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CAVENDISH

• In 1797-98, 110 years after Newton published Principia, 
Cavendish performed his famous torsion experiment


• this confirmed the principle of Universal gravitation and 
determined Newton’s constant
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HIGGS
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Electromagnetic 
ForceWeak Force
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DISCOVERY ~50 YEARS LATER
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DISCOVERY ~50 YEARS LATER
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What are the Big Questions of Particle Physics?
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PARTICLE PHYSICS
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• The standard model of particle 
physics describes a remarkable 
range of phenomena

• The interactions of particles are 

described by Quantum Field 
Theory (i.e. Quantum Mechanics 
+ Special Relativity)


• Matter and energy, at the lowest 
level of organization, is 
composed of some combination 
of quarks and leptons interacting 
via force carrying bosons
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FOUR FORCES OF NATURE
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EM interaction

Weak interaction

• Strong Force (~10)

• Keeps the nucleons in the atom together

• All “colored” particles (e.g. quarks/gluons) interact via strong 

force

• Force is mediated by the gluon


• Electromagnetic Force (~10-2)

• All “charged” particles interact under this force

• Field description discovered by Maxwell

• Force is mediated by the photon


• Weak Force (~10-13)

• Governs many radioactive decays (n→p+e-ν)

• Both leptons and quarks interact under this force

• Force is mediated by “heavy photons” (W± and Z0)


• Gravitational Force (~10-42)

• Not a part of the standard model

• non-renormalizable quantum theory

• Force is mediated by the graviton

strong interaction
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PROBLEMS WITHIN THE STANDARD MODEL
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• The standard model doesn’t explain a lot of things...

• There are many free parameters (CKM phases, fermion masses)

• Why is there a generational structure?  Why three generations?

• Why is the top quark so massive?

• The gravitational force is neglected entirely from the SM

• No coupling constant unification
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THE HIERARCHY PROBLEM
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• The SM is really just an effective theory which is completed in the UV by a new 
theory that takes over


• as a fundamental scalar, the Higgs mass acquires quantum mechanical corrections 
to it’s mass, proportional to the matching scale: m2h≈m20+kΛ2


• if the scale is the Planck scale, the corrections are ~1034 times larger than the 
Higgs mass itself


• The Hierarchy problem, colloquially: “Why is gravity so weak?”

energy

matching scale, Λ

“UV completion”

“effective theory” (i.e. SM)
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PROBLEMS FROM COSMOLOGY

12

• Dark Matter

• From studying microwave background:


• ~70% of the universe is dark energy

• ~5% is baryonic matter

• ~25% is some non-baryonic cold dark 

matter

• Confirmation from galactic rotation 

curves and gravitational lensing


• Baryon (matter/antimatter) 
Asymmetry

• More CP violation (and phase 

transition) need to satisfy Sakharov 
conditions
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SUPERSYMMETRY

• The leading Beyond the SM (BSM) theory

• provides gauge-coupling unification

• natural dark matter candidate (if lightest super-particle is neutral 

and stable)

• solves the Hierarchy problem


• Only problem is that we haven’t seen it yet..
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GLUINO LIMITS

14

• CMS and ATLAS have together conducted 
hundreds of searches for gluinos, stops, 
sbottoms, sleptons, electroweakinos, …
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MODELS, MODELS, EVERYWHERE…
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• Of course, SUSY is just one 
prominent example of a 
model

• There are many other models 

that can solve some, all, or 
none of the problems I’ve 
already mentioned

• maybe the most likely model 

is “not yet thought of”…



Search for new physics – JPC – Thursday, May 23rd, 2024

SEARCHES FOR NEW PHYSICS
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STANDARD MODEL EXCELLENCE

17

4−10

3−10

2−10

1−10

1

10

210

310

410

510 [p
b]

σ
Pr

od
uc

tio
n 

C
ro

ss
 S

ec
tio

n,
  

CMS PreliminaryJune 2021

All results at: http://cern.ch/go/pNj7

W

n jet(s)≥

Z

n jet(s)≥

γW γZ WWWZ ZZ VVV WWWWWZ WZZ ZZZ γWV γγW γγZ
µll, l=e,→, Zνl→: fiducial with Wγγ,WγγEW,Z

qqW
EW qqZ

EW
WW
→γγ

γqqW
EW

ssWW
 EW

γqqZ
EW

qqWZ
EW

qqZZ
EW tt

=n jet(s)

t-cht tW s-cht γtt tZq ttZ γt ttW tttt
σ∆ in exp. Hσ∆Th. 

ggH qqH
VBF VH WH ZH ttH tH HH 

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction



The Large Hadron Collider
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PARTICLE COLLIDERS AS MICROSCOPES
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• Wave-particle duality: particles 
exhibit both particle- and wave-like 
behavior


• If you want to probe short length 
scales, use high momenta particles!


• We collide high energy protons to 
study the smallest length scales 
(particles)

Planck’s constant

wavelength
particle

momentum p = h

�
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THE LARGE HADRON COLLIDER
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• The LHC is the world’s highest energy particle collider
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LUMINOSITY AND CROSS SECTION
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• Data is quantified by the integrated rate of collisions 
or the luminosity 

• unit of 1/cross section = cm-2 or inverse-barns, 

where 1 barn = 10-24 cm2


• ATLAS and CMS experiments collected ~140 fb-1 data 
luminosity for analysis in Run 2


• Run 3 proton collisions at higher collision energy of 
13.6 TeV have just begin
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SCHEDULE
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You are here!
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THE CMS EXPERIMENT

23

Tracker: 
~1 m2 Pixels (66M channels) 

~200 m2 Si microstrips (9.6M channels)

ECAL: Electromagnetic 
calorimeter - 76K PbWO4 crystals

12,500 tons 
21 m long 
15 m diameter

HCAL: hermetic Brass/
Scintillator sampling hadronic 

calorimeter

3.8 T Solenoid

Iron Yoke

4 stations of 
muon detectors
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PARTICLE DETECTION (AT CMS)
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Key: 
      Muon 
      Electron 
      Charged Hadron 
      Neutral Hadron 
      Photon

Tracker

ECAL

HCAL Solenoid

Iron return yoke interspersed 
with muon chambers
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TRIGGER WARNINGS

• Need to decide which events to 
keep

• Event filtering: the trigger system


• The event trigger is one of the 
biggest challenges at the LHC

• Proton beams cross 40 million 

times per second  (every 25 ns)

• Multiple overlapping proton 

collisions for every beam crossing


• Interesting collisions are very rare

• We can only record about 1000 per 

second 
Data not selected by trigger are 
lost forever!

25
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HADRON COLLIDERS

26

• Easiest way to achieve high center-of-mass energy is colliding beams 
of protons or anti-protons

• heavy, so little synchrotron radiation

• stable, so can take time accelerating


• But: messy!

• hadron colliders are really quark/gluon colliders

• The center of energy of a pp collision is not known


• Transverse momentum (pT), rather than momentum itself, characterizes the energy 
scale of events


• rely on transverse momentum conservation to identify undetected particles

Energy in the subprocess  
center-of-mass 

Number 
of 

Events q 

q q 
q q g

�constituents� of proton that 
carry large fraction of its energy 

�constituents� of proton that 
carry small fraction of its energy 
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JETS

27

• When quarks and gluons are produced, they shower and 
hadronize to form “jets”, collimated streams of pions, kaons, 
protons, etc.



The Mass and Multiplicity Challenges
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DIJET RESONANCES

29

• Paradigmatic search for s-channel 
resonances


• If a particle can be produced through two 
quarks (or gluons), it will decay back into 
them

• bump-hunt strategy: look for a back-to-

back dijet resonance on top of a falling 
background


• long history of this search dating back to 
UA2
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THE MASS CHALLENGE

30

• Focus has historically been on increasing sensitivity to higher masses

• The trigger constrains the lowest reconstructable invariant mass

• Is it possible that we missed something along the way?


• The hierarchy problem is an electroweak scale problem: we should 
look for solutions at the electroweak scale

•

?

Missing 
opportunities at low 
masses and lower 
couplings
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BOOSTED TOPOLOGIES

• One technique to find low-mass resonances is to move into a 
boosted topology

• Use recoil of another particle (e.g. gluon) to get the event enough total 

transverse energy that it is recorded by the trigger system

• But this collimates the massive particle (e.g. Z’), merging its decay 

products together

• Use variables dedicated to identifying substructure to distinguish it from 

other jets 

31
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PHOTON/JET ISR

32

• Use a photon or jet to recoil against the dijet system

• Scan the mass of the recoiling dijet system

photon+dijet jet+dijet

[PRL 123, 231803 (2019)] [PRD 100, 112007 (2019)]
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THE MULTIPLICITY CHALLENGE

• Multijet physics is difficult to constrain experimentally, but it is an easy way 
to hide an beyond-the-Standard-Model excess 
• Looks a lot like generic QCD production of jets

• Monte Carlo simulations are not reliable.  How do you predict backgrounds?


• Black Hole search takes scalar sum of pT of all objects in the event and 
looks for an excess in the tail as a function of the number of objects

• Notice the search begins at ST=2.5 TeV for N~8

33
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MOTIVATING LIGHT, LARGE-N JET RESONANCES

34

• Natural SUSY anticipates light (100-500 
GeV) 3rd generation squarks above the 
Higgsinos

• A hadronic R-parity violating coupling would 

result in squarks decaying into 4 quarks (8 
quarks in the final state)


• Let’s see if we can’t tackle the most challenging 
scenario first: no b quarks, top quarks, soft 
leptons, or intermediate resonances
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EVENT SELECTION

• Look for two high-pT, large-radius (R=1.2) jets

• HT>900 GeV (to pass trigger threshold)

• Each jet has substructure (N-subjetiness) consistent with at 4 least for 

“prongs”

• Scan in the average mass of the two jets


• Top quark events is a standard candle (3-prong control region):

• Controls understanding of the jet energy scale and resolution
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CONSTRAINTS ON 4 AND 5-JET RESONANCES

• Signal region analysis constrains strong production of pair-
produced resonances decaying into 4 or more objects as 
light as 100 GeV!
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The Lifetime Challenge
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LONG-LIVED PARTICLES IN THE SM

38

• Common Mechanisms

• Approximate symmetry

• Heavy mediator

• compressed phase space

• small couplings

b-quarks 
(~ps)

neutron 
(15 mins)

muon 
(2 μs)

• The same mechanisms that give rise to long-lived particles in the SM can 
also result in such particles in BSM theories

• Finding these particles at the LHC requires us to use the detectors—that 
were designed largely with ~prompt physics in mind—in novel ways
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MANY EXPERIMENTS

• The last 8 years has seen a 
renaissance of new detector 
proposals to look for long-lived 
particles at the LHC


• Vastly different sensitivities as a 
function of mass and lifetime

39
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MATHUSLA

• MAssive Timing Hodoscope for Ultra-Stable NeutraL PArticles

• MATHUSLA is a dedicated detector for long-lived particles


• Designed to have applicability across a broad range of potential final states

• Conceptually simple: build a big empty box with trackers on CERN-owned 

land near CMS

• LLPs that decay inside will be reconstructed as displaced vertices

• Backgrounds can be ~O(1) because 80+ m rock shielding suppresses IP 

backgrounds and 4D tracking from ~ns timing are distinct criteria for signal 
identification

40

[PLB (2017) 01 043]
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MATHUSLA COLLABORATION

• International collaboration including members & institutions 
from US, Canada, Chile, Bolivia, Mexico, Italy, Switzerland, … 

• TDR draft to be released in the coming weeks

• Begin MATHUSLA operation with HL-LHC!


• Physics justification detailed in ~200 page report [1806.07396]
1811.00927

LHCC-I-031

41

BSM=/➝LLP 

Hidden Valley 

      ALP 

      SM+S 

      SM+V (+S) 

HNL

RPV SUSY 
GMSB 
mini-split SUSY 
Stealth SUSY 
Axinos 
Sgoldstinos  

Neutral Naturalness 
Composite Higgs 
Relaxion  
 
Asymmetric DM 
Freeze-In DM 
SIMP/ELDER 
Co-Decay 
Co-Annihilation 
Dynamical DM 
 
WIMP Baryogenesis 
Exotic Baryon Oscillations 
Leptogenesis  
 
Minimal RH Neutrino 
   with U(1)B-L Z’ 
   with SU(2)R WR 
   long-lived scalars 
   with Higgs portal 
   from ERS 
Discrete Symmetries

exotic Z  
decays 

exotic Higgs 
decays 

exotic Hadron 
decays

confining  
sectors

Top-down Theory IR LLP Scenario

Baryogenesis

Neutrino
Masses

Dark Matter

Naturalness

Motivation

(direct production of BSM state at  
LHC that is or decays to LLP)

UV theory

depends on production mode

EFT

1806.07396
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DESIGN PRINCIPLES

42

MATHUSLA @ CMS
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• In the long lifetime regime > 100m, MATHUSLA 
has roughly same chance of “catching” an LLP 
decay in its decay volume as the main detectors

• Greater depth of decay volume compensates for smaller 

solid angle coverage

• For LLP searches, MATHUSLA’s greater sensitivity than 

ATLAS/CMS is due to

• near-zero backgrounds

• no trigger limitations


• Therefore, MATHUSLA will beat the main 
detectors for LLP signals where main detector 
searches are significantly impeded by background 
and trigger considerations (up to 1000x better 
reach)


• Targets (in order of priority)

• Hadronically decaying LLPs from few GeV to TeV

• LLPs with mass < few GeV (any decay mode)

• Cosmic Ray Physics
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TEST STAND RESULTS

43

• Test stand operated above ATLAS 
in 2018 — combination of plastic 
scintillator and RPCs

• Both downward and upward rates/

angular distributions well predicted by 
simulation O(~10%)

9.5 ns

6.4 ns

1.6 ns

-0.4 ns

-4.8 ns
-3.6 ns

-9.5 ns

13.0 ns

[NIM A (2020) 164661]
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CONCLUSIONS

• The LHC is performing marvelously

• We are just well into a new run at 13.6 TeV that will integrate ~400 

fb-1 of data

• Any discovery of new physics, whether it addresses the problems I 

mentioned at the beginning or not, will bring with it a whole host of 
questions:

• How does it relate to the other particles of the Standard Model?

• Does it solve the dark matter problem? The Hierarchy problem? Something 

else?  Who ordered it?


• Whatever happens, the next decade promises to be a 
challenging and exciting time in particle physics

44


