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B 5P A BEAER (1T)

_____Tye | particles | fundparameter | _characteristics | ___effect ___

Multiple Scattering

almost gaussian deflects particles,

w all charged radiation length  average effect O increases
particle X depends ~ 1/p measurement

uncertainty

lonisation loss .
small effect in

effective densi i
all charged 4/7 b tracker, small énocr;eeistﬁfn
particle P dependence on ;
p uncertainty
Bremsstrahlung
all charged radiation length highly non- introduces
particle, Y gaussian, measurement
dominant for e depends bias
Hadronic Int. ‘ f
% A nuclear destroys particle, 2" tsou‘:ce ©
Y all hadronic interaction length  rather constant [
ol particles . reconstruction
Y A effectinp e
/‘ inefficiency
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Valid for heavy charged

dx

|

=0.1535 MeV cm?/g

12 Ae 0 RS 22 U

particles (M, .g4en™>M,), €.9. proton, k, &, u
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Absorber medium

= mean ionization potential
Z = atomic number of absorber
A = atomic weight of absorber

p = density of absorber
d = density correction
C = shell correction

Fundamental constants

r.=classical radius of electron
=mass of electron
N_=Avogadro’ s number

c =speed of light

Incident particle

v = (1B

in one collision

z = charge of incident particle e =
B = v/c of incident particle

W= max. energy transfer 1

1 e’

2
4me, m,c

ro . V
oProi _ (67) = 13.6 Me

rms

Pep

- /Xi0[1 +0.0381n(x/Xo)]
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Tracking in B-field

Spectrometer (measure momentum) : dp - q B
Tracking detector in magnetic field A = VX

C
B

magnet
Solenoid Toroid
Uniform field; Vol. limited by cost Non-uniform field; Large volume
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B %thy[ﬁzgl@/lfsﬂ%k 2 E



Charge and Momentum

_ pr =qBp
The momentum i1s measured Transverse momentum:
from the curvature p in B-field pr|GeV] = 0.3 B[T| p|m]
Or from the sagitta s L_/2 B I,  03BL

6 6
sin§ kb (for small 0) = ~ — =

P P PT

o) 1 62 92 0.3BL2
s = pl1— cos 2) ~p(1—<1— ——)) = o ~ 2

X3 Example: 3 measurements | Design consideration

s=x9 — (1 4+ 23)/2 — ds = dro — dry /2 — dxs/2

assume uncorrelated errors:  o(z) ~ dx;

o?(x) 3
T =37 W

HEES =P WINL2B, J§/hp, . Os
&G — MR IE LS

S TS v
TR ;

P 02 =o*(z)+2




PL T 5 YU BAER: (IH)

dE/dx

— o=,

Electrons
1 1 . + at + 4+ o
e Jonization (atomic electrons) € +atom — e +ion*+e

e Bremsstrahlung (nuclear)
At high E, bremsstrahlung dominates

Critical energy, Ec = 610 MeV/(Z + 1.24):
energy at which the average energy losses by ,
radiations equal those by ionization @ @ ‘ \

vy + atom — ion*+e-
Photons —

e Photoelectric effect (atomic electrons)

e (Compton scattering (atomic electrons)

e Pair-production (nucleus + electrons) !
At high E, pair-production dominates W@< I_‘P

y + Coul. Field > e*+e-

>
dE/dx

—>
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 Consider only Bremsstrahlung and

Simple qualitative model
(symmetric) pair production.

* Assume: Xg ~ Apge

>
Z

~ +
Y e
%0000 o002 o0
!

| y

\ ™~

N(t)=2' E(t)/ particle = E,-2™"

Process continues until E(1)<E,

Nroral izr 2(rw l~2 Zr,m = f_‘
- ln bo, E,
- In2

EO/Z EO/(. E0/8 E°/16

(x,) After /=1 _the dominating processes are

l

BENLI a: ﬁ

max

lonization, Compton effect and photo effect
absorption of energy.

6E _ a b
s - s PF0c¢

ﬁm&m%@,%ﬁﬁ%ﬁam%@
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Lateral spread of an em shower 1s dominated by two processes:
e Multiple scattering of electrons away from the shower axis

e Relatively long mean free path of photons

Moliere radius: lateral spread for EC electrons after one X,
21 MeV

RM — B XO ~ 7_

~ 99% within 3.5 Ry,
> 95% within 2 Ry,
5 XN OOl ORI 90% of shower energy within 1 Ry,
c e |
© 80¢° | |
gk ! !
® 60 50GeV e in PbWO,
& |
€ 40y

20 | ‘

00 1 2 3 4 5 0
Spread (Ry)
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ABSORBER

I=
)
§ Electrons, photons
"g 70 > 2y
& =>» em sub-shower
£
- 4
7 O
S
o Charged hadrons (20%)
_ % Nuclear fragments, protons (25%)
g eutrons, soft ys (15%)
© Breakup of nuclei (40%)
C
— 0O
C

Either not detected or often too slow to be within
detector time window = invisible energy
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dE o g
= —— — x Eyt%e
X, dt

e.m case, E. Longo (active CMS member! Rome

longitudinal development
group), l. Sestili, NIM 128 (1975)

Radiation length (Xp): thickness of material that reduces the mean
energy of a beam of high energy electrons by a factor e, Xo ~ A/Z?

Moliere radius (Rpy): average lateral deflection of electrons of critical
energy E. after traversing 1Xp; 90% Eq within 1Ry, 95% within 3Ry,

Interaction length (\,t): average distance a high energy hadron has to
travel inside a medium before a nuclear interaction occurs,

)\int — A/NAUint X A1/3 > XO

LAr Fe Pb U C
Aint [cm] 83.7 | 16.8 | 17.1 10.5 | 38.1
X0 [Cm] 14.0 | 1.76 | 0.56 | 0.32 | 18.8

1 [E CMSE 4752025




HfearCalorimeter : MWL HUFEAY

Homogeneous calorimeters: all Sampling calorimeters: the
the energy is deposited in the shower is sampled by layers of
active medium active medium (low-2) alternated

with dense radiator (high-Z2)

m Excellent energy resolution B Limited energy resolution
® No information on B Longitudinal segmentation:
longitudinal shower shape detailed shower shape
m Cost information
Examples
Flavor factories (small y energies): KLOE, = Cost
BESIII, CLEO c, Belle(Il), Babar Examples
OPAL, Delphi, L3 (LEP) Aleph ECAL (LEP)
ALICE PHOS & CMS ECAL LHCb & ATLAS ECALs

1 [E CMS K 452025 All HCALs so far



RLT PRI

photons

ionisation radiative processes ionisation
Tracking | [Electromagnetic|| Hadronic Muon
chambers || calorimeters | calorimeters chambers

B field
Low p

High p

i E CMS 44752025

High p

Tracking
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Requirements on CMS detector

o CMSERMINtS: Br, Jor, ¥, BESE
o MERBELR
o (ERZEIVEFE, KRENEJUENAHFHHE I muENMEE. M
FE43 38 IFRIRI X muii &40 AF (1%@100GeV) ; {E<1TeVi=
TAIFH RS 5] (MuonfR23)
o IFHIT RIS &R E R, RN TERIIP, %5
b (AR RN 2%)
o UM REE ST R RAN A T/ T = (1%@100GeV)
n0 73 #E, LN, %R (HEiERERS)
o IFHIERENEMNBIERRE ST (BT EREAS)

th [E CMS 64752025
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M. Della Negra, K. Eggert, M. Lanzagorta, M. Pimii, F. Szoncso

presented by M. Pimia
SEFT, University of Helsinki, Finland

Aachen WS 1990

Track Chambers
Calorimeter, 10 A

Super Conducting Coil
l Magnetized Fe, 12 A
4

6 m

o Muon Chambers

Station 2

i E CMS 44752025 17



CMS Timeline

1984  Workshop on a Large Hadron Collider in the LEP tunnel, Lausanne.
1990 ECFA LHC Workshop, Aachen. First proposal of CMS.

1992 General Meeting on LHC, Evian les Bains. Letter of Intent of CMS.
1994  CMS Technical Proposal Approved.

1996  Approval to move to Construction (materials cost of <475 MCHFgg5)
1998  Construction Begins (after approval of Technical Design Reports)
2008  CMS ready for First LHC Beams [ '

2012 Higgs discovery.
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CMS (Compact Muon Solenoid) #R |3

weight: 12500 t

overall diameter: 15 m
overall length: 21.6 m

JINST3,S08004 (2008)

ECAL Scintillating PbWO, CALORIMETERS

HCAL Plastic scintillator
SOLENOID I Brass
B=38T
MUON
ENDCAPS

MUON BARREL — .,
Pixels | 404—//|l’1 o l|‘|:ll==§ E :: ::l':'
Silicon Strips o [ [eeanm] e
1 2;7/—>11 I strips
/ .
Resistive Plate gﬁthoge Strg’sc
Chambers (RPC) ambers ( )
2020/10/22
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ATLAS vs CMS £ z&

ATLAS

CMS

(37 2 TIRZE + HIPLRE (FE 0.5

T/ddEl T)

ZTMENZR S BEEE % + TRT
o/pr =5-10"* pr + 0.01

FERIE6EEE wE ARk

o/E ~ 10%/+E + 0.007

o/E =~ 50%/+E + 0.03

SR FEACE S+ AR /B, (104)
BN (RAHRMEE + BTN

a/pr = 2% @50 GeV

b X5 L1 + HLT (L2 + EF)

ATHEZEE + WG

R M
o/pr =~ 1.5-107* pr + 0.005

EERFOARIK
o/E =~ 2.8%/VE + 0.003

A+ NIRIA (71 + catcher)
o/E =~ 100%/vE + 0.05

(R gs + 25 8R4
o/pr = 1% @50 GeV

L1 + HLT (L2+L3)

PECMSE<E2025
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CMS PRI %=

)] -

Transverse slice
through CMS

/
88

4

Silicon

Muon
Electron
— Charged Hadron (e.g.Pion)

Tracker

Electromagnetic

— — - Neutral Hadron (e.g.Neutron)
=== Photon

Calorimeter
Hadron
Calorimeter Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers I
Om m 2m 3m 4m 5m 7m
| | | | | | |
HECMSA 452025
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CMS cordinates

o XZ: LHCHIISFIEIWN, F8MLHCHH O by

o Yihi: ®]LIEHTLHCH K R

o ZH: X, YATHUATFLIEHR ’ |

e 0: S

o n=—Inftan(0/2)]: JERE o
* 9

x-axis points out of page z-a)‘tiﬁs points into page
yz-plane xy-plane
n:—ln(tan(OIZ)) Ap=¢,— P, AR=\/A<1>2+AT)Z
p,=Vpi+p’ An=n,-n, AA=A¢orAR

FlCMS® #2055



CMSTRMN| #%:  solenoidh i

Key; Muon
Electron
Charged Hadron (e.g.Pion)
" )m]'l — — — - Neutral Hadron (e.g. Neutron)
7y m=e=e- Photon

Transverse slice

through CMS

———|

Silicon
Tracker

Electromagnetic

Calorimeter
Calorimeter Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers
Om im 2m 3m 4m 5m 7m
| | | | | | |
24
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CMSHE R 224¢: soleno 1d

o EKEH@4.2K
o 20kA@ 2179 [E

o 122kK, 6KER
o GUMF | EREA NN FATILIR

IS -
o NI HLIA3 8K iHr, HMEE~
2T
e N / / @
N - ( CMS

BT

1 [E CMSZ2$ 452025
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http://4.2K

CMSS

e 10000 MEHEEL, MY F2MRIE/RELE
o 2200 NbTitE S 444

o IZATIREL1.8K, HEVAL 19.14 kA, 41.7 MA-
turns, =L BB 14.2 H

e The ratio between stored energy and

200 R R IR B MUK S

cold mass is high (11.6 KJ/kg) ‘
. . 20 kA m;-zgx V/426V
e Large mechanical deformation (0.15%) DC power supply
during energizing \ Main /
o fi3paT, HAE6.3m, KJF 12.5m +— Gdg
1 1 1 _ B g g éCircuil
W =—LI"=—BHSI=—BHV B=upH ;
2 2 2 S S [ * : i
o WLLIHEERE W=2.6G), IZAEE AT LA [ g
KA 18I T < — S
Lok B a0 B eads Contactors Dump Resistor
o RN, ERREBARMBIANE B L e

R=>{r3 H i
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CMS TR &5 : WARZEER M &5

Key; ~—— Muon
Electron

— Charged Hadron (e.g.Pion)
" )m]' — — — - Neutral Hadron (e.g. Neutron)
sy 2 m==e=- Photon

Transverse slice
through CMS

—
—

Silicon
Tracker

Electromagnetic
Calorimeter

Calorimeter Superconducting

Solenoid ool loloH
Iron return yoke interspersed
with Muon chambers T
Om im 2m 3m 4m 5m 6m 7m
| | | | | | | |
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Inner cylinder

fse (BES, CLEO...)  Alicelf[a#5 s

Something “cheaper”

Note : area x R? o cost

Options:
- Coarser Si-Strips
- Gaseous detectors
MSGCs

TRT (straw tubes)

p,  0.312B

100 GeV p, ,
L=1%K, B~4T

> 07 B HERE~ 1550k
M 28 =pixel+strip

rh E CMS284 752025
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Silicon Pixel FE{Z Z R M) 2%

e 100X150 pm? Bz, TAEEF F22/E, n-in-p HAEEGS
e B[

545_ CMS Js=7TeV
nI=2.5 I1X % S Juee]
o (ERNTEIFIEIFT, LRIRIEII T 5% falt 0L
® {4t =3emil fzz kS P
® 600 MHz/cm? (FELHC B#ifigs= T (L=2x103 cm)?s™! ) b " amiton
o HUAEHESEE: 3x10'4 neg/cm?yr * o> 2oy

(o)}
o

T T T T T T T
-60 -40 -20 0 20 40 60

. 5?5 e Incident angle (*)
45M forward and
Since 79M barrel pixels Sincf)arzrgw
I Outer rings
007 gg fl

2008 — 2016

3 barrel layers

i [E CMS294 752025



Silicon Pixel 4% 23K | 2%

® Incident Particle

PARTICLE DETECTOR

100gnicron/ns (when drift velocity

Electrical Field

saturated at ~30kV/mm E-field)
and 73 e-h pair per micron for MIP

Readout Chip

Bump Bonds

Si Sensor

PSI46, wireBonds SiN for mounting sc

Each pixel cell in the sensor is connected to a pixel cell in the readout chip via a
bump bond.

1 [E CMS204 752025



FERR ( Slhgon strip) PRI 4

' /y////;,,ﬁkg;iwﬁ

TOB inner barrel | z view —~ 13
20 TEC tracker endcap T s

HOD i —Fhiek dgtectors 300N
s=——TTTTT | | =
. - . - 2
o T Il =5
R T s Fooi s e PP ey T PRI P e el l lllll ........... l‘ ..... l ..... ] ...... -—-—-:::_____ %g
500 - . r r r ' l —
o i = L ) ~ Blue: double sided
Pixel * === ! I Thin detectors 300um Red: smgle sided
Sensor Technology p-in-n oMS simulation

® u*, Barrel region

Design occupancy 1-3% - resolve & isolate tracks

A u*, Transition regior

=  Quter cell size ~20cm x 100-200mm

= u*, Endcap region

(Resolution in pT)/pT (%)

10
= Inner cell side ~10cm x 80mm ool
: Rmas,,, 0o00000 Iawit
Operation -20C R e
. . ‘ ‘ ..“:AAAQQEQOOOQ‘QQBQD E;QEQDEQQQ bR
Signal / noise ~20 (above 10 after radiation) T T
Radiation tolerance ~1.5x10* neq

rh E CMS3$ 4752025



Muon
Electron

— Charged Hadron (e.g.Pion)

— — — - Neutral Hadron (e.g. Neutron)
""" Photon

Key:

Transverse slifie
through C

—
—

Silicon
Tracker

Hadron
Calorimeter

Superco
ole

ducting
oid

Iron return yoke interspersed
with Muon chambers

Om im 2m 3m 4m 5m 6m 7m
| | | | | ] | |
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A

CMS = R

Em Barrel : EB
Em Endcap : EE
Had Barrel: HB
Had Edcaps: HE
Had Forward: HF
Had Outer: HO

Hermetic system

C.M.S PARAMETERS

Longtudinal Yiew - Field Off

n4 4 Q
I~ —
-\; o
.S M “
m. o
B

JeanBoa@cernch

OATE: 05-JUh-2000
g.dBL[[l DLB2430PL

rh E CMS3 4752025




11 5 e A

B Homogeneous, hermetic, high granularity PbWO4 crystal calorimeter

density of 8.3 g/cm®, radiation length 0.89 cm, Moliére radius 2.2 cm,
~ 80% of scintillating light in =~ 25 ns, refractive index 2.2, light yield
spread among crystals ~ 10%

m Barrel: 61200 crystals in 36 super-modules, In| < 1.48,
Avalanche Photo-Diode (APD) readout

® Endcaps: 14648 crystals in 4-Dees, 1.48 < |n| < 3.0,
Vacuum Photo-Triode (VPT) readout

m Preshower (endcaps only): 3Xo of Pb/Si strips, 1.65 < |n| < 2.6

o(E)  2.8% o 0128
E ~ E EGeV)

'm Solenoidal magnetic field: 3.8 T
ECAL fully contained in the coil
| m CMS tracker coverage: |n| < 2.5

2.2*2.2*23cm3,~26X,

@ 0.3%

rh E CMS28 4752025



Y

Before ¢
cutting & polishing

Growing a crystal
(Russia or China)

Gluing APDs to crystals
(CERN or Rome)

Characterizing erystals
(CERN or Rome)




= H. 4 B
5§ E HE A
~ Barrel (HB)

B 36 brass/scintillator wedges

® 17 longitudinal layers, 5 cm
brass, 3.7 mm scintillator

m|n <13

Fun fact: much of the brass came from old

WWII shells from the Russian Navy!

Endcap (HE)
m Two brass/scintillator discs

B 19 longitudinal layers, 8 cm
brass, 3.7 mm scintillator

B 1.3< |n| <3.0

i [E CMS264 752025



CMS 5% EHREAT

=
»

.-"‘ :. 3»‘

I\ MLM

R




CMSHRIMI#8: Muon 54t

Muon
Electron

Key:

W o

Transverse slice
through CMS

—
—

Silicon
Tracker

Electromagnetic

Calorimeter
Hadron
Calorimeter Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers
Om m 2m 3m
| | | | | | | |
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CMS muon#®il| #3

- Muon detectors are on the outside, so must be large

- Economics: use gas detectors to cover a large surface area

« Need amplification of the electron ionization signal within the gas volume

- Factors of 10°-107 are typical, using wires or parallel plates

~10° — 107 gas amplification
~107 — 10° electrons
~1-100 pC

~10? primary @ ‘ @

electrons I ) m
ONO,

/ Incident particle

N
Anode wire \ \ \\ \

Cathode planes

multiwire
{>—J\ proportional chamber
p— e e e ot

At Georges Chafpak
L"] E’CMS% ? Ezozs Prize share: 1/1



CMS muon# il #s 1 2H %

* Four types of detector(since 2019, adding GEM):

*  Precise position measurement and triggering by Drift Tubes (DT) in the barrel, and Cathode
Strip Chambers (CSC) in the endcap

* Redundant triggering by Resistive Plate Chambers (RPC)
* Adding Gas Electron Multiplier (GEM) in LS2 since 2019

» Barrel: 0<|n|<1.2

MBA
MB3

MBZ  sw
MB1

1.2

eta.=.,0.8 RPC ‘1_04

5 wheels / 4 stations
instrumented with DTs
and RPCs

, Endcap: 0.9 <|n|<2.4

- 3 discs / 4 stations
H ....... = instrumented with CSCs

and RPCs

300 —

200

100 —

.
-----
o
ot

S o :
et ]
v TP CSC

) B % o o 0 %  Spatial precision

ME1 ME2 ME3 ME4™™  75_150 um /station

i [E CMS49 47572025



CMS Drift Tubes (DT)

240 chambers in CMS barrel — 5 wheels Drift Tubes 4
|  goe— | .
Drift time measurement, gives distance (d) to j. > L/ "T 3 .E
wire to ~250 pm accuracy N [ /—>e1 |
d = (T - To) X Vgrif
1800 V
Insularor stripﬁ )
4 Statlons Anode wire Electrode strips
. 12 layers per station in groups of 4

. 8 axial (r-9), 4 longitudinal (r-z)

\ DT chamber layout
.f!?!f?.l. T 1] L4

T oL3 (M) T i3
‘ O3 B B B I B B B B S B B I I &
N SuperLayer fm:tg

= L1
<

Honeycomb spacer f

EHV N T T o] T s T T T -T-J -1 -1-11 L4
S HSU () T
Qiq |\ I ECH N I N s i i cm cw
N r-¢ front-end side




CMS Cathode Strip Chambers (CSC)ep

95 mm

540 trapezoidal chambers in CMS endcaps
Electrons drift to wires, induce opposite charge
on perpendicular cathode strips

Precise ~2% interpolation of cathode charge
on ~cm strips gives ~200 um accuracy

6 layers: precision @ from cathode strips,
coarse r and timing from anode wires

/wa rge

IR S S S e cathode with strips

-~
3-16mm 4 avalanche ]
wires

e | 2ne Gall oS S L D ()

l

ull l [||'||”||||||III|'|'

Strips

|||
|||||||I|

(
- l

N 1l - W 11
S g




CMS Resistive Plate Chambers (RPC)

480 barrel and 576 endcap chambers

Charge induced onto external strips

. Resistive layer (Bakelite plastic) with p~101°
Qcm is transparent to signal as if infinite,
quenches avalanche as if conducting

Spatial resolution 0.8-1.2 centimeters
Double gap, each 2 mm, 9.6 kV, for high ¢
Fast - triggering

s T

General RPC principle

lonizing | Detecting strips | S
particle ~

- Electron Resistive

multiplication Aane Readout Strips

Bakelite
Graphite Coating HV
Mylar Sheet
43

i E CMS 44752025



MuonfR il 23 14 5e

* The spatial resolution per chamber was
e 80-120 um in the DTs,
e 40-150 um in the CSCs,
* 0.8-1.2 centimeters in the RPCs

The u measurements
improve the momentum

resolution for pr > 200 GeV/c
if the DT/CSC chambers are properly I - )
aligned I / i s

- --=-- Muon system only - === Muon system only

Alp VP,
Alp)p,

—e— Full system —e— Full system

10 -.o-. Inner tracker only 1 —.o-. Inner tracker only i

Especially for pt>1 TeV

107" S

Alignment is done with
hardware sensors to <1 mm

0<n<0.8
level, then track-based 107} 02
CorreCtiOn to Chamber :Il | | III[II| | | IIllI[l | 111 :Il 1 1 IIIIlI| | L1 IllIII |

it ~ 10 10 10° 10 10 10°
positions to ~“10 um level b [GeVic] b, [GeVic]

1.2<n<24

i [E CMS44 47572025



CMS%M&Z%D A SRR 5t

Detector signals
[ every 25 ns =40 MHz ]

~100 kHz
3.6 us latency

Level 1 a Detector Frontend ]'_ 40 MHz

: Tn'gger Readout
o} e

& vt B4 Builder Networks Controls | 1Tbls

S

F
Systems 102 Hz

U Computing Services

~1000 Hz

Finite BandW|dth
~ 2000 CPUs farm,
A full event available,

“offline quality” reconstruction
same software as offline

Mass storage maximal flexibility
H [ CM S48 47512025




High Lumi-LHC upgrade

Phase-II upgrade of CMS matches HL-LHC and provide bases for future physics until 2040s

LHC HL-LHC

EYETS 13.6 Tev Ls3 136 - 14 Tev

13 TeV

energy

Dlodes Consolldation

splice consolidation cryolimit LIU Installation B
8 TeV_ ' tton collimators inferaction inner triplet _HL-LHC
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2012 2013 2014 2015 2016 2018 2019 2020 # 2023 2024 2025 2026 2027 2028 2030 |IIIIIIM
ATLAS - CMS l/___-g———;—;‘*
upgrade se 1 3 1o
experiment Pg pha ATLAS - CMS x nominal Lumi

beam plpes HL upgrade
nominal Lumi W}_' ALICE - LHCb " 2 x nominal Lumi i

75% nominal Lumi /— upgrade
m m integrated [REAUYY fb!
luminosity JENVE VR

CMS Integrated Luminosity Delivered, pp CMS Average Pileup (pp, +s=13 TeV)

7 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

= 2010, 7 TeV, 45.0 pb
w2011, 7 TeV, 6.1 10 '
— 2012,8TeV,23.30 '
— 2015, 13 TeV, 4.2 b 80
2016, 13 TeV, 41.01 '
e 2017, 13 TeV, 49.8 10 '
— 2018, 13 TeV, 67.9 0 '

B Run ll: <p> = 34
. 2018: <;> = 37
[0 2017: <u> =38
[0 2016: <;i> = 27
B 2015: <> =13 4000

g g
7B
P

5000

@
S

)

§

 Stable running in

@
3

Recorded Luminosity (pb~*/1.00)
§

Total Integrated Luminosity (b ')

. . I two decades
2 20 1000 1000 O Instant lumi 5 -7 o 5
s’&‘ “‘”‘ s\““ \\‘\\ s’“‘ :5“‘ )sa:st“' % Me:on number‘:f lnterac::ms per c::sslng » times higher
Peak Lumi. gﬁgun Mean A Z->pp event with 28 vertices * 3000-4000 fb-l
~2x103cm 2! ) P e <PU>=140-200
interactions/Xing

HHE CMS 447512025 46



HL-LHC: challenges and CMS solution

Dose, 3000 fb™

1e+07
Y S fe+06
100000
10000 &
V]
== — 1000 3
S———e——aus 8
: 100
Real-life event with HL-LHC-like pileup - 10
from special run in 2016 with individual - ]
high intensity bunches 0O 200 400 600 800 1000 1200 1400
CMS FLUKA geometry v.3.7.0.0 Z[cm]
Expected pileup (PU): ~140 -200 T K2 >101625 3 MeV H 1 /lem24g
(nominal-1.5xnorm) Jey i X I 7R B ~10MGy, 1Gy=1J/kg
Motivates /requires: o Radiation damage / accumulated dose in
. . detectors and on-board electronics may result in a
* Improved granularity wherever possible progressive degradation of the performance.
. Novel approaches to in-time Pile Up J Maintain  detector performance in harsh
mitigation: Precision Timing detectors conditions:
(SOps) o The complete replacement of the Tracker and
A 0 . £ the Tri d Endcap Calorimeter systems.
* complete renovation ot the .rlgger an Major electronics overhaul and consolidation of
DAQ systems for better selectiveness, the Barrel Calorimeters and Muon systems
despite the high PU.
CMS MDY T2 2019-20265F, VLFL =152 EELHCTH 28, 52 AR KA BT 7T B i !
R CMS &4 512025 47



Impacts on Physics

Extra energy in jets / isolation cones
from overlap of (neutral) particles

High Zpr events from
unresolved vertices

Merged jets from spatially
unresolved vertices

i E CMS 44752025

48



LHC nominal: 10* cm?® s

L rc

Scorded: 2016 May -07 02: 15 29.192000 GMT

2016

“35 pile—up
727 000 tracks per collision
bunch (40 MHz)

Higgs boson produced in the
VBF process on top of 200
pile—up collisions. The
efficient identification of
the forward jets accompanying
this process requires = : ~ s

association of the calorimeter " T 7 /il / . ' 200 vertices

energy deposits with charged ', )y~ 7 7 s ' 10’ 000 tracks per
tracks. o,y 7 L collision
40 MHz

https ://cerncourier. com/atlas—and—cms—upgrade—proceeds—to—the—ne
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CMSTRM % T LIATH 210 H

ER U ¥ F I HTDR TR 2L
https://cds. cern. ch/record/2272264 %E%>5-10$ MIP HT[E—I‘IZBKO\J%%
e Si-strips and Pixels increased R&D %KE;%;E

granularity B
+  Tracking in L1-Trigge LHCCHit#E

« Coverage extended to |et

G -
LRI — (LY ESEACEEN G

https://cds. cern. ch/record/2296612

« "30ps timing resolution

e Barrel: Crystals + SiPMs

* Endcap layer: LG Avalanche Diodes

https://cds. cern. ch/reco
e New ECAL/HCAL readout / https://cds. cern. ch/record/228319¢
n https://cds. cern. ch/record/228319:2

Tracks in L1
40M > 750k (PF-1ike) => 7.5k

LUJiq§E3¢Qb =)

Ui ah B He \
https://cds. cern. ch/record/2293646¥

e Si, Scint+SiPM in Pb-W-SS
» 3D position + precise timing + En@igs

S =5 RE A : L e
W oS W B FH 1 it
MUOHT%WH%% ‘?ﬁ Q}E ) https://cds. cern. ch/record/2020886
N IN — °
https://cds. cern. ch/record/2283189

e New GEM/RPC 1.4 <|eta|<2.4: GE1/1, GE2/1

« Coverage extended to |eta| 3:MEO 1 [ CMS & 4 22025 50
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https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2296612
https://cds.cern.ch/record/2283192
https://cds.cern.ch/record/2283193
https://cds.cern.ch/record/2020886
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Tracker Upgrade: layout and material

CERN-LHCC-2017-009 ; CMS-TDR- =
014 AUTED e

e Inner tracker:
e Increased granularity with occupancy at per mille
level: pixel size ~ 25 x 100 um? or 50 x 50 um?
e  Coverage up to n ~ 4, with ~4.9 m? active area

e Layout: 4 barrel layers, 8 small disks, 4 large discs
per side

e Mechanics and support: simple structure for easy
installation and removal — potential replacement of

inefficient parts possible!
e  Outer tracker:
e Layout: 6 barrel layers, 5 discs per endcap

° 9.5 million channels:

e  ~200 m?2 of active silicon sensors — 44M strips and
174M macro pixels (r < 60 cm)

e  Vastly reducing material:
e  light-weight mechanics and modules
e improved routing of services
e tilted barrel section

r [mm)]

1200

More granularity

Lower material budget

Extended coverage

Tracking in L1 Trigger

TBPX

1000

800

600

———SNNNNN NN N N NN,
I

400

200 T

RN NN T T T Y |

NSNNAAY Y N LY \ \ vVl

1 15 2 25 3 35 4
Inl

i [E CMS 44752025

TEPX

2 4
: : 16
\ \ \ 18
\ \
| \ \ 20
\ \
l, l, l, 22
N I| h 24
| " h 22
' ' : 30
| ) 4.0
n
2000 2500 z [mm)]
1.6 Phase-2 Tracker - Inent ol IT sevmors
CMS Simulation
r B T skt e
141 [ [o——
1_2:_ [l oo 01 vckeg wrmme

|

SOOI
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Processing Octant

. Detector Octant 1 (left) times TM perioc
N :
XY \
A \
X

TraCkS ll'ltO L 1 TrlggerFPGA based Hardware Demonstrator

» )
36 TFP slices / octant
64 links-in @ 10 Gbps

Geometric Processor GP N 7 :, . |
. . e = “Fd ////, e Y
Processes stub data, sub-divides il 4 77 Mg' Ly ’ :E e N
octant into 36 sub-sectors Ry s S e o r“\‘\v”/ %
E:. i " i e’y
-— @ 0 W4 AR
sk

Hough Transformation HT
Track finder, identifies groups of
stubs consistent with a track in r-¢@

FHR
HHH

I
1
Y

R

H
H
Fums

)

alpr

Kalman Filter KF # H { ] H ﬂ "
Candidate cleaning and ey r__ . H | i

precision fitting — parameters

Duplicate Removal DR Genuine
Uses fit information to remove 5 Stubs Track
duplicate tracks generated by the HT _?r:g::gate

Data flow




Expected performance

CMS Phase-2 Simulation tf, PU 200, s = 14 TeV

CMS Phase-2 Simulation tf, PU 200, Vs = 14 TeV

e 3‘ C H H 3
Occupancy will not exceed S L I -
0 Q Q
3 A) 3 e e 3
810‘2 e g 8 .
Resolution: E : : |
b bd - :-.-'.' -o-.-:::
v Deteriorates at higher 1 5
— a0
due to shorter lever arm & o =i
10 = __0-: o T e - _-t;-o__-_
b = -_, ~ ) R - -
v" Below 10um in centre, R e aatis Rln snans S B v = 0
20um at edge : =g Strip sensor -
= Macro-pixel sensor
A e e e
107 TBPS TB2S TEDD
= s Doubledisc 1
C Layer 1 |==Layer 4 | —e= Doublegisc 2
B ==|ayer 2 |==Layer 5 | == Doubledse?
= Double-disc 4
, =-Layer 3 |- Layer 6 | —s poubleisc 5 10°°
1()__IIIIII|I 1111 IIIIiIIIIiIIIIiIIIIIIIIiII|IiIII|
-25 -2 -15 -1 -05 0 05 1 15 2 25
n
CMS Simulation
CMS Phase-2 Simulation Js=14TeV, Muons (pT>10GeV), 0PU  ~ | FFTfl i Ly Lt T L o T L TL T T T LT
3 E Q Simulated muons
5 F =~ 3 p_=10 GeV
§ 1_ OC 0; ) Q'}_ T! : !
£ LOTOT0TOS (D e ®® %.%(QCQOJ OO0 HCCORE0 o e Phase-1 tracker
C 0. ~~ ~—
2 (] ® 4+ Phase-2 tracker
209 L) * ©
(] C [ ] L 1
= * * o 107"k £
0.8f ° i i
C L L & g
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s b ° EES N
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i i i i i
T ) T T N N N TV T O A A
Z — 1 4
n
CMS Simulation
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© e Phase-1 tracker
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©10°
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MIP Timing Detector

o Time information improves the quality of
the reconstruction of physics objects.
o Track time association allows to remove
spurious pile-up tracks from reconstruction,
o Impact on fake jet reconstruction, lepton
isolation and ID, b-tagging, pr™* resolution.
o Also adding the possibility to perform Time-
Of-Flight particle identification
. Impact on the reach of physics analysis: both SM and BSM
) 7CMS Phase-2 PbPb (5.5 TeV) o HH — bbyy ( 200 Pileup Distribution )
r | | Sfm‘u/ation 108 g ' — NoTiming
16 Hydjet 5 035 T parettnten Teang
1‘5} Ml >1.6 % o_a;gcveTsTein HHD~>‘bb‘/“£Yield H - bbyy
: B ook SarloEndcap g 22 efficiency
1 102 “ improved
: TOF 0z by 20%
3 particle ID sl
125 T
» 10 0.1—
11 "
; o.os?
E =3 -2 EE 0 1 2
0. 7y i Yo

t (ns)

0.6

0.4

0.2

-0.2

-0.4

Normalized entries

Simulated Vertices
3D Reconstructed Vertices
—=©&—— 4D Reconstruction Vertices

——— 4D Tracks

IIIIIIIIIIII'III'

LLP

0.3

CMS Phase-2 Simulation Preliminary 14 TeV
A EEBEEEEEES L !

[ M(D=1000 GeV, M( 7% =700 GeV, M(G) =1GeV ]

e AR RE R e R
To 4t 52+ GZ 1T

—ct=100mm

=—ct=30mm

—ct=10mm

ot s zenl=
600 700 800 900 1000 1100
M(x?) [GeV]

Improve HH sensitivity by 20%

Improve single Higgs precision by 20-30%

1 ECMS 4452025

Fraction of events / 0.004

1071k

HSCP

CMS Phase-2 Simulation Preliminary 14 TeV
A S e
SM (MTD)
SM (no MTD)
,,,,,,, HSCP 7 (M =432 GeV)
Il
F | .
E'L« ol
LoD MANN T
09 1 141 12 13 14 15 16 17
1/
cC
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MIP Timing Detector

BTL: LYSO bars + SiPM readout:
+ TK/ECAL interface: |n| < 1.45
* Inner radius: 1148 mm (40 mm thick)
* Length: +2.6 m along z
+ Surface ~38 mZ 332k channels
* Fluence at 4 ab™': 2x10™ n, /cm?

ETL: Si with internal gain (LGAD):
* Onthe CE nose: 1.6 <|n| <3.0

Radius: 315 <R <1200 mm

Position in z: £3.0 m (45 mm thick)

Surface ~14 m? ~8.5M channels

Fluence at 4 ab™": up to 2x10"°n, Jom?

Thin layer between tracker and
calorimeters

Hermetic coverage for n| <3.0

Feature:
MIP Time resolution 30-50 ps
4D vertex reconstruction
Expand physics at HL-LHC:

- Reduction of pile-up enhanc{
quality of reconstruction

- Mass reconstruction of the
long-lived particle

H1[E CMSA 452025 56



MTD Technology

BTL: first HEP experiment “PET-like” system
thin layer of LYSO:Ce crystal bars + SiPM + thermal electric coolers providing oy = 30/60 ps before/after
irradiation

16 LYSO bars polished on both ends (56 x 3 x 3.75 mm?3): per module (= 21000)
a2 - d | il
L

integrated luminosity [fb ]

0 500 1000 1500 2000 2500
g T : %13 Y
(ID 100 T =-35°C always
= WO TECs (T_ =-35°, T =10°C)
> 80w TECs(T, =457 T, =40°C)
- W/ TECs (T, = 45°, 7" = 60°C)
T 60
o
8 w
20 -
! ; . : ="
iPM on both sides . . i ) s s T e
SiPMo 24 modules readout unit grouped in trays Company delivers SiPM+TEC package Jear (fom the start of HLALHO)

ETL: first use (ATLAS&CMS) of Low Gain Avalanche photo Diodes (LGAD) on large scale readout by dedicated
ASIC
1.6 <|n| <3, 2 double sided thin layers with 1.3 x 1.3 mm? pads providing 8.5 M channels oy = 35 ps /track

ETL Design

1: Base plate (AIN) n++
2:LGAD \
3:ETROC

4:PCB

5: Wire bonds
6: Board-to-board connector 6

p+ gain layer
p bulk

\

JTE

Module PCB

o7




NIMA.2009.09.009, NIMA.2012.10.038

i!..!E e -
st _
af

arXiv:1307.7335, 1506.05348
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=k B RE #eHGCal

Key Parameters :

* HGCAL covers 1.5<1n <3.0

* Full system maintained at -30°C mass ~ 200 T

* ~640 m? of silicon sensors

« ~370 m? of scintillators

* 6.1M Si channels, 0.5 or 1.1 cm? cell size (6M)
240k scint-tile channels (n—¢)

each endcap

* Data readout from all layers
» Trigger readout from alternate layers in CE-E and al
all in CE-H ~
e ~31k Si modules (incl. spares)
challenges: 1TL77@5K$/I\T§T<{)F'UI§&;$,
MGy does fidit, OB, 14
: 5D & RER

140 pileup e

220kW heat load
640m? silicon sensor

r=2.62m

Electromagnetic calorimeter (CE-E): Si, Cu/CuW/Pb absorbers, 28 layers, 25.5 X, & ~1.7A
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 22 layers, ~9.5A (including CE-E)

1 [E CMS 4452025



=y S

Hexaboard

Kapton sheet

Cu/W Base plate

Module Assembly

Limit between
3001 and 200
sensors

Outer Radius

mounting \ !
screws/spacers “ :

/ ‘ |
connection plates !

! support cone Inner Radius. - : v ! . I . I . : .

cassette stack NN

1 Y F1
CE-E back disk T T

28ZEcal, 24/=HCal Stacking Tiling

H1[E CMSA 452025 60
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CMS-HGCAL i H

v

e S H

[T

y 0.1 T T T T g 0-1 T T T T T b 1:' LIL TR IUTR TN [ZER [N SRED SETL OV ETRLANY I.. L e | ‘.l ‘Il I“ V: , ! :l "1|4|T
S« S el g : - 0.8 ca@h ] = [ CMS Phase-2 Simulation - - - - /
E.gzi E*g®°®E E-g:- wn=20 el @c O 8 [jetp,>s0Gev I .
. . o a i e
07| 1 o.07f ; ;.
0.0 I 0.0 r=26 mm gw'
0.06f, $=0.251:0.002 | 0.06 $=0.258 = 0.003 - E
| " -
I (]
0.06¢ c=0.008 = 0.001 | 005} + =0.008 E >
04} % 1 04} | 3
0.0 n=0.029 0.04¢ n=0.811 = 0.052 3,4
0.03} { o003 3
0.02f , 1 002 - 1
0.01F - 1 0.1 T .
. ol L ol L ol L ol 1 L ol L e L ol L ol 1 10‘3 gl |
% 100 200 300 400 500 600 700 800 % 100 200 300 400 500 600 700 800 04 05 06 07 08 08 1
HGCAL G4 standalone E(GeV)  jgcAL Ga standalone E (GeV) b jet efficiency
10° CMS Deiphes Phase II Simulation PU 200,3 ab”, 14 TeV
3‘ "'I'Vl|TV|"Il"fll"|]'ll‘]ll"llV’lI"l']'ll:
w= = pp — TaTo — W e W' ;
» = o BR% 7 — WW) = 25% ]
= m(%) - m(Z) = 1 GeV E
L Exp., m(%9) = 250 GeV |
Rk e Exp., m(x9) = 150 GeV |
ﬁg‘i R
85 TR A T BT om0
E = A /_II_ AN =z . t [ Expected = 2 s.d. |
. Q . |
® H— VY, H — tt in the VBF p % 10° I Theoretical oy, o 1
o ]
s ]
® HH— bbtt _» £ 0% E
® Scarch for electroweakinos with SS leptons a i
: o 1 2
® Scarch for FCNC in t—qy 2
® Physics with boosted objects B PV TRV PP TEVTPPPTL FRVIY FYPVTTEVP OPTLFPVRY

450 500 550 600 650 700 750 800 850 900 950
m(%) = m(z;) (GeV]
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Muon Challenges: MEO as example

e = Requirements:

B = 97% module efficiency

2% 5 0L = < 500urad resolution
" w = 8-10 ns time resolution
< 15% gain uniformity
Work 1n high rate
environment: 5S0kHz/cm?

= Survive harsh radiation
environment: 280mC/cm?

= Discharge rate that does
not impede performance
= 6-Layer Triple-GEM stack installed or operation

behind HGCAL (complex environment)
2 x 18 stacks (20°) covering 2.0 <n < 2.8

200 3k s LB e o -

i E CMS 44752025 62



CMS i i p IR M 4% GEM
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. 3mm Drift gap

i=ssa2e™ 1 mm Transfer gap T1
2 mm Transfer gap T2

1 mm Induction gap

‘%0"‘0 m)

GEM HALIRS # 1E L RO = R BGEMEEN #4544
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Il .
GEM T AEHLH: Electron Multiplier
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Phase-II trigger upgrade

e Retain two-level trigger

<

DN

NN XN o

approach

v

Level-1 + High-Level Trigger

v

L1 Key parameters
Rate: 100 kHz — 750 kHz v
Latency: 3.8 us — 12.5 us

Inputs
Calorimeters
Muon System
Outer Tracker

Calorimeter trigger

Detector Backend systems

Global Calorimeter
Trigger

External Triggers

Four independent trigger processing paths

Sophisticated FPGA-based algorithms: using particle-

flow (PF) or ML approaches.

Increase trigger acceptance&physics sensitivity, while

maintaining Run-2 thresholds.

Scouting into HL-LHC data (@ 40 MHz: storing only

high-level information

Muon trigger Track trigger

Global Track
Trigger

[

[

Correlator Trigger

Global Trigger

Phase-2 trigger project

TP

Local

Global

PF

GT
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Summary

o CMS detector (design, R&D, building,
commissioning and operation) has been a great

success story

o [t laid down the basis of excellent physics results
(>1300 publications after 15 years)

e To meet the challenges of HL-LHC and maintain
physics potential, CMS needs Phase-II upgrade,
with important contributions from CMS-China

e MTD, HGCAL, GEM, PRC electronics

Let us Build the ﬁn“ure for CMS
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_ f ter - 1999
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LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS  Proton Synchrotron

AWAKE Advanced WAKefield Experiment  ISOLDE Isotope Separator OnLine

LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight
CHARM Cern High energy AcceleRator Mixed field facility

CENF CErn Neutrino platForm

AD Antiproton Decelerator

HiRadMat High-Radiation to Materials

IRRAD proton IRRADiation facility

CTF3 Clic Test Facility

1.4 GeV

PS booster:
PS: 25 GeV
SPS: 450 GeV
LHC: 6.5/7TeV

REX/HIE Radioactive EXperiment/High Intensity and Energy ISOLDE

GIF++ Gamma Irradiation Facility
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Homogeneous Sampling
e Advantages e  Advantages
e See all charged particles in the e  Relatively low cost

shower = best statistical precision

(lowest stochastic term) J Transverse & longitudinal

=» minimizes detector contribution to segmentation possibilities
measured particle widths => can significantly help to suppress
e Same response from everywhere 2 background
good linearity (in principle) ° Disadvantages
e Disadvantages e  Only part of the shower is seen =
e Limited segmentation higher stochastic (sampling) term
e Relatively high cost e  Examples
 Examples e  Aleph ECAL (LEP)
e Flavor factories (small y energies):
KLOE, BESIIL, CLEO c¢, Belle(Il), * LHCb & ATLASECALs
Babar e AIlHCALSs so far

e OPAL, Delphi, L3 (LEP)
e ALICE PHOS & CMS ECAL
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CMS Pha Se— I I up grade Replacements of existing system

Electronics upgrade/replacement
New detector

Barrel Calorimeters”

Ll-Triggg/HLT/]?AQ * ECAL crystal granularity readout at 40 MHz
* Tracks mn Ll-Tr1gger at 40 MHz * Precision timing for e/y at 30 GeV, for vertex
* PFlow-like selection 750 kHz output localization (H —> y)
" HLT output 7.5 kHz ~ * ECAL and HCAL new Back-End boards
/ =Muon systems
* DT & CSC FE/BE readout
Calorimeter Endcap \ new readou

. . * RPC back-end electronics
" 3D sho.v&fers 1mag1ngmm\‘ ' * Extended GEM coverage tomn = 3
recognition o - New GEM/RPC 1.6 <1 < 2.4
* Precision timing for PU mitigation
* Si, Scint+SiPM in Pb/W-SS \

MIP Timing Detector

* Precision timing for PU
mitigation

* Barrel layer: Crystals + SiPMs

* Endcap layer: Low Gain
Avalanche Diodes

Tracker
* Pt module design for tracking in L1-Trigger
* Extended coverage to n = 3.8

* Much reduced material budget

* Si-Strip and Pixels increased granularity

i E CMS 44752025 72
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