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Endeavor of HEP
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Resolution=1/Ὁ

Large # of independent observables

Precise control + Background Rejection
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LHCôs successes
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ÅHiggs Discovery
ÅPrecision measurements
ÅDirect searches on 
ÅSimplified models
ÅSUSY
ÅExtra Dim/Compositeness
Åé

+new upgrades in Energy, 
Detector, Trigger, Analysis 
methods
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Heavy
Resonances
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Where to look for heavy particles? 
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ÅFor high scalar masses, 

ὄὶὛO ὬὬ ὄὶὛO ὤὤ
ρ

ς
ὄὶὛO ὡὡ

Goldstone Equivalence ñgenericallyò gives the above.

ὌὌ
ρ

ς
Ὤ ὺ ὋὋ

ρ

ς
ὋὋ

Regardless whether one uses:
ÅS-h mass mixing:  ɤὛὌὌ

ÅS-h kinetic mixing: ‬Ὓ‬ ὌὌ

ÅSVV direct coupling: ὛὈὌ

Similar plots for heavy fermions,

 heavy vectorsé
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Interplay between DiHiggs (hh ) and DiBoson (VV)
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ÅWW/ZZ (VV) has sizable leptonic
channels, more clean

Åhh has more hadronic decays,
modern b-tagging makesresolved
channels clean

ÅVV dominates high masssensitivity

One can try to enhancehh branching
for models with cascadedecaysor finite
masseffects at E~v. Seee.g., I. Lewisôs
talk yesterday.
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Can multi -Higgs be the leading discovery channel in general?



The busy Higgs mechanism: 

EWSB amplifies Higgs final states

ÅAfter EWSB, expansion yields di-Higgs coupling  θ

n², while gauge couplings remain modest.

ÅMulti -Higgs can be the leading discovery channel; 

the same mechanism extends to fermions and 

vectors.
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P.R. Li, ZL, L.T. Wang  2604.14284

See P.R. Liós talk this afternoon
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If the leading operator for S to SM 
Higgs is (or any similar format):

ρ

ɤ
ὛὌὌ
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The busy Higgs mechanism: 

EWSB amplifies Higgs final states

ÅAfter EWSB, expansion yields di-Higgs coupling  θ

n², while gauge couplings remain modest.

ÅMulti -Higgs can be the leading discovery channel; 

the same mechanism extends to fermions and 

vectors.

ÅLoop corrections stay under control; explicit UV 

models exist and are testable.
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P.R. Li, ZL, L.T. Wang  2604.14284
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The busy Higgs paradigm: di -Higgs dominates 

the search landscape

ÅLarge gap between solid (di-

Higgs) and dashed (di-boson) 

curves for the busy operators. 

ÅThe busy Higgs mechanism 

transforms di -Higgs into the 

discovery channel for new heavy 

resonances

ÅWedonôthaveresonance

searchesin hhh yet, so the limit

is only the overall rate. It will

dominate for high mass.
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Busy Higgs Signals : HH reach far exceeds VV

ÅFor SHÀH, blue and orange are equal. 

For S(HÀH)Į and & S(HÀH)į, the 

orange bar extends much higher. 

ÅLoop-induced low-dim operators

changesthe relative strength

(branching) slightly.

ÅDi-Higgs searches probe busy scalar 

operators to significantly higher 

masses than di-gauge searches
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For further alignment suppression and cascade

decays,seeC. Wagner, S. Roy, in progress.
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Old(Missed) 
Searches & (New) 

Results
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Which fundamental boson has the fewest decays 
measured?
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ÅAmong W, Z, H 

ÅAlso adding pions, kaons, all those 
non-excited states etc.?
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The most copious produced
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Did we overlook it fairly? 

Is it too hard to detect?
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We have a full and nice program for the Higgs 
boson
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Weôve been calling the LHC 

ÅHiggs factory

ÅTop factory

ÅQCD factory

A huge program around them

But LHC is also

ÅBSM explorer

Å(and) EW factory!
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Weôve been calling the LHC 

ÅHiggs factory

ÅTop factory

ÅQCD factory

A huge program around them

But LHC is also

ÅBSM explorer

Å(and) EW factory!

Maybe we should look into W and Z more.
For instance:

7ᴼσЉʉ
:O ςЉɾ

Y.F. Fei, P.R. Li, K.F. Lyu, ZL, M. Pospelov, 2407.15930. 
Y.F. Fei, P.R. Li, ZL, M. Pospelov, 2604.13156

14

https://arxiv.org/abs/2407.15930
https://arxiv.org/abs/2604.13156


SM physics of ╦ᴼ Љ ⱨ
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On-shell Region (OR) defined as: ά ςɜ
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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Projected sensitivity
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The SM Br on such a channel is at ρπ  level

Current LHC data (with current trigger and selection, 150 fb -1)
♯║►╦ᴼ Љ ⱨ Ϸ

HL -LHC data (with improved trigger on multileptons )
♯║►╦ᴼ Љ ⱨ Ȣ Ϸ
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A clean, high -statistics laboratory: ὤᴼ‘‘‎ 

at the LHC

ÅThe LHC produces billions of Z bosons; ὤᴼ‘‘‎ is rare (Ḑρπ ) but exceptionally clean

ÅFinal state: two opposite-sign muons + a hard photon ð minimal hadronic background

ÅFiducial branching ratio isolates a theoretically safe fixed-order regime

ÅStatistical precision: ɝ"ÒȾ"ÒḐπȢςφϷ (Run-2) and 0.04% (HL -LHC) ð sub-percent SM test
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Our re-interpretation of a Run-1 study

"ÒÆÉÄὤᴼ‘‘‎ σȢστπȢπρφρπ
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Our re-interpretation of a Run-1 study

"ÒÆÉÄὤᴼ‘‘‎ σȢστπȢπρφρπ

So,we can add a few more entries to PDG, then what?
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One can also look for dark photon/Z, ALPs , SMEFT
precision, subtle SM effects,  in these channels .
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E.g., anὒ ὒὤȭ

ÅStandard searchchannel
ὤᴼτЉȢ

ÅW rate is a factor of 4~5 
larger than Z

ÅW leptonic branching 
fraction is a factor of 3 
larger than Z

W exotic should be a 
competitive  channel.

ATLAS Search: 2402.15212

18

https://arxiv.org/abs/2402.15212


Are we just 
hunting Bumps?



Are we just 
hunting Bumps?

Many differential and precision measurements, some are QCD (such as 
recent studies on Energy-Energy correlators), some are EW (Higgs STXS). 
We are learning SM, QFT(e.g.,positivity tests, J. Gu, C. Shu 2311.07663
K.F. Lyu, ZL, T. Wu, 2512.04336), flavor (Z.Ligetiôstalk earlier), and stress 
testing the SM from all angles! 

https://arxiv.org/abs/2311.07663
https://arxiv.org/abs/2512.04336


Are we just 
hunting Bumps?

Quantum Entanglement angle: a vibrant direction, see 
F. Maltoniôs talk next, also talk by R. Demina earlier.

Many differential and precision measurements, some are QCD (such as 
recent studies on Energy-Energy correlators), some are EW (Higgs STXS). 
We are learning SM, QFT(e.g.,positivity tests, J. Gu, C. Shu 2311.07663
K.F. Lyu, ZL, T. Wu, 2512.04336), flavor (Z.Ligetiôstalk earlier) and stress 
testing the SM from all angles! 

https://arxiv.org/abs/2311.07663
https://arxiv.org/abs/2512.04336


Feature of High Energy Collisions: ~ EW symmetry  
(Electroweak Restoration )
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ÅAs a local scattering test, the difference 

between broken and non-broken 

scatterings is ordered by ὺȾὉ.
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Huang, Lane, Lewis, ZL, 2012.00774; 

Seeing Goldstone Equivalence

Seemore discussions in R.
Capdevilla, T. Han, 2412.12336

ÅAs a local scattering test, the difference 

between broken and non-broken 

scatterings is ordered by ὺȾὉ.

ÅWhen we measure scatterings at high 

enough energy, the difference between 

these two phases of the same theory 

becomes smaller 

ÅDubbed ñElectroweak Restorationò

ÅCore: H is a complex electroweak doublet
ÅLongitudinal scatter Ą Goldstone scattering

ÅBroken phase calculation Ą symmetric phase calculation

ÅHiggs remembers its doublet nature
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https://arxiv.org/abs/2412.12336


Testing of SM and BSM
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Does Higgs remember its doublet nature? 
Not necessarily.

We can quantify whether (corrections to) 
EWSB is linearly realized or non-linearly 
realized, by using SMEFT (Standard Model 
Effective Field Theory), HEFT (Higgs 
Effective Field Theory), respectively. 

If EW restoration is true, some observables 
should remember h and Z are in an O(2). 

Huang, Lane, Lewis, ZL, 2012.00774; 

I. Lewis, ZL, I. Mahbub, 2605.08433

See I. Mahbubôs talk this afternoon
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Testing of SM and BSM
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If EW restoration is true, some observables 

should remember h and Z are in an O(2). 

Å EW restoration predicts universal 
amplitude ratios Ÿ only SM/SMEFT obey 
them

Å HEFT generically violates these ratios, 
offering a clear discriminant

Å Full set of crosssection ratios to test
linear/non -linear corrections to EWSB.

Huang, Lane, Lewis, ZL, 2012.00774; 

23
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If EW restoration is true, some observables 

should remember h and Z are in an O(2). 

Å EW restoration predicts universal 
amplitude ratios Ÿ only SM/SMEFT 
obey them

Å HEFT generically violates these ratios, 
offering a clear discriminant

Å Full set of crosssection ratios to test
linear/non -linear corrections to EWSB.

Å Many more tests are possibleat LHC
and future colliders.

Clean discriminator: ὡ ὤ╛Ⱦὡ╛Ὤ ratio
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ñExoticò:
Long -Lived

Particles
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What is LLP & Why searching for them?
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Long-lived particles in the 
standard model:
Åapproximate symmetries;
Åkinematic suppressions; Detector 

tagged and 
energy 
detectableFor BSM particles:

ÅPrompt particles being 
actively probed;

ÅMany scenarios give raise to 
long-lived signatures:
ÅSUSY (GMSB, RPV, 

Split, etc.)
ÅHidden Sector Dynamics

1810.12602
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https://arxiv.org/abs/1810.12602


SUSY as a Strawman (more towards heavy LLPs)
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ÅR-Parity-Violating, small B/L -violating couplings

ÅGauge mediationðsuppressed couplings via SUSY breaking 
scale

ÅMini -split spectrumðsuppressed couplings through 
ñdecoupledò heavy particles

ÅPure Wino/ Higgsinoïnearly degenerated, disappearing track

ὧ† ρͯ Í
ρππ 'Å6

ά

ρπ

‗

ὧ† ρͯπ Í
ρππ 'Å6

ά

Ὂ

ρππ 4Å6

ὧ† ρͯ ÍÍ
 4Å6

ά

ά

0Å6
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Hidden Sectors (more towards light LLPs)
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Hidden sector feeble 
couplings to SM via various 
portals, suppressed by the 
smallness of the couplings

Higgs 
portal

Heavy 
Neutral 
Leptons 
(HNLs)

Axion-Like-
Particles 
(ALPs)

Dark 
Photon

Zurek, Strassler

Fantastic Four or Amazing five (plus millicharged)
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New Capability example: Timing
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Delay is a 
universal feature 
of Long-Lived 
Particles*

Slow

New Capability example: Timing
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*except for those hyper-boosted ‎ χ

Liu, ZL, Wang, 1805.05957
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https://arxiv.org/abs/1805.05957


Late comers will be spotted easily
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CMS search, 1906.06441
Liu, ZL, Wang, 1805.05957

8 TeV results, ZL, Tweedie, 1503.05923

Displaced jet at 13 TeV, 
39 Ὢὦ

More to come:
CMS MTD upgrade
ATLAS HGTD upgrade
Ecal, Muon system, HCal, 
timing information to be used

30
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CMS search, 1906.06441
Liu, ZL, Wang, 1805.05957

8 TeV results, ZL, Tweedie, 1503.05923

Delayed Jet analysis 
carried out by CMS, 
139 Ὢὦ

Displaced jet at 13 TeV, 
39 Ὢὦ

More to come:
CMS MTD upgrade
ATLAS HGTD upgrade
Ecal, Muon system, HCal, 
timing information to be used
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What is the time of a jet?
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Theoretically and experimentally 
interesting

The pioneering delayed jet search used median 
time, clearly having a large room to improve.

Chiu, ZL, Low, Wang, 2109.01682
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http://arxiv.org/abs/2109.01682


Tackle Time: what is the time of a jet?
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pT-weighted time provides the best 
convergence, and hence the quasi-
optimal experimental definition of 
the jet time.

Other jet time definitions spread 
out driven by soft/colinear 
behaviors, further imprinted by 
geometrical effects.

Chiu, ZL, Low, Wang, 2109.01682
Chiu, Shen, ZL ongoing study with Machine Learning.
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Recent Trigger Improvement: Displaced Dimuon
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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 
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https://arxiv.org/pdf/2402.14491


Recent Trigger Improvement: Displaced Dimuon
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2402.14491 

Better sensitivity with 1/3 the luminosity due to the improved trigger.
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Run3 improved trigger: trigger efficiency increased by a factor of 2-4

https://arxiv.org/pdf/2402.14491


Recent Trigger Improvement: Displaced jets in 
tracker
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Run3 improved trigger: trigger efficiency by around 10, then with analysis 
improvement

CMS-DP-2023-0432409.10806
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