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vy Goals for today

7VIRGINIA

Introduce CMS and convince you that discovering new physics in
existing CMS data is absolutely possible

Introduce the incredible opportunity and challenge of HL-LHC

Introduce HL-CMS and convince you that meeting the HL-LHC
challenge will create fundamentally new opportunities for discovery
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LHC and CMS
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UnvERsiry Large Hadron Collider

s e
......

Bryan Cardwell (University of Virginia)

bryan.cardwell@cern.ch

Humanity's window into the electroweak scale

Creating opportunities for O(TeV) interactions
40 million times per second since 2010

Just wrapped up (wildly successful) LHC Run 3

Upgrading now to massively increase overall
collision rate

> High-Luminosity LHC starts in 2030

09 September, 2026
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s How does CMS detect particles?
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e How does CMS detect
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Superconducting solenoid
provides 3.8T magnetic field
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provides 3.8T magnetic field

Tracker reconstruc ‘
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and uses curvature t
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Superconducting solenoid R\ Calorimeters measure
provides 3.8T magnetic field  EEaN energy of showering
' IS electrons, photons, and
hadrons

Tracker reconstruci
charged particle trajec PN BN ; :
and uses curvature to ¢ e §\ - Muon System reconstructs
m S I N huon tglectories e ing
curvature in return flux

yp‘.

£

determine momentum
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e How does CMS detect

Superconducting solenoid 4y 2 Calorimeters measure
provides 3.8T magnetic field FEai S SEE g s enerav of showering

Put it all together:

Use position, momentum, and energy to
distinguish between e, u, y, T, h*” and h°
and infer nature of hard process

—— — | | 1S
mMuon trajectories and
curvature in return flux
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" Not pictured: Trigger
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Problem: Not possible* to analyze every bunch crossing

- Raw data would be ~10'° Terabytes per year
- Also limitations associated with data transfer and computation

*.yet
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" Not pictured: Trigger

IRGINIA

Problem: Not possible* to analyze every bunch crossing

- Raw data would be ~10'° Terabytes per year
- Also limitations associated with data transfer and computation

Solution: use partial event information to select “interesting” events

- LI: Use coarse Calorimeter and — High Level Trigger Offline
Muon System information to go Online reconstruction analysis

from 40MHz to 100kHz . =lelals
e d: =l
!! - o

o v e e S
- | XV ]V

Level-1
trigger

- HLT: Use complete but imperfectly
reconstructed information to go

from T00kHz to ~1kHz I

Level-1 trigger

*
reconstruction .. .ye t
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: Trigger

Problem: Not possible* to analyze every bunch crossing

Raw data would be ~10'° Terabytes per year

Also limitations associated with data transfer and computation

olf
> 99.99% of events are

...a lot rests on our definiti

thrown away

reconstructed information to go

from T00kHz to ~1kHz I

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch
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Hunting for new physics with CMS
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sy Three ways to discover new
physics at colliders

1. New physics only manifests at higher energy scales

> Hope to see hints in precision measurements
> Build O(100TeV) collider ASAP
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przsy  Three ways to discover new
physics at colliders

1. New physics only manifests at higher energy scales
> Hope to see hints in precision measurements
> Build O(100TeV) collider ASAP

2. New physics manifests at TeV scale but is very weakly coupled
> Continue “standard” searches and measurements at HL-LHC

3. New physics manifests at TeV scale in ways we don't expect
» Confront the ways our biases, reconstruction algorithms, and detector
design may blind us to new physics already being produced

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026
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An important reminder

HIN-25-020

TOP-25-002

SMP-23-001

BPH-24-001

HIN-24-013

SMP-24-014

HIN-25-012
BPH-24-003

BPH-23-007

TOP-24-009

collisions

Observation of an excess at the top quark pair production threshold in the single-
lepton channel

Observation of electroweak production of pairs of Z bosons in proton-proton collisions
at13 Tev

Observation of the rare decayn — ptp ete”

Observation of nuclear suppression in coherent Y (1S) photoproduction off heavy
nuclei at the LHC

Evidence of ZZ~y production and observation of 4 £v in proton-proton collisions at
V8 =13Tev

Observation of the jet diffusion wake using dijets in heavy ion collisions
Observation of a family of all-charm tetraquarks

Observation of Y (1S) + Z associated production and measurement of the effective
double-parton scattering cross section in proton-proton collisions at /s = 13 TeV

Observation of tWZ production at the CMS experiment

Showing 1 to 10 t@» jltered from 2,343 total entries)

CMS observes things humans have never
seen before all the time

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch
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”>| CMS Public Results

CMS observes things humans have never

Code Title
[search Code | [observation | seen before all the time
it s Z)ot:;:ir(;/s:mn of enhanced baryon production using strange hadrons in oxygen-oxygen

Observation of an excess at the top quark pair production threshold in the single-

TOP-25-002
lepton channel

: o _ - Looking somewhere new for the first time
Observation of electroweak production of pairs of Z bosons in proton-proton collisions . . .
3t 13Tev Is always an opportunity for discovery

Observation of the rare decayn — ptpu ete”

Observation of nuclear suppression in coherent Y (1S) photoproduction off heavy
nuclei at the LHC

SMP-23-001

BPH-24-001

HIN-24-013

Evidence of ZZ~y production and observation of 4 £v in proton-proton collisions at
SMP-24-014

V8 =13Tev

HIN-25-012 Observation of the jet diffusion wake using dijets in heavy ion collisions
BPH-24-003 Observation of a family of all-charm tetraquarks

Observation of Y (1S) + Z associated production and measurement of the effective

BPH-23-007 4 AR o
double-parton scattering cross section in proton-proton collisions at /s = 13 TeV

TOP-24-009 Observation of tWZ production at the CMS experiment

Showing 1 to 10 of 77 entries (filtered from 2,343 total entries)
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CMS Public Results

Code

An important reminder

Title

\Search Code ‘

] observation

HIN-25-020

TOP-25-002

SMP-23-001

BPH-24-001 Observation of the rare decayn — ptpu ete”

HIN-24-013

SMP-24-014

HIN-25-012
BPH-24-003

BPH-23-007

TOP-24-009

Observation of enhanced baryon production using stra
collisions

Observation of an excess at the top quark pair product
lepton channel

Observation of electroweak production of pairs of Z bc
at13 Tev

Observation of nuclear suppression in coherent Y (1S)
nuclei at the LHC

Evidence of ZZ~y production and observation of 4 £v it
V8 =13Tev

Observation of the jet diffusion wake using dijets in he
Observation of a family of all-charm tetraquarks

Observation of Y (1S) + Z associated production and f
double-parton scattering cross section in proton-proto

Observation of tWZz production at the CMS experiment

Showing 1 to 10 of 77 entries (filtered from 2,343 total entries)

% 30— .
s -  Signal
0 25 channel
o F
% 20__N 127 £ 13
> L 2u2e T -
W 15

10

(@)

MS

2022, 38.0 fb" (13.6 TeV)

\

¢ Data
—— Total fit
Comb. background
n-uue'e
L d U T
— mHuuete MC
— MounyMC
x2/ndf = 61.4 /63

g (2) lllllluuhl*{"'#l"h" lh L} hlll%*u“ﬂ“& ||Ql e
% _25_ To'gelie olTer |17 /1o (Tesee e oo’ [To] o ¢l¢¢ 'rlyu
N 045 05 055 06 065 07 055 08

https:/arxiv.ora/abs/2605.00615

Bryan Cardwell (University of Virginia)

bryan.cardwell@cern.ch
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sy COnfronting experimental biases at CMS |
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Considering unconventional signatures

Addressing the blind spots in our reconstruction algorithms

Recovering lost collisions

Making sure that what feels “well motivated” isn't overly
constrained but what feels “experimentally possible”

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026
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Experimentally: particles with measurable, macroscopic decay lengths

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026
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Experimentally: particles with measurable, macroscopic decay lengths
- Lab-frame decay length bigger than a human hair

Human hair
~50 um radius

Hyalmc laycr —— -

Cortex _ ,Lé :

of hair =~ ﬁ a1

Medulla __ K@

of hair ~ T} 3

Huzley's _ - \* . ,“ s

layer \ BAey A
U

Henle’s layer — ==,
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N Long-Lived particles (LLPs)
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Experimentally: particles with measurable, macroscopic decay lengths
- Lab-frame decay length bigger than a human hair and smaller than CMS

'(!__Z:om'pjalct Muon Solenoid

48

Human hair
~50 um radius

Cortex _
of hair

Medulla _ _
of hair

Hualey's _ -

layer

Quter or \
dermic coat ===
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Experimentally: particles with measurable, macroscopic decay lengths

- Lab-frame decay length bigger than a human hair and smaller than CMS

Human hair ’/‘5“’”*‘ : Compact Muon Solenoid
~50 um radius el e s B .4 »7000,000 um radius

Huge variation in length scale demands
huge variation in detection strategies!

O T ] (.
Hualey's _ - y 2

layer \\ |

Outer or W
dermic coat === ‘\\‘é
8

[}

Henle's layer
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.. Inelastic Dark Matter

7VIRGINIA arxiv1508.03050 arxiv:1810.01879 arxiv:0101138

Simple DM model that (mostly) evades direct detection

- Two DM states with small mass splitting: x, and x, X
- Smaller mass state is the astrophysical DM A
- Off-diagonal coupling dominates interaction X5

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026
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7VIRGINIA arxiv1508.03050 arxiv:1810.01879 arxiv:0101138

Simple DM model that (mostly) evades direct detection

- Two DM states with small mass splitting: x, and x, X
- Smaller mass state is the astrophysical DM A
- Off-diagonal coupling dominates interaction X5

Direct detection
X4 X5
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Simple DM model that (mostly) evades direct detection

- Two DM states with small mass splitting: x, and x, X
- Smaller mass state is the astrophysical DM A
- Off-diagonal coupling dominates interaction X5

DIngCt detegpion
X4 X5
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Simple DM model that (mostly) evades direct detection

- Two DM states with small mass splitting: x, and x, X
- Smaller mass state is the astrophysical DM A
- Off-diagonal coupling dominates interaction X5
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Simple DM model that (mostly) evades direct detection

- Two DM states with small mass splitting: x, and x, X
- Smaller mass state is the astrophysical DM A
- Off-diagonal coupling dominates interaction X5

: : A
DingCt detegpion P

X4 X5
-
A
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Classic signature of DM (or SUSY or whatever invisible thing you can imagine)

- Initial-state radiation (ISR) jet provides a kick to invisible particles
- ldentify potential signal events via large momentum imbalance (MET)

- Powerful, model independent, but large Z-nunu background out to large MET
CMS-EXO-20-004

10s Monojet 137 fb~1, 2016-2018 (13 TeV)
> T T T T ]
& CMS Background-only fit ]
> 7+ jet .
T f I W+ jet ]
2 107 1 Other .
q. X ¢ Data 1
102
10
10°
Z ) 10-1- — H(inv), BR = 25%
— Axial, Mpeg = 2 TeV, my = 1 GeV
10—2 P P | l
q X 8’ 1-25: [ 7’ T 1 T Il "L 7]
§ 1.00 W“O#‘ﬁ:miﬂi
‘(! - ]
8 075’ PE—— PR R | I | | P
E 2 T T T T T
=)
1
o
] ol L
8 400 600 800 1000 1200 1400

P (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/index.html

- Monojet+LLP signature

7VIRGINIA

- ISR Jet + LLP process w/ visible and invisible final state particles

- LLP signature greatly reduces Z-»nunu background

- MET provides a way to trigger on signals that would otherwise be too soft or displaced

- Boost from ISR can give otherwise too-soft LLP decay products enough energy to be reconstructed

Some CMS examples

Disappearing tracks
Inelastic Dark Matter
Muon Detector Showers
Soft displaced track
Soft displaced vertex

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026
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U a Inelastic Dark Matter at CMS
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- 13 TEY)
M M M _% 1-2;CMS # Standard reconstruction -
First search targeting pu final state (PhysRevlett132.041802) S s ]
. . . L. s 1 -
- Dedicated displaced muon reconstruction enables sensitivity to g oprracoc K + ]
decays all the way out to Muon System §0-8_— ,} I—_
c | I
soe- . 5 5 -
Second search targeting ee final state (CMS-PAS-EXO-24-036) BopeoAcna
. . . 041 . 50 Gev l s 1]
- Dedicated tracker-driven electron reconstruction enables electron E wim, = 40% -
. 0.2(~ Mixof ot (r,): \ 5 |+
reconstruction down to momenta of 1GeV [ 1101001000mm | & |1
L o all R
. . . 0
- Tracker-driven reconstruction also dramatically 1 10 B 10°
. . Muon transverse production distance v, [cm]
iNncreases ability to reconstruct electrons CMS Simutation Preliminary 138 fo-! (13 TeV) S Slmiaion Py 8 HATA]
. . > T T T T T T 3 B T T T T T T |
outside of inner tracker
30.175— J — (my,A,cT)=(70GeV, 7GeV, 1mm) ] EO.B— 1
< 0.150[ 5 B
01251 —— Muon cutoff 1 g 66 i
01001 [ . %
0075 . EEM . ]
0.050 -
0.2 -
0.025| J‘ B
I:JJ-—b Electron|cutoff
0.000 G =50 75 i00 125 150 00 —="90 20 30 4 50 6

Leading Electron Generator pr [GeV] Lyy [cm]
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https://doi.org/10.1103/PhysRevLett.132.041802
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-24-036/

§ LT Soft Displaced Vertices
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’ 4 ”
MET ," Displacement vector
Und bleLSP ! >

- CMS simulation (13 TeV)
' a 1_|_|| T T ||||||| T T ||||||| T T TTTTTT T T ||||||| :
=" c - -
______ 9 o9F x - ff’ x - ffx =
_______ Vertex momentum O o ]
Displaced vertex W 08 E Mup= 400 GeV, ct =20 mm =
o Tracks - —e— Am=25GeV, tuned IVF .
07 —=— Am=12GeV, tuned IVF =
/ . e Foooees ©--nnn Am = 25 GeV, default IVF ]
. angl) \ T g Am =12 GeV, default IVF E
\\ N/ Primary vertex - .
D ISR 05 :_ e * _:
C ++ '_.-'._Q_. ]
. . . 0.4 } + ._._:_._:—l—o—.—._._.'_'_:—é— {
Push Displaced Vertex searches to the limit g _,3? E
0.3 3
- Fewer (= 2), lower momentum (= 0.5GeV) tracks ok A
- Larger displacements (< ~30cm) 015 i . ]
. ’ "—‘é“ .(I). PeXRbet] 'O" :8:; -D- -{H: :8: _:
B \/\/elrd angles OH-h- B |'Er"1||||| Ll L1 |'|'Q'I11L@10|{|}L_u_ul._:‘

. ) 107 10™ 1 10 10
M a_J or C h a | | en g es. Transverse displacement of the LLP decay vertex (cm)

- Combinatorial background
- Unrelated or mis-reconstructed tracks overlapping genuine SM backgrounds
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https://indico.cern.ch/event/1441321/contributions/6545282/
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General theme: compressed mass spectra

June 2026
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o= =0
pp o tt, t > bffx1

0-, 1- and 2-lepton combination
D 13716 (13 Tev)

Eur. Phys. . C 81 (2021) 970

Two soft leptons

137" (13 TeV)

JHEP 04 (2022) 091

Single lepton
D 1971 (13 TeV)

JHEP 06 (2023) 060

General compressed SUSY
D 138 1o (13 TeV)

Phys. Rev. D 112 (2026) 112028

Soft displaced vertices

D 10010 (13 Tev)
JHEP 05 (2028) 191

Observed

‘exclusion 95% CL

pected
‘exclusion 95% CL

y T T
800

e F o
1000

L1
1200

A |
1400

m; (GeV)
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10% ¢

ct (mm)

Prompt

~+-0 ~0-0
PP — XX, > WZL X,

Two or three soft leptons
JHEP 04 (2022) 091

Am=12GeV, 137 b (13 TeV)
[] aAm=25GeV, 137" (13 TeV)
Two or three leptons, combination
PRD 109 (2024) 112001
[] am=12GeV, 129-137 b (13 TeV)
[] Am=25GeV, 129-137 6" (13 TeV)
General compressed SUSY
Phys. Rev. D 112 (2025) 112023
[] am=12GeV, 13817 (13 TeV)
[] Am=25GeV,138b" (13 TeV)
Soft displaced vertices
JHEP 05 (2026) 191
[] Am=12GeV, 100" (13 TeV)
] Am=25GeV, 100" (13 TeV)

Observed
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Expected
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(. Disappearing Track
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Soft 2| and 3|
EX0O-23-017

Isolated Soft Track
SUS-24-012
Observed (138 fb)

95% CL Upper Limit
Expected (138 fb')

95% CL Upper Limit
= = = Expected (400 fb")

Expected (3000 fb")

Expected (6000 fb")

Radiative corrections

100

200

300

https/cms-summary-searches.docs.cern.ch/compsusy._summary. 1
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UptvERSITY Recovering lost collisions
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What if the “interesting” events are part of the 99.99% we're throwing away?

Let's try to save them! Three approaches:
- Parking: save more events by delaying reconstruction
- Scouting: save more events by reducing data per event

- Anomaly Detection: save “weird” events that aren't targeted by existing triggers

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026
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CMS Prellmlnary HLT rates and inst. luminosity averaged over one fill of a given data-taking year

- i Ve s i z i § | é :
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Using HLT-level information for analysis

- Imperfect calibrations and reconstruction
- Reduced information to meet data rate constraints

- Lower trigger threads

High Level Trigger Offline
Online reconstruction analysis

==
A 566
s X ] !! q EDig;—'g)ge
CaiEt-3 Tape storage
. trigger
Matured and expanded in Run 3 accept
- GPUs everywhere I
- Adding g, y, full tracking, and offline-style
reconstruction
- Data rates and data quality dramatically Level-1 trigger
reconstruction

increasing in last years of Run 3
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ﬁ?ﬁ Anomaly DeteCtion CMS-PAS-MLG-25-001 |
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Two L1 anomaly detection triggers active in CMS: §t}AXO TLand CICADA
CMS Prellmlnaly 12024 (13.6 TeV)
- Similar concepts: S W oz 3 Zerobiss
> F : : AXOL1TL T
- Autoencoder-based £ e L pbr3GeV, <24 ]
<qo2f § T 5 :

Trained on Zero-Bias dataset
- Running on FPGAs at 40 MHz 1o
- Very nice logos :

- Different inputs: 5 :
- High-level physics objects ¥ 108 g d
. . -~ Reconstructed muon m,, [GeV]
- Low-level calorimeter images & | CMS roimay 202105 1o
€ 100t AXOL1TL -
2 [ CICADA
% 162 AXOL1TL unique
i ; <" | i CICADA T
Both taking data since 2024/ = Hmgs
- ~740 unique million Anomaly Detection events in 2024 107
- Exploration and analysis design underway .
10-

E 1 1
0 500 1000 1500 2000
L1 Hy [GeV
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The opportunity and challenge of

HL-LHC
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- We may collect more data every year than we collected in all of Run 3 (2022-2026)

Opportunity

Up to 4000 fb™ of 13.6 TeV collisions

Unprecedented opportunity for precision measurements and possible
observation of rare processes

Peak luminosity [1 034cm'zs'1]

o = N W b~ 00 N
L 1

2010 2015 2020 2025 2030 2035 2040
Year

3500
3000
2500
2000
1500
1000
500

fb)

Production cross section, o (

Aim to produce >100 million Higgs bosons

Study the Higgs sector in detail and potentially observe
Higgs self-coupling

CMS Preliminary August 2026
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CMS Preliminary 138 b (13 TeV)
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K=Kk =1 —e— Observed ~ ----- Median expected
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. ‘ CMS-PAS-HIG-21-014

CMS-PAS-HIG-21-005

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

JHEP 03 (2021) 257

Acc. by PLB (2206.09401)

Nature 607 (2022) 60

Nature 607 (2022) 60

1 |
100 1000
95% CL limit on o(pp — HH)/cJ_I_hsory
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NWERSITS Challenge

€MS Experiment at the LHC, CERN
' Data recorded: 2025-Oct-08 20:55:40.834048 GMT
=
L -

Run/ Event /'.L.S: 397962 / 179871689 / 556
https //lcds.cern.ch/record/2945596

~200 pp collisions / bunch crossing

(~50 is typical in CMS Run 3)
Z
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= ~200 pp collisions / bunch crossing

(~50 is typical in CMS Run 3)
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NIVERSITY Challenge

€MS Experiment at the LHC, CERN
J Data recorded: 2025-Oct-08 20:55:40.834048 GMT T h ree fu n d a m e nta I p ro b I e m S

Run / Event/LS: 397962 / 179871689 / 556
https://cds.cern.ch/record/2945596

1. Massive radiation dose

= ~200 pp collisions / bunch crossing

(~50 is typical in CMS Run 3)
Z
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€MS Experiment at the LHC, CERN
?] Data recorded: 2025-Oct-08 20:55:40.834048 GMT T h ree fu n d a m e nta I p ro b I e m S

Run / Event/LS: 397962 / 179871689 / 556
https://cds.cern.ch/record/2945596

1. Massive radiation dose
2. Massive data rate

= ~200 pp collisions / bunch crossing

(~50 is typical in CMS Run 3)
Z
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N Challenge

€MS Experiment at the LHC, CERN
?j Data recorded: 2025-Oct-08 20:55:40.834048 GMT T h ree fu n d a m e n t a I p ro b I e m S

Run / Event/LS: 397962 / 179871689 / 556
https://cds.cern.ch/record/2945596

1. Massive radiation dose
2. Massive data rate
3. Massive background rate

e e L Sl S SRS = sRemastel D¢ e 5 e o

- ~200 pp collisions / bunch crossing

(~50 is typical in CMS Run 3)
Z
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NIVERSITY Challenge

€MS Experiment at the LHC, CERN
J Data recorded: 2025-Oct-08 20:55:40.834048 GMT T h ree f un d amen t = I p ro b I ems

Run / Event/ LS: 397962 / 179871689 / 556
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3. Massive background rate

i e S BT

- ~200 pp collisions / bunch crossing

(~50 is typical in'CMS Run 3)
Z
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NIVERSITY Challenge

€MS Experiment at the LHC, CERN
J Data recorded: 2025-Oct-08 20:55:40.834048 GMT T h ree f un d amen t = I p ro b I ems
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3. Massive background rate

i e S BT

- ~200 pp collisions / bunch crossing

(~50 is typical in'CMS Run 3)
Z
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Three ways to reduce background
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UryeRsrry 1. More complete coverage
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CMS,

. Enhanced forward coverage

#a IN Tracker and Muon System
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UryeRsrry 1. More complete coverage
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. Enhanced forward coverage

as 1IN Tracker and Muon System
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New High-Granularity
Calorimeter (HGCAL)
- 47 layers

- Sensors down to 0.6 cm?
More than 6 million channels

777
77
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New High-Granularity
Calorimeter (HGCAL)
- 47 layers

- Sensors down to 0.6 cm?
More than 6 million channels

777
77
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7 New High-Granularity
1!/ Calorimeter (HGCAL)
- 47 layers

- Sensors down to 0.6 cm?
- More than 6 million channels
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In

|/l New High-Granularity
/||| Calorimeter (HGCAL)
- 47 layers

- Sensors down to 0.6 cm?
- More than 6 million channels

o

Improved time resolution

| ~everywhere

- Targeting 30 ps for higher energy
e, v, hin ECAL and HGCAL

- ~Insin Muon System
N A e
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HGCAL

Unprecedented longitudinal and transverse segmentation

Silicon sensors and plastic scintillator + SiPMs

Potential to watch particle showers develop in space and time

- CVAF PN BT X

s | Current calorimeter l
=8

resolution
- y

Bryan Cardwell (University of Virginia)

3
n

o . = wf Chor=sPy .

HGCAL resolution
SRRASELI L gt

£ f

bryan.cardwell@cern.ch

HCCAL CERN Detector Seminar

~2.3[m]
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https://indico.cern.ch/event/1596761/
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Barrel Timing Layer (BTL):
- Scintillating crystals and SiPMs tile surface just outside Tracker
Endcap Timing Layer (ETL):
- Low-Gain Avalanche Diodes (LGADs) just in front of HGCAL

Hermiticity and precise timing for ~all charged particles critical to
locate collisions in time
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o Putting it all together

7VIRGINIA

€MS Experiment at the LHC, CERN
' Data recorded: 2025-Oct-08 20:55:40.834048 GMT
. Z— Run/ Event /'LS: 397962 / 179871689 / 556
https://cds.cern.ch/record/2945596
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m . Start with Phase-2 Tracker
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€MS Experiment at the LHC, CERN
' Data recorded: 2025-Oct-08 20:55:40.834048 GMT
. Z— Run/ Event /'LS: 397962 / 179871689 / 556
https://cds.cern.ch/record/2945596
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B Start with Phase-2 Tracker
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https://cds.cern.ch/record/2272264

- Add precision timing

7VIRGINIA +45ps
+25ps
Y
LZ 1+125ps +50ps\ \>>P®

+120ps +145ps
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- Add precision timing

IRGINIA +45 ps

*+25ps +130ps

avg: ~130ps avg: ~40ps

~90 ps

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026


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

- Add precision timing

SR it .

Collisions that overlap in space
can be pulled apart in time!

\

~90 ps
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Timing will allow us to reject ~2x as many tracks from pileup vertices

CMS Phase-2 Simulation (14 TeV)
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Timing will allow us to reject ~2x as many tracks from pileup vertices

Improves the performance of ~all CMS objects and therefore ~all CMS analyses
- Improved object identification and isolation will improve expected di-Higgs
observation significance by as much as ~2-3 additional years of HL-LHC data taking

50 CMS Phase-2 Simulation (14 TeV) - 1CMS Phasle-2 Simulation | HH — bbbb ( 200 Pileup Distribution )
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wmen  VWhat else can timing do?
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Fundamentally new information enables fundamentally new abilities,
for example:
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Fundamentally new information enables fundamentally new abilities,
for example:

Work together with other Phase-2 upgrades
- Associate neutral particles to primary vertices by combining
MTD vertex time with ECAL+HGCAL time measurements

- eg. ldentify Hoyy vertex, even at PU=200

s O T T T T = ST B T s 102 e O—= e T R T~ 10?
. :. = - L S pa— rem -" ‘ ..I.-\. - . .'r-
o5 HGCAL resolution st HGCAL resolution with i
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Fundamentally new information enables fundamentally new abilities,
for example:

Work together with other Phase-2 upgrades
- Associate neutral particles to primary vertices by combining
MTD vertex time with ECAL+HGCAL time measurements  _cms Phess2

- eg. ldentify Hoyy vertex, even at PU=200 Lo

PbPb (5.5 TeV)
‘ T T T T ‘ T T T T [ T T T T
Simulation
Hydjet
<15

10°

Particle ID L
- Infer mass from TOF, path length, and momentum :
- Immediate applications for heavy ions and B physics =

102
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Fundamentally new information enables fundamentally new abilities,
for example:

Work together with other Phase-2 upgrades
- Associate neutral particles to primary vertices by combining
MTD vertex time with ECAL+HGCAL time measurements  cMS phase.2 simuation 14 TeV

LA L L L L L L L

- e.q. ldentify H»yy vertex, even at PU=200 2 03 Tt 524G Z 0T ]
GCJ [ M() = 1000 GeV, M(x?) = 700 GeV, M(G) = 1 GeV ]
: T 025 =}
Particle ID g o i .
© L
- Infer mass from TOF, path length, and momentum £ o =
. . . . . L —ct=100mm
- Immediate applications for heavy ions and B physics < 40 5 e
—ct=10mm
0.1— _
—ct=3mm

Long-Lived Particle searches
- Direct handle in Heavy Stable Charged Particle searches

- LLP mass reconstruction via kinematic constraints =TI i Ra
M(x°) [GeV]

0.05[

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026



- Not pictured: Trigger

7VIRGINIA

Huge part of the overall upgrade

Massively increased power and efficiency
- Lllatency: 3.8 us » 125 ps
- LToutput: 100 kHz » 750 kHz
- LI Exploit higher granularity for FPCA-based full offline-like reconstruction
- HLT output: ~1 kHz » ~10 kHz
- HLT: more GPUs and smarter GPU-friendly reconstruction
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- Not pictured: Trigger

7VIRGINIA

Huge part of the overall upgrade

Massively increased power and efficiency

- Lllatency: 3.8 us » 125 ps

- LToutput: 100 kHz » 750 kHz

- LI Exploit higher granularity for FPCA-based full offline-like reconstruction
- HLT output: ~1 kHz » ~10 kHz

- HLT: more GPUs and smarter GPU-friendly reconstruction

Fundamentally new capabilities

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch 09 September, 2026



- Not pictured: Trigger

7VIRGINIA

Huge part of the overall upgrade

Massively increased power and efficiency

- Lllatency: 3.8 us » 125 ps

- LToutput: 100 kHz » 750 kHz

- LI Exploit higher granularity for FPCA-based full offline-like reconstruction
- HLT output: ~1 kHz » ~10 kHz

- HLT: more GPUs and smarter GPU-friendly reconstruction

Fundamentally new capabilities Aiming to record events at
- Dramatically improved HLT scouting 750 kHz with reduced data

format and offline-like
reconstruction and quality
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- Not pictured: Trigger

7VIRGINIA

Huge part of the overall upgrade Phase-2 Tracker design and

smarter FPGA-based tracking
Massively increased power and efficienc  enable track finding at 40 MHz
- Lllatency: 3.8 us » 125 ps

- LToutput: 100 kHz » 750 kHz Top wire bond 8xSSA ST
- LI Exploit higher granularity for FPGCA-based fi msmos::onsutsm e —

- HLT output: ~1 kHz » ~10 kHz e S—

- HLT: more GPUs and smarter GPU-friendly rec Macro-Pixel Sensor Botom whe bond ““ e5nm

Feng Zheng
Fundamentally new capabilities

- Dramatically improved HLT scouting
- Tracking at 40MHz

low transverse
stub momentum
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https://indico.cern.ch/event/1522800/contributions/6986609/

- Not pictured: Trigger

7VIRGINIA

Huge part of the overall upgrade

Massively increased power and efficiency
- Lllatency: 3.8 us » 125 ps
- LToutput: 100 kHz » 750 kHz
- LI Exploit higher granularity for FPGA-based fu  Write ~1kB of event info for every

- HLT output: ~1 kHz » ~10 kHz bunch crossing (BX) in LHC orbit
- HLT: more GPUs and smarter GPU-friendly rec

Demonstrator system already

Fundamentally new capabilities running since 2024
- Dramatically improved HLT scouting
- Tracking at 40MHz | wonder if we could do anything

- Scouting at 40MHz cool with it...
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wversmy  Heavy Stable Charged Particles with 40MHz scouting
7VIRGINIA arxiv2601 20063
HSCPs above ~3 Tev take multiple BX to pass through detector

- Search for heavier particles by
- Uniqgque sensitivity to particles with 015 <3 <05

CMS Simulation Nonres. © pair (13.6 TeV)
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oy Heavy Stable Charged Particles with 40MHz scouting
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Uy

Reconstruct tracks in Muon System that span 2-4 BXs
Model background from tracks with asynchronous ordering

Compare track p, with background model
- World-leading sensitivity to high-mass HSCPs with incomplete system and only 3.7 fb™! of data!
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https://arxiv.org/abs/2601.20063

U Igéii‘ﬁsm What does all this mean for our chances %
to observe new physics at HL-LHC?
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Short answer: no one knows!
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Short answer: no one knows!

Longer, more personal answer:

- LLPs, compressed mas spectra, large numbers of low-momentum objects, etc
emerge naturally in all kinds of potential solutions to fundamental open
guestions — not really “exotic”, just experimentally difficult
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Short answer: no one knows!

Longer, more personal answer:
- LLPs, compressed mas spectra, large numbers of low-momentum objects, etc
emerge naturally in all kinds of potential solutions to fundamental open
guestions — not really “exotic”, just experimentally difficult

- When considering these kinds of signals, the massively upgraded trigger,
tracking at L1, high granularity, and precision timing have the potential to

- The people who care the most about these upgrades are (rightfully) busy
making sure they'll really work —we as a community need to take stock of their

combined impact and recalibrate our imaginations accordingly
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o Displaced Vertices with HL-CMS

7VIRGINIA

An imagined Displaced Vertex search, circa 2031
- Events are triggered directly via displaced tracks or vertices

- Vertices are precisely located in time as well as space

- The combinatorial background is reduced by enforcing spatial
and temporal consistency

- The SM background processes are clearly identified via

timing-based particle ID ’
- W ' d that in HGCAL < 4
e can image decays that occur in \\ /ISR

- Slow-moving particles are identified via timing and can be
tracked across multiple bunch crossings

- The combination of all these new handles is used
to characterize any observed signal
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https://indico.cern.ch/event/1441321/contributions/6545282/

- Conclusions

7VIRGINIA

CMS continuing to create opportunities for discovery in Run-3 data by

redefining what is experimentally possible
(small snapshot today, follow links throughout and see summary plots and CMS review papers)

HL-CMS is prepared to meet the challenge of HL-LHC

Doing so presents an opportunity to view LHC collisions through
entirely new eyes — let's take it
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https://cms-summary-searches.docs.cern.ch/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-016/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-016/index.html

bonus slides
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- 2018 B-Parking dataset

JVIRGINIA
CMS-EXO-23-007 u
CMS recorded 10 billion events w/ unbiased b-hadron decays during 2018
— 8 2018 (13 TeV)80
- Motivated by B flavor anomalies T Fcms - Parking + Prompt E % Tag-side:
% S — Pileup - Config. change _570 T b—pX
- Triggering on single displaced “tag” muon T 6 Ei
. . 5 SE W 50
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. — 3 \\ N unbiased
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g p 1E_"°°:. < —{10
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- Bonus: low-p; electron reconstruction algorithm — bl o ooy slearon sene + 1 1
Fl o7 = 0.2
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-007/index.html

RSy Muon Detector Showers (MDS)

7VIRGINIA

Use CMS muon system and steel return yoke as a sampling calorimeter

- Large radius, excellent shielding, sensitive to hadronic and EM showers
- Signal sensitive to LLP energy, not mass - sensitivity to very low-mass LLPs

Bryan Cardwell (University of Virginia) bryan.cardwell@cern.ch

~ Expanding MDS search program
over last few years

MET triggers: CMS-EXO-20-015
Lepton triggers: CMS-EXO-22-017
B-parking: CMS-PAS-EXO-24-004
With 1. CMS-EXO-23-015
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-24-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-015/index.html
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IVERSITY 200 vs 80 pp collisions
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€MS Experiment at the LHC, CERN
' 4 Data recorded: 2025-Oct-08 20:55:40.834048 GMT
,‘é Run/ Event /'L.S: 397962 / 179871689 / 556
https./cds.cern.ch/record/2945596
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https://cds.cern.ch/record/2945596
https://cds.cern.ch/record/1479324

