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Outline

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.

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



Landscape of Colliders



Quantum

HEP: Triumphant Endeavor of the past century  Craviv?

Beautiful
Unification!

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/ 2025“'"".......4



Quantum

HEP Now: A vibrant and dynamical ﬁeld‘,«“""' Gravity?

Explore the Unknown

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 5



HEP Now

Explore the Unknown

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



High Energy .
Collisions - ’

-F__x 4 - Magnets
N vi

XJE (U.Minnesota) Collider BSM . 7/16-17/2025 ~
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XJ/E (U. Minnesota)

Resolution < 1/E_,,

Key for us to unveil the microscopic world

Large # of independent observables

Collider BSM Shandong 2025

7/16-17/2025
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High Energy Drives

r

10000 | Discovery on the Energy Frontie

1000 =4l cryogenics

(top quark Tevatr

SC cable Lepn Lepton colliders

(W, £ bosons) Sp
100 | sLC, |_E3;1
Stochastic ‘a====mm SLE
coolin PETRA, PEP )
®CESR
10 |-

SPE

AR
SPEAR @ quarkn]
’ ADONE
Wakelields, impedances
Snowmass Report:

Constituent Center of Mass Energy

1
’ P:-.'lll'illillf_” hL‘HIIrH | | | : | : l | |
1960 1970 1980 1990 2000 2010 2020 2030

’Stmng focusing

XI/E (U. Minnesota)

Year of First Physics

Collider BSM Shandong 2025

The forefront of tech &
ambitions leads to discoveries.

The dream for high energy
machines persists in our field.

7/16-17/2025


https://arxiv.org/abs/1401.6114

Colliders are Omnipotent Experimental Platform

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

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

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 10



Now, many promising future collider plans



Future Colliders

China
~CEPC (e*e)
240 GeV

Higgs + pp
(~100 TeV)

USA?

Muon collider,
Higgs, 3~10 TeV

Europe _;66 km FCC
ete” (Z factory, 240 GeV Higgs + 365 GeV Top)
ep, pp (~100 TeV)

And many others, ILC, u-Tristan, Plasma Weak Field, etc...

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 12



Many more future collider concepts

10% 100 ab " fyr

1038 ¢ 110ab~T/yr
:f..;. 1[1355 11ab~"yr f;j”
]
£ 5
= -

1034 1100 b~ fyr

105 WA & T yr
1033} 110 o yr
100 200 500 1000

E’CM { Ge\/ }

Many future collider options and excitement!

103}

10%%%

1033

110 ab™fyr
=41ab™fyr
~4100 fo ™ fyr

\. 110167y

20

Ecn(TeV)

ZL, Wang, 2205.00031, also in ITF report,
2208.06030

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 13


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

Indicative scenarios of future B Pproton collider B Construction/Transformation

- .
colliders [considered by ESG] gy Dectron collider Preparation / R&D Original from ESG by UB
Muon collider Updated July 25, 2022 by MN
2035 start physics Updated 2024 by ZL

CepC: 90/160/240 GeV
100/6/20 ab!

China 100km tunnel SppC: 75-125 TeV, 10-20 ab-"

- LHC HL-LHC (14TeV, 3 ab™)
(13.6TeV, 450 fb")
CERN
- 2048 start physics

100km tunnel, installation FCC-ee: 90/160/250 GeV 350-365 GeV installation

-150/10/5 abt 1.7 ab FCC hh: 100 TeV = 30 ab'1

Muon Collider 2045 start physics
13 years I & Tevat muC:Stage
USA? ri T - Note: Possibility of

ng
OR 4km+6km km ring 125 GeV or 1 TeV at Stage 1

10km & 16.5 km tunnels
(L L L L L L L L L [ L[] ]
20 2030 2040 2050 2060 2070 2080 2090

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 14



Promising CEPC



= Timeline in 2020, but now
ﬂ;ﬁél:ﬁ %%H‘ Em (CEPC) ]ﬁ H B -Q&E Of course, COVID delayed everything by 3+ yrs.
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(LR d et ies T ]

AL IR

CEPC
; Concepifiral Design feport

Wolumie | - Acceerator

15i) ‘IE;'T;-
-
MORNING NEws

S

PRI

3 The CI PC Shudy Canug
" " o % . » 1 . Hugaet F0LE
D6:25%M B 6-16C 2B /J» 11-15C »

HER-CIRC-DR-IT1E-EY

CEPC
Conceplwad Design Report

Walume || - Physics & Debeciir

The CIPC Study lroup
Ogioser 10LE

Wang Yifang Wins 2019 Future

Science Prize in Physical Science
Nov 19,2019

Prof. Wang Yifang, director of
China's Institute of High Energy
Physics and a member of the
Chinese...

| s

CEPC Desigﬁ -Repc::rt Released
Nov 14,2018

Scientists working on the Circular
Electron Positron Collider (CEPC),

a2 p'annzd next-ganeration... 17



Did we make any progress? Many!

 Physics Estimations (pencil and paper)(throughout the
process)
« > pre-conceptual design report (pre-CDR)
» 2> conceptual design report (CDR)
« >technical dGSigIl report (TDR) Many recent works to be
- > Engineering design report (EDR) cited here...

* From initial technological imagination to demonstration
* From design to product

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 18



CEPC Project Development towards construction

- TDR has been completed (review + revision) to be formally released on Dec. 25, 2023.

« CAS is planning for the 15t 5-years plan for large science projects, and a steering
committee has been established, chaired by the president of CAS.

* High energy physics and nuclear physics, is one of the 8 groups (fields).

« CEPC is ranked No. 1, with the smallest uncertainties, by every evaluation committee
both domestic and international one among all the collected proposals.

« Afinal report has been submitted to CAS for consideration.

 The above mentioned actual process is within CAS and the following national selection
process will be decisive.

100
95
90
85
80
75
70
65
60
55
50

92.7 +2.0

CEPC PandaX-xT CNUF BISOL JUNO STCF CDEX LCGS@SHINE HENT

e . KT EGEHS S = EEYIE S 159 m ZP B OS5 IACE5 4> —l— T AE 2155

XU »(U,Minnesota), Collider BSM 51115 1Shandong 2025024 tions kons 7/16-17/2025 10



CEPC Site Preparations + several more sites considered.

Cnmuang

e -‘. ]!I L__x__‘_.r -

Klystron ualleq | Linac & BTL Tunnel Collider ring tunnel
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Closing remarks

O &t The alignment of stars towards FCC-ee
Perfect alignment is being reached as we speak (2020-2024)

e Politically, in China (CEPC):

Current plans

0 TDR release: Dec 2023

O Engineering Design Report: 2024-2027
O Application for 5-year funding: 2025

O Construction: 2027-2035

O Start of operation: 2036 From CERN DG New Year’'s address

Should we change our plans ? NO

Should we accelerate our planning ? YES
- CERN Directorate will discuss these matters with the CERN Council in the coming months

o First visible effects of this possible acceleration
m Feasibility final report must be produced this year (and delivered beginning 2025)
m Acceleration may come with more resources (or not)
m But will certainly come with more work to do until the approval

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 21



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

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 20



Why do we care to measure?



What can you Discover?
o ' v - 4 P e 5 K
Before we Whenwe Nowwith High Lumi- Future =~ Whatis
discover discovered higher LHCwith  Colliders actually

Higgs  rHiggs “precisioh  O(5%) with here
and more’ precision O(<1%)
" channels precision

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 26



The BSM Formula is “Simple” & “Universal” (not only for
collider)

* What are my ? (determined by the underlying

theory you want to explore + your understanding of the
experimental setup

* What are my ? (determined by SM,
Instrumentation)
* How to ? (Is it even possible to carry out such a

search? Will the result be meaningful?)

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 27



Particle Mass m [MeV]

How do we see SM particles

PN
| Det ttDr-PrDmpt % : g Detector-Stable .
H R
10° 3 iz u: ¥ Y
onstruction
10¢ ; BB ertex
J iﬂ I ‘u Diiiﬂ = « 99
ol e, % o' P Reconstructable
|

. 5 " /| Missing (transverse)

: ' v energy

10~%7 102 107 10°%* 107 1077 1073 101 10°
Proper Lifetime 1 [s]

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 28



Directly Seen via

Tracker

ECal
HCal ))))

u Chamber Silicon

Tracker

o

Electromagnetic

L

Calorimeter
Hadron
Calorimeter Superconducting
Solenoid Iron return yoke intersperse
with Muon chambers
Om Tm 2m 3m 4m 5m 6m
[ ] [ I | ] ]
Key:
Muon Electron ——— Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron) Photon

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 20



Pseudo Rapidity representing Geometry

Pseudo-Rapidity:

1+ cos@

)-s(o)

1 —cos@

738m

Experimentally, the hadron collider
geometry are expressed in pseudo
rapidity

—7.00m
—588m

—4891m

~492™ Typical high mass/energy events
—295m (central: Barrel & EndCap):

In| <3

—1.79m

=12 Eorward (lots of QCD background)

—0.44 m
~ 0,00 m

In| >3

y = 1ln(|pl +pz) B 1ln(
2 |P| — P 2
'r'|_='1.1 ‘I"|_='1 51=ﬂ.5
r R JE AT
lron Yoke
z n=1479 |
=24
N=3.0
T 11— - —1
N e
T1=.5.31 -
E E E E
o I 8
S ¢ o -

=1y ZUZ5
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160 ET (GeV)
140
120
A _P 100
/' T
j;fgm s | 80
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24X/ E /f o
"L e T et - 60

Run Number: 160958, Event Number: 23181152
Date: 2010-08-08 13:57:31 CEST
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Jet reconstruction
algorithms
Pile-up removal

0 . WS
asota) Collider BSM ' % SHand

025 ¢ 29

e
LR L
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*

Phenomenological Studies

Feynman Matrix Parton level
RUlos } ( Element } (l\fﬂlt gonurltor} {

MC event
gcnnrltor

)-{Obser:ables

PDF, ma:s spoclfa( Jet matching )

calculators ,...

-

FeynRules
SARAH Sherpa
Whizard/Omega

Golem

[ LanHEP ] FeynArts/FormCalc

Herwig++
MCFM
MC@NLO

Alpgen
C.

CalcHEP/ICompHEP/MicroMEGAs

MadGraph/MadEvent

~

J

i PYTHIA R
HERWIG
ISAJET
Sherpa
) i

MasterCode,
HEPMODEBE, ...

Analysis to find/exclude/modify theory:
Plots, PAW/Root, Fortran/C++ codes, Private codes,

XJ/E (U. Minnesota)

Collider BSM

CMSSW, ATHENA

.

FAST/FULL
Detector
Simulation

PGS, Delphes
/

S

Shandong 2025

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 29



Landscape of High Energy Colliders
Physics Driver

Higgs

Dark
Matter

High

Energy
Colliders lltI/I:VI\']e
Physics

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



BSM @ LHC
A Snapshot



LLHC 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

Status: February 2022

[LHC’s successes

. Higgs Discovery E 101 o - - | ATLAS Preliminary .
b - Vs=57813 TeV T
* Precision measurements f | | o
» Direct searches on Cr Ses Lop e T
 Simplified models o °8, -
10° , 1 Oers O LHC pp Tel
« SUSY o g *e M? 4y O Co
« Extra . L il WogEn go
Dim/Compositeness AP R
+new upgrades in Energy, 107 e 2 o B, TR,
. . i o @ Pl - o o
Detector, Trigger, Analysis 102 L Ll s | mq.
(| L & o ..ﬂ
methods 10° it o} -
o 8
|
PPodets Y W Z @t W 7y M Hi VHVy dvaH wwy oy Vet v
2

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



How did we DISCOVER Higgs?



Higgs Couplings
» Gauge coupling

* Yukawa coupling—
(9+ Yukawas)

e Self coupling—

 Loop-induced
(anomalous) couplings

Hyy,Hgg,HZy, ...

XJE (U. Minnesota) Collider BSM

Leptons Quarks

e i, T u, c,t
v, V., V. d, s, b

A-‘ r [F

Photon ' Gluons

Higgs Boson

Shandong 2025 7/16-17/2025 42



Higgs Width and Branching Fractions

103!: | : T T | | — T T T 38 = 1 = bb I I \.F'J'WI I I 1 I I
T s & ~— .
S . 12 35 77 -
ERl § 3 |
- ' 18 2
[ ] + 41 L
10 T10's
Czpw_ E. P ﬂe
e R R T T T (T T == 8
_ 1 : o B
b -
] ' i 2
10-2 E g /
L .  J
H . . . L L L — | -3 I I I I | I I I
100 200 300 500 1000 10" 400 200 300 400 500 1000
M, [GeV]
M, [GeV]
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8 TeV 14TeV 33 TeV 100 TeV

LHC LHC HE LHC VLHC

A snapshot'b|
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Vs =7 TeV j Ldt=0.05f" Apr24, 2011

- ATLAS F’re:llmlnary,r —e— Data
s=8TeV,| Ldt= 0.0fc’ M WW
I WZ/ZZ/Wy
L]+

] SmgIeTGP

HoWW'' = ev uv with 0/1 jet

Events / 5 GeV

ATLAS Preliminary
H—>ZZ( ]—>4I channel

Events / 10 GeV

[ ] Signal (mH=125*GeV)
Il Background 2Z"'

B Background Z+jets, tt
—4— Data

B H (125 GeV]
06.04.2012

éﬁ

Data - Background

100 150 200

150 200 250 300 350 400 450 500
M, [GeV]

Data-Background
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fs = 7 TeV _[ Ldt=0.02fb " Apr 18,2011

Events / GeV

ATLAS Preliminary
H—yy channel

4
5
5

— Background-only

130 140 150 160
M., [GeV]
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Did we do it right?
Will it be right?



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

ge-h(125 GeV)-yy

T | I | I I ] fh ] T ] | |' | T

L ~ I 'l," 0.2 v T " T o

o ey R

e \

I 0.0 -

4= Rihm ; "-.

! ; \ _g.2 | Interference

I = Full. Int ! : ]

- / 00 C001 m. 00l 007
ol | — IB.x10 / ) TERRESL W (SR R

!

-
—
T e = —

XJ/E (U. Minnesota)

my, 0.01
Myy (GeV)

Collider BSM

Shandong 2025

0.02

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

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’

7/16-17/2025
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dosig/dmy (pb/GeV)

One Key ingredient (recent ¢ — tt search)

g t
t
8 r
0.10F ' ' ' " 13TeVLHC -
; B.W.+Interference
0.05¢ ]
0.00 2 s ==t = - = e,
-0.05F
-0.10F
-0.15F
-0.20F *0.1 il x5 ~ x20 x40 x80 x100 I
400 500 600 700 800 900 1000
my (Gev)
XJE (U. Minnesota) Collider BSM

dUsig /dmy (fb/GeV)

Sha@aong 202pHMachine Learning,

60F N i
i 13 TeV LHC

B.W +Interference

40} i\
20}
of
-20
~40}
[ \
450 500 550 600 650
my (Gev)

D. Dicus, A. Stange, S. Willenbrock,
Carena, ZL,

, Focusing on ttbar @ LHC, M.
Other channels and effects, including ttH, tH (see

in N. Craig, F. D’Eramo, P. Drapper, S. Thomas, H. Zhang and J.
Hajer, Y.-Y. Li, T. Liu J. Shiu , S. Gori, I.-W. Kim, N. Shah, K. Zurek
, N. Craig, J. Hajer, Y. Li, T. Liu, H. Zhang, ,B

Hespel, F. Maltoni, E. Vryonidou , W.S. Hou, M. Kohda, T. Modak

, ), 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 ), ttbar differential observables ( W. Bernreuther, P.

Galler, C. Mellein, Z.-G. Si, P. Uwer ;W. Bernreuther, L. Chen, Z.-G.
7116-17/3058 N


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

Unfamiliar look of heavy Scalars

Signal Background _* -
\/; (GeV) for top-loop

0 9500 1000 1500 2000

25 I —T— —
[ i
N Triangle loop Absolute

~ E'G;' '_‘x\ function " Real
1.5} 5 —— Imaginary

I(1), 1(1)(dashed)
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do/dmyy (pb/GeV)

Non-factorizable into signal and background calculation, either
described by standard EFT;

Interferences onsite Gain new information about width and strong & weak phase;
Interesting test for Interference.

gg-h(125 GeV)—~yy ms=900 GeV, tanf=2, sin6=0.1
6 ] ] ] ] I ] T I I !h ) I ] L] |' ] L ] I 1 T T T T T T T T T T T T T T T T 1 T T T T T T T T T !
L (W ) e s Al |
= —_——- I ' e 1 - —
- I 'l .' E -
4 3 e Rh : ',ll 00“____-""’.\:' i R
int i \ N ' E S 0.100 — BW
. T T I .,‘ -0.2 | Interference |} ., E O
: ull. ! "\-D_d . ‘ . . ' % — lint(s—BOX) |
2 it Ih Xlo !" \ =002 =001 mp, 0.01 GOE =
z 0010 Rin(S-Box)
s Tri-Box .
o)
© 0.001 Rint(S=Tri)
10-—4 L . . R B
e = h =l - 920 940 960 980 1000
My (GeV)
MyH (GGV)
Dixon, Siu, ) Carena, ZL, Riembau,
Campbell, Carena, Harnik, ZL, Kauer, Lind, Maierhoefer, Song,
Maltoni, Mandal, Zhao, , (dijets) Martin, Bhattipirolu, Martin,
Chen, Heinrich, Jahn, Jones, Kerner, Schlenk, Yokoya see Bhattiprolu’s talk yesterday.

t al
%ﬁﬁ;ﬁgﬁﬁ&gﬁ%@) Dixon, LLollider BSM Shandong 2025 7/16-17/2025 )


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?



A paradigm shift driven by LHC

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;

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025
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Theorists now

What does Tesla Autopilot do if you

don't put your hands on the wheel... « Working hard to improve the theory prediction
. precision
But, LHC runs until 2040, we . Laid back to be called for new results and anomalies
shall exp]()re if we can get « (As it seems) There is nothing much more we can do
. . ' (for the LHC)...
more from its precious data! « Working hard planning and enabling future colliders

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



Z DECAY MODES
Scale Factor/

Mode Fraction (L'; /T) Conf. Level ~ P(MeV/c)
T ete [ (3.3632 + 0.0042)% 45594
Z B Oson B ptpm (11 (3.3662 < 0.0066)% 45594
) o [ (3.3696 + 0.0083)% 45559
A J=1 L. ol [211(3,3658 -+ 0.0023)%
T; it 45593
See related reviews: : kol
7 Boson @ T's Al Bl (455 £0.17) x 107 45594
Anomalous ZZy, Zyy, and ZZV Couplings [ PDI Iy invisible ( (20.000 + 0.055)%
Anomalous W/ Z Quartic Couplings (QGCs) =3 T'g hadrons [ (69.911 + 0.056)%
Ty (uu+ce)/2 (11.6 = 0.6)%
» Expand all sections
ZMASS 91.1876 - 0.0021 GeV o Ty (dd+s3+bb)/3 (15.6 £ 0.4)%
ZWIDTH 2.4955 + 0.0023 GeV v o ¢t (12.03 4 0.21)%
» AVERAGE PARTICLE MULTIPLICITIES IN HADRONIC Z DECAY ' b3 (15.12 = 0.05)%
Z HADRONIC POLE CROSS SECTION 41.4802 + 0.0325 nb v L
» ZVECTOR COUPLINGS T bbbb (3.6+1.3) x 107
» Z AXIAL-VECTOR COUPLINGS P 999 <L1% Cl=95%
» Z COUPLINGS TO NEUTRAL LEPTONS Ty w0y < 2.01 x 10°° Cl=95% 45594
» Z ASYMMETRY PARAMETERS T " <5.1x107° Cl=95% 45592
» TRANSVERSE SPIN CORRELATIONSIN Z — 77~ ” )
= Iy oy <25 %1077 Cl=95% 45591
» FORWARD-BACKWARD e’ e~ —>ff CHARGE ASYMMETRIES s
CHARGE ASYMMETRY IN e* e~ — 4 v T 2 <8510 Gemde 470
CHARGE ASYMMETRY IN pp— Z— et e v 157 n'(958)y <4.2x10° Cl=95% 45589
» ANOMALOUS ZZvy, Zyy, AND ZZV COUPLINGS - = p— T
ANOMALOUS W/Z QUARTIC COUPLINGS
GO/A; GC/AQ > I'n Ty < 1.46 x 10° Cl=95% 45594
Ty 070 <152 x107° Cl=95% 45594
T3 vy <z 2210 ¢ Cl=95% 45594
Fhy W 4 <7x10°° Cl=95% 10169
T =W M <83x10° CL=95% 10143

XJE (U. Minnesota) Collider BSM
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Ty J/p(1S)y <1.4x1078 Cl=95% 45541

T'as P(25) X (1.60 + 0.29) x 107°
Y P(28)y < 4.5 %1076 Cl=95% 45519
Z. Boson T
| J/p(18)J /(1) < 2.2%107° Cl=95% 45489
T3 X (1P) X (2.94+0.7) x 1073
I3 Xe2(1P) X < 3.2x107% Cl=90%
Tss Sl 5090 = i T(18) X +T(25) X +T(35) X (1.0 £ 0.5) x 104
. [5] q o7 :
L b-baryon X st v ks T(15) X <44x107° Cl=95%
T, anomalous 7 + hadrons el <32x1073 Cl=95% v e
T3 r(1S)y <2.8x107° Cl=95% 45103
T ete ey 6l <52x10* CL=95% 45594 ~
I3z 7(25) X <1.39 x107* Cl=95%
T'sg pruTy el <56x10* Cl=95% 45594 ~
T'ss T(28)y <1.7%x10° Cl=95% 45043
T Ty 6l <73x10* Cl=95% 45559 ~
T'sg 7(35) X <9.4x107° Cl=95%
T Ly 71 <68x10° Cl=95% v
T4 7(38 <4.8x10°6 Cl=95% 45006
T2 qqry 7 <55x10°¢ CL=95% v 2 (el
: ,35)7(1,2,35 <15 6 =95%
Tes VT/’Y’}’ [71 <31x10 6 Cl=95% 45594 o F41 T(l,Z, SS)T(I 2,35) < L 10 Cl=95
= 0 /70 ‘ 07
I *uF F 4 c75x10 Cl=95% 45594 ~ T4 (D"/D)X (20.7£2.0)%
Tes R iF M <50x10°° Cl=95% 45576 ~ T3 D= X (12.2 £ 1.7)%
Tgg pErT iF M <65x10°° Cl=95% 45576 Ty D*(2010)* X 4 (11.4+1.3)%
Ter pe B 1 LL.8 R 107 Cl=95% 45589 v Ty D,1(2536) " X (3.6 £0.8) x 107°
Tes pu B L <18x10° Cl=95% 45589 ~ T D,;(2573)% X (5.8 +2.2) x 1073
Ty D* (2629)~ X searched for
i BX
s B* X
Ik Bt X 81 (6.08 +0.13)%
I's; BY X Bl (1.59 +0.13)%
Tss BF X searched for
s AF X (1.54 +0.33)%

Minnesota) Collider BSM T &




Higgs Boson

H DECAY MODES

Mode

I}
T,
Ls
Ty
T
T

I7

ZJ[4
J/yy
JII)
$(2S)y
r(1S)y
r(28)y
r(3S)y
T(nS)T(mS)
p(T70)y
$(1020)y
o

er

uT
invisible

7 invisible

U. Minnesota

. Scale Factor/
Fraction (T'; /T) Conf. Level

(25.7 +£2.5)%

(2.80 = 0.30)%
(2.50 £0.20) x 1073
(53 +8)%

% 3.6:% 1071

(2.6 £1.3) x 107
(6.0157)%

(32 15)Ba10p®
<1.21%

= 3.6 107

<35x10™* Cl=95%
< 1.8 % 1073 Cl=95%
Z 2.0:% 1072 Cl=95%
<49x10* CL=95%
< 5.9%10~* Cl=95%
<5.7x107* Cl=95%
Liaw™ Cl=95%
<88x107* Cl=95%
<4.8x107* CL=95%
<6.1x107° Cl=95%
< 2.2:% 1072 Cl=95%
<15x107° CL=95%
<13% Cl=95%

<2.9% CL=95%

P(MeV/c)

HMASS
H SPIN AND CP PROPERTIES
H DECAY WIDTH

H SIGNAL STRENGTHS IN DIFFERENT CHANNELS

Combined Final States

WW* Final State

ZZ* Final State

7y Final State

cc Final State

bb Final State

pt e~ Final State

777 Final State

Z~ Final State

~*~ Final State

Higgs couplings

Fermion coupling (k)

Gauge boson coupling (k1)

W boson coupling (kw)

Z boson coupling (kz)

top Yukawa coupling (k¢)

bottom Yukawa coupling (kp)

charm Yukawa coupling (s.)

tau Yukawa coupling (k)

muon Yukawa couping (k)

photon effective coupling (Kk~)

gluon effective coupling (K gruon)

Zy effective coupling (K zy)

OTHER H PRODUCTION PROPERTIES
ttH Production

HH Production Cross Section in pp Collisions
Higgs trilinear self coupling modifier &
Higgs-gauge boson quartic coupling modifier Koy
tH production

H Production Cross Section in pp Collisions at 4/s =

13 TeV

125.25 + 0.17 GeV (S = 1.5)
3.2722 Mev

1.03 +0.04
1.00 + 0.08
1.02 +0.08
1.10 £ 0.07
8§+22 (5=1.9)
0.99 +0.12
1.21+0.35
0.91£0.09

1.5 £0.5

0.95 £ 0.05
1.035 £ 0.031

1.104+0.18

6+4

56.9 & 3.4 pb

<

<

< € ¢ ¢ ¢ <€ < < <K

< BSH € BSl € Bl < BB € BCE ¢ ¢

< Bl < Bl <



W  J=1

W is less studied,

See related reviews:

SomehOWO [ X J Mass and Width of the W Boson

Extraction of Triple Gauge Couplings (TGC's)
W DECAY MODES
W~ modes are charge conjugates of the modes below. 11 80.377 + 0.012 GeV
0.88145 + 0.00013
, Scale Factor/ = . o
Mode Fraction (I'; /T') Conf. Level  P(MeV/c) 10.811 + 0.012 Ge
-0.029 £+ 0.028 GeV
r, I 1 (10.86 = 0.09)% v : _{d AR
2,085 &= 0.042 GeV
s eTv (10.71 + 0.16)% 40188 Y ONIC W DECAY
Ty uty (10.63 £ 0.15)% 40188 v 15.70 + 0.35
2.20 4+ 0.19
Iy Tty (11.38 + 0.21)% 40169 v -
0.92 = 0.14
T; hadrons (67.41+0.27)% v 19.39 4+ 0.08
T ey < Tx 1076 Cl=95% 40188 v
0.98410-078
T, Dy <1.3%x10°° Cl=95% 40164 ~ 6 dikia “‘J ik
s eX (33.3 £2.6)% v 10.022 + 0.019
. 3L O ne
r, e (31419)% g 0.92 £ 0.06
- -0.09 + 0.06
o o
T10 invisible (1.4+2.9)% v —0.07 £ 0.09 (S=1.1)
' atmtme < 1.01 x 1076 Cl=95% 40188 v —0.30 £ 0.17
| b
[1] £ indicates each type of lepton (e, i1, and 7), not sum over them. —0.09 1l 0.07
[2] This represents the width for the decay of the W boson into a charged particle with momentum below detectability, p< 200 MeV. 299 + 0.20 e/2muw
e J.a\) Cf 4 W

CWIWW f' ek 2 Cw/ f A 2, CB/ / “12
ANOMALOUS W,’Z QUARTIC COUPLINGS

< o £ e] <

Cll € By <

“BEd K4 E4 E¥ E¥:

<
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proton - (anti)proton cross sections

10 LILELILI I T T 1T TTrTT I L T T mTTTT | : T T T ? 109
But most copio oduced E 5 —
ut 1mMos 10Us pr u : ? 1 8
P P 10° F 0 — % 110
7 [ 5 : 1,47
. . . 100 F : 3 10
Did we overlook it fairly? ; Tevaon  LHC
10° : f 1 10°
Is 1 hard to detect? i 5
S 1t too hard to detect: 0 b 1
= o 3
W DECAY MODES : [ : 1 .
10° 710" _
W~ modes are charge conjugates of the modes below. - ; ﬁllw
3 309
. Scale Factor/ 10 :E 3: 10 g
Mode Fraction (I'; /T') Conf. Level  P(MeV/c) F E ¥ 5 4s/20 3 0
2 > / 2 :
r, ey (1 (10.86 + 0.09)% v 100 F oiet( T Vs/20) 3 10 ?
Ty ety (10.71 +0.16)% 40188 v - . —
10° F Ow 4100
T utu (10.63 + 0.15)% 40188  ~v = . 3 =
Ty Tty (11.38 +0.21)% 40169 v 1()0 E . 3 100 3
3 jet 3
= > 3 \03
T hadrons (67.41 £ 0.27)% v a Ujet(ET 100 Gev) : B
10" F 110" 5
T ey <7x10°° Cl=95% 40188 v 3 3 %
I, Diy <13x1073 CL=95% 40164 ~ 10'3 :E 3: 10'2
T cX (33.3+ 2.6)% v - ]
3 3
Fq s (31 <h€)% v 10 :E Gt 3: 10
Ty invisible 2 (1.4+29)% v 10-4 :E O-jet(ETJET > N""S/4) E: 10-4
I'n ntata <1.01 x 107" Cl=95% 40188 v - (M 150 G V) 3
-5 o, = e -5
[1] £ indicates each type of lepton (e, g, and 7), not sum over them. 10 :E Higgs™ 1 E: 10
(2] This represents the width for the decay of the W boson into a charged particle with momentum below detectability, p< 200 MeV. 6 I 7 %
10" Eg, (M, =500 GeV) 3 10
o iggs H : : 3
10‘7 11 11 | 1 1 1 L1 1 11 I : 1 1 1 L1 1 11 I . 1 1 1 10'-
0.1 1 10

: : Campbell, Huston, Stirling
XI/E (U. Minnesota) Collider BSM Us (TeV) pomppel tuste >



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

Still a lot of
uncharted
territory for
new

searches!

Can be conquered using
upcoming LHC runs with
advanced analysis tools

and new detectors.
For existing searches, there
are new possibilities such as

unequal masses, etc.

David Curtin,"“ Rouven Essig,'" Stefania Gori,™** Prerit Jaiswal,”" Andrey Katz,** Tao Lin,"" Zhen Liu,**
David McKeen.” " Jessie Shelton.® Matthew Strassler.® Ze'ev Suruion.'™ Brock Tweedie.®''! and Yi-Mine Zhong!™

1312.4992

ig gs eXOti C decays p rog ram Table from ZL, L.-T. Wang, H. Zhang, 1612.09284

Decay Topologies

Decay mode F;

Decay Topologies

Decay mode F;

h — 2

h —}ET

h—=2-—23

K

h—=222324

h -2 (143)

h—=~y+Er
h = {bE;I +ET
h = (i) +ET
h— [T"'T_] +ET
h = (yy) + BT
h—= (8 )+ Er

h —+ (bb) + E
h = (77) +E7
h—=(rPr ) +Fr
b= () +E1
h—= (89 )+Er
ho— (p )+ B

h— bb + E
h— jj+ET
h—1vr + Er
h—= vy +ET
h—= 78 +E7

h—=224

h — (bb)(bh)
h— (bb)(rH77)
h = (bb) ('t p)

h—=(rrr7)(rhr)
oy (rtr)(utp)

h — (33)(57)

h = (77) ()
h— (3] (" )
h— (88)(2 )
Ry (EHe ) (utp)
b= (ptu ) (pte)
ho= (v ()
h=yy+E1

h—=234-=26

By (£2)(£1 8 ) + P
h— (B8 )+ Br+ X

h-—32 26

h— Y88t + Br
h— 48 +Bp +



http://arxiv.org/abs/arXiv:1312.4992
http://arxiv.org/abs/arXiv:1612.09284

We have a full and nice program for the Higgs boson

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

Maybe we should look into W more.

But I think LHC Hence, as a first example, we propose to

study the W exotic decay into 3¢ +
* BSM explorer Y Y Y

o ( ) SM factory!

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

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 64



SM physics of W - 3¢/ + v
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Signal process

cross section [pb]

pp — L0 0wy + (), Mo, € OR 0.36

pp — L0 0 D+ (§), Meger € OR 0.25

Aee(GeV)

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

XJE (U. Minnesota) Collider BSM

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.

Shandong 2025 7/16-17/2025 6



SM background

Parton level pre-selection

0010.‘ I ' T T T I T T T T T T T T T T T T T ]
0.005 F Signal Wl 7+ 3 W@pr(j) > 20 GeV, pr(f) >3 GeV,
) T W) <5.02.5), n(G) < 5.0, AR(¢) > 0.2.
11y 1l — tz
_ Background process cross section [pb]
g Y pp — £llvy + (7), Mo, & OR 0.95
g x 1074 pp — L00L + (5) 0.34
;‘z pp — tt + (5) 6.88 x 107
=
S L.x1074:
5.%10°5F Detector level initial-selection
n(p) < 2.8, nle,j) <4, AR(,j¢) > 0.2,
1.x 10751 S | | : | @) =3, pr(f) > 5 GeV,
0 n(j) < 2 with pr(j) > 20 GeV, My > 4 GeV

XK (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 66



Projected sensitivity

n(j) < _ M,y < 80 GeV Cut-based l.f._}Hlllt.. ML result
Mee > 4 GeV Meee < 60 GeV DNN selection
Signal 0.61(100%) ' 0.021(3.5%) | 0.021(3.5%) 0.021(3.4%) 0.017(2.7%)

Cross-section [pb] Parton-level

|pp — €00y, Mg, ¢ OR|0.95(100%) | 0.22(23%) | 0.2(21%) 0.013(1.4%)

pp — LOLE 0.34(100%) 20%) | 0.061(18%) 0.017(5%) 7.2 X 3(0.95%)
pp — tt + (4) 688(100%) 10.19(0.027%)|0.11(0.016%) |0.023(3 x 10" ) (2.1 x 107°%(3 x 107°)

The SM Br on such a channel is at level

Current LHC data (with current trigger and selection)
OBr(W - 3¢ +v) =

HL-LHC data (with improved trigger on multileptons)

XK (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 67



One can also look for 7’

Taking the gauged L, — L, example:

SM

mz =5 GeV
mz =20 GeV
mz =40 GeV
mz =60 GeV
mz =175 GeV

T
>
w
S
>
=
wu
c
@
O
>
=
Q
M
o
o
-
o

|

30 40
Mmin(up)[GeV]

i der BSM Shandong 2025
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Shouldn’t we already have a great limit from Z - 4¢?

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 channel.

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 70



7’ projection

Gauged L, — L. example:

=0 0.010

_-‘: HL-LHC W-3u+v,

10
mzy(GeV)

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 71




Ahh, experimentalists went partially ahead of us...

* We are quite compatible

A TLAS = Obs. limit, Combination
e But the SM Value was (s =13 TeV, 140 f5! **** Exp. limit, Combination
. Z'un—4u, Z'uv—3uyv Exp.+ 16
never extracted (they just Al lmits at 95% CL 10 Bxpa 20
called it the background)! Exp. i, 44
Exp. limit, 3uv
* More new physics: ATLAS
’ 2402.15212
 Anomalous Z
s SMEFT
« SM Z contribution

10 20 30 40 50 60 70 80
m,. [GeV]
XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 72



https://arxiv.org/abs/2402.15212

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

0
10 g | - B | e | . The LHC is not only a powerful machine on Higgs, top, and QCD,
: H but also a powerful machine in weak bosons. The physics potential
i : has not been realized and we are pointing out many new physics
1 0—1 I | that can be done regarding weak bosons.

W boson exotic decay
i . Y.F. Fei, P.R. Li, ZL, K.F. Lyu, M. Pospelov,
N 10-2¢ | W boson mass speculations
- : ] J.Y. Gu, ZL, T. Ma, J. Shu, CPC 22’
Z boson exotic decay, in progress

Tammm mmmm mmm amm®
v ammm amm mmsmsmmmEEE -

1073 LEP - Electroweak restoration and goldstone equivalence test
- CCFR HL-LHC W-3u+v, - L. Huang, S. Lane, I. Lewis, ZL, PRD 21’ (editor’s suggestion)
_4_ ATLAS | | | i Higgs exotic decays . ’
10 i ‘ S 5 S ‘10 ‘ S 50‘ ' ‘1‘00 S. Jung, ZL, L.T. Wang, K.P. Xie, PRD 22
my [GeV]

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 79


https://arxiv.org/abs/2407.15930

Long-Lived Particles:

A vivid example of BSM pheno
considerations and search developments



First pixel layer (first

Whatis LLP? layer of detector)

. . . | Detector-P t Detector-Stabl
Long-lived particles in the A I R - srectorstabie
standard model: 10°{ o ©
e approximate symmetries; 1 Wiz

: : : . ~ - Detector
o >
kinematic suppressions; g taggod and
g 10%: £ /R0 energy
2 : o] Iy oB /B detectable
. = Djthﬂ
For BSM particles: g 50 A i
. . + @]
« Prompt particles being 5107 n KO KO o P
. ] O
actively probed; _ PP
« Detector Stable particles are - T o
probed as missing energy or 1% © e
EM charged stable particles. ' -

10~¢7 102 107 107 107 1077 1073 10! 10°
Proper Lifetime 1 [s]

XJE (U.Minnesota) Collider BSM Shandong 2025 7/ Féglff58§5 L. Lee SA‘TLAS



Why Long-Lived BSM Particles? Supersymmetry

« R-Parity-Violating, small B/L-violating couplings of

100 GeV\ /1078\°
CTva~1 m ’ffl /,{RPV

scale

4
1o (100 GeV 5< VF )
Ctamsp™ U I | T 100 TeV

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

TeV\’ mg\*
CTmini—split"’1 mm mg (ﬁ)

. . . . & # =
« Pure Wino/Higgsino—nearly degenerated, disappearing track e Lﬁ\' A n
e ‘WI_L,"W

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/ 26%‘%??@ 76



Why Long-Lived BSM Particles? Hidden Valley

Hidden sector feeble

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

/LHC |

| Zurek, Strassler

XJ/E (U. Minnesota)

Higgs \\ —
é\\i [I'E
portal \ T
J A
. v 'a
hidﬁien ! C:_:ZZ%'—J{:‘%:\#;
s Neutrino
Portal
Collider BSM Shandong 2025

Dark
7z Photon/Z

Axion(-like \
particle) \'\
Portal 9’1
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diséppearingfﬂ'r"

. displaced kinked tracks ‘
LLP: A rich program multitrack vertices : ’ \
/| non-pointing

LHC detectors designed for
prompt signals. For LLPs:

®trigger

®reconstruction

©standard model
background

®non-standard background

Huge uncharted well-motivated
territories to explore!

XJE (U. Minnesota) Collider BSM

Shandong 2025

(converted) photons

é AR, |
i leptons, /

jets, or

1 pairs
A

.‘ 1—_
oy
L]

N

- o
-
-\-._:_\_l-"
-
.
'
L]
L1

trackless,
. low-EMF jets

emerging jets

L

quasi-stable

ack vertices in the
spectrometer

. %rg(fl’:[l eé%h(%r%@ssel @ ATL@S



Expanding the LHC program

MATHUSLA

Codex-B

AL3X Central/Hard LLPs

ANUBIS
Forward/lighter LLPs Search for LLPs
Beamdump experiments

MoEDAL monopole

millicharged particles

MilliQan

LEE Beavwm pipes


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

Generalize: search for hidden sector particles

dis::.'appearing __0?

displaced kinked tracks %
multitrack vertices 5 ‘ N
& ; non-pointing
________ (converted) photons

ﬁh; ) \_"'\_ l' v

displaced leptons, / e

lepton-jets, or
lepton pairs

emerging jets

Sy trackless,
W 4 low-EMF jets

quasi-stable

charged particles
multitrack vertices in the 9 d\Q

muon spectrometer

XJE (U. Minnesota) Collider BSM Shandong 202 7/16517/2025 80



We have a new Lifetime Frontier
LLPs around 2015 ‘We have a new Lifetime Frontier

8 TeV result by ZL, B. Tweedie,

§—gG (GMSB) searches
LLP trigger(s)

charged stable . '  LLP are viewed as

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

atﬁe'su-‘p?ed
ch

With our reinterpretation work, we

showed:

« LLPs are by large class
of models/parameters

« LLP searches are “ ” that

prompt jets + MET VF=10° TeV : one can interpret in broad class of

models

We identified many gaps and

opportunities

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 81
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http://arxiv.org/abs/arXiv:1503.05923

Since 2015: JILLIQ
A Renaissance of Long-Lived Particles CODEX-b

MATHUSLA ANUBIS o FACET

Codex-m
AL3X Lesson 1: The models and signature landscape

N changes as the theory motivations/emphasis/focus

FASER and experimental discoverability changes (with
respect to data). We should be prepared to search for Q#RgS
exotic signatures.
Lesson 1*: there will be many proposals to cover the

MoED, E S should think about them carefully.

MilliQan millicharged particles

1nnesota olilaer anaong - )



How to think about LLP searches?



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

4

‘;lu.._‘_‘__ O
T VTl Tl e el W T Ml VMOt

XJ/E (U. Minnesota)



What are these proposals?

MATHUSLA /

”
s
s

- LHC Beam

. AL3X
ATLAS & CM

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 85



What are these proposals?

MATHUSLA

XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 86



Universal features of LLPs: a typical reach plot

Log scale in sensitivity
in model parameters

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

Better
sensitivity
Log scale in proper lifetime
XIE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 8~



Universal features of LLPs: understanding shapes

Log scale in sensitivity
in model parameters

or observable rate
(e.g., Br H->XX)
Geometrical acceptance P,
1 o —L/d
Pn=— dS? dL-e
AT Jaq L d

~ — €

47 d
d = ctyp

1

Better
sensitivity

Log scale in proper lifetime
XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 88



Universal features of LLPs: understanding shapes

Log scale in sensitivity
in model parameters

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

Geometrical acceptance P,

1 e 1

Pp = — dQ/ dL=e Lt/
47'(' AQ L1 d

L

JANY Lo —
o 28 niya L2

47 d
d = ctyf

Double LLPs: Pﬁl Better
sensitivity !

1

Log scale in proper lifetime
XJ/E (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 89



Countering one’s intuition

Log scale in sensitivity \
in model parameters =% &
or observable rate e

(e.g., Br H->XX)

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)!

XJE (U. Minnesota) Collider BSM

Log scale in proper lifetime

Shandong 2025

7/16-17/2025

00



For the case of long lifetime...

Bver = 1.5 m Byer = 15 m

-
-

‘F(deca\ﬁ
p(decay)

4dwoid, %
19xoel Ul %Se

J4dwouid, %1 0
19x9el ul %¢e

distance travelled distance tyavelled
H. Russell, LHC LLP Community workshop, 2017; based on ATLAS geometry

Not decaying in LHC main detectors 7 will decay in other detectors
XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 01



Rebuilding intuition: True Potential of main detectors

Log scale in sensitivity [
in model parameters

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

What we see in

projections

True potentials at the

LHC main detectors
Better

sensitivity |

Log scale in proper lifetime (m)
XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 02



Reexamining intuition: Identifying the challenge

e.g.,
C. Csaki, E. Kuflik, S. Lombardo, O. Slone,

shows Higgs to LLPs typical trigger efficiency <1%;
ZL, B.Tweedie, , O(100 GeV) LLPs have

typical efficiency ~1%;

nS,-g — Nprod X Pin X Etrigger*selection X Ebkg

O(1%)

20-50% for
dedicated
LLP trigger

XJE (U. Minnesota) Collider BSM

What we see in

projections

penalty

True potentials at the

1-100% LHC main detectors
Energy : i
Log scale in proper lifetime (m)
threshold, s prop
reconstruction

efficiency, etc.

Shandong 2025 7/16-17/2025 092


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

Opportunities with Lessons

Search Ideals: .
Timing the LLP Opportunity



J. Liu, ZL, LT Wang,

Overcoming the difficulties: Timing LLPs

ATLAS, CMS, LHCD all hav T

with precisic
timing (for pile-up
suppression) of order
picosecond

lTiming layer

signal background
arrival time arrival time

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

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


http://arxiv.org/abs/arXiv:1805.05957

Pair-produced LLPs are significantly delayed

Time delay at MS from LHC

-3
o
o
TTT

Al L L LLLl

— 107"

—
S
M2

Dashed/Solid
BKG Pile-Up/Same Vix

— Glueball m=10/50 GeV

=
0
—
<
4
<
O
S

»
O

Q
T—
-

— GMSB H m=0.2/1 TeV
N L 5.

L I.I.I.I.I

E
3

5 10 20 50
At (ns)

100 200

. Minnesota) Collider BSM Shandong 2025

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

Representative of LLP
pair production:
All severely delayed

7/16-17/2025


http://arxiv.org/abs/arXiv:1805.05957
http://arxiv.org/abs/2109.01682

CMS Preliminary 137 fb™ (13 TeV)
—10

Used traditional 300 GeV MET trigger 3 3500 pp 53,5 - g+ 3 GMSBNLOSNLL oxclusion |

. Q] . .
but rely on the time delays of the trackless = 95% CL expected median £1.0

95% CL observed

Delayed jet minimal jet (50 GeV pT), start probing 3000f
new regime! i

2500

95% CL upper limit on o (fb)

g—gG (GM3E

2000f="

10°

1500

105 T~

10°§ Lesson 3: New Class of Signatures might TR
10! receive universal boost from some R
= 10° 4"\: unconventional low-level observables. Timing
E 10-@_ - Spe:t““s is an example that is extremely universally
102k powerful for LLPs.
f 3
10-3
10 consider timing information as
o pl"°"|’ptlj‘“ls " MFT' EE. \I/T:]toj Tev n part of the analgysis/search.

200 400 600 800 1000 1200 1400 1600

mg ('(Je\'«’) Al _ 7/16-17/2025




Opportunities with Lessons

Search Ideals: .
Vertexing with Calorimetry



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

More ideas: using substructures in the calorimetry

HL upgrade: Backing Hadronic (gy):
. . 1 luti Si & scintillator + steel
Directional resolution 12 layers, ~5A

i"!-l'l'l'll-'l1

’ . Front Hadronic (FH): /
Temporal resolution Si & scintillator + steel /#

1] ==
'%
12 layers, ~3.5A

(for pT > 30 GeV):

o eTa e

ok

+
a1
=
o m

Allowing jet & shower 28 layers, 2

0

2DCIuster_ CMSSWERIN
OO 20Cluster_Offline

-2t

MulbiCluster-0 with Ensragy
--CMSEW, 183.810 GeV

—40 Offline: 183,610 Gev

—&0

—ag

100 L L \
EIRL B 400 450 S0

z[em]

XJ/E (U. Minnesota) Collider En&fp' "i



https://arxiv.org/abs/2005.10836

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

Projected sensitivity for HL-LHC

With a similar (in concept but different in details) vertexing
selection as the previous axion example

 goF result: with/without high Hrtrigger requirement
* VBF result: standard VBF trigger

il 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, e

further improvement can be achieved. o ATLAS-MS

107° ==ATLCA 0 ---- ATLAS-Low Et
10* 102 102 107" 10° 10 10® 10* 10° 10 102 102 10" 10° 10" 102 10® 10* 10°
ct [m] ct [m]
U. Minnesota ollider BSV yhandong 2025 0= U

BR[H->SS]
3 3 3 3

-—
<
(%)



https://arxiv.org/abs/2005.10836

Opportunities with Lessons

*New triggers

Many New Improvements in the past few years and many more to implement



Recent Trigger Improvement: Displaced Dimuon

* Rung improved trigger: trigger efficiency increased by a
HLT Efficiency vs. LLP Decay Length I\

____(13.6Tev) _Run 2 (2016)

DO

o

DO

o0
I

T T T T T T ™ T TTTTTIT

CMS  simuiation
H—Z2, Run 2 (2018)
m(H) = 125 GeV — Run 3 (2022)
m(Z_) = 20 GeV —— Run 3 (2022, L3)
— Run 3 (2022, L2)

—

III|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII

Run 2 (2018)

P), Prly) [GeV]
o
&

>
o
c
D
9
=
o
A
[
D
D
L
}..

Run 3 (2022, L3)

IIIIIIIIllIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Run 3 (2022, 1.2)
2402.14491

I Axis not to scale
1 o
Tracker end d, [cm]

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

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 102



https://arxiv.org/pdf/2402.14491

Recent Trigger Improvement: Displaced Dimuon

* Rung improved trigger: trigger efficiency increased by a

A

CMS ' Run 2 (2016)
H—Z,Z, -
m(ZD) = 50 GeV
B(ZD — up) = 0.122

—

—
<

Run 2 (2018)

—
<
N

Run 3 (2022, L3)

—
S
N

3
||||||I'I| ||||||I1] |||||I'I1| T TTI

Run 3 (2022, 1.2)

A
N
o
'}'
=
Q
c
S
=
E
=
@
Q.
o
=
—
O
X
Lo
o

—
<
o

1 IIIII|,|,| | lIllI|,|| 1 IIIII|,|,I | lIIl|,|,|I L1l

2402.144901

Combined: Observed:
— Observed 68% quantile ~ — 13 TeV f97.6fb")
- - Expected 95% quantile ~ — 13.6 TeY (36.6 fb™)
10_6 crod vl i - - - Axis not to scale
3 2 1 2 3 4 5 6 | o
10° 10“ 10 1 10 10 10° 10" 10° 10 | >

ct [cm] Tracker end d, [cm]
Better sensitivity with 1/3 the luminosity due to the improved trigger.
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https://arxiv.org/pdf/2402.14491

Recent Trigger Improvement: Displaced jets in tracker

* Rung improved trigger: trigger efficiency by around 10, then with analysis

Improvement
CMS

34.7¥b ' (13.6 TeV)

—
o
w

N

34.7fb" (13.6 TeV)

T T T m I I I I
=
K=
*

1o5é— CMS

+ Data —;

T ITIIIHI —]

Predicted background
>0.985

ficiency ratio

10 E gprompt-vet De=40GeV, ct. =1 mm =

III]

T IIII

CMS Simulation Preliminary

Run-3 displaced-jets trigger efficiency

Run-2 displaced-jets trigger efficiency

959

2409.10806

Lesson 5: New Trigger can bring in 0(10) or
more improvements. So one should have
trigger capabilities in mind from the very
beginning of a new experiment.

|

H—SS
S > bb
mg = 40 GeV

T IIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IlIIIII| I ]IIIIII|

III]II| | IIIIIIII

— OUDbserved

....... DRE-104 (2021) 012015
@0‘ 3 TeV)
WS~/ + disp. jets

| IIII]II|

10—1] [ l [ l l | J
096 097 098 099 0.995 0.998 0.9985 1.0

D|splaced dijet GNN score g splaced

m, = 125 GeV
S —>bb

—— mg =55 GeV
mg = 40 GeV
— mg =15 GeV

| llllllll —

| 11]][]]1

CMS, disp. jets

1ck-to-DV
cdge cul re:

1splaced tra
GNN block :‘ o e
GNN block GNN block <J

v v
LST™M

[ Dense layers J

JHEP 03 (2022) 160
117 b1 (13 TeV)

—IIIIIII| | IIIIIIII | lIIIIIII

| IIIIIII|

1 10

10?

:
|
10 ~

SUSUSWENT  Shandong 2025
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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



Keung, Low, Zhang on DM relic Mono-jet + (soft) displaced tracks

Coannihilation and LLP iﬁproductioni'ﬂ sbff j«f‘gfﬂ >c§{?f‘f, >Wb§{?f’f >le?

May 2018

; 8{]0'—' LI I [ | [ I L I L I LI I LI I LI | | | I_I

BiHD—SIDp Coannihilation (% : ATLAS F’relimirgary 1s=13 TeV, 36.1 fb” ]
. = - ity [t Why oL [1709.04183] N
: 3 S T700— — 1>ty /i Wb¥ fil—;.hff'z? iL [1711.11520] —

Bound states = - Tt /T Wb /1~ bfF5 2L [1708.03247] 7]

________ Sommerfeld e - Eiocy (bt Monojet [1711.03301] 5

________ Bacii & e 600 — t— el cOL [1805.016489] —]

N approx. ~  ——1s=8TeV,20fb" Run 1 [1506.08616] 7]

: ol _ ~ : 500— Observed limits  ==== Expected limits All limits at 95% CL ]
400 —

~ AR A _

B L NS .

300 ' -

: | -

200— / |

10(:-Zb / "‘ | e

: 4 ’-K;]%”/ r E| :

500 1000 2000 o8 N
M [G{?V} 0_|||A'U||'|'“:1|||||||||||||||||||||||||||||||||'|||i|"-T

S ] 200 300 400 500 600 700 800 900 1000

C D
with soft and prompt tau leptons.

T. Han, ZL, A. Natarajan,

m() [GeV]
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http://arxiv.org/abs/arXiv:1703.02977
http://arxiv.org/abs/arXiv:1303.3040

An, Hu, ZL, Yang,

With OpenData, we showed
. a
MET+soft tracks are feasible " GMS Open Data @8 ToV D

CMS opendata 11.6 fb™?, sin¢=0.3 b'l .6 fb_ l, HLT_PFMET1 50J

Prompt CMS 8 TeV ) CMS 11 full
] \.simulation sample /

" Track and Vertex \
. Efficiencies _~

\\

" Pythia Level
Signal MC

CMS Open Data 8 TeV

Excluded by DT 8 TeV T
. Selections )

Excluded by HSCP 8 TeV

L L L L 1 1 1 L L L
250 300 350

m- (GeV)
I

XJE (U. Minnesota) Collider BSM



http://arxiv.org/abs/2107.11405

Hook, Kumar, ZL, Sundrum, ZL, Kumar, et al on various possibilities,
Knapen, Kumar, Redlgolo

A displaced track trlgger enables searches for axions

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

3 events
a

(c:i;_a,(_kgGé + o WW + (_:-.1(_11BB)

87 fa \

O
[\

Q

3
T T |

pr>30 GeV
10 events

I IE

3 events
HT>100 Gev

10 events :

o
o
o
0
=

—
=
40
.
I
o
73]
c
O
O
-
1]
Q
[4h)
O
-
Re)

El_||||||||||

Axion Mass (GeV)

A 2D-4D vertexing selection for displaced jet
to veto the fake track background,
Trigger: Y. Gershtein, 1705.04321, CMS-PAS-FTR-18-018 demonstrating the plausibility of this search.
XJ/E (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025 108


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

Our experimental colleagues also creatively handle those

low mass (but not soft) objects
138 fb” (13 TeV)
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| ] od L4
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\ | Lesson 6: Theorists ask for more (soft, rare,
\ * hadronic, short lifetime). Experimentalists come
% up with new methods & capabilities.
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Opportunities with Lessons

e Future Collider Benchmark: Higgsino DM



WIMP Dark Matter

Compelling, simple, predictive
explanation for thermal, cold dark
matter.

Amongst those, a pure electroweak
doublet (SUSY ng%smo) is
particularly motivated and
challenging.

2 X 107%6cm?3 /sec

Qh? ~ 0.1 X (
< OeffV >freeze—out

mas
< OeffV > yq-vv= "5

2
my

XJE (U. Minnesota) Collider BSM Shandong 2025 7/16-17/2025
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Han, ZL, Wang, Wang, 2009.11287, 2203.07351

Disappearing Tracks: next to minimal signatures

(1,2Q+1,0)
(1,2,1/2)
(1,4,3/2)

(1,6,5/2)

* 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 Pure Higgsinos with mass splitting,
e Beam Induced Background lifetime, low pI‘OdllCtiOIl rate and

target mass, very challenging.

16-17/202
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https://arxiv.org/abs/2009.11287
https://arxiv.org/abs/2203.07351

Han, ZL, Wang, Wang, 2009.11287, 2203.07351

Minimal transverse displacement

* Only use the central tracks, |eta|<1.5 BSZTZ:E; ?IK le;lj Csm

«  We assume at least two-layers of . ' | Disappearing Track Pair
trackers can be placed before

—— Single Disappearing Track

« Show both pair reconstruction or § 0.6
single reconstruction results 2
«  We conservatively required 50 signal 0.4
events for discovery
0.2
Recent optimization work looking for soft pions, achieving
sensitivity to Higgsino at 3TeV MuC, Capdevilla, Meloni, 0.0 0 5 10 15 20

Zurita,

Minimal Transverse Displacement d7"(cm)
Muon Collider 5o Reach 100 TeV)

|( _ | Thermal Target
Higgsino-like

XJ/E (U. Minnesota)


https://arxiv.org/abs/2009.11287
https://arxiv.org/abs/2203.07351
https://arxiv.org/abs/2405.08858

Lots of studies at CEPC

 Main detectors

 Auxiliary detectors
(LAYCAST, FD3)

CEPC New Physics Potentials
Prepared for the CEPC BSM white paper

CEPC BSM Physics Study Group

VI. LONG-LIVED PARTICLE SEARCHES (LIANG LI, YING-NAN MAO,
KECHEN WANG, ZEREN SIMON WANG)

Collider BSM

XJ/E (U. Minnesota)

LLP NG L Sensitivities on parameters
Signal Signature Detector Tigs.|Refs.
Tvpe [GeV]|[ab~ 1] [Assumptions]
Z(— incl.) h(— X X), Br(h —+ XX) ~ 106
240 | 20 ND - \ 38 | [80]
X = qq/vp m € (1,50) GeV, 7 € (107*,10~!) ns]
Br(h —» XX)~3x10°6
ND __ 50 | [86]
New scalar [m = 0.5 GeV, e ~ 5 x 107 m]
particles (X) |Z(— incl.)h(— XX), Br(h — XX) ~7x107°
240 | 56 | FD3 50 | [86]
X — incl. [m = 0.5 GeV, 7 ~ 1 m]
Br(h —» XX)~5x10°6
LAYCAST 50 |[257]
[m = 0.5 GeV, e ~ 107! m]
Na/m% € (2 x 10714,1078) GeV 2
ND ! , 14 | [86]
m ~ 40 GeV, Br(Z — YIy}) = 107
RPV-SUSY : ‘
Z — 1, NMpa/m2 e (10714, 1079) GeV 2
neutralinos 91.2 | 150 D3 / ’ 51 | [86]
) X§ — incl. [m ~ 40 GeV, Br(Z — x{x{) = 1079
X1 . 5 o § .
Mpo/m2 e (Tx 1071, 107Y) GeV 2
LAYCAST / ’ 51 |[257]
(m ~ 40 GeV, Br(Z — x{¢9) = 1073
ZW s upta 91 | 150 ND fa/C3, S 950 GeV 15 | [85]
Coyy /A ~ 1073 TeV—!
ND 52 |[257]
[Cyz =0, m ~2 GeV]
ALPs (a) v a, Coyr /A ~ 6 x 1073 TeV—!
91.2 | 150 | FD3 52 |[258]
a— [Cyz =0, m~ 0.3 GeV]
Cy/A ~ 2 x 1073 TeV!
LAYCAST 52 |[257]
[Cyz =0, m~ 0.7 GeV]
Hidden valley Zh(— ﬂ?ﬂ?) o(h) x BR(h — 797%) ~ 107* pb
) 350 | 1.0 ND _ 42 |[259]
particles (70) 7 > bb [m € (25,50) GeV, 7 ~ 10% ps]
Dark photons | Z(— qq) h(— vpyp), Br(h — ypyp) ~ 1077
250 | 2.0 ND 43 | [83]

(vp)

vo = 0 Jqq

m € (5.10) GeV, 7 v 107 ps, e € (1075, 1077)]
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Millicharged Particles from Colliders

Future projections:

10! ‘
"1 SENSEI@MINOS
102 - 1 DUNE-ND
_ o S ; LDMX
w 107 ot sl e B = Etc.
{22 ® oantietiNgad i) JO, . oL (NLLNOR) s s | ZL’s estimation.
E-'-":"'"'.""- :::: __ _______ S : = Also updated with various
R = : 7 more realistic
- 10 kg(OSCURA-like) 10*° POT (MINQS)- o N . . .
1072 . Millicharge search —  considerations with
o S S R : " SENSEI and OSCURA
"~ 10 kg(OSCURA-like) 3:102 POT (DUNE-ND) skipper CCD 7 1 oration
10_6 | | | ] I | | | | | | 1 1 1 1 I : | | | | I | (2304.08625 ) 2305.04964).
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Looking into the Future:
Lessons from History



42 Years of W boson Discovery



Claudia-Elisabeth Wulz

Institute of High Energy Physics
Austrian Academy of Sciences, Vienna

Neutral currents and Weinberg angle

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 M, ~ 60 — 80 GeV
~1980  More precise measurements of Weinberg angle -> M, = 82.0 + 2.4 GeV

a ta
= - w

2025
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The W turns 40
Before 1983 Theoretical background and implications

Michelangelo Mangano

I'(p = evv) x G = L

\/EM

g = e/sin Oy, gv=T1T;—-20 Sin? Ow
My, = Mz cos Oy, g4 =15

+ measure sin 0y, in NC/CC DIS

* predict Mvzv _ o and M, = My /| cos Oy
\V2Gp sin2 6y,
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Claudia-Elisabeth Wulz .
Institute of High Energy Physics Moriond QCD
Austrian Academy of Sciences, Vienna La Thuile, 26 March 2023

Timeline leading to the W discovery

1976 First beam in the CERN Super Proton Synchrotron (SPS)

1976 Cline, Mclntyre, Rubbia propose conversion of existing machine into a pp collider
1978 Decision to convert the SPS into the Super Proton-Antiproton Synchrotron (SppS)
1981 First proton-antiproton collisions at Vs = 540 GeV

1982 Experiments UA1 and UA2 have acquired enough data to enable the W discovery
1983 Announcement of W discovery

P EXTRACTION

P INJECTION D ]
w— Lﬂ\" INJECTION
N\ BEAM ABORT

,j Target

{ / Proton Synchrotron |

PS ,'

o

Linac \\
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Claudia-Elisabeth Wulz .
Institute of High Energy Physics Moriond QCD
Austrian Academy of Sciences, Vienna La Thuile, 26 March 2023

W events in UA1

Electron events Muon event (not in discovery paper)

EVENTS  WITHOUT JETS

MERLIN-UR1 VERS. BO9 UR1 VERY PRELIMINARY
RUN NO= 71B3. EVT NO 238

CRMAC DATE 2u- 5-83 CAMAC TIME 7: 2

GeV !'__'_'__T__'_"“T—_‘ e e TR, B T

50 ;

Missing transverse energy, parallel to electron

Events/2CeV

Events/SGeV

20 30 L0 GeVv
Transverse electron energy (GeV)
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13 years of Higgs Discovery
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We all take Higgs for granted, but
First Study of the Higgs, 1976

* The beginning of Higgs phenomenology

We should perhaps finish with an apologyv and a caution. We apologize to ex-
erimentalists tor having no idea W]ldl 1s the mass of the Higes boson, unlike the

case with charm [3,4] ;
that they are probably

Slide from
S. Dawson

XJE (U.Minnesota) Collider BSM Shandong 2025 7/16-17/2025 124



Unitarity, 1977

* We did know something about the Higgs mass

* Either M, < 800 GeV or perturbative unitarity violated around 3 TeV
- Cross sections grow with
energy without Higgs

* Led to the powerful idea of a "no-lose” theorem

* “The LHC had to find a Higgs or something else at an accessible scale”

Lee, Quigg, and Thackerl

An d SSC Slide from

S. Dawson
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Higgs is not that obvious

SN PNUTURRIONOR g | | 1| o iiegs o
iy’ il bit of pre-Higgs era:
Ly = 1.0-2.3 fb"/experiment Expected + 1o

T e Expected 20 * New regions

T ] LEP excluded immediately covered
WA [T Tevatron excluded by the LHC between
. | | LHC excluded I 160_500 GeV

| o Still, we didn’t know

where Higgs or New
Physics would show

up
- Higgsless theories
| NN were still motivated
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Higgs was then Discovered in 2012 at the LHC

¢
CMS

Does this ring

LHCbh lOOk fEl.ITllllEl.I'.p

ALICE
o ATLAS
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The Lifespans of HEP programs are long...

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

- *OnNst _:‘.';'1_’.Ll:§it-.c I_EP
constructior ohysics LHC - operation Run 2

20 years

Or for many %

different colliders
FCC - design study m sonstructior physics
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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.
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Summary and Outlook

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.
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BSM Opportunities

Around the Higgs |
Theoretics Go Exotic imentally
plausible Have Fun sible

16-17/2025
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