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All measurements are BSM probes!
Goal:
• Establish/Reenforce Collider Landscape

• Establish Basic Examples of BSM Searches

• Show how different physic goals give raise to vastly different BSM probes.

Please ask questions!
It will be more fun with them.

I will use English to deliver the lecture, but we can communicate in either Chinese or English.



Landscape of Colliders
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HEP: Triumphant Endeavor of the past century
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HEP Now: A vibrant and dynamical field
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Explore the Unknown
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High Energy 
Collisions
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Resolution ∝ 1/𝐸𝐸𝑐𝑐𝑐𝑐
Key for us to unveil the microscopic world

Large # of independent observables

7/16-17/2025
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High Energy Drives

Snowmass Report: 1401.6114

The forefront of tech & 
ambitions leads to discoveries.

The dream for high energy 
machines persists in our field.

9

https://arxiv.org/abs/1401.6114


Colliders are Omnipotent Experimental Platform

• Well-controlled initial states
• Well-measured final states
• Extreme resolution

Thousands of search results, each containing (multiple) signal 
channels/regions/optimizations. 

刘真 （U. Minnesota)              Collider BSM             Shandong 2025 107/16-17/2025



Now, many promising future collider plans



~CEPC (e+e-) 
240 GeV 

Higgs +  pp 
(~100 TeV)

Future Colliders

~100 km FCC
e+e- (Z factory, 240 GeV Higgs + 365 GeV Top)

ep, pp (~100 TeV)

Muon collider, 
Higgs, 3~10 TeV

China

Europe

USA?
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And many others, ILC, 𝜇𝜇-Tristan, Plasma Weak Field, etc… 

7/16-17/2025



Many more future collider concepts

Many future collider options and excitement! ZL, Wang, 2205.00031, also in ITF report, 
2208.06030

刘真 （U. Minnesota)              Collider BSM             Shandong 2025 137/16-17/2025

https://arxiv.org/abs/2205.00031
https://arxiv.org/abs/2208.06030
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China

CERN

USA?

Updated 2024 by ZL 

7/16-17/2025



Promising CEPC
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Timeline in 2020, but now
Of course, COVID delayed everything by 3+ yrs.

7/16-17/2025
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Did we make any progress? Many!

• Physics Estimations (pencil and paper)(throughout the 
process)

• pre-conceptual design report (pre-CDR)
• conceptual design report (CDR)
• technical design report (TDR)
• Engineering design report (EDR)
• Shovel

• From initial technological imagination to demonstration
• From design to product
• … 

Many recent works to be 
cited here…

7/16-17/2025
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+ several more sites considered.

7/16-17/2025
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Predictable future

• HL-LHC will continue to dominant until ~2040;
• FCC-ee has a stable plan to deliver physics in ~2048 for 

15 years;
• CEPC could kick in and deliver physics by the late 2030s
• Muon Collider, a game-changer, the US community is 

actively engaged in
• DUNE flagship US particle physics until ~2045
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Why do we care to measure?
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What can you Discover?

Before we 
discover 
Higgs

When we 
discovered 
Higgs

Now with 
higher 
precision 
and more 
channels

High Lumi-
LHC with 
O(5%) 
precision

Future 
Colliders 
with 
O(<1%) 
precision

What is 
actually 
here

7/16-17/2025
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The BSM Formula is “Simple” & “Universal” (not only for 
collider)

• What are my Signals? (determined by the underlying 
theory you want to explore + your understanding of the 
experimental setup

• What are my Background? (determined by SM, 
Instrumentation)

• How to Optimize? (Is it even possible to carry out such a 
search? Will the result be meaningful?)

U. Minnesota)              Collider BSM             Shandong 2025刘真 （ 7/16-17/2025
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How do we see SM particles
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𝜈𝜈

Directly “seen” 

“Seen” via reconstruction 
of secondary vertex

“Reconstructable”

Missing (transverse) 
energy

New physics can be of 
any of these forms and 
even more exotic

7/16-17/2025
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Directly Seen via

Tracker
ECal
HCal
𝜇𝜇 Chamber
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Pseudo Rapidity representing Geometry
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Pseudo-Rapidity:

𝜂𝜂 ≡
1
2

ln
�⃗�𝑝 + 𝑝𝑝𝑧𝑧
�⃗�𝑝 − 𝑝𝑝𝑧𝑧

=
1
2

ln
1 + cos 𝜃𝜃
1 − cos 𝜃𝜃

= ln cot
𝜃𝜃
2

Experimentally, the hadron collider 
geometry are expressed in pseudo 
rapidity

Typical high mass/energy events 
(central: Barrel & EndCap):

|𝜂𝜂| < 3
Forward (lots of QCD background)

𝜂𝜂 > 3

7/16-17/2025
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Jet reconstruction 
algorithms
Pile-up removal
…

7/16-17/2025
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Phenomenological Studies
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Recommend, use 
Madgraph and the 
tool-chains there*

Physics First 
(before trusting 
simulations due to 
complex nature of 
QFT).

*HELAS written at KEK

7/16-17/2025



High 
Energy 

Colliders

Pheno 
Probes

Higgs

Dark 
Matter

More 
New 
Physics

Physics Driver
Landscape of High Energy Colliders
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BSM @ LHC
A Snapshot



LHC rocks
already revolutionized our understanding of microscopic world

and
will continue to deliver world-leading physics for the next ~20 yrs



LHC is running amazingly well
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LHC’s successes
• Higgs Discovery
• Precision measurements
• Direct searches on 

• Simplified models
• SUSY
• Extra 

Dim/Compositeness
• …

+new upgrades in Energy, 
Detector, Trigger, Analysis 
methods



How did we DISCOVER Higgs?
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Higgs Couplings
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• Gauge coupling
• Yukawa coupling—new 

forces (9+ Yukawas)
• Self coupling—new force
• Loop-induced 

(anomalous) couplings
𝐻𝐻𝐻𝐻𝐻𝐻,𝐻𝐻𝐻𝐻𝐻𝐻,𝐻𝐻𝐻𝐻𝐻𝐻, …

7/16-17/2025
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Higgs Width and Branching Fractions
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Higgs Physics
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𝜎𝜎𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐻𝐻𝐻𝐻 → 𝐻𝐻
= 12.937
× 1 + 1.28 + 0.77 𝑝𝑝𝑝𝑝

7/16-17/2025
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A snapshot before discovery
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Did we do it right?
Will it be right?



More to explore, e.g., Higgs on-shell interference

New scalar with constructive interference
M. Carena, ZL, M. Riembau, PRD 18’

New colored states with interference patterns
T. Han, I. Lewis, H.K. Liu, ZL, X. Wang, JHEP 23’

Non-factorizable into signal and background 
calculation, Pole-behavior matters (not standard 
EFT friendly);
Gain new information about width and strong & 
weak phase;
Interesting test for Interference.
Non-trivial quantum interference for on-shell states 
(which are typically ignored for heavy particles).

J. Campbell, M. Carena, R. Harnik, ZL, PRL 18’
Collaborating with R. Rusack group on CMS

刘真 （U. Minnesota)              Collider BSM             Shandong 2025 497/16-17/2025
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One Key ingredient (recent 𝝓𝝓 → 𝒕𝒕�̅�𝒕 search)

D. Dicus, A. Stange, S. Willenbrock, hep-ph/9404359, Focusing on ttbar @LHC, M. 
Carena, ZL, arXiv:1608.07282 Other channels and effects, including ttH, tH (see 
in N. Craig, F. D’Eramo, P. Drapper, S. Thomas, H. Zhang   arXiv:1504.04630 and J. 
Hajer, Y.-Y. Li, T. Liu J. Shiu arXiv:1504.07617, S. Gori, I.-W. Kim, N. Shah, K. Zurek 
arXiv:1602.02782 , N. Craig, J. Hajer, Y. Li, T. Liu, H. Zhang, arXiv:1605.08744, B. 
Hespel, F. Maltoni, E. Vryonidou arXiv:1606.04149, W.S. Hou, M. Kohda, T. Modak
1710.07260, 1906.09703), H+jet, charged Higgs searches, and how stable such effects 
are against QCD corrections (see a case study in W. Bernreuther, P. Galler, C. Mellein, 
Z.-G. Si, P. Uwer arXiv:1511.05584), ttbar differential observables ( W. Bernreuther, P. 
Galler, C. Mellein, Z.-G. Si, P. Uwer arXiv:1702.06063; W. Bernreuther, L. Chen, Z.-G. 
Si, 1805.06658), Machine Learning,  刘真 （U. Minnesota)              Collider BSM             Shandong 2025 7/16-17/2025

https://arxiv.org/abs/hep-ph/9404359
http://arxiv.org/abs/arXiv:1608.07282
http://arxiv.org/abs/arXiv:1504.04630
http://arxiv.org/abs/arXiv:1504.07617
http://arxiv.org/abs/arXiv:1602.02782
http://arxiv.org/abs/arXiv:1605.08744
http://arxiv.org/abs/arXiv:1606.04149
https://arxiv.org/abs/1710.07260
https://arxiv.org/abs/1906.09703
https://arxiv.org/abs/1511.05584
http://arxiv.org/abs/arXiv:1702.06063
https://arxiv.org/abs/1805.06658
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Unfamiliar look of heavy Scalars
Signal Background

  

Triangle loop 
function

B.W.

Re. Int.

Im. Int.
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Interferences onsite

Dixon, Siu, hep-ph/0302233
Campbell, Carena, Harnik, ZL, 1704.08259
Cjeri, Coradeschi, de Florian, Fidanza, 1706.07331
Maltoni, Mandal, Zhao, 1812.08703
Chen, Heinrich, Jahn, Jones, Kerner, Schlenk, Yokoya 1911.09314
Hoche et al, in progress
Also (real-part interference): Dixon, Li, 1305.3854

Carena, ZL, Riembau, 1801.00794
Kauer, Lind, Maierhoefer, Song, 1905.03296
Other channels: Jung, Sung, Yoon, arXiv:1510.03450,  
arXiv:1601.00006, (dijets) Martin, 1606.03026, Bhattipirolu, Martin, 
2004.06181 see Bhattiprolu’s  talk yesterday.

Non-factorizable into signal and background calculation, either 
described by standard EFT;
Gain new information about width and strong & weak phase;
Interesting test for Interference.
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https://arxiv.org/abs/hep-ph/0302233
https://arxiv.org/abs/1704.08259
https://arxiv.org/abs/1706.07331
https://arxiv.org/abs/1812.08703
https://arxiv.org/pdf/1911.09314.pdf
https://arxiv.org/abs/1305.3854
https://arxiv.org/abs/1801.00794
https://arxiv.org/abs/1905.03296
http://arxiv.org/abs/arXiv:1510.03450
http://arxiv.org/abs/arXiv:1601.00006
https://arxiv.org/abs/1606.03026
https://arxiv.org/abs/2004.06181


Physics-wise: where are we now?
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A paradigm shift driven by LHC
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Models solving multiple puzzle of Nature at once

Models solving >=0 puzzles *but* raising new signatures that can 
be probed by experiments

LHC experimental colleagues have been working hard and 
creatively on the more established model paradigms, steady & 
impressive progress all the time; 
Our job becomes to Identify:
• new opportunities that are missed or overlooked;
• new important questions that could be answered;
• new interesting questions about particle physics;



Theorists now
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• Working hard to improve the theory prediction 
precision

• Laid back to be called for new results and anomalies
• (As it seems) There is nothing much more we can do 

(for the LHC)…
• Working hard planning and enabling future colliders

But, LHC runs until 2040, we 
shall explore if we can get 
more from its precious data!

55
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Which boson* is least 
measured?

*To be more specific, which elementary (in the SM) 
unstable boson, candidates are W, Z, H
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Z Boson
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Z Boson
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Higgs Boson
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W is less studied, 
somehow…
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But most copious produced
Did we overlook it fairly? 
Is it too hard to detect?

Campbell, Huston, Stirling
hep-ph/0611148

https://arxiv.org/pdf/hep-ph/0611148


Higgs exotic decays program 1312.4992
Table from ZL, L.-T. Wang, H. Zhang, 1612.09284

http://arxiv.org/abs/arXiv:1312.4992
http://arxiv.org/abs/arXiv:1612.09284
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We have a full and nice program for the Higgs boson

We’ve been calling the LHC 
• Higgs factory
• Top factory

But I think LHC
• BSM explorer
• (AND) SM factory!

Maybe we should look into W more.
Hence, as a first example, we propose to 
study the W exotic decay into 3ℓ + 𝜈𝜈

in collaboration with Y.F. Fei, P.R. Li, 
K.F. Lyu, M. Pospelov, 24’



7/16-17/2025U. Minnesota)              Collider BSM             Shandong 2025刘真 （ 65

SM physics of 𝑾𝑾 → 𝟑𝟑ℓ + 𝝂𝝂

On-shell Region (OR) defined as: 𝑚𝑚𝑊𝑊 ± 2Γ𝑊𝑊 Subtilty: one cannot strictly separate on-shell W decay and off-shell W-
decay. We define on-shell regime and compare the rate and kinematic 
distribution of a zero-width approximation W-decay.
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SM background
Parton level pre-selection

Detector level initial-selection
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Projected sensitivity

The SM Br on such a channel is at 10−6 level
Current LHC data (with current trigger and selection)

𝜹𝜹𝜹𝜹𝜹𝜹 𝑾𝑾 → 𝟑𝟑ℓ + 𝝂𝝂 = 𝟔𝟔𝟔
HL-LHC data (with improved trigger on multileptons)

𝜹𝜹𝜹𝜹𝜹𝜹 𝑾𝑾 → 𝟑𝟑ℓ + 𝝂𝝂 = 𝟎𝟎.𝟔𝟔𝟔So we can add one more entry to PDG, what else? 
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One can also look for Z’
Taking the gauged 𝐿𝐿𝜇𝜇 − 𝐿𝐿𝜏𝜏 example:
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Shouldn’t we already have a great limit from 𝒁𝒁 → 𝟒𝟒ℓ?

Yes.
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Shouldn’t we already have a great limit from 𝒁𝒁 → 𝟒𝟒ℓ?

But,
W rate is a factor of 4~5 larger than Z
W leptonic branching fraction is a factor of 3 larger than Z
So this channel have O(10) higher rate for the signal. 

W exotic should be a competitive channel.
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Z’ projection
Gauged 𝐿𝐿𝜇𝜇 − 𝐿𝐿𝜏𝜏 example:
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Ahh, experimentalists went partially ahead of us…

• We are quite compatible
• But the SM value was 

never extracted (they just 
called it the background)!

• More new physics:
• Anomalous Z’
• SMEFT
• SM Z contribution
• …

ATLAS: 
2402.15212

https://arxiv.org/abs/2402.15212


More to explore, e.g., LHC as weak boson factory

The LHC is not only a powerful machine on Higgs, top, and QCD, 
but also a powerful machine in weak bosons. The physics potential 
has not been realized and we are pointing out many new physics 
that can be done regarding weak bosons.
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W boson exotic decay
Y.F. Fei, P.R. Li, ZL, K.F. Lyu, M. Pospelov, 2407.15930

W boson mass speculations
J.Y. Gu, ZL, T. Ma, J. Shu, CPC 22’

Z boson exotic decay, in progress

Electroweak restoration and goldstone equivalence test
L. Huang, S. Lane, I. Lewis, ZL, PRD 21’ (editor’s suggestion)

Higgs exotic decays
S. Jung, ZL, L.T. Wang, K.P. Xie, PRD 22’

7/16-17/2025

https://arxiv.org/abs/2407.15930


Long-Lived Particles:
A vivid example of BSM pheno

considerations and search developments



What is LLP?
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Long-lived particles in the 
standard model:
• approximate symmetries;
• kinematic suppressions;

First pixel layer (first 
layer of detector)

Detector 
tagged and 
energy 
detectable

Fig. credit: L. Lee @ ATLAS

For BSM particles:
• Prompt particles being 

actively probed;
• Detector Stable particles are 

probed as missing energy or 
EM charged stable particles.

7/16-17/2025 75
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Why Long-Lived BSM Particles? Supersymmetry

刘真 （U. Minnesota)              Collider BSM             Shandong 2025

• R-Parity-Violating, small B/L-violating couplings

• Gauge mediation—suppressed couplings via SUSY breaking 
scale

• Mini-split spectrum—suppressed couplings through 
“decoupled” heavy particles

• Pure Wino/Higgsino–nearly degenerated, disappearing track

𝑐𝑐𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅~1 m
100 GeV

�𝑚𝑚
10−8

𝜆𝜆𝑅𝑅𝑅𝑅𝑅𝑅

2

𝑐𝑐𝜏𝜏GMSB~10 m
100 GeV

�𝑚𝑚

5 𝐹𝐹
100 TeV

4

𝑐𝑐𝜏𝜏milli−split~1 mm
TeV
𝑚𝑚�𝑔𝑔

5 𝑚𝑚�𝑞𝑞

PeV

4

7/16-17/2025
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Why Long-Lived BSM Particles? Hidden Valley

刘真 （U. Minnesota)              Collider BSM             Shandong 2025

Hidden sector feeble 
couplings to SM via various 
portals, suppressed by the 
smallness of the couplings Higgs 

portal

Neutrino 
Portal

Axion(-like 
particle) 
Portal

Dark 
Photon/Z

Zurek, Strassler

7/16-17/2025



LLP: A rich program

刘真 （U. Minnesota)              Collider BSM             Shandong 2025 Fig. credit: Heather Russel @ ATLAS

LHC detectors designed for 
prompt signals. For LLPs:

trigger
reconstruction
standard model 
background
non-standard background

Huge uncharted well-motivated 
territories to explore!

7/16-17/2025 78
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Expanding the LHC program
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MATHUSLA
Codex-B
AL3X
ANUBIS
FASER
SHiP
NA62
SeaQuest
…
MoEDAL
MilliQan

Central/Hard LLPs

Forward/lighter LLPs

monopole
millicharged particles

Beamdump experiments

Search for LLPs

Forward Spectrometer

7/16-17/2025

https://home.cern/news/news/physics/fasers-new-detector-expected-catch-first-collider-neutrino
https://indico.cern.ch/event/868473/timetable/#20200417
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Generalize: search for hidden sector particles

7/16-17/2025
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LLPs around 2015
8 TeV result by ZL, B. Tweedie, 1503.05923

• <10 LLP searches
• 1 (or 2) LLP trigger(s) 
• LLP are viewed as highly-tuned

strange cases specialized for a 
particular model’s particular 
parameter space.

With our reinterpretation work, we 
showed:
• LLPs are motivated by large class 

of models/parameters
• LLP searches are “inclusive” that 

one can interpret in broad class of 
models

• We identified many gaps and 
opportunities

We have a new Lifetime Frontier

7/16-17/2025

http://arxiv.org/abs/arXiv:1503.05923
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Since 2015:
A Renaissance of Long-Lived Particles

MATHUSLA
Codex-B
AL3X
Anubis
FASER
SHiP
NA62
SeaQuest
MoEDAL
MilliQan

Central/Hard LLPs

Forward/lighter LLPs

monopole
millicharged particles

Beamdump experiments
Search for LLPs

Lesson 1: The models and signature landscape 
changes as the theory motivations/emphasis/focus 
and experimental discoverability changes (with 
respect to data). We should be prepared to search for 
exotic signatures. 
Lesson 1*: there will be many proposals to cover the 
gap, we should think about them carefully.

7/16-17/2025



How to think about LLP searches?
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Just to get some idea

MATHUSLA                            

AL3X

Codex-B

ATLAS / CMS
AL3X LHC Beam

I do not necessarily mean 
exactly these proposals but 
rather they are 
representatives of various 
auxiliary detector concepts.

7/16-17/2025



85

What are these proposals?
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MATHUSLA                            

AL3X

Codex-B

ATLAS & CMS
AL3X LHC Beam

7/16-17/2025
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What are these proposals?
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MATHUSLA

Codex-B

ATLAS & CMSAL3X

7/16-17/2025
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Universal features of LLPs: a typical reach plot 
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Better 
sensitivity

Log scale in sensitivity 
in model parameters 

or observable rate 
(e.g., Br H->XX)

Log scale in proper lifetime
7/16-17/2025
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Universal features of LLPs: understanding shapes
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Better 
sensitivity

Log scale in sensitivity 
in model parameters 

or observable rate 
(e.g., Br H->XX)

Log scale in proper lifetime

𝑑𝑑 = 𝑐𝑐𝜏𝜏𝐻𝐻𝑐𝑐

Geometrical acceptance Pin

7/16-17/2025
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Universal features of LLPs: understanding shapes
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Better 
sensitivity

Log scale in sensitivity 
in model parameters 

or observable rate 
(e.g., Br H->XX)

Log scale in proper lifetime

𝑑𝑑 = 𝑐𝑐𝜏𝜏𝐻𝐻𝑐𝑐

Geometrical acceptance Pin

Double LLPs: 𝑃𝑃in2

7/16-17/2025
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Countering one’s intuition
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Better 
sensitivity

Log scale in sensitivity 
in model parameters 

or observable rate 
(e.g., Br H->XX)

Log scale in proper lifetime

• For short lifetime: the closer the better;
• For long lifetime: the larger decay volume the 

better (CMS/ATLAS is 6-10 m)
• For any lifetime: angular coverage the large 

the better (CMS/ATLAS is 4pi)
• LHC main detectors should be competitive in 

any lifetime (including arbitrary long lifetime 
limit; some times people call a lifetime 
frontier)!

7/16-17/2025
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For the case of long lifetime…
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Not decaying in LHC main detectors ≠ will decay in other detectors
7/16-17/2025
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Rebuilding intuition: True Potential of main detectors
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Log scale in sensitivity 
in model parameters 

or observable rate 
(e.g., Br H->XX)

Log scale in proper lifetime (m)

True potentials at the 
LHC main detectors

Better 
sensitivity

What we see in 
the LHC 
projections

7/16-17/2025
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Reexamining intuition: Identifying the challenge
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𝒏𝒏𝒔𝒔𝒔𝒔𝒔𝒔 = 𝑵𝑵𝒑𝒑𝜹𝜹𝒑𝒑𝒑𝒑 × 𝑷𝑷𝒔𝒔𝒏𝒏 × 𝝐𝝐𝒕𝒕𝜹𝜹𝒔𝒔𝒔𝒔𝒔𝒔𝒕𝒕𝜹𝜹∗𝒔𝒔𝒕𝒕𝒔𝒔𝒕𝒕𝒔𝒔𝒕𝒕𝒔𝒔𝒑𝒑𝒏𝒏 × 𝝐𝝐𝒃𝒃𝒃𝒃𝒔𝒔
𝒑𝒑𝒕𝒕𝒏𝒏𝒑𝒑𝒔𝒔𝒕𝒕𝒑𝒑

O(1%) 1-100%
20-50% for 
dedicated 
LLP trigger

Energy 
threshold, 
reconstruction 
efficiency, etc. 

e.g., 
C. Csaki, E. Kuflik, S. Lombardo, O. Slone, 1508.01522
shows Higgs to LLPs typical trigger efficiency <1%;
ZL, B.Tweedie, 1503.05923, O(100 GeV) LLPs have 
typical efficiency ~1%;

7/16-17/2025

http://arxiv.org/abs/arXiv:1508.01522
http://arxiv.org/abs/arXiv:1503.05923


Opportunities with Lessons

•Search Ideals:
Timing the LLP Opportunity
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Overcoming the difficulties: Timing LLPs

signal 
arrival time

background 
arrival time

1% delay can be spotted
LLP (with mass > 10s of GeV) are all delayed!

ATLAS, CMS, LHCb all have 
upgrade plans with precision 
timing (for pile-up 
suppression) of order ~30 
picosecond 

J. Liu, ZL, LT Wang, 1805.05957

7/16-17/2025

http://arxiv.org/abs/arXiv:1805.05957
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Pair-produced LLPs are significantly delayed

Representative of LLP 
pair production:
All severely delayed

J. Liu, ZL, LT Wang, 1805.05957
Chiu, ZL, Low, Wang, 2109.01682
Chiu, ZL, Shen, et al, ongoing

7/16-17/2025

http://arxiv.org/abs/arXiv:1805.05957
http://arxiv.org/abs/2109.01682
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Delayed jet
Used traditional 300 GeV MET trigger
but rely on the time delays of the trackless 
minimal jet (50 GeV pT) , start probing 
new regime!

New LLP searches now often 
consider timing information as 
part of the analysis/search.

Lesson 3: New Class of Signatures might 
receive universal boost from some 
unconventional low-level observables. Timing 
is an example that is extremely universally 
powerful for LLPs. 

7/16-17/2025



Opportunities with Lessons

•Search Ideals:
Vertexing with Calorimetry
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More ideas: using substructures in the calorimetry

HL upgrade:
Directional resolution 
milliradian, 
Temporal resolution 30 ps 
(for pT > 30 GeV):

Allowing jet & shower 
substructure 
reconstruction:
Perfect for LLPs

J. Liu, ZL, LT Wang, XP Wang, 2005.10836

7/16-17/2025

https://arxiv.org/abs/2005.10836
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Projected sensitivity for HL-LHC
With a similar (in concept but different in details) vertexing 
selection as the previous axion example
• ggF result: with/without high HT trigger requirement
• VBF result: standard VBF trigger

J. Liu, ZL, LT Wang, XP Wang, 2005.10836

Lesson 4: New capabilities in subdetectors 
(now one can view HGCAL as 
Calorimetry+Precision
Timing+Tracking/Vertexing) allows for fuller 
usage of the subdetector for LLPs with low 
background. Particularly, if trigger possible, 
further improvement can be achieved. 

7/16-17/2025

https://arxiv.org/abs/2005.10836


Opportunities with Lessons

•New triggers
Many New Improvements in the past few years and many more to implement
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Recent Trigger Improvement: Displaced Dimuon

• Run3 improved trigger: trigger efficiency increased by a 
factor of 2-4

L2: Muon system only, newly added long-lived trigger
L3: Muon system plus tracking, newly added longlived trigger 

2402.14491

7/16-17/2025

https://arxiv.org/pdf/2402.14491
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Recent Trigger Improvement: Displaced Dimuon

• Run3 improved trigger: trigger efficiency increased by a 
factor of 2-4

2402.14491

Better sensitivity with 1/3 the luminosity due to the improved trigger.

7/16-17/2025

https://arxiv.org/pdf/2402.14491
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Recent Trigger Improvement: Displaced jets in tracker
• Run3 improved trigger: trigger efficiency by around 10, then with analysis 

improvement

CMS-DP-2023-0432409.10806

Lesson 5: New Trigger can bring in O(10) or 
more improvements. So one should have 
trigger capabilities in mind from the very 
beginning of a new experiment.

7/16-17/2025

https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2910430/files/2409.10806.pdf


Opportunities with Lessons

•New Challenging Signals
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Coannihilation and LLP

Mono-jet + (soft) displaced tracksKeung, Low, Zhang 1703.02977 on DM relic

T. Han, ZL, A. Natarajan, 1303.3040

For stau-coannhiliation, the pheno challenges is 
with soft and prompt tau leptons.

7/16-17/2025

http://arxiv.org/abs/arXiv:1703.02977
http://arxiv.org/abs/arXiv:1303.3040
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With OpenData, we showed 
MET+soft tracks are feasible

An, Hu, ZL, Yang, 2107.11405

7/16-17/2025

http://arxiv.org/abs/2107.11405
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A displaced track trigger enables searches for axions

Unique singly produced LLPs making the LHC main 
detectors the major place to look for them:

Long lifetime = low production rate

A 2D-4D vertexing selection for displaced jet 
to veto the fake track background, 
demonstrating the plausibility of this search.

Hook, Kumar, ZL, Sundrum, 1911.12364; ZL, Kumar, et al on various possibilities, 
2011.05995, 2210.02462, 2207.08448, Knapen, Kumar, Redigolo, 2112.07720

Trigger: Y. Gershtein, 1705.04321, CMS-PAS-FTR-18-018
7/16-17/2025

https://arxiv.org/abs/1911.12364
https://arxiv.org/abs/2011.05995
https://arxiv.org/abs/2210.02462
https://arxiv.org/abs/2207.08448
https://arxiv.org/abs/2112.07720
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Our experimental colleagues also creatively handle those 
low mass (but not soft) objects

• CMS CSC searches

Lesson 6: Theorists ask for more (soft, rare, 
hadronic, short lifetime). Experimentalists come 
up with new methods & capabilities. 

7/16-17/2025



Opportunities with Lessons

•Future Collider Benchmark: Higgsino DM
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WIMP Dark Matter
Compelling, simple, predictive 
explanation for thermal, cold dark 
matter. 
Amongst those, a pure electroweak 
doublet (SUSY Higgsino) is 
particularly motivated and 
challenging. 

刘真 （U. Minnesota)              Collider BSM             Shandong 2025

Ωℎ2 ≃ 0.1 × (
2 × 10−26cm3/sec
< 𝜎𝜎eff𝑣𝑣 >freeze−out

)

< 𝜎𝜎eff𝑣𝑣 >𝜒𝜒�𝜒𝜒→𝑅𝑅𝑅𝑅≃
𝜋𝜋𝛼𝛼𝜒𝜒2

𝑚𝑚𝜒𝜒
2

7/16-17/2025
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Disappearing Tracks: next to minimal signatures

• Only useful for searches using charge 1 states 
• Still, all higher charged states will cascade back 

to charge 1 states promptly
• Use all the production rates of charged states
• Mono-photon+disappearing tracks
• Beam Induced Background

Han, ZL, Wang, Wang, 2009.11287, 2203.07351

Pure Higgsinos with 360 MeV mass splitting,  
6mm lifetime, low production rate and 1.1 TeV 
target mass, very challenging.

7/16-17/2025

https://arxiv.org/abs/2009.11287
https://arxiv.org/abs/2203.07351
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Minimal transverse displacement
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• Only use the central tracks, |eta|<1.5
• We assume at least two-layers of 

trackers can be placed before r=5cm
• Show both pair reconstruction or 

single reconstruction results
• We conservatively required 50 signal 

events for discovery 

Han, ZL, Wang, Wang, 2009.11287, 2203.07351

Recent optimization work looking for soft pions, achieving 
sensitivity to Higgsino at 3TeV MuC, Capdevilla, Meloni, 
Zurita, 2405.08858

7/16-17/2025

https://arxiv.org/abs/2009.11287
https://arxiv.org/abs/2203.07351
https://arxiv.org/abs/2405.08858
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Lots of studies at CEPC

• Main detectors 
• Auxiliary detectors 

(LAYCAST, FD3)

7/16-17/2025
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Heavy Neutrino Portal

From Snowmass 
EF BSM report

7/16-17/2025 115
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Millicharged Particles from Colliders
Future projections:
SENSEI@MINOS
DUNE-ND
LDMX
Etc.

ZL’s estimation.
Also updated with various 
more realistic 
considerations with 
SENSEI and OSCURA 
collaboration 
(2304.08625 , 2305.04964).

7/16-17/2025

https://arxiv.org/abs/2304.08625
https://arxiv.org/abs/2305.04964


Looking into the Future:
Lessons from History



42 Years of W boson Discovery



Neutral currents and Weinberg angle

119

1973 Discovery of neutral currents at CERN with neutrino interactions in the Gargamelle
bubble chamber, supporting electroweak theory

~1977 Measurements of Weinberg angle from cross-section ratios between neutral and 
charged current interactions -> prediction for W mass MW ~ 60 – 80 GeV

~1980 More precise measurements of Weinberg angle -> MW = 82.0 ± 2.4 GeV

-νµ + e− → e− + νµ
- -

U. Minnesota)              Collider BSM             Shandong 2025刘真 （ 7/16-17/2025
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Timeline leading to the W discovery
1976 First beam in the CERN Super Proton Synchrotron (SPS)
1976 Cline, McIntyre, Rubbia propose conversion of existing machine into a p�p collider
1978 Decision to convert the SPS into the Super Proton-Antiproton Synchrotron (Sp�pS)
1981 First proton-antiproton collisions at √s = 540 GeV
1982 Experiments UA1 and UA2 have acquired enough data to enable the W discovery 
1983 Announcement of W discovery 

121

PS

UA1

UA2

SPS
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W events in UA1

122

Electron events Muon event (not in discovery paper)

Muon

U. Minnesota)              Collider BSM             Shandong 2025刘真 （ 7/16-17/2025
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13 years of Higgs Discovery
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We all take Higgs for granted, but

Slide from 
S. Dawson

7/16-17/2025
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And SSC Slide from 

S. Dawson
7/16-17/2025



刘真 （U. Minnesota)              Collider BSM             Shandong 2025 126

Higgs is not that obvious
I felt lucky to witness a 
bit of pre-Higgs era:
• New regions 

immediately covered 
by the LHC between 
160-500 GeV

• Still, we didn’t know 
where Higgs or New 
Physics would show 
up

• Higgsless theories 
were still motivated

• Higgs discovery was a 
huge step forward

7/16-17/2025
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Higgs was then Discovered in 2012 at the LHC

Does this ring 
look familiar?

7/16-17/2025



刘真 （U. Minnesota)              Collider BSM             Shandong 2025 128

The Lifespans of HEP programs are long…

Or for many 
different colliders

7/16-17/2025
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But I also think these discoveries spoiled us

We knew:
• W is there with already a target mass before searching;
• Top quark is there
• Higgs is there, or new physics enters before 800 GeV (no-

lose theorem)

But, research is about the unknown, and we shall not over-
promise.

7/16-17/2025
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Summary and Outlook

刘真 （U. Minnesota)              Collider BSM             Shandong 2025 7/16-17/2025

All measurements are BSM probes!
Goal:
• Establish/Reenforce Collider Landscape

• Establish Basic Examples of BSM Searches

• Show how different physic goals give raise to vastly different BSM probes.



Experimentally 
accessible

Theoretically 
plausible

Testable 
Physics 

Opportunities

131

BSM Opportunities

Around the Higgs
Go Exotic
Have Fun
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