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Endeavor of HEP

Now: Explore the Uncharted
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Resolution=1/E_,,

Large # of independent observables

Precise control + Background Rejection
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LHC’s successes

4 July 2012
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Standard Model Production Cross Section Measurements

Status: June 2024
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LHC’s successes

« Higgs Discovery
 Precision measurements
e Direct searches on

« Simplified models
« SUSY
« Extra Dim/Compositeness

+new upgrades in Energy,
Detector, Trigger, Analysis
methods
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LHC’s successes

* Higgs Discovery
e Precision measurements
e Direct searches on
« Simplified models
« SUSY
« Extra Dim/Compositeness

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

Zhen Liu New Directions in Collider Physics

drove a paradigm shift
* (we become) humble (about

how and where new physics
would show up)
« more adventurous
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Where to look for heavy particles?

 For high scalar masses,
1
Br(S - hh) = Br(S » ZZ) = EBr(S - WW)

Goldstone Equivalence “generically” gives the above.

1 1 1.0 [y
HTH=E(h+U)2+G+G_+EGOGO | SHJFH
Regardless whether one uses: 0.8

- S-h mass mixing: AS(HTH) 06l - _
* S-h kinetic mixing:lauSaﬂ(HTH) ot _ -
A e [
« SVV direct coupling:%S|DﬂH|2 0.4- ]
S—77
Similar plots for heavy fermions, 0.2 - ]
- / - :
heaVYVectors... 00- N ."f;?. J.-_\él>l,f’:.f»j;rl o
200 300 400 500 600 700 800
mg [GeV]
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Interplay between DiHiggs (hh) and DiBoson (VV)

« WW/ZZ (VV) has sizable leptonic
channels, more clean

* hh has more hadronic decays,
modern b-tagging makes resolved
channels clean

* VV dominates high mass sensitivity

Tlimit(PP—S) [pb]

One can try to enhance hh branching
for models with cascade decays or finite
mass effects at E~v. See e.g., I. Lewis’s

talk yesterday.

Zhen Liu New Directions in Collider Physics

Cross Section Upper Limits at the LHC (139 fb)
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mg [GeV]
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Interplay between DiHiggs (hh) and DiBoson (VV)

« WW/ZZ (VV) has sizable leptonic
channels, more clean

* hh has more hadronic decays,

modern b-tagging makes resolved ,.E
channels clean =

* VV dominates high mass sensitivity ,L
=y

B

One can try to enhance hh branching S

for models with cascade decays or finite
mass effects at E~v. See e.g., I. Lewis’s

talk yesterday.
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Cross Section Upper Limits at the LHC (139 fb)
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Can multi-Higgs be the leading discovery channel in general?

Zhen Liu New Directions in Collider Physics
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The busy Higgs mechanism: P.R. Li, ZL, L.T. Wang 2604.14284
EWSB amplifies Higgs ﬁnal states See P.R. Li‘s talk this afternoon

« After EWSB, expansion yields di-Higgs coupling «

n2, while gauge couplings remain modest. If the leading operator for S to SM

Higgs is (or any similar format):
« Multi-Higgs can be the leading discovery channel,

the same mechanism extends to fermions and A2n—3 \) (H TH ) "
vectors.
BR(S — hh
( ) = (2n — 1)%
BR(S = VV)

BR(S — hhh) 1 2(n—1)2?mé
BR(S » hh) (4m)%2 3 V2

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 S


https://arxiv.org/abs/2604.14284

The busy Higgs mechanism:
EWSB amplifies Higgs final states

P.R. Li, ZL, L.T. Wang 2604.14284
See P.R. Li‘s talk this afternoon

« After EWSB, expansion yields di-Higgs coupling «
n2, while gauge couplings remain modest.

« Multi-Higgs can be the leading discovery channel,
the same mechanism extends to fermions and
vectors.

 Loop corrections stay under control; explicit UV
models exist and are testable.

_-HT ~ HT
i s
l/J5 CD//\\
s T H g / S HT
----- ¥ --=-=
——--HT \ w
1/11 (D.l.\ 7
~. X
Sy < H
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BR(S — hhh) 1

If the leading operator for S to SM
Higgs is (or any similar format):

n
A2n—3 S(HTH)
BR(S — hh) B ,
BR(S S vy) ~ en— D

2(n —1)?mé

Pheno 2026

BR(S = hh) (4m)2 3 p2

05/12/2026 S


https://arxiv.org/abs/2604.14284

The busy Higgs paradigm: di-Higgs dominates

the search landscape

« Large gap between solid (di-
Higgs) and dashed (di-boson)
curves for the busy operators.

* The busy Higgs mechanism

transforms di-Higgs into the =y
discovery channel for new heavy » 10-11
0 :
resonances o :
« We don’t have resonance = :
searches in hhh yet, so the limit £ 1072 :
- C

is only the overall rate. It will
dominate for high mass.
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Cross Section Upper Limits at the LHC (139 fb!)
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Busy Higgs Signals: HH reach far exceeds VV

« For SHTH, blue and orange are equal.
For S(HtH)2 and & S(H1tH)3, the
orange bar extends much higher.

* Loop-induced low-dim operators
changes the relative strength
(branching) slightly.

 Di-Higgs searches probe busy scalar
operators to significantly higher
masses than di-gauge searches

Sensitivity on Busy Operator Og at the LHC (3 ab_l)

|
>00 = VV channel with SG’”VGW c,=cs=1, mg=A
= HH channel with SG*'G,,
>
b
O 1000t
7.
S
500

SHTH  SGHTHY SHHR,, SHTHY SHH),,

For further alignment suppression and cascade
decays, see C. Wagner, S. Roy, in progress.
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Which fundamental boson has the fewest decays
measured?

« Among W, Z, H The Review of Particle Physics (2025)

S. Navas ef al. (Particle Data Group), Phys. Reyv. D 110, 030001 (2024) and 2025 update

» Also adding pions, kaons, all those

NON-ex it tates etc, ? pdg - Interactive Listings Order PDG Products
0 exe ed > Summary Tables Topical Index
Reviews, Tables, Plots Downloads & API
Particle Listings Previous Editions
Errata Other Resources

Except where otherwise noted, content of the 2025 Review of I;b_(ticle Physics:is licensed under a Creative
Commons 4.0 International (€C BY 4.0) license. The publication of the Review of Particle Physics is

- ® supported by US DOE, MEXT and KEK (Japan), INEA (Italy), and CERN. Individual collaborators receive
support for their PDG activitiesfrom their respective institutes or funding agencies. © 2025. See LBNL

particle data group
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Which fundamental boson has the fewest decays

measured?

* Among W, Z, H

» Also adding pions, kaons, all those

non-excited states ete.?

Shots to prevent cancer show Visualizing a key stepin Silk-wsr:rped food wins
early promise p.126 Bll&

cytokine signaling pp.139&163 ience Prize p.146

$15
‘ I lce 8APRIL2022

science.org.

AVAAAS

W boson mass measures higher than expected pp.125,136,& 170

particle data group
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The Review of Particle Physics (2025)

S. Navas ef al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) and 2025 update

- Interactive Listings Order PDG Products

pdg

Summary Tables Topical Index

Reviews, Tables, Plots Downloads & API

Particle Listings Previous Editions

Errata Other Resources

oN

Except where otherwise noted, content of the 202$ Review of Pq:\"_ticle Physics:is licensed under a Creative
Commons 4.0 International (€€ BY. 4.0) license. The publication of; the Review of Particle Physics is
supported by US DOE, MEXT and/KEK (Japan), INERA (Italy), and CERN. Individual collaborators receive

support for their PDG activitiesfrom their respective institutes or funding agencies. © 2025. See LENL
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The most copious produced

W+ DECAY MODES

W™ modes are charge conjugates of the modes below.

Mode
Iy
I
J

Ty

hadrons
Ty
Py
Ky
Din
cX

cs
invisible

atate

Zhen Liu

Did we overlook it fairly?
Is it too hard to detect?

Fraction (T'; /T)

(2]

(3]

(10.86 +0.09) %
(10.71 +0.16 ) %
(10.63 +0.15) %
(11.38 +0.21) %
(67.41 +0.27) %
< 1.9 x1075

< 5.2 %1070

< 1.7 x1078
<6 x10*
(33.3+26)%
B %
(1.44+2.8)%

< 1.01 x10°°

Scale Factor/
Conf. Level

CL=95%
CL=95%
CL=95%

CL=95%

CL=95%

New Directions in Collider Physics
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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

* QCD factory

A huge program around them

But LHC is also
* BSM explorer
* (and) EW factory!

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 14



We have a full and nice program for the Higgs
boson

We’ve been calling the LHC

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

 Top factory W o 32 4 v

* QCD factory 7204y

A huge program around them 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

But LHC is also
* BSM explorer
* (and) EW factory!

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 14


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

SM physicsof W - 3¢ + v

Signal process

cross section [pb]

pp — L7070 v + (5), Muew € OR

0.36

pp — (00" + (7), Meeew € OR

0.25

On-shell Region (OR) defined as: my, + 2I,

Zhen Liu New Directions in Collider Physics

1076t

Branching Ratio

TN T ST T A T O S | |

10—8...|...|.|.|.|....
5 10 15 20 25 30 35 40

Nee(GEV)

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.

Pheno 2026 05/12/2026 15



Projected sensitivity

The SM Br on such a channel is at 10~° level

Current LHC data (with current trigger and selection, 150 fb?)
OBr(W - 3£ +v) = 6%

HL-LHC data (with improved trigger on multileptons)
O6Br(W - 3¢ +v) =0.6%

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 16



A clean, high-statistics laboratory: Z - uuy

at the LHC P58 T [6] ~52x10* Cl=95% 45594

I'sg wrpTy [6] < 5.6x10* CL=95% 45594 v

Teo rtry [6] < 7.3x10* Cl=95% 45559  ~

The LHC produces billions of Z bosons; Z —» u*tu~y is rare (~ 10~%) but exceptionally clean

Final state: two opposite-sign muons + a hard photon — minimal hadronic background

Fiducial branching ratio isolates a theoretically safe fixed-order regime
Statistical precision: ABr/Br ~ 0.26% (Run-2) and 0.04% (HL-LHC) — sub-percent SM test

Our re-interpretation of a Run-1 study
Briid(Z - uuy) = (3.34 + 0.016) x 10~*

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 17



A clean, high-statistics laboratory: Z - uuy

at the LHC PSS T [6] ~52x10* Cl=95% 45594

T'so phrp ey [6] < 5.6x10* CL=95% 45594 v

Teo rtry [6] < 7.3x10* Cl=95% 45559  ~

The LHC produces billions of Z bosons; Z —» u*tu~y is rare (~ 10~%) but exceptionally clean

Final state: two opposite-sign muons + a hard photon — minimal hadronic background

Fiducial branching ratio isolates a theoretically safe fixed-order regime
Statistical precision: ABr/Br ~ 0.26% (Run-2) and 0.04% (HL-LHC) — sub-percent SM test

Our re-interpretation of a Run-1 study
Briid(Z - uuy) = (3.34 + 0.016) x 10~*

So, we can add a few more entries to PDG, then what?

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 17



One can also look for dark photon/Z, ALPs, SMEFT
precision, subtle SM effects, in these channels.

0
E.g,anL, — L, 7’ 107 S e B
- Standard search channel _ |
Z > 47, 10_1;‘
W rate is a factor of 4~5 ] |
larger than Z o5 10721
* W leptonic branching AR et
fraCtion iS a faCtOI‘ Of 3 10—3_LEP .................................... |
larger than Z  CCER HL-LHC W—3u+v, |
? ATLAS *
O s e S0 100
W exotic should be a
competitive channel. mz [GeV]

ATLAS Search: 2402.15212

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 18


https://arxiv.org/abs/2402.15212
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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. Ligeti’s talk earlier), and stress
testing the SM from all angles!
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https://arxiv.org/abs/2311.07663
https://arxiv.org/abs/2512.04336
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il 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. Ligeti’s talk earlier) and stress
testing the SM from all angles!

ErEr e EE R R EEEEEEE

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


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

Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration) a4

> ¥
? \

‘\v\l $
|2

—

||
=

* As a local scattering test, the difference '] |
between broken and non-broken g S
scatterings is ordered by v/E.

() ()

4
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Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration) S £

 As alocal scattering test, the difference
between broken and non-broken
scatterings is ordered by v/E.

 When we measure scatterings at high
enough energy, the difference between
these two phases of the same theory
becomes smaller

 Dubbed “Electroweak Restoration”

V(d) ()

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 210



Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration)

 As alocal scattering test, the difference
between broken and non-broken
scatterings is ordered by v/E.

 When we measure scatterings at high
enough energy, the difference between
these two phases of the same theory
becomes smaller

 Dubbed “Electroweak Restoration”

 Core: H is a complex electroweak doublet o pvo

» Longitudinal scatter - Goldstone scattering

» Broken phase calculation - symmetric phase calculation

» Higgs remembers its doublet nature

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 210



Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration)

« As alocal scattering test, the difference  Seeing Goldstone Equivalence
between broken and non-broken Combined Result, Vs =14 TeV, 3ab™!
Scatterings 1s ordered by U/E 1.4 | Huang, Lane, Lewis, ZL, 2012.00774; - -

1.2 T
 When we measure scatterings at high 5 T

1.0 ——
enough energy, the difference between .
these two phases of the same theory I

0.6 l 1 4L 4
becomes smaller - ———= Prediction  68% C.L.
 Dubbed “Electroweak Restoration” 0 ] L- Statistical

—— Statistical+Systematic

 Core: HisacompleXelectroweakdoublet0-0'----u-v-w---v-------------------w-'--u---'
100 200 300 400 500 600 700 800 900 1000

» Longitudinal scatter > Goldstone scattering p? [GeV]

» Broken phase calculation - symmetric phase calculation

 Higgs remembers its doublet nature See more discussions in R.
Capdevilla, T. Han, 2412.12336

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 21


https://arxiv.org/abs/2012.00774
https://arxiv.org/abs/2412.12336

H =

Testing of SM and BSM

I. Lewis, ZL, I. Mahbub, 2605.08433
See I. Mahbub’s talk this afternoon

Does Higgs remember its doublet nature?
Not necessarily.

We can quantify whether (corrections to)

EWSB is linearly realized or non-linearly S 175

realized, by using SMEFT (Standard Model <5

Effective Field Theory), HEFT (Higgs S 150-

Effective Field Theory), respectively. ) lﬁ‘ .
ar

I Wans ey iy | i

L \/§ZG 0 U(m):exp(za m (.’E)) I.OOj

V2 \vt+th+iG v r
o i

= 0'2__

If EW restoration is true, some observables P,
should remember h and Z are in an O(2). S
-0.2

Zhen Liu New Directions in Collider Physics

200L

W*Z/W*h (Longitudinal)

— SM :

SMEFT: cgz=1/(15 TeV)? cup=1/(5 TeV)?

HEFT: n7=1/15000, k7=1 =—— c3=1/1000 ;

i linear = = quadratic
DE— i

500 1000 2000 3000

. Vs [GeV] . 5o


https://arxiv.org/abs/2012.00774
https://arxiv.org/abs/2605.08433

Testing of SM and BSM

1 B iolnl (z) W*Z/W"h (Longitudinal)
H=—— . U(z) = exp i
\/5 (’U—i—h—l—ZGO) ( v ) > oof — SM
If EW restoration is true, some observables S 17s) T ST ST
should remember h and Z are in an O(2). ) % [ HEFT =100, k=l = =100
« EW restoration predicts universal E o TS —
amplitude ratios — only SM/SMEFT obey 1 |t
them <= :¥
«  HEFT generically violates these ratios, 100 t
offering a clear discriminant f | | \
«  Full set of cross section ratios to test -1 _
linear/non-linear corrections to EWSB. Lo02f
< ;f 00+ ———— -
02 500 1000 2000 3000
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Clean discriminator: W;" Z, /W; h ratio

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

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

« HEFT generically violates these ratios,
offering a clear discriminant

e  Full set of cross section ratios to test

linear/non-linear corrections to EWSB.

«  Many more tests are possible at LHC
and future colliders.

Zhen Liu New Directions in Collider Physics

ow, 2,/0W, i

+ +
Yoo/ Tznsm — |

W*Z/W"h (Longitudinal)

—_— SM
L 45 SMEFT: Cugs=1/(15 TeV)? cup=1/(5 TeV)? .
i HEFT: n7=1/15000, «7=1 c3=1/1000
1 3: linear == == quadratic ]
12F
1.1F
I 14 TeV LHC
10/
0.4; """""""""""""""""""""" —;
03f
02F
0.1F :
0.0; SNSRI = =
—0.1E . . . . . ‘ ‘ ) . . . . . E
300 400 500 600 700 800 900
pr [GeV]
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“Exotic”:
Long-Lived
Particles

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/ @56



What is LLP & Why searching for them?

. . . | Detector-Prompt _ —Detector -Stable
Long-lived particles in the | of & £ 1810.12602
standard model: 10°{ o © EoE
e approximate symmetries; | Wiz
» kinematic suppressions; S Digitgeitot

pp ’ = tagged and
1 . S 104-5 B* BU energy
For BSM particles: 2 v / et
* Prompt particles being - . D*/D°
: . ) 2 A
actively prob.ed, | | £ 100 p © o L.
- Many scenarios give raise to ¢ o K5 Ki
long-lived signatures: .
m° n=
« SUSY (GMSB, RPV, 102 4 o o M
. : =
Split, etc.) '
* Hidden Sector Dynamics 1077 1072 10-° 10-5 10! 10~ 10~* 10'  10°
Proper Lifetime 1 [s]
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https://arxiv.org/abs/1810.12602

SUSY as a Strawman (more towards heavy LLPs)

« R-Parity-Violating, small B/L-violating couplings _.EL of
100 GeV /1078\* --=-
“Trey~Lm m Arpy S

¥
* Gauge mediation—suppressed couplings via SUSY breaking ﬁ W f ;-f-

scale
4

100GeV>5< VF )

¢Tamsp~10m ( = 100 TeV

6

* Mini-split spectrum—suppressed couplings through 9
“decoupled” heavy particles %_ -

TeV > mg 4 Ay \A):t frr'b
CTmilli—split"’1 mm ( )

mg PeV

« Pure Wino/Higgsino—nearly degenerated, disappearing track

o0
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Hidden Sectors (more towards light LLPs)

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

$ W AF A VR7S

Dark
portal JC ;f Photon

Zurek, Strassler ~ /LHC

N v f v
hidden —>f—— - - ="

valley Heavy _ Axion-Like-
3\ / Neutral Particles
) \J S\ Leptons (ALPs) 3
eeATTIIeeT (HNLs)
SM..»_ﬂ-“"' :,- !

Fantastic Four or Amazing five (plus millicharged)
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New Capability example: Timing

Displaced
acks

(c) CERN 2009. All rights reserved http:/figuana.cern.chfispy
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New Capability example: Timing

Displaced
acks

IDEEVATE:!
universal feature
of Long-Lived
Particles*

. W/

\ Verte

Liu, ZL, Wang, 1805.05957

(c) CERN 2009. All rights reserved

http:/figuana.cern.chfispy
*except for those hyper-boosted y > 7
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-
Ny
S

-
i
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-~
-
bl T

-
-~
e ——
-
-

. Displaced jet at 13 TeV,
109 39 fb™*

104 More to come:
10-5 | R | | CMS MTD upgrade
[ ] 1 1 I [ 1 | [ 1 | 1 1 P i h Ty | 1 1 1 | | [ 1 | |
200 400 600 _ 800 1000 1200 1400 1600 ATLAS HGTD upgrade

Ecal, Muon system, HCal,

mg (GeV) timing information to be used

CMS search, 1906.06441

Liu, ZL, Wang, 1805.05957
8 TeV results, ZL, Tweedie, 1503.059023
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http://arxiv.org/abs/arXiv:1906.06441
https://arxiv.org/abs/1805.05957
https://arxiv.org/abs/1503.05923

Late come ill be spotted easily

104
108
102k
10"

Delayed Jet analysis

—
£ carried out by CMS,
5 107" > 139 fb~

- Displaced jet at 13 TeV,
39 fb™*

More to come:

CMS MTD upgrade

ATLAS HGTD upgrade

Ecal, Muon system, HCal,
timing information to be used

-5 =
10 [ 1 ] I L 1 1 I L 1 1 I 1 P 1=-_1

L L l 1 1 ] I 1 1 ]
200 400 600 800 1000 1200 1400 1600

CMS search, 1906.06441
Liu, ZL, Wang, 1805.05957
8 TeV results, ZL, Tweedie, 1503.059023
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What is the time of a jet?

Theoretically and experimentally
Interesting
CMS Preliminary 137 b (13 TeV)
0 104 % T L I T T T ] LI N N B B %
uC) 3 - [[1 Beam halo background .
o 10" = ] core and satellite backgrounds 3
) = [ ] cosmic background .
< 10 == Observation E|
<1>J == GMSB m, =2400 GeV, ¢, =1m
w10 b mememes GMSB m_ = 2400 GeV, ¢, =10 m
== GMSB m, = 2400 GeV, c1; =30 m
1
107"
107
107° ¢
107
. 1 | 1 1 I | 1 | | 1 1 1 I 1 1 1 | | 1 1 | 1
1075 4 6 8 10 12
te (NS)

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

Zhen Liu New Directions in Collider Physics

median,hardest,random rT
t{ } e t{im,ih,ir} — ? COSh n{im,ih,ir}
TT |DJ rT e
tnllll — _U — — COSh ?7-] . g§> |
C prJ C RIS
tkinematic — TT EJ e @
c PTJ &7 o Y
1 e\ _—:’{_‘_/,"355"{':“’7“73777~" 'Hadrommuon Detection
average ragmentation
t J 8 = E tz \Q e 006
N “
i=1
N
1
tﬁT = pthza pPrs — g pT,z
pTS .
a’ b}
£B) o § j *(AR;)Pt]
i€jet
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?

Probability

1o . pT-weighted time provides the best
- — pr—weighted )
- Median ]_ 7. mp= 1 TeV convergence, and hence the quasi-
[ Thordest 1.5<ln/1<2.0 optimal experimental definition of
10 - —Random the jet time.
1072 Other jet time definitions spread
- out driven by soft/colinear
10-3L behaviors, further imprinted by
g geometrical effects.
10—4 | | T I T O o A
-03 -0.2 -0.1 0. 0.1 0.2 0.3 t(®P) o Z(I)Tﬂa(gpi)ﬁf?
At/ tref i€jet

Chiu, ZL, Low, Wang, 2109.01682
Chiu, Shen, ZL ongoing study with Machine Learning.

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026

32


http://arxiv.org/abs/2109.01682

Recent Trigger Improvement: Displaced Dimuon

Run3 improved trigger: trigger efficiency increased by a factor of 2-4
HLT Efficiency vs. LLP Decay Length A

____(13.6Tev) _Run 2 (2016)

—

III|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII

CMS simuiation
H—2Z7Z, Run 2 (2018)
m(H) = 125 GeV — Run 3 (2022)
m(Z ) = 20 GeV —— Run 3 (2022, L3)

—— Run 3 (2022, L2)

Run 2 (2018)

>
o
c
Qo
O
=
®
| —
(O]
(e))
D
| —
F__

Run 3 (2022, L3)

IIIIIIIIllIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Run 3 (2022, 1.2)

Run 3 (2022)
Run 2 (2018)

Axzis not to scale

Tracker end

L2: Muon system only, newly added long-lived trigger
L3: Muon system plus tracking, newly added longlived trigger
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Recent Trigger Improvement: Displaced Dimuon

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

A
Run 2 (2016)

—

—
<

H-Z.Z,
m(ZD) = 50 GeV
B(Z_ — pp) = 0.122

Run 2 (2018)

—
<
N

—
<
w

Run 3 (2022, L3)

—
o
~
T T T T

Combined: Observed:

— Observed 68% quantile — 13 TeV
- - Expected 95% quantile — 13.6 TeX

-
N
Q
'T\
=
Q
c
@]
=
=
pu
@
Q.
a
=]
—
o
N
o
o

Run 3 (2022, 1.2)

—
<3
o

1 IlIlII,I,I 1 IIlI|,|,|| L1111

6 |
10 - - : | Axzis not to scale

107° 102 107" 1 ! !
Tracker end

Better sensitivity with 1/3 the luminosity due to the improved trigger.
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Recent Trigger Improvement: Displaced jets in
tracker

Run3 improved trigger: trigger efficiency by around 10, then with analysis

improvement
CMS : : 34.7fb " (13.6 TeV

IIII]I| I IIIIIIII

T IIIIIIII T IIIIIIII T IIIIIIII

~—

CMS simulation Preliminary

—
o
w

T IIIIIHI

T T T T I
CMS Data

Predicted background

Run-3 displaced-jets trigger efficiency
Run-2 displaced-jets trigger efficiency

1 IIIHI\I 11

g > 0.985

prompt-veto mg = 40 GeV, ¢t, = 1 mm
gg—H H—-SS
S —bb
BH — SS) = 1% ms = 40 GeV, ¢t = 100 mm

—— mg =55 GeV
mg = 40 GeV
H—)SS,S—)bE —mS=15GeV

—
o
™

T IITIIIII

ms = 40 GeV, ¢1, = 10 mm pp —H, mH=125 GeV

T lIIIIII|
(R

10°

10?

IJHHI‘ | IHIHI‘ | IHIHI{
Trigger efficiency ratio

T IIII[I|
L1 Illllll

10

7

T \IHHq T IHIII‘ T IHIHI‘ T IHIHI‘ T Illl\l\l T

J
—

|
o

\
1

-k
»

5| FT

95% CL upper limits

1

[ I|IIlI]
T

L1 IIIIIIl

T IIIIIHI
| [llll[ll

— Observed 107 !
096 097 098 099 0995 0.998 0.9985 1.0 -

DiSpIaced-dUet GNN score gdisplaced

1 lllllll 1 L llllllr

T IIlIH|
L1 II]III|

- [T

H—SS .
CMS, dlSp._]etS Track-to-DY

< I ' | « H - DRB-1Q4 (2021) 012015 e S
mg = 40 GeV @" 3 TeV) GNN block
ot + ¥

disp. jets

JHEP 03 (2022) 160 | (iNNblock
117 fb" (13 TeV) p :
LSTM

IIIllI| | | |IIlllI | | llIIII| | | lIllIII3 | Dense layers /
~
1 10 10 ~8—
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FT IIIIII|
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https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2910430/files/2409.10806.pdf

Realize the true power of LHC

Displaced tracks trigger, Timing in trigger
LLP searches in all subsystems, e.g.,

°* muon spectrometer
« HGCal, HGTD, Mip Timing Detector

Front Hadronic (FH): /
Si & scintillator + steel /#

12 layers, ~3.5\

Endcap Electromagnetic (EE):
Si+ Cu & CuW & Pb

28 layers, 25 X0 & ~1.3\ _=%

Backing Hadronic (BH):

12 layers,

Si & scintillator + steel

~5}\

-----

3 33 { s

f BH i ] | aasocing
N {

i

' need granularity and i

Look for LLPs in HGCAL, Liu, ZL, Wang, Wang,
2005.10836; Displaced Trigger, Gershtein 1705.04321,

Gerstein, Kanpen, 1907.00007, Gerstein, Knapen, Redigolo
2012.07864 ; Linthorne, Stolarski, 2103.08620; Guo, He,

Liu, Wang, 2111.01164; Chekanov et al., 2203.07286 +...
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https://arxiv.org/abs/2012.07864
https://arxiv.org/abs/2103.08620
https://arxiv.org/abs/2111.01164
https://arxiv.org/abs/2203.07286

Realize the true power of LHC

Displaced tracks trigger, Timing in trigger
LLP searches in all subsystems, e.g.,

°* muon spectrometer

« HGCal, HGTD, Mip Timing Detector
Expanding LHC program

MATHUSLA =
Codex-B
AL3X

ANUBIS

EASER, FPF
(SND), SHiP .\P'

NA62
SeaQuest

w’

-’

MoEDAL }_

MilliQan

Zhen Liu

~
Central/Hard LLPs

Forward/light LLPs

Beamdump experiments

monopole
millicharged particles .

New Directions in Collider Physics

Backing Hadronic (BH):
Si & scintillator + steel

Front Hadronic (FH):
Si & scintillator + steel /
12 layers, ~3.5\ \

Endcap Electromagnetic (EE):

Si + Cu & CuW & Pb

28 layers, 25 X0 & ~1 .3)\/_,/.,.-;
et

>— Search for LLPs

’ need granularity and i

Look for LLPs in HGCAL, Liu, ZL, Wang, Wang,
2005.10836; Displaced Trigger, Gershtein 1705.04321,

Gerstein, Kanpen, 1907.00007, Gerstein, Knapen, Redigolo
2012.07864 ; Linthorne, Stolarski, 2103.08620; Guo, He,
Liu, Wang, 2111.01164; Chekanov et al., 2203.07286 +...
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rd3cr

Preliminary

Run: 8336 - Event: 25655346
Tuesday, 23 August 2022 06:26:30

FASERvV I/F tracker

air-core magnet

FASER spectrometer

momentum particle

From FASER talk at Moriond26
by Hu & Queitsch-Maitland

Negative charged track
Tilted-View
= S MY
1000 pum -

~~ __ ~Beam-View
~2_ v vertex H
i '/‘ ,
|
|
l
500 pm |

20 https://faser—public-plots.app.cem.g@




CERN-FASER-CONF-2026-005
CERN-FASER-CONF-2026-002

2026 FASER results

FASER Preliminary

14 Accelerator v LHC v Astrophysical v
— 1. .

. ANOMAD 08: v,/v, #NuTeV 06: v,/v, T @FASER 26: v, % FASERV 26: v, +D, IceCube 17: v, +D,

o CCDHS 87: v,/D,  E53: ve/be WFASER 26: 0,  #FASERV 26: Ve+De  %IC HESE Shower 17: v+,

@ 1.21 0CcCFR97: vy/p,  ©DONUT: ve+0, I FASER 26 v,+7,

9 --- Bodek-Yang, v,
c ) ¢ e Bodek-Yang, U,
.—Iu 1.0 —:— Bodek-Yang, avg.

>
Q
O 0.8
™~
£ R e
w 067 ¢+ 1 1| TTT——
T —— oo | )
8 - - - —-.I—_'—.-—.-_-——-—— — ————— . -
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Neutrino Energy E, [GeV]
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One can also look for dark sector particles such as
millicharged particles

D1- magnets

ATLAS-IP

mCPs

FORMOSA@
| D

630 m

140 m
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Showers Can Boost mCP Signals by 40-60%

x10~4 Sensitivity reach
4.00 7 Y Relative mCP signal contribution
Pythia8-Forward
350 e s e SIBYLL
o ~ 0.6 —— EPOSLHC
3.50 { e 5
g’ 0.5
3.251 w
-
©
3.00- E
a
2.751 >
=
2.50 -
o)
o
4 U
2.25 = Primary (Pythia8-Forward)
_ = Primary+Secondary (Pythiag8-Forward)
2.00+ Primary (all generators)
Primary+Secondary (all generators)
0.025 0.05 0.075 01 0.125 0.15 0.175 0.2 0.05 010~ 015~ 0.20 0.25 0.30

MCP mass [GeV] MCP mass [GeV]

J. Adhikary, P.R. Li, ZL, S. Trojanowski, A. Zabihi, to appear
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Constituent Center of Mass Energy

High Energy & Precision Drives

10000

1000

100

-
o

L

Discovery on the Energy Frontier

Superfluid
cryogenics

(top quark Tevatron)
SC cable >
(W, Z bosons) SppS

Lepn Lepton colliders
SLC, LEP (Nv =3)

Stochastic <@gmammm S1LED
cooling PETRA, PEP (gluon)

Wakefields, impedances ~nabling concepts
=% Snowmass Report: 1401.6114

‘I'ul'illinglln-:uus ! l | . I : | | |

1960 1970 1980 1990 2000 2010 2020 2030
’ Year of First Physics
Strong focusing

Zhen Liu New Directions in Collider Physics Pheno 2026

The forefront of tech &
ambitions leads to discoveries.

A clear and persistent desire for
high energy machines.

GIF from US muon collider meeting:
https://indico.fnal.gov/event/64493/
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More on future colliders & vision
M. Carena’s talk tomorrow, S.

Muon Beam Induced Neutrinos Demers’s talk earlier.

Muon is unstable
Muon collider beam
produces a plane of neutrinos

Z —

A 4

A\ /\4

U v, vee”

Collider Detector
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L. Bojorquez-Lopez, M. Hostert, C.
Argiielles, Z1. 2412.14115

Beam-induced Neutrinos (BINs)

Neutrino Ha
(mostly from straight sectio

Vast majority goes down the pipe

. . MuC
Drift section Detector

Focusing magnets
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See M. Hostert’s talk tomorrow

Beam-induced Neutrinos (BINSs)

. . : MuC 10 TeV with 6Nev/Nev = 1.5%
This is what a 1.5% uncertainty on TeV - t/ Mo -

Total v, CC or ¥, CC (free normalization):
neutrino {4 BEBC +NOMAD ¥ CCFR . CDHS 4 FASER (2024)
. . © NuTeV 7 CTFR V¥ E616 1 FNAL-E0053 FASER sens.

cross sections would look like: .

= | T

. . K : MuC v, , CC

Clearly, more work is required to understand <. S

™ e
if it is feasible at the neutrino slice. (Ogoing & ] MuC 7, ,, CC

. . |

collaboration with T. Holmes, L. Lee et al) 3 N

o

= MuC v + v NC

~
Many other physics, such as beam & Charm v, CC (from g,u/occ): .
}7. . p y . ? . ) ““6-. 10—1 - J« NOMAD <* CHORUS MuC vy N = p cX
polarization monitoring, Weinberg angle 1% ccrr |
. . :W
from the neutrino sector, rare neutrino- e e MuC 5. N — ute
R MuC v, N — p"¢cX
nucleus process, neutrino effective |
T T T — T T T T

interactions, etc. 102 103

E [GeV]
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y [m]

Adhikary, Kelly, Kling, Trojanowski, 2412.10315
Kling, Ma, Mekala, Reuter, Tabrizi, 2508.00761

Ongoing study with J. Choi, M. Hostert, and P.R. Li
Muon Inducted Neutrino Tool (MINT)

GO 10
X im

—50 4 ' 113 . .
= Collider ring (to scale)

600

—100 1
—200 0 200 100
X [m]

—600 —400

Neutrino detector?

05/12/2026 47

Collider Detector
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https://arxiv.org/abs/2412.10315
https://arxiv.org/abs/2508.00761

v |m]

Adhikary, Kelly, Kling, Trojanowski, 2412.10315
Kling, Ma, Mekala, Reuter, Tabrizi, 2508.00761

Ongoing study with J. Choi, M. Hostert, and P.R. Li

Forward Dete Ction Of B INS \_P\ Muon Inducted Neutrino Tool (MINT)

Straight section neutrino flux is extremely collimated. No need for a big detector — event rate is enormous.

# [mrad
( { o
[No Title] )

z = lkm
1 = 10m \/——

p=1g/em?

1000

xXim

0 1 & no Beam Dyanmics

—0l 1 T .
Collider rimg (to scale)

1000 : T T T
0 200 100 600

X /m

U- - v,v.e”
H Neutrino detector?

Collider Detector
ider Physics Pheno 2026 05/12/2026 47
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* [m]

Adhikary, Kelly, Kling, Trojanowski, 2412.10315

Kling, Ma, Mekala, Reuter, Tabrizi, 2508.00761

Ongoing study with J. Choi, M. Hostert, and P.R. Li
Muon Inducted Neutrino Tool (MINT)

Forward Detection of BINs

Straight section neutrino flux is extremely collimated. No need for a big detector — event rate is enormous.

f# [mrad
0.00 0.05 0.10 0.15
5000

f |mrac

z = lkm

] = 10m

1000

p=1g/em? A w ') 60

0 1 no Beam Dyanmics

]HH

: Collic

2000

Neutrino Energy
Neutrino Energy

0.50 1000

1000 = ‘1
600

0.00
10 15

Detector Radius [¢

Neutrino detector?

Collider Detector
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dosig/dmy (pb/GeV)

2 weights - fitted bkg

E weights / GeV
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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. More recently, the ttbar bound state studies’ interpretations

by ATLAS and CMS.
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Challenges (interferences)> 500 1000 150 2000
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8 292999229 é 151 Sy
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Background real
Re. Int.— Interference from the real part of the propagator (normal
interference, parton level no contribution to the rate, shift the mass peak) Once across the threshold, imaginary
Im. Int.— Interference from the imaginary part of propagator (rare case, piece arises drastically and the real piece
changes signal rate) A strong phase decreases.

" “insensitive”* to phase in the Yukawa as the signal amplitudes is proportional to |y,|?.
*subject to difference in loop functions. Very typical in hadron physics, also used in leptogenesis
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TABLE I. Flavor charge assignment

U Wao 3 Wy s Hy Hy

U(1) flavor charge 1
SM U(1)y 0
SM SU(2)r 0
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HL-LHC reach: Higgs final states dominate

across spins

Each pair of bars compares minimal (left) vs busy
(right) coupling. The blue bar in the busy case far
exceeds the orange bar. For the heavy vector Z’,

busy operator pushes the reach from =1 TeV to 2.5
TeV via Zh.

Higgs final states, not dibosons, become the
primary discovery channels in the busy Higgs
framework across scalar, fermion, and vector
resonances.

The same underlying mechanism extends to heavy
fermionic and vector resonances, where it can
similarly enhance channels such as ht, Zh, and yh.

Projected 95% C.L. mass reach at HL-LHC (3 ab™1)
for heavy scalars, fermions, and vectors. Minimal
operators (SHTH, ...) vs. busy operators. Orange:
best non-Higgs channel; blue: best Higgs final
state. Benchmark: c_n=5, m=A, e=c_n v2/(2A2).
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Sensitivity on Busy Operator Og,7/7 at the LHC (3 ab™!)
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ALP reach: Z - uuy probes decay constants
f, beyond existing limits

Zhen Liu
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The clean discriminator: longitudinal

SW"r+Z/W"+h$ ratio

Why this artifact: This final ratio plot, focusing only
on longitudinal bosons, provides the sharpest
separation between linear and non-linear EW
symmetry realizations.

How to read it: The ratio $r*+_ {ZH} =
\sigma(W*+_LZ_L)/\sigma(W"+_Lh)$ is plotted
against $p_ T W$. The SM curve approaches 1 at
high $p_T$; SMEFT curves also converge to 1, but
HEFT curves (yellow, maroon) do not.

Takeaway: The longitudinal $W™\pm Z_L / W*\pm
h$ ratio is a nearly theory-independent probe of the
Higgs doublet nature.

Paper caption excerpt: Ratio $r*+_{ZH}$ for purely
longitudinal final states as a function of transverse

momentum. SM (black), SMEFT (dark/light blue),
and HEFT (yellow, maroon) predictions are overlaid.
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W*Z/W*h (Longitudinal)
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To (’)(ﬁn‘irfa /s) SM SMEFT HEFT
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To O(m?/s) SM SMEFT HEFT
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/ 2 h?
1—i—2ﬁ:i—1—|—ﬁ£2)1—

Fi(h) = ( _ 4 O(hg))

Zhen Liu

NP (h) =i Quy*VuQr Fi(h),

NE(h) =i Qpy* UV, U Qg Fa(h),
N (h) = Qryp Ut [V*, TIUQRFy(h)
NE(h) =i Quy{V", T}QL Fi (h)
NE(R) =i QU {VE, TYUQRFs(h)
NE(h) = i QuyPTV,T Q1 Fr(h),
NE(h) = i Qry*UTTV, TU Qr Fs(h)

Ps(h) = — Tr(W,, [V*, V")) Fa(h).

47

New Directions in Collider Physics Pheno 2026 05/12/2026



TW, 2,/ T W, h

+ +
Frn /sy — 1

W*Z/W*h (Longitudinal)
I —_ SM
L 4__ SMEFT:  —— c3=1/(15TeVP  —— cup=1/(5 TeV)? 1
HEFT: nr=1/15000, k=1 e—y=11000 -
13 i = linear = = guadrmtic ]
1.2}
1.1}
I 14 TeV LHC
1.0/ ©
04f ' ' ' ' | —
0.3f
0.2 3
0.1F 3
0.0
0.1tk , \ . \ ] . . . . . ] . . E
300 400 500 600 700 800 900
pr [GeV]
Zhen Liu New Directions in Collider Physics

W*Z/W*h (Helicity summed)
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Secondary Showers Produce Abundant Light

Mesons and EM Activity

Why this artifact: This figure directly shows the secondary
particle yields that ultimately convert into the mCP signal — the
missing link between the primary neutrals and the extra mCPs at
the detector.

How to read it: Left panel: neutral meson spectra (19, n, etc.)
from hadronic showers. Right panel: electrons/positrons from
electromagnetic cascades. Compare the order-of-magnitude
yields: meson production is copious at 1—100 GeV, precisely the
regime that feeds mCP generation.

Takeaway: The secondary cascades generate large fluxes ofn, 70,
and e*e”, providing multiple production channels for
millicharged particles beyond what primary collisions alone give.

Context anchor: Predicted energy spectra of secondary neutral
mesons (left) and electromagnetic shower products (right)
produced within 0 < 3 mrad with respect to the LHC beam
collision axis.

Paper caption excerpt: Spectra of secondary neutral mesons
(left) and electromagnetic shower products (right) within 0 < 3
mrad, forward-tuned Pythia8, 3 ab™1.
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Meson Spectra (6 < 3 mrad)
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Collider MuC 10 TeV MuC 3 TeV pTRISTAN
Beam-induced Neutrinos (BINs) === s whaw o tet

Muons/bunch 1.8 x 10*2 1.8 x 10"% 1.4 x 10'°

bunches/cycle 1 1 40
More neutrinos than we have ever fing 5 Hz 5 Hz 50 Hz
. C 8.7 km 4.3 km 4.3 km
detected by >3 orders of magnltUde' BIN exclusive reactions infHCAL and ECAL /year

Total NC  15x10°  4.6x10° 3.4 x 10°
Total ve CC 47x10°  14x10° 1.1x10"
About 0.1 large-R (HCal/ECal) gSzg7gele s 4x10°  17x10° 1.1 x 101

events per bunch crossing. S vue — vu

ES v.e = vee

O(1) events per bunch crossing.

ESv,e = v,e
QE vn — £ p*
QE vp" = £tn
Coh #°

Res vee — p~
Res ve.e = K™~
IMD v,e = vep™
IMD vee - v, u~
ITD vee - V1™
Trident e*e™
Trident peFe™
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