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The big open questions in Particle Physics

§Experiment – driven
◆Dark Matter
◆Dark energy
◆Matter-Antimatter asymmetry
◆…

§Theory – driven 
◆Hierarchy problem & naturalness
◆Number of generations
◆Origin of fermion families 
◆…
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All beg for New Physics
At which Scale? 
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LHC 
Higgs discovery

AI for Higgs; JHU March 2023

Geneva 
airport

SPS
W/Z discovery

The tool: Large Hadron Collider at CERN
The LHC 
tunnel
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LHC 
Higgs discovery

AI for Higgs; JHU March 2023

Geneva 
airport

SPS
W/Z discovery

The tool: Large Hadron Collider at CERN
The LHC 
tunnel

Major contributions by 
FNAL (and other US labs) 
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The tool: Large Hadron Collider at CERN
Compact Muon Solenoid (CMS)

LHC 
Higgs discovery

Geneva 
airport

SPS
W/Z discovery

The LHC 
tunnel
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The Compact Muon Solenoid experiment
Largest silicon tracker ever made

[σ(pT)/pT~ 1.5∙10-4pT(GeV)⊕0.005]

ECAL: 76K scintillating 
PbWO4 crystals

[σ(E)/E ≈
2.9%/√E(GeV)⊕0.5%⊕0.13GeV/E]

HCAL:
Brass + plastic Scintillator 

(~7K channels)
[σ(E)/E ≈ 120%/√E(GeV)⊕6.9%]

4T superconducting
solenoid

Muon System:
CSC, RPC, DT

[σ(pT)/pT ≈ 1 (5)% for low 
(high) pT muons]
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The Compact Muon Solenoid experiment
Largest silicon tracker ever made

[σ(pT)/pT~ 1.5∙10-4pT(GeV)⊕0.005]

ECAL: 76K scintillating 
PbWO4 crystals

[σ(E)/E ≈
2.9%/√E(GeV)⊕0.5%⊕0.13GeV/E]

HCAL:
Brass + plastic Scintillator 

(~7K channels)
[σ(E)/E ≈ 120%/√E(GeV)⊕6.9%]

4T superconducting
solenoid

Muon System:
CSC, RPC, DT

[σ(pT)/pT ≈ 1 (5)% for low 
(high) pT muons]

- CMS Collaboration: >3K members 
(scientists, engineers, students, ..) from 
more than 200 (60) institutes (countries)

- US CMS: >30% of the collaboration
- Fermilab: only US-lab in CMS

Fermilab (and US institutes in general) 
have been playing a leading role in all 

aspects of the experiment 
[detector, computing, operations, 

data analysis..]
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A collision event at CMS
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A collision event at CMS

Looking for New Physics
§Two complementary approaches
◆Direct searches for new particles/interactions
◆Sensitive tests of the SM and look for deviations
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Very reach physics program
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§ 1299 publications (as of today)
◆Nature Phys (3), Nature (2), 

Nature Com (1), Science (1), 
ROPP (2), PRL (153)

◆e.g., 13 PRL Editor’s suggestion 
(only the last 3 years)
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This year’s theme: Inspirations from P5
§Priorities in particle physics:

§ Ingenuity and innovation:
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This year’s theme: Inspirations from P5
§Priorities in particle physics:

§ Ingenuity and innovation:
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CMS upgrade for HL-LHC 

LHC and it’s upgrades 
extremely well-placed

Run2, Run 3 and HL-LHC
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Ingenuity and innovation
§ i.e., How to maximize:

13

𝓝 = 𝛔 x ℒ x 𝓐 x 𝛜
• Cross-section: of a given process [∝ collision energy]

• Luminosity: ~linear increase vs. time
àsensitivity ~ sqrt{L}; Help rare processes

• Acceptance: improvement mainly from 
new/upgraded detectors

• Efficiency: Trigger, Phys. Object reconstruction & ID, 
Sig-vs-BKGs, …
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Ingenuity and innovation
§ i.e., How to maximize:
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𝓝 = 𝛔 x ℒ x 𝓐 x 𝛜
• Cross-section: of a given process [∝ collision energy]

• Luminosity: ~linear increase vs. time
àsensitivity ~ sqrt{L}; Help rare processes

• Acceptance: improvement mainly from 
new/upgraded detectors

• Efficiency: Trigger, Phys. Object reconstruction & ID, 
Sig-vs-BKGs, …

Requires breakthroughs in both 
the accelerator and experiments fronts [and theory]
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§Today’s talk
◆Cherry-pick areas/topics that we went “above-and-beyond”

• and FNAL/US communities played a major role
◆Physics landscape after LHC Run 2
◆Run 3 expectations and new results [LHC & CMS]
◆Short-term future: HL-LHC

15
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The past: Highlights from LHC Runs 1& 2

16
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Highlights: Runs 1& 2
§Remarkable success
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Highlights: Runs 1& 2
§Remarkable success

§FNAL/US: major contributions
◆ In several areas 

(particularly focusing magnets)
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Highlights: Runs 1& 2
§Remarkable success

◆often exceeding expectations

§FNAL/US: major contributions
◆ In several areas 

(particularly focusing magnets)
19

Flashback: 2016

LHC Run 2:
20x more Int. Lumi than all 
previous hadron colliders
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Highlights: The Higgs as exploration tool

§Established interactions:
◆Gauge bosons [Run 1]
◆3rd-Gen charged fermions
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Highlights: The Higgs as exploration tool

§Established interactions:
◆Gauge bosons [Run 1]
◆3rd-Gen charged fermions

§Evidence for 2nd-Gen 
charged leptons

§+ CP, differential 
measurements, STXS, 
EFT,..

21

Novel tools & techniques (e.g., 
AI/ML) played major role to 

reach this stage
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Reminder: Far from trivial
§Established interactions:

◆Gauge bosons [Run 1]
◆3rd-Gen charged fermions

§Evidence for 2nd-Gen 
charged fermions

§+ CP, differential 
measurements, STXS, 
EFT,..
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◆3rd-Gen charged fermions

§Evidence for 2nd-Gen 
charged fermions

§+ CP, differential 
measurements, STXS, 
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“In conclusion, the extraction of a signal
from Hàbb decays in the WH channel
will be very difficult at the LHC, even
under the most optimistic assumptions for
the b-tagging performance and calibration
of the shape and magnitude of the various
background sources from the data itself.”

ATLAS Technical Design report (1999)
- feeling not different in CMS
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Reminder: Far from trivial
§Established interactions:

◆Gauge bosons [Run 1]
◆3rd-Gen charged fermions

§Evidence for 2nd-Gen 
charged fermions

§+ CP, differential 
measurements, STXS, 
EFT,..
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“In conclusion, the extraction of a signal
from Hàbb decays in the WH channel
will be very difficult at the LHC, even
under the most optimistic assumptions for
the b-tagging performance and calibration
of the shape and magnitude of the various
background sources from the data itself.”

ATLAS Technical Design report (1999)
- feeling not different in CMS

Exceed expectations:
Hàbb observation
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Higgs-charm: Mission impossible (?)
§Similar concept to Hàbb but two big challenges

◆Small BR (Hàcc): ~20x smaller than BR(Hàbb)
◆ Charm tagging much more challenging than bottom tagging
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§Similar concept to Hàbb but two big challenges

◆Small BR (Hàcc): ~20x smaller than BR(Hàbb)
◆ Charm tagging much more challenging than bottom tagging
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Major effort in improving jet identification 
(aka the Rise of AI/ML/DL @LHC)
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Higgs-charm: Mission impossible (?)
§Similar concept to Hàbb but two big challenges

◆Small BR (Hàcc): ~20x smaller than BR(Hàbb)
◆ Charm tagging much more challenging than bottom tagging
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e.g. 
Hàbb

pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8

jet

c

c
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Hàcc tagging

Major effort in improving jet identification 
(aka the Rise of AI/ML/DL @LHC)

Particle 
sequences

*
Little/No ML

Cutting edge DL algorithms
[e.g., Graph Neural Networks]
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Higgs-charm: Mission impossible (?)
§Similar concept to Hàbb but two big challenges

◆Small BR (Hàcc): ~20x smaller than BR(Hàbb)
◆ Charm tagging much more challenging than bottom tagging
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e.g. 
Hàbb

pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8

jet

c

c

Fa
ke

 ra
te

Hàcc tagging

Major effort in improving jet identification 
(aka the Rise of AI/ML/DL @LHC)

Particle 
sequences

*
Little/No ML

Cutting edge DL algorithms
[e.g., Graph Neural Networks]

Obtained gains: ~equivalent to run twice the Full LHC Runs 1+2
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Higgs-charm: Mission impossible (?)

29

Hàcc

Obs. (Exp.): 47 (39) x SM Obs. (Exp.): 13 (7) x SM

Hàcc

Most sensitive results to date
Major contributions: 

FNAL/LPC/US
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Towards 2nd-Gen Higgs-quark couplings

30

v

v v

v
v

v

LHCb 1.98 fb-1

UL<7600

LHCb 300 fb-1

UL <O(10)

ATLAS 36 fb-1

UL < 150
ATLAS 139 fb-1

UL < 31

~1.5σ

CMS 36 fb-1

UL < 37

CMS 138 fb-1

UL < 7.6

O(10000)à….à O(10) in ~5 years
Lot’s of effort & ingenuity in multiple areas

Tantalizing close!
Currently: just one 

production mode and 
one Experiment

ATLAS 3000 fb-1

UL < 6.4

CMS 3000 fb-1

UL < 1.6

U
L 

on
 σ

(V
H
à

cc
)

2015 2019 2022 HL-LHC
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The nature of the Higgs potential

31

Higgs mass Shape of potential

Measure Higgs 
self-coupling

λ

Ultimate goal:
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The nature of the Higgs potential

§Direct access: HH production

32

Higgs mass Shape of potential

Measure Higgs 
self-coupling

λ

Ultimate goal:

- Very rare process (σ~31fb); 
1/1000 of Single-H

- Run 2: ~4K HH events
- No golden channel

Needs innovation (and the HL-LHC)



Loukas Gouskos (Brown) 57th Fermilab Annual Users Meeting

Higgs pair production

33

bbVV

comb.

bbγγ

bbττ

bbbb

Main drivers (Early Run 2)

Beyond reach even with HL-LHC L
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Higgs pair production

34

bbVV

comb.

bbγγ

bbττ

bbbb

Main drivers (Early Run 2) Full Run 2 (4x More data)

comb.

bbZZ

Multi-L

bbγγ

bbττ

bbbb

SM value

Early Run 2

*improvement

Improvements:
- 2x from additional data
- 3x from novel techniques and tools

Major contributions: 
FNAL/LPC/US

Beyond reach even with HL-LHC L
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En route to λ

§We turned the LHC to 
a VV collider:

35

κ2V

CMS established HHVV interaction
Major contributions: 

FNAL/LPC/US
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Constantly challenging SM

36

13 orders 
of 

magnitude
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Clearly: Direct searches
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Strong constraints to 
several appealing BSM 

models
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Clearly: Direct searches
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Strong constraints to 
several appealing BSM 

models

and some excesses…
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The present: LHC Run 3 (and some Run 2)

39
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LHC Run 3

40

We are here
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LHC Run 3: Accelerator front

41

𝓝 = 𝛔 x ℒ x 𝓐 x 𝛜

Modest gain for the bulk 
of CMS physics program

cross-section:
13 à 13.6 TeV

process σ(13.6 TeV)
σ(13 TeV) 

W/Z ~1.1

ggF H ~1.10

ttbar ~1.15

mX=1 TeV ~1.2

mX=8 TeV ~2

Int. Luminosity:

Run 1 Run 2 Run 3
- Some hick-ups but 2024 looks good
- Run 3 to extended until 2026 (?) à ~300/fb (i.e., 2x Run 2)

- similar instantaneous lumi with Run 2
- ~linear increase vs. time; sensitivity ~ sqrt{L}



Loukas Gouskos (Brown) 57th Fermilab Annual Users Meeting

“Bread and butter”: Establish Higgsàμμ

42

W(àev)H(àμμ) @13 TeV
high-pT
electron

neutrino
[MET]

Hàμμ

CMS:   obs: 3σ (exp: 2.5 σ)
ATLAS: obs: 2σ (exp: 1.7 σ)

signal strength
μ = 1.2±0.4

Evidence of Higgs coupling to 
2nd-Gen charged leptons 

§Run 3 (assuming ~300fb-1):
◆Getting there:

Expect ~4σ [CMS only]
◆+ ATLAS (*sqrt2): Observation 

guaranteed (?)
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Going beyond SQRT{L}
§New era: No big jumps in ECM à Needs time to increase stats

43

Poor acceptance Better object reco
More data
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Going beyond SQRT{L}
§New era: No big jumps in ECM à Needs time to increase stats
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§Baseline: Run 2 
success story
◆More cutting-edge 

tools in more areas
§Main goals:

◆Extend acceptance 
(i.e., improved online 
selection (“triggering”)

◆ “Exotic” topologies
◆Continue pursuing the

“traditional program
Poor acceptance Better object reco

More data
Run 3: HL-LHC Prototype
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LHC Run 3: CMS front

45

𝓝 = 𝛔 x ℒ x 𝓐 x 𝛜
Acceptance:
Smaller-scale improvements mainly 
@trigger system
- HL-LHC: Major improvement

Efficiency:
More sophisticated AI/ML 
@Trigger, and analysis level
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LHC Run 3: CMS front

46

𝓝 = 𝛔 x ℒ x 𝓐 x 𝛜
Acceptance:
Smaller-scale improvements mainly 
@trigger system
- HL-LHC: Major improvement

Efficiency:
More sophisticated AI/ML 
@Trigger, and analysis level

Cutting edge AI/ML for triggering

2x improvement 
in σ(HHà4b)

Run 3 (2023)
Run 3 (2022)
Run 2

2x increase HHà4b acceptance
- preliminary results: reach Full Run 2 
sensitivity with just 2022+23 (< half of Run2)

- Other channels HH(H) channels benefit
- More developments in the pipeline 
(bbττ, bbWW,…)
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Leave no stone unturned
§e.g., Long-lived particles (LLPs)

47

§Need dedicated RECO 
techniques
◆Effort started in Run 2

§Run 3: Target many more 
signatures with more 
sophisticated tools
◆Extend to online selection 

(triggering)
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Leave no stone unturned
§e.g., New physics with displaced jets

48

Displaced-jet algo
(online+offline)

Run 3- 2022 only!

Full Run 2

O(10) improved sensitivity wrt to Full Run 2 
with ¼ of Run 3 data FNAL/LPC/US led

CMS-EXO-21-010

https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-21-010&tp=an&id=2464&ancode=EXO-21-010
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§ Bottleneck of nominal triggers
◆ Output bandwidth of DAQ

Data Scouting

49

The problem

HLT 
Scouting 

L1T 
Scouting 
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§ Bottleneck of nominal triggers
◆ Output bandwidth of DAQ

Data Scouting

50

The problem

HLT 
Scouting 

L1T 
Scouting 

§ Do more [physics] with less [event-size]
◆ Store minimal set of TRG-level info
◆ Caveat: no offline reco, no raw data

Already since Run 1; Run 3 & beyond: 
- improved performance & user friendliness
- extended to L1T

Full potential yet to be explored!

The solution: Data Scouting
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Searching for the unknowns
§Typical analysis workflow:

◆Starting point: signal hypothesis
◆Design triggers and analysis strategy
◆Extract signal from data à Interpretation

51

Great!
IFF we know what you are 

looking for..
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Searching for the unknowns
§Typical analysis workflow:

◆Starting point: signal hypothesis
◆Design triggers and analysis strategy
◆Extract signal from data à Interpretation

52

Great!
IFF we know what you are 

looking for..

Null results 
so far

Excluded mass range
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Anomaly detection @LHC
§From fully supervised à un/less supervised methods

◆Learn as well as possible known physics [i.e., the SM]
• Using directly collision data

◆Test in collision data and look for deviations

53
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Anomaly detection @LHC
§From fully supervised à un/less supervised methods

◆Learn as well as possible known physics [i.e., the SM]
• Using directly collision data

◆Test in collision data and look for deviations
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No new physics
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Anomaly detection @LHC
§From fully supervised à un/less supervised methods

◆Learn as well as possible known physics [i.e., the SM]
• Using directly collision data

◆Test in collision data and look for deviations

55

No new physics With new physics
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Anomaly detection @LHC
§Developed and demonstrated that it 

works using LHC Run 2
◆well.. without seen “anomalies” L

56

Implemented at trigger Level for Run 3 and beyond

FNAL/LPC/US led
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The (near-term) future: HL-LHC

57
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The HL–LHC project
§P5 recommendation (2015):

◆Continue strong participation at LHC
◆Full participation in HL-LHC upgrade + detectors

58
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The HL–LHC project
§P5 recommendation (2015):

◆Continue strong participation at LHC
◆Full participation in HL-LHC upgrade + detectors

§P5 recommendations (2023):

59

v

v
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The HL–LHC project

§5-7x instantaneous collision rate
§O(10) larger dataset

60

Key for rare processes:
H(H), VBF/VBS, EWK SUSY, ..
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A major project

61

From: 
G. Apollinari and O. Bruning
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A major project

62

HL-LHC AUP

FNAL (& US): 
Leading role on 
critical technologies :
- Focusing Magnets
- “Crab” cavities

From: 
G. Apollinari and O. Bruning
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Quadrupole magnets
§Beam focusing (small transverse size):

§β*: controlled by focusing 
magnets
◆FNAL is leading the 

efforts in developing 
Niobium–tin (Nb3Sn) 
quadrupoles

63From: G. Apollinari

Need to be as dense 
as possible
- LHC: ~50cm 
- HL-LHC: ~10cm
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Quadrupole magnets: Status

64

MQXFA Magnet

Cold Mass Assembly

Cryo-Assembly 

Threshold Objective

ü ü ü ü ü ü

ü

ü

ü ü ü ü

ü M
QXFA

13
b

M
QXFA

12
b

M
QXFA

18

ü ü ü

üü

üü

ü M
QXFA

16

ü

ü Completed, sitting on a shelf or delivered to CERN
ü Under Fabrication
ü Under Test

Test at CERN - Jun. ‘24

Key developments for the 
future (100 TeV pp) collider 

From: G. Apollinari
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“Crab” cavities
§But: Small β à larger crossing angle. (θc)

65

LHC

Effective 
cross-section

Lu
m

ir
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“Crab” cavities
§But: Small β à larger crossing angle. (θc)
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LHC

Effective 
cross-section

Lu
m

ir
ed

uc
tio

n 
fa

ct
or

J

HL-LHC 2x 
improvement
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“Crab” cavities

67

RFD Bare Cavity

RFD Dressed Cavity

Threshold Objective

ü ü ü ü ü ü ü ü ü ü

ü ü

Assembly in 
full swing

From: G. Apollinari
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The CMS HL-LHC detector
§P5 2023:

68
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The CMS HL-LHC detector

69

Barrel Calorimeters
• ECAL single crystal granularity in L1 Trigger 

with precise timing for e/g at 30 GeV
• ECAL and HCAL new back-end electronics

Muon Systems
• DT & CSC new FE/BE readout
• New GEM/RPC 
• Extended coverage |η|<3 

MIP Timing Detector  
• < 75 ps resolution
• Barrel: Crystals + SiPMs
• Endcap: LGADs

Tracker 
• Si Strip Outer Tracker 

designed for L1 Track Trigger 
• Pixelated Inner Tracker 

extends coverage |h|<3.8

Calorimeter Endcap (HGCAL)
• Si, Scint + SiPM in Pb-W-SS
• 3D shower imaging with precise 

timing

L1 Trigger/HLT/DAQ
• L1 40 MHz in/750 kHz out
• Tracking for PF-like selection
• HLT 7.5 kHz out

From: A. Ryd
US CMS 2024
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Major effort in the US

70
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HL-LHC: “Offline-like” reco @ L1T
§1st time: Tracking @L1T

71

40 MHz

12,5 μsec

750 kHz

Huge Physics potential

AI/ML on the edge [see 
Abhijith’s talk yesterday]

FNAL/LPC/US led

https://indico.fnal.gov/event/64626/contributions/293099/attachments/179613/245388/Lab_AI_overview.pdf
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Silicon 
(Si)

|η| ~ 3

|η| ~ 1.5

CE-HCE-E

~25X0 ~10λ

beam~0.28 m

~2 m

Scintillator 
(Sc)

HGCAL
§Physics-driven design

◆Fine lateral and longitudinal segmentation
◆precision timing capabilities

72

~2
.6

2 
m

72

Lot’s of potential

- Major challenge: R&D, construction, as well as 
exploit its potential (particle reconstruction)

- FNAL/US: In the frontline of all aspects of the 
project
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§The Large Hadron Collider Physics Center: “LPC”
◆Located: 10th and 11th floor of Wilson Hall
◆Very vibrant community

• AI Fellows, Distinguish researchers, Graduate Fellows, 
• Guest & Visitors (& Friends)

◆Learning hub for younger and more senior scientists
• Several schools, meetings, forums

Last but not least: The LPC center

73

CMS DAS 2024
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Outlook
§The LHC (and the experiments) is our best tool to provide 

insights to many of the big open questions

§We are at the beginning: <10% of total expected data
◆We discovered the Higgs
◆Exhaustively searching for direct evidence of New Physics
◆We are challenging SM probing processes in a range of O(1013)

§Oftentimes exceed initial expectations
◆Huge effort to exploit the true potential of LHC and CMS

§NB: We cannot guarantee “discoveries”
We can guarantee “deliverables”

74
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Outlook
§Still: Everything looks very SM like, but…
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Outlook
§Still: Everything looks very SM like, but…
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Outlook
§Still: Everything looks very SM like, but…

77

.. and we all know what 
followed after this statement


