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Tri-linear Higgs Couplings

https://www.nature.com/articles/s41586-022-04899-4
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But there are myriads of talks you can find on
why HL-LHC is important in great details

And | can’t do justice in 20 minutes
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Spoiler / Disclaimer:
There are lots of opportunites in LHC future
| cover some examples, indicative of my personal preference

| did not cover all owing to lack of time

But largely | am gonna talk about my view...
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Measurement Searches
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A study of ... cosmic ray electron tracks, ... has been made with
the purpose of observing the interaction of these high energy
particles with atomic nuclei and their external electrons.

D. ANDERSON AND S. H. NEDDERMEYER

Anderson and Neddermeyer, Phys. Rev. 50, 263 (1936)

12
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A New Generation, A New Vision

We are in an experimental driven discovery era

What’s a discovery in particle physics
. - Detecting for the first time a new fundamental process
~ - Discovering new particles (indirectly or directly)

We do not know what the next New Physics scale will be.
E high-intensity exp. [}

Known elementary particles
< w——g

neutrinos Higgs
10-5 107 1019 (GeV)
B colliders
Bl quark and lepton flavor experiments

B cDvs

13
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Need not be non-zero preferred
theory driven but not required

/ VB - 1/\/5/

Focus on unexplored phase-space
Test null-hypothesis (i.e. SM)

Surprises do happen!

14
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Today, we’d have seen < 0.5 event in each expt.
(e.g.1fb*10% (BR) * 3% (acc.) * 137 fb' = 0.4 events)
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“How do we make sure we don't
leave things on the table?”

Energy of the final state particle

Multiplicites
Angular correlation (e.g. mass, substr.)

Lifetime

16
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Same story for W’/ Z’ and various resonance searches
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ATLAS Simulation Preliminary
/s = 14 TeV, 3000 fb™
Z — |l

R
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Pushing multiplicities

Higgs boson

12

WZ diboson

WW/ZZ diboson 07
99 LHC
W, Z boson Top quark
83 LEP 95

e S :
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year
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Pushing multiplicities

Higgs boson

1 massive particles 12

or 2 at most WZ diboson
WW/ZZ diboson 07
99 LHC
W, Z boson Top quark
83 LEP 95
| l SPS | l " T |
30 90 00 10 2{0)

year
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4-top

PUShing mUItlp"CltleS ZZ scattering
WW/Z triboson
WWW triboson
VVV triboson
tW production
VH diboson 20
WZ scattering 19
WW scattering >
HW/HZ < 17
_ Higgs boson 15
1 massive particles 15
or 2 at most W2Z diboson
WW/ZZ diboson 07 LHC13
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W, Z boson Top quark
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4-top

PUShing mUItlp"CltleS ZZ scattering
WWZ triboson
2 3 oreven4 WWW triboson
o ) VVV triboson
massive particles W production
VH diboson 20
WZ scattering 19
WW scattering >
HW/HZ < 17
_ Higgs boson 15
1 massive particles 15
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4-top

PUShing mUItlp"CltleS ZZ scattering
WW/Z triboson
2,3, oreven 4 WWW tt_‘iboson g
: . VVV triboson
massive particles W production
VH diboson 20
Rapid expansion of frontiers vaﬁczaet:iigng 19
tHW/HZ < 17
Higgs boson 15
1 massive particles 15
or 2 at most W2Z diboson
WW/ZZ diboson 07 LHC13
99 LHC
W, Z boson Top quark
83 LEP 95
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year qg



WZy

. - gu =g 4-top
Pushing multiplicities 22 scattering | V¥
WWZ triboson tv\’/‘%‘
2, 3, oreven 4 WWW triboson H-Zy
: . VVV triboson
massive particles W production 23
VH diboson 20
Rapid expansion of frontiers W\)’V\’i:taet:;gng 19
HW/HZ < 17
_ Higgs boson 15
1 massive particles 12
or 2 at most WZ diboson
WW/ZZ diboson 07 LHC13
99 LHC
W, Z boson Top quark
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WZy

u u u ] u 4 top
Pushing multiplicities 77 scattering | WWY¥
WWZ triboson tV\g
2.3, oreven 4 WWW triboson H-Zy
: : VVV triboson
massive particles 23
tW production 20
VH dlboson
_ i . WZ scattering 1 )
n of frontiers
Rapid expansion of fro WW scattering

What’s a discovery in particle physics S. Gori

- Detecting for the first time a new fundamental process

S e WZ diboson
WW/ZZ diboson 07 LHC13
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High multiplicities gl:;

Florida

W CMS experiment at the LHC, CERN [@I%&
Z Z — 5 | p-t t Data recorded: 2016-Oct-09 21:24:05.010240 GMT
e O n eve n Run 282735, Event No. 989682042 LS 491

Positron

Pr =55 GeV

My = 65 GeV WZZ—-5 lepton events
//

/

Electron /
Pr =59 GeV

. Z boson 2
Positron Mee = 92 GeV oo E

[ g U A

Pr =30 GeV

p_l_miss
=192 GeV
Electron
Z boson 1 Pr =82 GeV
Mee = 91 GeV
............ Positron
Pr =68 GeV
Jet
QCD radiation
Pr = 334 GeV

5 electrons
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High multiplicities H!;

Florida
CMS experiment at the LHC, CERN [@h%®)
WZZ - 5 lepton event o ST S0
-~ W DOSON - - oo Positron
e WZZ-5 lepton events
' Electron
Pr =59 GeV

Z boson 2

Positron ... Moo = 92 GeV ... -

i Pr =30 GeV
miss
Pr

EIeé:tron
Z boson 1 Pr =82 GeV
mee=?1 GeV
............ Po_sitron
Jet
We expected ~1 event like this out of 15,000,000,000,000,000 collisions

5 electrons
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vent : 2965933740 =_ N ZH—6 lepton events
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This event was also ~1 event expected
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High multiplicity case study ymF

FIorlda

CMS experiment at the LHC, CERN [@I%®)

Data recorded: 2016-Jul-23 08:13:27.898048 GMT
WW/Z — 4 lepton event

Mey = 128 GV ovveveveeeeesieininnns Muon (u+) 1
W boson 1
Electron AN
W boson 2 DN (g:
Muon (u+) 1 ®

W boson 1

\i

Electron
W boson 2

Muon (u+) 3

Z boson

’ mT2 - 64 GeV

My = 93 GeV

Muon (u-) 2

Z boson

Expected to reach 30 in 3000 fb' — But we did it with 137 fb™
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High multiplicity case study

Channel
WWW — 3¢ 3y

//, WWW — 2¢ 2y 2j

Y
\ \ WWZ — 4¢ 2y

WWZ — 3¢ 3v2j

WZZ — 5¢(1v
WZZ — 4£2]
WZZ — 3{3y
WZZ — 3€1v2j

‘ ZO‘ at 3000 fb_l (4000 fb—l) 4497 LS 1799 J

arXiv:1902.10229

e LHC, CERN [@h%®
.898048 GMT

OSFOS: 6.7 (7.0) - Mon
1SFOS: 1.0 (1.0)
2SFOS: 0.7 (0.7) i

*: 0.8 (0.8)
*:1.2(1.2)
uru*: 1.8 (1.8)

SFOS: 0.1 (0.1)
DFOS: 3.0 (3.1)
0.3 (0.3)

3.0 (3.4)

0.1 (0.1)
0.03 (0.03) I
0.04 (0.04)

mT2 - 64 Gev

Expected to reach 3o in 3000 fb' — But we did it with 137 fb™

Chang
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High multiplicity case study Chang
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arXiv:1902.10229
14 CMS Projection 14 TeV
O _ tttt production at HL-LHC
= 12f Stat. Uncert. only
3 - Run 2 Syst. Uncert.
& 10 —— YR18 Syst. Uncert.
IR — YR18+ Syst. Uncert.
c  8F |
& F Jannicke’s talk
o 6
o C
8 4__ _________________________ =
Q b e
f - _M
1=
O:. L ! I ! R R R R L |

10°
Integrated Luminosity (fb™)
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Many more multi-t,W,Z,H gl:;

Florida
Process Cross section (pb)
Four vector bosons LO 13 TeV NLO 13 TeV
c2l* ppo>WHW-WHW~— (4f) W+ 5.721+0.014 -10~* *3T% +23% 9959+ 0.035 - 1074 FTA% +LTE
c.22* ppoWHW-W*Z (4f) w+ 6.391+0.076 - 1074 F44% +24% 1188+ 0.004 - 1073 4% HLTH
c.23* pp— WHW - Wy (4f) w+ 8.115+0.064 - 10~* F25% +22% 1 546+ 0.005 - 1073 9% F1-5%
c.24* pp—WHTW~ZZ (4f) Wt W- Z Z 4.320+0.013 - 1074 4% +24% 0 7107£0.020 - 1074 0% 8%
c.25* pp—WHW=Zy (4f) wt u- z a 8.403+0.016 - 107+ *30% T3 1.483+0.004 -1073 2% *1-0%
el13* pptEW-W* (4f) t~ wh w-  6.67540.006 - 1073 FR9% +21% 99044 0,026 - 1073 T109% +21% O(‘] fb)
el4* pp—ottW*Z t~ wpm z  2.40440.002 - 1073 +26:6% +2.5% 3 5954 (.010 - 1073 F10.6% +2.3%

—-19.6% —1.8% —10.8% —1.6%

e15* pp—otEWEy t~ wpm a  2.718 £0.003 - 1073 F23-4% +2.3% 39974 0,013 - 1073 F10-3% +2.0%

—18.9% —1.8% —-10.4% —1.5%

el6* pp—ttZZ t~ z z 1.349+0.014 - 1073  +293% +3.7% 1840+ 0.007 - 1073 FT-9% +LT

el7*  pp—tt Zy t~za  2548+0.003-107° F30-1% IR 3.656+£0.012 -107°  F70E FIEE

g12* pp— HWW~ (4f) pp>h wtu- 8.325+0.139 - 1073 FO0% +2.0% 1 065+ 0.003 - 1072 5% +2.0%

g.13* pp— HW*y pp>hvpna 2.518£0.006 - 1073 FTOT% +1.9%  3.309+0.011 -1073 FZ7E +17H

gld* pp—HZIW* pp>hzupn 3.763+£0.007 - 1073 1% +20% 52924+ 0.015 -107% 9% +1.8%

g15* pp—HZZ pp>hzz 2.093+0.003 - 1073 FOI% +19% 9538+ 0.007 - 1073 F1.9% +2.0%

“eee H O(1fb) These phase-space would be
possible to study
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Pushing multiplicites even further CthaF;

Florida

soft unclustered energy pattern (SUEP)
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Pushing multiplicites even further HF;

Florida

138 fb! (13 TeV
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displaced di-jet
/
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34.7 {6 (13.6 TeV)
CMS

Preliminary

H— SS CMS, disp. jets
Phys. Rev. D 104 (2021) 012015
132 o' (13 TeV)

CMS, Z + disp. jets
JHEP 03 (2022) 160
117 o™ (13 TeV)

n
(0P
T
L
AQ
-
@)
@
£
~
()
Q.
Q.
-]
-l
O
52
(]
(@))

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EX0-23-013/index.html
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Pushing “Angles”

No |

1 o

d(unl,egs ISR,
L>Mon oD >

Image C. Doglioni
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Many jets
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ATLAS

-1
Vs=13TeV, 140 fb ] Total Uncertainty
[:3 m(g) = 1.5 TeV

Events

10°

107

II| IIIIIIII| IIIIIIII| RN
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L o
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NN
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\ i
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| o—
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W

- & 2 3 o
pr(j) » » » 7 7
Rjets [GCV] C Np—jets
o 10° . -
SR1 >7 >180 >0.90 - g ATLAS o Data E
SR2 >7 2220 2090 § Dlesiateon STy
- = = V. - 102 {::]m( ) 1.5 TeV =
SR3 >7  >240 >0.90 - 5
SR4 > 8 >180 >0.85 - N
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SR1bj >7 >180 >0.85
SR2bj >8 >180 >085 22 I g
E 1'5: ////////////////// 2
S E A s A A,
(DU 1:' L //////I////H /2
= 0.5F .
It did not use mass because too X: ?
- - o) o
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Cloud Chamber Observatlons of Cosmic Rays at 4300 Meters Elevation and Near
Sea-Level

CARL D. ANDERSON AND SETH H. NEDDERMEYER, Norman Bridge Laboratory of Physics, California Institute of Technology
(Received June 9, 1936)

Observations of N same-charged lepton events (€x+6*,£++0*tx,..
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Go down deeper into the weeds HF;

Florida

40,000x events lost
we don’t get to analyze
them in details
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Events / 0.1 GeV

Go down deeper into the weeds

137 b (standard triggers) and 96.6 b (scouting triggers) (13 TeV)

CMS > 3

IIIlIIllIIlllIIlIIllIIIIlIIIIIllllIIIIIIIII

O 30|
—— Standard triggers g 28}
——: Scouting triggers P 26
5 24,
m 22|

¢ Data ‘
Z, (25 GeV) £2 = 2x10° -
—— Background only fit ]

20 40 60 80 100 120

140 160 180 200 220
m,, (GeV)
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Anomaly deteCtion Florida

Anomaly Detection with with
Unsupervised Machine Learning

Common SM skier

Anom aly Detection ATLAS: Phys. Rev. D 108 (2023) 052009

X selected based on anomaly score from VRNN, or two-pronged MVA scores

Mostly SM training data
Encode Decode

Rare BSM snowboarder

JANNICKE PEARKES
& Injected Signal

Anomaly Detection s ausessexozsos

e

+ Lepton triggered events & ‘

« Rapidity mass matrix used as input to autoencoder ! g g )
i , ; Unsupervised ( )

A Weakly supervised (CWolLa Hunting, TNT, CATHODE)

« Highest local significances of 2.80 and 2.90 found
for mj, = 1.2 and 4.8 TeV
Semi-supervised - multi-signal priors ( )
Anomaly detection improves sensitivity of standard
methods up to ~3-7x
Signal Model

JANNICKE PEARKES

JANNICKE PEARK

areares

See Jannicke’s slides
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But what if you still....

Measurement

Standard Model Production Cross Section Measurements

Status: February 2022
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Effective Field Theory
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Effective Field Theory clr’.":;
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"Rate"
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Effective Field Theory clr’.":;
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CMS postfit ’ 138 fb” (13 TeV) M Preliminary 138 fb~1 (13 :I'eV)
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Interpretation

Top quark

UF
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Remarkable collaborations HF;

Florida

1270 collider data papers submitted as of 2024-03-26

1270 CMS
1278 ATLAS

Diverse particle physics topics being covered by general
purpose detector experiments
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Summary

We are in an experimental driven discovery era

Many phase-space boundaries are still being
pushed and we are expanding frontiers
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