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The Composition of the Universe

Penzias & Wilson accidental discovery Ordinary Matter
4.63% =2 4.9%

1992 .
COBE Space Telescope } g Dark

Matter

DM makes up 84.5% of
all matter in the universe

Precision Measurements of the Universe
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The Large Hadron Collider, at the right time

The LHC was built to investigate
physics at the TeV scale

CMS Technical Design Report 2006

The prime goals of CMS are to explore physics at the
TeV scale and to study the mechanism of

electroweak symmetry breaking—through

the discovery of the Higgs particle or
otherwise. To carry out this task, CMS must be

prepared to search for New pa rticles, such as the

Higgs boson or supersymmetric partners of
the Standard Model particles, from the start-up of the

LHC since new physics at the TeV scale may
manifest itself with modest data
samples of the order of 1 fb™1 or less.
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https://cds.cern.ch/record/922757/files/lhcc-2006-001.pdf

The Compact Muon Solenoid Detector

2942 1065 281 229 51

PHYSICISTS ENGINEERS TECHNICIANS INSTITUTES COUNTRIES &
(1036 STUDENTS) REGIONS
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How do we detect these particles?
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Higgs boson quickly decays ¢ =
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Compact Muon Solenoid
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Hadron

Calorimeter
Muon

Detectors
Silicon Pixel

Silicon Strip =
Tracker

3.8 Tesla
solenoid

Compact Muon Solenoid
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Typical analyses:

build picture from M
~5 types of promptly
produced SM
particles

Charged hadrons

(e.g. pion)
Photon

Electron

hadrons
(e.g. neutron

T TE T
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CMS Preliminary
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Francois Englert Peter Higgs
Prize share: 1/2 Prize share: 1/2

"for the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which recently
was confirmed through the discovery of the predicted fundamental particle,
by the ATLAS and CMS experiments at CERN's Large Hadron Collider".
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What about Dark Matter?

Interacts very weekly with matter
-> goes unseen by detectors

Transverse
momentum

o= 3

‘IIIII EEEEEEEN

particles

Momentum imbalance provides insights
Into invisible particles

->miss Could be any particle that
pT IS not seen in the detector:
neutrinos, DM, ...




Looked for Dark Matter using large P

Produced via SUSY Coupling to the Higgs  Simplified DM models
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Only some examples
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CMS Moriond
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What did we miss?

e Looking for heavy particles

* Higgs, WIMPS, Supersymmetry, ...
 What about light new particles?
* Quickly Decay to SM particles

* Energy deposits in each sub-detector help
us reconstruct the collision

 What about particles that travel through the
detector before decaying?

* We have looked everywhere

e But we can only look in the data that we store

e But can we store more?
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Back to the basics

* What composition of DM is more complex?

e dark matter could be part of a “hidden” universe with no SM
gauge interactions

A >
Hidden valley =4
-
. ()
Higgs
e Boso
" TheVisible
r & HIDDEN UNI\IERSF 3D
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Hidden
sector
SM
M. Strassler
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Why Haven’t we seen them yet?

* Dark sector particles decay back to standard model “suppressed” by heavy
mediator = light long-lived particles

n <, ~0.1GeV
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Signatures that may escape detection

u «xaa= neutral man displaced W BSM
= charged dilepton M lepton
= any charge W quark
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Many more like these:
“long-lived” particles
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Signatures that may escape detection

A guide to hunting

long-lived particles at the
LHC arXiv:2212.03883

Simon Knapen'2?, Steven Lowette3

You cannot trigger on LLPs, so you always need to use MET or an associated hard
lepton etc.

.

The LHC detectors were not equipped for LLP detection.

e

LLP searches are background free.

Dark Matter in the Time of Colliders -
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Rethink

Triggering

Reconstruction

Analysis tools
& methods
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https://arxiv.org/abs/2212.03883

Smart data filters

40,000,000
events per
second Collisions happening every
LEVEL-1 TRIGGER HIGH LEVEL TRIGGER 5.0
25 ns, so these decisions
must happen fast

Y00 000
eventsfsecond

G ., e Can only store and
: reconstruct
"?‘Z‘*%j?, 1/40,000 event
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Rethinking triggers

Simulation used:
ecay in muon WH , H—>ss—>(bb)(bb)
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Rethinking triggers

L

Decays in
tracker into

* Challenging when muons are low-pT
- new methods of triggering needed

1), Prle) [GeV) (From EXO-23-014)
A
Run 2 (2016)
28, 28 —=

Run 2 (2018)
23, 23 —~

Run 3 (2022, L3)
16, 10 —

Run 3 (2022, L2)
10, 10 —

Run 3 scouting
|

1 1 ] .
0.01 1 Tracker end d, [cm]

Data reconstructed and stored on disk




How do we reconstruct these particles?

* Reconstructing long-lived particles u
7 M “’
displaced h—— — : - -
jet _— tracks Z

u

Impact parameter
and transverse
et | decay length useful
\ “] for identifying
*/ B-quark reconstruction displaced particles
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Uncovered parameter space =2 Generic Search

 Signature-based analysis: soft displaced dimuons from a displaced
secondary vertex (SV)
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*
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vsis strategy: look for a bump

« for a resonant peak in di-/four-muon invariant mass distribution
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Where we are now

* We have only analyzed 2022 + 2023 data & preparing for one of the first
publications using Run 3 data

* We have extended our sensitives to low mass and high displacement

* Even improved sensitivity to dimuon masses above 10 GeV where typically
one uses standard triggers & full reconstruction

e Continuing this search with Full Run 3 data (2024 — 2026)
* These developments have helped us expand the scientific output of CMS

* Non-traditional triggers now developed and used for several efforts, including the
search for higgs pair production

* There are many more years of data planned.....
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Future Colliders

An Inclusive Timeline for R&D
Future HEP Collider Projects  Juia Gons« construct
Physics

Today 2030 ~2040 205? 2067 2077

i i i >

HL-LHC T B Happening sooner ©

l TDR (~2032)
U Need time,
| Start 2045-8 +15 years patienCE, &
billions SS for:

Higgs Factories

l Demonstrator lTDR (2040) t h ese g Ofl:lﬁ'd me
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The High Luminosity LHC Upgrade

L1-Trigger
https://cds.cern.ch/record/2714892

RCMS Bl DAQ & High-Level Trigger
https://cds.cern.ch/record/2759072

Barrel Calorimeters

https://cds.cern.ch/record/2283187

o ECAL crystal granularity readout at 40 MH.
with precise timing for e/y at 30 GeV

o ECAL and HCAL new Back-End boards

Tracks in L1-Trigger at 40 MHz
Particle Flow selection

750 kHz L1 output

40 MHz data scouting

« Full optical readout
« Heterogenous architecture
60 TB/s event network

7.5 kHz HLT output

The Phase-2 U&gﬁde of the
CMS Barrel Calorimeters
Technical Design Report

Muon systems e

https://cds.cern.ch/record/2283189
o DT & CSC new FE/BE readout

« RPC back-end electronics

« New GEM/RPC1.6<n<24

» Extended coverage ton=3

-
Calorimeter Endcag \

https://cds.cern.ch/record/2293646 \
memecmiane o 3D showers and precise timing

CMS Endcap Calorimeter

Technica Desig Repor « Si, Scint+SiPM in Pb/W-SS

‘The Phase-2 Upgrade of the
'CMS Muon Detectors

TECHNICAL DESIGN REPORT

Tracker

https://cds.cern.ch/record/2272264

« Si-Strip and Pixels increased granularity
« Design for tracking in L1-Trigger
Extended coverage ton = 3.8

Beam Radiation Instr. and Luminosity
http://cds.cern.ch/record/2759074
» Beam abort & timing
» Beam-induced background
« Bunch-by-bunch luminosity:
1% offline, 2% online
« Neutron and mixed-field radiation
monitors

https://cds.cern.ch/record/2667167
Precision timing with:
« Barrel layer: Crystals + SiPMs
« Endcap layer:
Low Gain Avalanche Diodes

has
Technical Desij

May 29, 2025 Dark Matter in the Time of Colliders
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Building detector electronics

Muon Detectors

—— \
B e S—

New Precision Timing Detectors
BOSTON | &
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The Challenge of the High Luminosity LHC
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Precision Timing Technology

i - L (Almost) hermetic
coverage up to |n|<3.0

BTL: LYSO bars + SiPM read-out
> TK/ECAL interface ~ 45 mm thick

= |n|<1.45and pr> 0.7 GeV

= Active area ~ 38 m? ; 332k channels
= Fluence at 3 ab™’: 2x10%4 n,,/cm?

ETL: Si with internal gain (LGAD)
& On the HGC nose ~ 99 mm thick
>16<|n|<3.0

& Active area ~ 14 m?; ~ 8.5M channels
& Fluence at 3 ab™: up to 2x10%° no/cm? NG

> @ﬁ
N

< /
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New Capability: Time-of-flight

tMTD

tvtx

Flavor physics with heavy ions
/K separation up to 2-3 GeV
and K/p separation up to 5 GeV

CMS Phase-2 Pbe (5 5 TeV)
Ve 10° CMS Phase-2 Simulation Preliminary
16; CMSMTDTDR Slmulatlon SN REARE RARAN LALS LARAE LLLLE RALRE RAARE:
o - Hydjet 3.55_ Iyl<t ® BTL+ETL _
- m<15 E 0-100% O BTL only ]
r 3:— g No MTD e
1.4 10 E ]
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— F o 2F E
r < F
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L 10 L
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A ’ / e

-

N Ermiss \f\%’a
.\T P Z(ete)
» 1 t

BSM: LLP, heavy stable charged particles, ...
Vast acceptance extension from vertex-object timing
fundamentally changes how we execute these searches

MID

CMS Preliminary Ti—> t6W) i(:(Z [e’e] a) CMS Phase-2 Simulation 14 TeV

8 L T ‘ L ‘ 1T ‘ T ‘ L ‘ T
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https://cds.cern.ch/record/2667167?ln=en
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2667167?ln=en
https://iopscience.iop.org/article/10.1088/1361-6471/ab4574

Design of the Endcap Timing Layer (ETL)

1MeV Fluence [1E14 n,/cm?]

30

25 |

15 F

10 -f

2 [

High fluence:
> 1E15 Ngo/cm?

Beam
axis

CMS FLUKA 3.7.18.0

© 3000 fb-1 with x1.5 safety factor
= 3000 fb-1
4 4000 fb-1

..........

60 80 100 120 140
Radius [cm]

Backplate
w/ services 4

Thermal 45
screen £ A5

Each endcap is comprised of 2 cooling disks.

Detector modules, comprised of Low Gain Avalanche
¢ Diode (LGAD) sensors bump-bonded to a custom

N readout ASIC (ETROC) are mounted on both sides of

each disk, providing up to two measurements

(50ps/hit) per track (35 ps).

alawiioeo deopug

Module PCB

16x16 array

Baseplate

Design and operation targets and challenge:

* ETROC targets handling small signals, down to ~5 fC.

* Sensor targets >8 fC at end-of-life; fluence >1 x 101>
Neo/CM? in the 15% innermost region 23



Precision timing in high radiation environment: LGAD sensors

Silicon structure optimized for time measurements (~30 ps from sensor).

A p-doped implant creates a volume of high field, where charge multiplication happens.
* Thin gain layer increases the electric field and helps meet threshold for charge multiplication

 When charge particle goes through, signal avalanches quickly (30 - 40 ps timing resolution)

* The success of LGADs is due to the sensor noise is hidden by the electronic noise.

/

>

Zzoom

p+ gain JTE
implant
e —

Low-gain avalanche diode E field
Courtesy N. Cartiglia (INFN-Torino)

Drift area with gain
0.5-2 um long

'-'I pm

The gain layer:

a parallel plate
capacitor with high
field

Amplitude

Signal
A Total Noise
Best S/N raﬁxA /
P ”
z7 ‘\
Shot Noise
":;";" """"""""""""
-7 Noise floor, gain independent
el e
— ' >
10 1
0 00 Signal (gain)

Low gain
G— |
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Precision timing at low power: ETROC ASIC

»!
Lt}

20.8 mm

Y

Design features:

* Preamplifier + discriminator, auto threshold calibration

Single TDC measures Time-Of-Arrival (TOA) and Time-Over-
Threshold (TOT), and delay cell time (CAL)

16x16 clock tree distribution

16 rows, 20.8 mm

e Radiation hard waveform sampler
i * Charge injection for testing & calibration
Performance specifications:
16 x 16 pixel cell matrix,—  TSMC 65nm technology, 100 MRad (TID spec)
1.3 x 1.3 mm? pixels : : .
¥ 1 * Low noise and fast rise time

TDC Clock Gen gias sTemp ° LOW power: S 4 mW / Chanl’]EI at end—of_“fe
7

1.2mm

e ASIC contribution to time resolution < 40 ps at end-of-life

Fast Command Waveform
Decoder e j2C Sampler Ctrl

) F/, ETROCO: single analog channel ETROC1: with TDC, 4x4 channel-clock tree
' ETROC2: full size, full functionality, testing now!

\4 \4

Conmmand oo saoom sawon  ETROC3:final chip, submit next year




Putting it all together

Module: 207 Bias: 215.0 Offsét: 20.0 Energy: 5.0 Power: i1
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The Physics This Enables

CMS Phase- PbPb (5. 5 TeV
1.7 T ] 4
- S/mu/at/on 10 T Higgs
1.6— i — .
:y)d:est ] Timing layer potential
1.5 ' { )
: CMS-TDR-020 -
14 =10
= ¥ L1, —
120 K& =
u -8 10
14f 1 L T
o
1, - |
0'90 J 1 2 4 o 5 !
p [GeV] MTD improvement | analysis impact physics impact
H— vy lepton 1solation +25% statistical precision on | Higgs boson couplings
H— 44 vertex identification | cross sections
VBFH — 77 | isolation +30% statistical precision on | Higgs boson couplings
VBF jet tagging cross sections
pr - resolution
HH 1solation +20% 1in signal yield consolidate searches
b tagging
EWK SUSY pT +40% reducible background | +150GeV mass reach
reduction
LLP Pr1p from timing of | peaking mass reconstruction | unique discovery potential
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Precision
instrumentation will be
key to understanding
Dark Matter

Exciting time to be part
of an LHC experiment

BOSTON

UNIVERSITY
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