy =1350 cm?/Vs

A useful relation is the resistivity
1

q(nite + pip)
— assuming it is n-type, Ny<&KN,: p =

:uh,e

p:

1

Nple
which is a macroscopical measurable

quantity (unlike N)
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oUo 'y J——
e Similar to gas discharges, @'
it is possible to achieve —inlpr | e —_—
e L ' I =Iy(e° — 1
charge multiplication when o™ —1)
. Leakage current Shockley equation
the energy gained between Ug i
e o . : —— ’U
two collisions is larger : }
. . .C—EVE‘I’SP,
than the excitation energy. Breakdown | bias
y-1/100
AE,. =—qgAV =~ qgEAx
=|gEv =|qg|E* AE. >E. = E = Eg
= 9LV e | = |4 HT, kin G bd —

e The maximum value of the field is at the junction:

eN X 1 2V é e
E) =05 - 1 Depn iy = |20y, =R,
£ EPU, EPHU, 2

e Inreal life dominated by implantation shapes and defects.
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O RS Radiation damage in silicon

DI MILANO

e The most critical requirement for operation at the HL-LHC
is radiation hardness

e Two main radiation effects:

— Bulk damage: damage of the crystal lattice
e increase of leakage current
e change of “effective” doping concentration
e trapping of charge carriers
e depends on Non-lonizing Energy Loss (NIEL)
e measured relatively to the one induced by a fluence of 1 MeV neutrons

— Surface damage: concentration of surface charge
o affecting the electric field and breakdown voltage
e proportional to Total lonization Dose (TID)
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s Bulk damage

® © o @ ¢ o o o o
Vacancy nterstitial @ ®

e Bulk damage is mainly induced by ? ¢ a?

displaced atoms o0 0 ¢ 0 o o o o°

e Production of several energy levels in the @ Y@ —@ . o o o o

band gap [ - o w0 0 0 ©

e Defect may diffuse: it changes with time o o .CI>- o8 6 ¢ "a

Example : Energy Levels of impurities in Si

Li Sb P AsBi Te Ti C Mg Se Cr To Cs Ba S Mn Ag cd Pt Si

1 | 033039645054 559,14 o La 14 2 op A7 16 12
si £ 25 25 2 6 < 25 2 26 25 =
b v 2325 36 AW 3 35 33 3 < < 38
A 41 a3 432 45 A a9 A VL =37 % -
A 54 53 = 51— ==
; GAP CENTER SS28 =22 7 ey __ Dt T
(g o SESNTR 5574830 5 49 A AA 575723
42 = —a5 7 D 49 D D 4 3437 3 4
" 3 24 §D§ 33-6- s 2628 3% = 0133.330 54 %.5. 7031 = D
16 Fiid 2 2 20 B
0450670727 2
B AL GalIn T2 Pd Na Be Zn Au CO V NIt MO Hg Sr Ge Cu K Sn W Pb 0 Fe

Da: S. M. Sze, Physics of Semiconducor Devices, Wyley & Sons, Singapore, 1981
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Leakage current Effective doping concentration
107! ———ee———————————— | | | o 10°
L o n-type FZ- 71025 KCQcm o] :S; 50007 e
5[ & ntype FZ-7KQem s 1 i i —
— 107} & nitypeFZ-4KQem < 1000¢ L %
Vg‘ F 0 n-type FZ-3 KOcem A 500F g
10_37 = p-type EPI - 2 and 4 KOQcm ” type inversion _
i ] E 1(5)8 10"emi 110! é
4f type FZ-780 em | ; -
E 10 ] E—WZFZ-MOQCE ; E 101 e
Z i n-type FZ-130 em | o 5E ”p-type" 110 &
10751 n-type FZ- 110 Qcm 3 : Z.
; 80 min 60°C n-type CZ - 140 Qcm | -) 1L e
* N EPI - 380 km | RN S il [
ol e B T TR TR s
10T 107 0% 0% 10" O, 102 e
(I) [Cl’n_2 ] [M:Moll PhD Thesis] &q [ cm ]
eq
* Increasing leakage current: e |Increasing the amount of defects
— source of noise in the readout increase the electric field needed

electronics v/1 to deplete the detector

e Smears out gradients of doping
concentration:

— increase power dissipation

e Reduce detector operational
temperature higher breackdown voltage
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O fl=HESEE Radiation effects

0-S0165-.

| DI MILANO

Trapping time Example
U ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 25 non-irrad (PS-1)
TE 0.5F 24 GeV/c proton irradiation ] el G
e | - 1 —e—1E14 (PS1)
P 20 —e—1E14 (PS-1)
E 004 B ® data fOI' electrons ///// ] - ~® - 1.13E14 (CYRIC)
L o datafor holes s f < b
% 0'3 B ///// 1 E, 15 4 —E-5E14(PS-1)
i o o -£3- 5E14 (PS-2)
oY) — T —&—1E15 (PS-1)
. 9 0.2 - / g 10 —4 - 1.17E15 (CYRIC)
& | | % — e 1.6E15 (Bhm)
= o L " A —= 1.6E15 (Bhm)
405) 0.1} ] 5 LA ATLAS spec. 6.35 ke N ;:s,ljp?:? !
g O | | | [MMoll: D‘ata: OKiasel, PthhasLT 2004, Uni Dortmund] | ‘//'_ izz iz;;
E 0 9. 1014 4 1014 6 1014 Q- 1014 1015 . proton irradiation 2.46E15 (CYRIC)
. 0 200 400 600 800 1000
particle fluence - @, [cm?] Bias V)
e Trapping probability per unit time: | e ATLAS Strip sensor:
— The longer the collection time — 320 pum thick silicon
the more likely charge carriers = 75.5 um strip pitch
are lost
e Increase applied electric field

e Thin sensors behave better
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O e, Planar and 3D detectors

e The radiation level is particularly severe for detectors near to
the interaction region:

e 3D detectors are an option to increase radiation hardness my
improving charge collection

— larger capacitance (higher noise)
— more complex fabrication steps

— preferred choice for innermost layers
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3D PAE

J A LA A 1

SiSi

> 1.2pr T

QO E 3

p- HR wafer § 1.1-F01-78-05 (50x50) 1000e, 10ke/10BC, IRRAD, Centered

O E -

p++ LR wafer T o130V

- * 80V .

% A 6oV E

To be thinned down 0.8;— ' 44— 50V _;

metal 0.7k 40V -

'Vi E_ _E

bias ()6E - E

05} .

0'4;_ 20V _;

0.3 -

T T P T PR PR FEEE FE T S

/ Be 4 5 6 7 8 9 10 11 12
-~ 15

Partially filed ® [x10" n, / o]

SEM HV: 30.0 kV WD: 18.17 mm VEGAJ TESCAN SEM HV: 30.0 kV WOD: 19.08 mm |
View fleld: 139 pm Det: SE 20 pm View fleld: 205 ym Det: SE
SEM MAG: .99 kx  Date(m/dly): 02/1818 Perfarmance in nanospace SEM MAG: 1.35 kx  Date{m/d/y): 02/18/16
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B How real modules looks like
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sensor chip

flip-chip )
bonding with " |

solder bumps |
R“""-—, i '\.

CMS Pixels

. single pixel
read-out chip read-out cell

ATLAS Strips
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R Tracking at trigger level

CMS p; module concept 7.
CMS
00 02 04 0.6 0.8 1.0 12 14 i _
Elzoo ' ' | | ' y
N T 2 .
—=1000-  31M strips 168 m? I || || || 1.8 10x10 cm strip doublet
- — | | | | | 2.0 90 pm pitch
800 II || | | | '
S | | | 2.2
600 170M macrozpixels +\11\M\stn|i'ps 50:ql‘n2 4 5 I 24
S | | | I | 2.6
400 — SR N N NN N N \ \ :I :I I: l: I: %(8)
= | | .
200 —Ygphersimt 1 0
0 pneaangl I IR (D, | I b I 'I ! ! f 4ﬁ0
| 1 | p
0 500 1000 1500 2000 2500 z [mm] _ ,
top 2x2.5 cm? strips 100 um pitch

T . - . bottom 100 um x 1.5 mm pixels
e prdiscrimination in FE electronics by providing correlations H P

between closely space doublet of sensors.

e Send to trigger only "stubs" (hit pairs) compatible with “smb**\)/-\ s fail
particle of p; >2 GeV/c REEEEE ‘
e Data reduction by factor 10-20: ’ 1+4mn{ OF
— at HL-LHC expect 7000 tracks/BX, but only 200 with p; Tlé —
>2 GeV/C <100 um (a)
— still data rate of 30 TB/s, and 15k stubs to start pattern
recognition

e Highly parallel processing + full FPGA based system
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INF

)

CMS Phase-2 Simulation 14 TeV - 1C 14 TeV
[TTTT] \ | | \ | ERREN £ : [ToT] 2
c | o o-oo o o g 0000 __ = 08 =
) e -~ k] = 7
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[ S O £ e ° Tl s s s e G T S S e s e g R
g B ] g 0‘75 -5- 90% resolution 3
2 o ] B R E
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o L = o F 3
- e 1 F 04 =
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(] L _ = -
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g 1 G __ | : 'n.li,e-smlds mr i Fate Df E-B ki_!z E 1 Dﬁ il T I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTT I_I II_I T I T IE
S [ HH—bbrr—bb mm v @ F HH — bbbb 3
[ = C 5 - ]
2 = 1.4F N & i _ 5 3
o) © N \ = r Without L1 tracks and PF | ]
= C [ 2 = posFE Thresnold for a rate of 98 KHE | -
1 e 12f : - L
T % F i G osf s
1 "o o F .
L ad - g i -
= B w L2 o} - ]
=] ¢ - ' 8 ~ 08p =
® 0.6 g e L ;
o 2 T e E
= ] 12 C 3
& 0.4 = 1= 07k -
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R o Timing motivations
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CMS Simulation <u> = 200

) Simulated Vertices Fis@iaEd F e T U T T 7]
5 3D Reconstructed Vertices m
i 06 —&—— 4D Reconstructed Vertices ___
——— 4D Tracks % 7

0.4 — < ? : i —

- | -}'.ﬁ;. M@M "ﬁ* .

- i Wiy & .0 -4 .. Bl o

150 ps RMSO — 44@* &*‘ '.54 ﬁ{ﬁ? %i‘ i A —
n o .ﬁ’é _ Jﬂ ﬁ‘ ] ﬁ )

-0.2— b R LSRR 1 iy =

i { f é' % )

=04— iiE B e h i HEECHEIIWIEIEHIGEEE G BE P | T

B 2 4_50cm RMS—5> I 7 (Cm)

e Vertex density at HL-LHC does not allow to reconstruct primary vertices by spatial information alone.
e Due to the finite size of the bunch, interactions do not happen all at the same time but have a

distribution with standard deviation
Gt=2z > om ~ 180 ps
C

e Timing information helps in separating random geometrical overlaps if oy < 30 ps
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'El 105 E ATLAS Si lati CMS Simulation Preliminary 14 TeV
=t - imuiaton
— - Single , ITk Layout, 50 x 50 um’, analogue clustering 0.7L— Pr>0.9 GeV || <2.7 4
&l’ B [ PU 200 no timing
o] - [ PU 200 0=35 ps
104; = p_=1GeV 0.6 = PU 60 no timing
E T o B
- ——p_ = 10 GeV '*l_.i 05k d
c
107 =% - ach g%
- au® A e
i a® A &L 0.3F -
L _._...-- & ‘_-.l-'l" ‘_— k-
10° il_._l._“' ah 0.2 ~
c a-aw =1 | |
- e 0.1} i
-‘l-_4_'$'_r‘T‘|:‘|:|‘- |‘| cov ol v e e e b e by 0.0 1 1 | | 1 1
0 0.5 1 15 2 25 3 35 4 ' 0-4 4-8 8-15 1525  25-50 50+
true track | Number of pileup tracks per primary vertex
. . . . . Phase2 Simulation \'s,, = 5.5 TeV
e Atlarge |n| tracker resolution is worse than primary vertices separation = o VF—————— Tl ~
. . . — 5 CMS 10°
e Large contamination of tracks from pileup events: e Preliminary I
wrong computation of missing energy s kp Hydjet —7
' l>1.6

1102

e Timing separation allows to reduce contaminations at the same level as
during Run-2

e CMS also explored impact on particle identification during heavy ion runs
and detection of long-lived particles.

1510
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e Associate timing measurement to each reconstruncted track.

e ATLAS: High Granularity Timing Detector
(HGTD)

— based on LGAD detectors
— covering the region 2.4<|n|<4

e CMS: MIP Timing Detector (MTD)

— LGAD detectors in the forward region
1.6<|n|<3

— Scintillators (LYSO+SiPM) layer
in the barrel |n|<1.45
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Low Gain Avalanche Diodes

300 kVicm

T 300 pm

p* multiplication layer

&
4

20 kV/em high res p- substrate a

ntt electrode

pt* electrode

10 kQ cm

q

e Silicon detector with internal gain

e Arrival time defined as the time of crossing a predefined threshold

e Planar geometry to reduce arrival time fluctuatios and distorted electric field
e granularity limited by cross-talk between nearby electrodes

=
2 . 2 o)
2 Vin 4 Noise 42 P TR =
a — v a, - (0} e T - >
t C“//df . er/(h‘ wrrival dist TDC
5 e :r arrival  distortion threshold
Otime walk P iz fluct. low w-field — "pmsez
>
dV V 1 g ° .
. _picco T_=risetime t
dt Ty
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LN LGAD Radiation Hardness
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e Radiation damage may cause loss of signal: essss0s 52 3 a8 25 a4 |
T T T 1 I I I I
. . . . . o L I L B B B Y BB
— trapping of primary ionization E | ATLAS Simulation
] ] o . . 5 10 |- FLUKA Simulation e
— smearing of the highly doped multiplication region & [ te-aoon ot
w ". « Neutrons
1 2 = o er particles | |
e |Inthe current prototyping phase detectors seem to S
maintain adequate timing resolution. P IS A s e
) . ) ) S0 i
e Possible mitigation is replacement of most 3 == =
. : . 5 C
irradiated sensors (HGTD) and multiple = B
. . & "“DQDQ
measurements to reduce uncertainties E %O""”%ocoo
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O SRS LGAD perspectives

e Main limitation of current LGADs is the segmentation:
— 1.3 mm x 1.3 mm for both HGTD and MTD:
— dead regions to avoid afterpulsing in nearby channels

— different ideas being working outin in order to go towards a full 4D-
sensor

p-stop Metal pads

Trench-lsolated LGADs

(TI-LGAD) y

ol il | e :

valanga 2

: st Resistive AC-coupled ;

1 | ] Silicon Detectors (RSD) g

Max G e Max G (M. Mandurrino INFN To) g

@ Effective inter-pad | «
5 width ]

S G=50%
G=1 - |
- Biasing el. (p*)

Collecting el. (n*)
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O R MTD: Barrel Timing Layer
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e Main constraint for the barrel layer is to fit in TDR resolution projection

the 40 mm gap between the CMS tracker and ECAL  Z Total time resolution T =.30°C
e LYSO crystal bars 3x3x57 mm % i |
e read at both ends by SiPM % o ey
e Radiation effect in the Dark Count Rate of the SIPM ~ F s %%
e Important thermal management to keep the b

detector at low temperature / noise suppression in g |

the front-end chip 20_/ e

0 i IflUUI ‘ ‘{006 N 1I50f.l] I ZIOO(I) 2I506 I 3:006 I3I506 I I"ILUUU
Integrated Luminosity [fb™] .

BTL Madule
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BTL Tray
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e, -
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332K channels
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e Recent test beam results

Scintillator

. Silicon tracker
for trigger

...... T ——

Crystals+SiPMs

H ..........

MCP-PMT

— Time resolution from average of both ends SiPM 25 ns

— spatial resolution along the bar, from time difference, 3 mm
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CMS Barrel EM Calorimeter

Parameter: p MP Xy* Ry dE/dx* A" Tdecay Amax nf Relative  Hygro- d(LY)/dT
output*  scopic?
Units: g/em®* °C em  c¢n MeViem c¢m  ns  nm %,/°CS
NaI(Tl) 367 651 259 4.13 48 429 245 410 1.85 100 yes  —0.2
BGO 7.13 1050 1.12 223 9.0 228 300 480 2.15 21 no —0.9
BaF, 4.89 1280 2.03 3.10 6.5  30.7 650° 300° 1.50 36° no  —1.9°
<0.6/ 220/ 4.1/ 0.1/
CsI(TI) 451 621 1.86 3.57 56  39.3 1220 550 1.79 165 slight 0.4
CsI(Na) 451 621 1.86 3.57 56 393 690 420 1.84 88 yes 0.4
CsI(pure) 451 621 186 357 56 393 30° 310 195  3.6° slight —1.4
6f 115
PbWO, 830 1123 0.89 2.00 10.1 207 30° 425° 220  0.3° no —2.5
107 420/ 0.077/
LSO(Ce) 7.40 2050 1.14 2.07 9.6 209 40 402 1.82 85 no 2
PbF, 7.77 824 093 2.21 9.4 21.0 - - - Cherenkov no -
e  PbWOA4 crystals CeF, 6.16 1460 1.70 2.41 842 232 30 340 1.62 7.3 no 0
LaBr3(Ce) 5.29 783 1.88 285 690 304 20 356 1.9 180 yes 0.2
— 23cm (26 X,) x2.2cm (~1 pyy,) CeBry 523 722 1.96 297 6656 315 17 371 19 165 yes  —0.1
— isolated em shower contained in 3x3 crystals Testbeam results
2 _ 2 2
— 4.5 photons / MeV (0')~ (2.8%) o (0.12) 1 (0.30%)?
=1 = R 30%
e APD (Avalanche PhotoDiode) readout E vVE E
— 6um eff. thickness N Simulated diode reverse current
— 50x gain 1+ — Efild  thin oy [| — IMPACT IONIZATION ON
. 0 "«— multiplication | —  IMPACT IONIZATION OFF
[ ] - .
Front-end electronics —— region R ¢ Ml vuitiplication
—_— 250 nm CMOS | Electran . E th : i
T - drift 3 '§J #l Photodiode
. Photen i . I
— CR-RC shaping ; v Tregion & |
P contac 1E-1 5 ' '
— 1=40ns p+ A T ey Veo Varp
k _ v -30 -25 ;20 B_-15V - -(18 5 0
_ ENC — 8 e everse gias Voilage
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TR CMS EB: Radiation Effects
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Longitudinal transmission after gamma irradiation & proton irradiation
100

e PbWO4 crystals
80
— Creation of color centers due to atomic - po—p—o—— T | o 1—F
. . & T ‘
displacement in the crystal I ff e il 4
— Shift of the absorption edge, overlapping with :é /@ 4~ : e
. . 1" I . »,
the peak of photon emission spectrum g 0 i » [ - PBWoO, emission
— Reduced transmission in the material - [r | e ket
- ; \/‘ :D— initial )
— Light output at and of Phase2 reduced to { AT 7~ s+l g
. ’ ¥ - t [
25—40%, depending on 7 oL LAY "~ —o—aier 36910 pient’
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— Main effect is the displacement damage in the _ p5(_CMS Preliminary ECAL Barrel
silicon bulk < [ —T=ec (n=1.45)
C . . . d k I "‘; [ — T °c
- ausing increase In dark current |, _ 8 200 —129°C(Rund)-6°C(Run5)
— Noise term if proportional to \/IDark :
— Afactor 10 increase on noise term 150;
(~1 GeV at 3000 fb?) -
L 100+
e Mitigation
— Operation at lower temperature 50/
lpark Feduces by about a factor 2 every 8 °C ol
PN WY U Y SONRY S | ST AT VO TN SN W N TR TN M
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T CMS EB: Pileup Mitigation
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e Cannot change the detector, so upgrade the readout electonics

¢ Front-end

Effect of pileup signals from nearby bunches
Increase in dark current I, due to radiation damage
Both contribution reduced by fast shaping time
Trans Impedence Amplifier

Sampling at 160 MHz

e L1 Trigger signal

XXXII Int. Seminar of Nuclear and Subnuclear Physics
"Francesco Romano", 7 June 2021

Current detector integrates the signals of a 5x5 crystals
towers

e cannot apply isolation cuts
Includes an on chip suppression of spikes

e large signals in individual APD

e due to hadronic interactions in the sensor
move full data of each crystal off-detector

perform pulse shape analysis and trigger algorithm (isolation,
spike rejection) on FPGA

VFE card LVRB FE card

Strip FENIX ASICs

TPG FENIX ASIC
DAQ FENIX ASIC

GOL mezzanines
TP link

DAQ link

Master IpGBT ASIC
Control (2.5Gbps)
Readout (10Gbps)

3 x Readout IpGBT
Readout (10Gbps)

Versatile link plus
Control link
e Sk R

Readout links

APDs Pre-Amplifier ADC

4
@)
e

10 GB/s
Data
—
Suppress isolated
Clock anomalous deposits

:,—"f-* — Control

Trigger primitive, feature extraction done
off detector using powerful FPGA
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CMS EB: Pileup Mitigation

e Cannot change the detector, so upgrade the readout electonics
e Front-end

— Effect of pileup signals from nearby bunches

— Increase in dark current |, due to radiation damage

— Both contribution reduced by fast shapging time

— Trans Impedence Amplifier

— Sampling at 160 MHz
e L1 Trigger signal

— Current detector integrates the signals of a 5x5 crystals

towers

e cannot apply isolation cuts
— Includes an on chip suppression of spikes

e large signals in individual APD

e due to hadronic interactions in the sensor
— move full data of each crystal off-detector

— perform pulse shape analysis and trigger algorithm (isolation,
spike rejection) on FPGA

XXXII Int. Seminar of Nuclear and Subnuclear Physics
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Sampling calorimeter

Cells in Layer 3
AbxAn = 0.0245%0.05

ATLAS Liquid Argon Calorimeter

| readout electrode

- ‘-.,l”ggflf%wler v e w absorber
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° n 5 16x, /\ i | ey
— LAr active “2 mm gap Z ﬂ ¢ N B e f—
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. e \__ *—ﬂf_f‘ﬂzas
segmentation ron okl T {
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' . " = 200 ¥ EMLnz08  ATLAS Simulation E
— direction measurement 3 8 180 ' EMZ =08 G
. 1} 2 160 © EMZ n=20 S, - =
— leakage corrections £ T 10b E
L = E =
. 0.8 | 1205 - ——=
e Readout electronics i 100 — S 3
[ 80F- — E
— CR-(RC)? bipolar shaping to reduce pileup o0&} 60 < E
[ % 40 ¢ 3
effects . T, W= et
— Optimal performance at =13 ns M & S e e Bm. G g
pt P Tshaper = i ® Gusg Cousy, whsg,  Ceks,  wasy
. i 2
— 40 MHz sampling 02 | %@%
. . . [ . o
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— Update FE and readout system and L1 _ 7
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ATLAS LA d
- DEGLI STUDI
INFN DEGLI STU rupgraaes
e L1Tri gger Layer Elementary Cell Trigger Tower Super Cell
Ay x Ag ny xng AnpxAp nyxng AnpxA¢
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An X A¢p = 0.1 X 0.1 3 Back 005 x 0.025 2 x4 2x4  01x01
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s CMS High Granularity Calorimeter

DI MILANO
o . . . . PFA Calorimeter
e Radiation damage in the forward calorimeter region %—. |_|(
much higher than in barrel '
:

— Same values as in the tracker region

CMS p-p collisions at 7 TeV per beam “ Iron |l
1 MeV-neutron equlv nt fluence in Silicon at 3000 fb™

le+18

ER T S Tl D e
— digital dlgstal
1e+17
250 |
L d1es16 T
200 S = icro
- % Seintillator|| | RPC H GEM !nggggj
= o
S, 150 E die+14 5 -
1e+13 L 3 vt wane
100 “ﬂ!-*‘
1e+12 ’ i
-
50 i o
1e+11 {
0 1e+10 4 3
250 300 350 400 450 500 550 4 ]
Z[cm] ' . - L
CMS FLUKA Study v.3.7.9.1 CMS Simulation Preliminary '
3

e PbWO, crystals will degrade excessively after 500 pb

e Complete replacement of endcap calorimetry:

* Electromagnetic section CE-E
e Silicon + Cu, CuW, Pb, 26 layers, 28 X,, V1.5 A
e Hadronic section CE-E
* Scintillators and Silicon + Steel, 7+14 layers, ~8.5 A
e Polytilene shield to reduce albedo neutrons into the tracker
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The Silicon Module

e Total of 620 m?2 of silicon sensors P T My PCB with FE
- P electronics
e Hexagonal tiles from 8"wafer

e Different sensors depending on
radiation level:

— 1.18 cm? cell on 300 um substrate
— 1.18 cm? cell on 200 um substrate .5 -
— 0.52 cm? cell on 120 um substrate sensor

Cu absorber /
O ETERS

Pb absorber
Motherboard — >

Module PCB
Silicon
CuW baseplat

Cu cooling plate CE-E cassette
CuW baseplate structure
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g Sensor radiation hardness

DI MILANO

e Radiation level comparable with silicon tracker

e Thin sensors provides required radiation hardness

e Cell size adapted to maintain sufficiently low sensor capacitance (<65 pF)
e Operation at -30 °C to reduce leakage current

¢ dd-FZ p-on-n 600 V ®  dd-FZ p-on-n 800 V dd-FZ n-on-p 600 V
A dd-FZ n-on-p 800V ¥  Epi 100 n-on-p 600 V +  Epi 50 p-on-n 300 V
® Epi 50 n-on-p 300 V
T T T TTT]
| dd-FZ 320 (298-291um)
i I‘ ! -.
20_= LT
. £ A dd-FZ 200 (228-209um)
2 15 — 2 = >
© | g
c B 4 dd-FZ 120 (145-131um)
(@) 1 0 ! ; T
) - i T
IF Epi 100 (96
i . j Em (96pm)
B * ¥ Epi 50 (49um)
5 : 3
I rﬂ—b-;
0 L
1 01 5 1 01 6

2
Fluence, neq/cm

XXXII Int. Seminar of Nuclear and Subnuclear Physics
"Francesco Romano", 7 June 2021

A. Andreazza - LHC: Detectors and upgrade




o Scintillator modules

DI MILANO

e Total of 320 m? of silicon sensors 3

e 3 mm thick scintillator tiles ranging from
2X2cm?to5.5X5.5cm? area

e 2 mm? SiPM-on-tile readout

e Cooling at -30 °C helps in keeing low dark
rate even after radiation damage

BH8x12 (10°) module
(top view)

e MIP's S/N>5 for the whole detector lifetime ST o, o RS,

/

; /
ok
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SN || |10 I/
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= — “I - = <
| j

£ © . { . \\i
o ! fog = i i
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Motherboard
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HGROC3 characteristics

XXXII Int. Seminar of Nuclear and Subnuclear Physics

Same readout chip for Si and
SiPM readout

72 channels
<20 mW power

Radiation tolerant: 2 MGy and
1X10%* n,,/cm?

ENC<2500 e with 65 pF load
Timing resolution of 10s ps

On chip zero suppression

Fixed latency path for sum of
trigger cells

"Francesco Romano", 7 June 2021

HGCAL: HGROC FE
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Ll - - comm. port -
BxRst - - 4
Clock and control path
\ J \ 4 \ 4
72% L Readout path
ADC decoding :
1
Latency = i Data
TOT e i ‘
_D—’ S 8 s.'ucndm:.: Curcular B -”f‘ lhld“ul_
manager manager
TOA Butler 2x Data
link
DAQ path
A A
: Drgital 7 bits »| Trigger
S > ['runcation readout
Lineanization — : . s
(4 or 9) Compression A manager
Try .
4x Trigger
per channel 16x / 8x trigger cell W link
Calibration i IA).’}L_‘ ["‘"“‘IF“I’ Slow control  g—
mjection ToT/ToA Voltage comm. port  lg—p
ttweshokds References Slow control path

A. Andreazza - LHC: Detectors and upgrade



R, HGCAL: Trigger signal

DI MILANO
On detector Off detector

e zero suppression e 3D clustering

e analogsum . n_(l) energy map

* Llatency 1.5 s e Latency 3.5 s

F-------------------------|
120° sector
..... , : Stage 1 Trigger cells Stage 2 : .
. — = I i SCIEE: 11
B s 1 i r o
A R— I i I —g§ 1:
' ' I * L= — - . §
" s 120 degree sector T 120 degree region ' I :
: : I 12 boards, 1 crate 9 boards, 1 crate N
: : | ————— —u.-—-——————---*ﬂ:
L8 — P E
B — —
A - E—— —_— B
;81— — — i §!
.- 120 degree sector 120 degree region : :
" . 12 boards, 1 crate 9 boards, 1 crate ' .
----- 120 degree sector 120 degree region T
12 boards, 1 crate 9 boards, 1 crate
~5000 links 3888 links 432 links
50 Thit/s 36 boards 60 Tbit/s 27 boards 4 Tbit/s
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e HGCAL: Test beam images

DI MILANO
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L ATLAS Muon System

DI MILANO

The Muon System has two functions:

— different detector technologies

Precision Tracking

e MDT (Monitored Drift Tubes)
e (SC (Cathode Strip Chambers)

e Precision measurements on the bending
plance for momentum determination

Barrel toroid

" Resistive-plate e Measurement of drift time
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Resistive plate chambers

- |

Trigger "'H.. Barrel toroid coil
e RPC (Resistive Plate Chambers)
e TGC (Thin gap chambers)

e Fast signal (short drift distance)

e Measurement on the perpendicular
coordinate.
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Gas detector basics

Keywords to remember

Primary ionization tens of e-/cm

Electron drift velocity O(cm/pus)

Moltiplication in high electric field

Cias Density, g Er Wi dE i min Np Mo
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Time development of an avalanche in a proportional counter’®). A single
primary electron proceeds towards the anode, in regions of increasingly
high fields, experiencing ionizing collisions; due to the lateral dif-
fusion, a drop-like avalanche, surrounding the wire, develops. Electrons
are collected in a very short time (1 nsec or so) and a cloud of positive
ions is left, slowly migrating towards the cathode.
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ATLAS Muon Drift tubes

. Cathode tub

e 30 mm diameter ) Ole )
e 50 um wire diameter e se 3 “.. 3or4
drift tube
layers

e Ar/CO,+H,0 gas mixture
e 20000 gain at 3080V
e 700 ns max drift time

wltilayer(g

e Point resolution ~100 um

o, = Vd(E(I”))O't @D 2Dt

~— 29.970 mm———
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~
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Drift Time [ns]

large drift velocity

diffusion
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RO ATLAS Muon Trigger Detectors

DI MILANO
RPC pou
e Parallel plate capacitors with 1om - ==
high electric field SRS
e E=4.8kV/mm, gain 10’ —
. . | BML
e Time resolution 1.9 ns PG
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BT, CMS Muon System

DI MILANO

CMS Experiment at the LHC, CERN
D Data recorded: 2015-Oct-30 19:23:54.631552 GMT
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)| B, Muons System for HL-LHC
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e Detector for the muon systems where initially designed for:
— the nominal LHC rate corresponding to 1034 cm-2s-1

— radiation damage corresponding to a total integrated luminosity of 500
fb-1

e Many different interventions are needed to cope with the
higher particle rate (in particular electronics improvement)

e Radiation damage ~released charge per unit area/length
— can be tuned by reducing gain at the cost of performance

e |'ll shortly discuss only two upgrades:

— addressing the most critical forward region deploing large areas fo
micropattern gas detectors
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ORI, ATLAS New Small Wheels

DI MILANO
e Most L1 muon trigger in the forward e Detector requirements:
regions are fake. — contribute to L1 trigger

— They need to be rejected more efficiently to

o , — reconstruct online track segments with
stay within the HL-LHC trigger rate budget

>95% efficiency
e Match between track segments before and

— position resolution <50 um
after the forward toroid P H

— angular resolution <1 mrad
e The current detector has not the efficiency &

and accuracy needed — sustain rate and radiation levels at HL-LHC

e Replace CSC+MDT with Micromegas detectors

* Replace the detectors in front of the . :
for precision tracking

toroid with New Small Wheels (NSW)
e Replace TCGs for sTGC for trigger

all muon w—
L1 triggers -

200

Du_mun

matched to reconstructed muon

. matched to p_>10GeV reco. muon

matched to ...
recomuon e

o T 4 (inner middle |
0.5 1 15 interaction |
Pseudorapidity posaRERd end-cap muon stations
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ORI, ATLAS New Small Wheels
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Micromegas detector
— micromesh transparent to electrons

— separate the drift and charge
multiplication region

— finely segmented readout pitch

e NSW parameters
— Ar/C02 93%/7%
— Short drift time: 100 ns
— Spatial resolution <50 um

NSW large sector sTGC modules NSW large sector Micromegas modules
(assembled view) 11-12-13 (exploded view) LM1 - LM2
\ \ | |

l \ Drift Electrode -
- = A .
ar - e A .\.

: &
Smm : Conversion/Drift Gap %% \\" E Field

Micromesh

F s
= T

sTGC wedge
frame
\

_\™  mount for
*\ - sTGC wedge on
- spacer frame (3x)

e Readout Strips
e Resistive Strips

S

mount for sector
on NSW spokes (3x)

sTGC MM central spacer MM sTGC
wedge wedge frame wedge wedge
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RO CMS Forward region updgrade
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To cope with the
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R Conclusions

DI MILANO

e LHC has exceeded the design expectation
— the machine is already running at twice its design luminosity
— detectors are behaving greatly, despite the harsher conditions
— ...and you will see physics analysis are doing even better
— | hope to have shown you the key techniques and choice that made that
possible
e The HL-LHC upgrade is not a free lunch

— an enormous amount of time and ingenuity has been spent to prepare
the detector upgrades

— that sometimes required to find innovative solutions to old problems
— hope to meet you again in seven years and celebrate success
— for the time being....

Thanks for giving me the opportunity
to share my enthusiasm with you
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