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| HC data taking overview

Excellent accelerator performance over many vears
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Run 2: HIgQgs lboson physics legacy

e Very broad ongoing Higgs boson physics program at CMS and ATLAS

¢ Precision measurements: few-% level on some couplings, 0.1% on mH.
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https://arxiv.org/pdf/2407.15550
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://arxiv.org/pdf/2407.15550

Run 2: HIgQgs lboson physics legacy

e Very broad ongoing Higgs boson physics program at CMS and ATLAS

¢ Precision measurements: few-% level on some couplings, 0.1% on mH.

¢ Significant reduction in uncertainties on charm coupling

CERN-EP-2024-175

Data/Sig+Bkg

ATLAS: target inclusive H+c = a(H+c) = 5.2 £ 3.0 pb (SM: 2.9 pb), < 10.4 pb @ 95% cL

CMS: target k-dependent part : fen < 243 (355) = | K| < 38.1(72.5) @ 95% CL
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CMS 138 fb™' (13 TeV)
® (Observed +1 SD (stat)
== +1 SD (stat @ syst) +1 SD (syst)
— 12 SDs (stat @ syst)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://arxiv.org/pdf/2407.15550

Run 2: HIgQgs lboson physics legacy

e Very broad ongoing Higgs boson physics program at CMS and ATLAS

¢ Precision measurements: few-% level on some couplings, 0.1% on mH.

¢ Significant reduction in uncertainties on charm coupling

. IS reaching SM sensitivity with Run 2 data only

e Improvements driven by better analysis techniques

and performance

ATLAS
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ATLAS: target inclusive H+c = a(H+c) = 5.2 £ 3.0 pb (SM: 2.9 pb), < 10.4 pb @ 95% cL

CMS: target k-dependent part : fen < 243 (355) = | K| < 38.1(72.5) @ 95% CL
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://arxiv.org/pdf/2407.15550

Run 2: searches overview

HDBS-2021-07 H - aa —s bbrr ATLAS
HDBS-2020-11 HET = cs ATLAS
HDBS-2023-19 Combination of charged Higgs searches ATLAS
EXOT-2022-13 A—tt ATLAS Extended Higgs Sector
HIG-24-002 H s 77 5 Al CMS
HIG-22-004 A — Zh(7T) CMS
SUS-24-001 ¢ — bb CMS
EXOT-2018-55 Prompt Lepton-Jets ATLAS
EXOT-2022-04 Long Lived Particles in the hadronic calorim. ATLAS - displaced
Dark Sector
SUS-23-004 mono—t CMS
SUS-23-012 mono—~h(77) CMS
SUS-23-018 H — Za — llxx CMS
SUS-24-004 pMSSM CMS
SUS-23-003 Compressed Supersymmetry CMS 5
ATLAS-CONF-2024-011 Run3 displaced leptons* ATLAS JRRESy e - displaced
SUS-23-002 Supersymmetry w/ charged leptons and CMS
ATLAS-CONF-2024-008 | Vector Like Leptons (VLL) 4321 model (tau ATLAS
EXOT-2021-02 Combination of VLQ ATLAS :
Heavy Fermions :
EX0-23-015 VLL — 7a(y7y) CMS - displaced
B2G-22-005 t* —tg CMS
EX0-23-010 [l + b — jets,non — resonant CMS EFT
EXOT-2022-33 Low mass dijet + ISR gamma ATLAS
EXOT-2020-26 Dark Higgs via Z' ATLAS .
New Mediators
EXO0-24-007 Low mass dijet+ISR CMS
EXO-22-006 Z" — up+ b — jets, resonant CMS
EXO-22-013 t-channel scalar and vector leptoquark CMS Leptoquarks

*(+ 1 result Run 3)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-13/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-55/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-04/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-02/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-22-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-26/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-24-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-013/index.html

Run 2: searches overview

New summary plots from Leptoquarks and Dark Matter (ATLAS)
and Heavy Resonances (CMS)

Many standard summary plots in the public pages of ATLAS
and CMS

Many Physics Reports about BSM Run 2 physics @LHC
submitted: state-of-the-art of a broad set of physics results and
techniques in many areas of LHC BSM physics: CMS and ATLAS

*(+ 1 result Run 3) 4/3]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-012/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://atlaspo.cern.ch/public/summary_plots/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#2024_ICHEP
https://cms-results.web.cern.ch/cms-results/public-results/publications/PR/PR.html
https://atlas.cern/Updates/News/summary-moriond-2024

PRL 119 (2017) 111802

° °
Run 2: IIIIpOCT of GNN 1a 18
* Previously search for boosted resonances reconsfructed as p ————. | o———
arge-radius jets with substructure :
° ° ° ° ° Z, :
e Now signal distinguished from the backgrounds using ;
ParticleNet GNN discriminants :
q’ |
>
® STnngenT liMmiIts on universal COUpllﬂg Boosted jets: Increasing transverse momentum, p;
CMS Pre/,'minary 138 fb-1 (1 3 TeV) = QMS Rre.llm."??.'},/ . \."l"ly l292l£'l 95% CL exclusions
> B s o 'I+l!DAtITI;‘T-[”TA" = r,./M,=100 777 Observed
P 500 < pr < 1200 GeV ata op - 7/ My =100% :
(L?) 25X10*F paricleNets. oong Pass — QCD  mm V(&) 3 - STTRErY) B Expected
ey ParticleNety, Fail Z(qq) Z 220(qq) = - /M/‘ S =] Iy /M, <~5%
5 i = W(qq) ~== Z'oo0(bb) x 2 B AR = tt resonance, (JHEP 2019, 031)
= 2.0x10* ] VV(qq) Zzzz Q) x 2 - = = 359 fb", 13 TeV '
2 j ' i [/ My =10% 5 T2/ Mp<~10%
1 5%x10%f MZ 2zoo6) = 0.11%855 5 ____ Boosted dijet+y (PRL 123, 231803)
' f HZ se0lad® = 0.11%835 = — 35.91b", 13 TeV
L Boosted dijet (EXO-24-007)
E . —— fo' 13T
10 - ki B \\ = Bﬁtﬂsg?et ?IYLB 805, 135448)
] I:JZjéj E::-ﬁég;g%?;m 120, 201801)
i - 107 = = Dijet soc;utine(PRL 117, 031802)
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[ “M"" ] - - 113?,; ;l:;é:ti:ge\(/msp 2018, 130)
[ Lﬂ‘m ! — -1 359" 13Tev
0”{ =t m“’ﬂm-—-—-{—q-**-- = - ____ Dijet (JHEP 2020, 033)
j L ' * L S e 138 fb™", 13 TeV
2 S5 N\ Z'500(bb) Z 220(qq) Bkg. Unc. — Z'—qq [,/ M, <~30%
M|l | ‘ I 1
|3 ¢ . } . ++ ++ - \2 Broad dijet (JHEP 2018, 130)
Qoo'ﬂ . t 444 +++ ++ +++ ++++ 4444t - il i ] i i iriigtiTE) - 359 b, 13 TeV
37O +++ A ML +++++ : 710 2030 100 200 1000 2000 /My <~100%
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50 100 150 200 250 300 M, [GeV] — Dietx(Eric7s 760

Jet mgp [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-030/

Run 3: status of the art

e Higher collision energy and aiming for 2 x larger dataset — There is much more to comel

CMS:

e Higgs and EW processes (HIG-23-014, HIG-24-013, SMP-24-005,
SMP-24-001, SMP-22-017, TOP-22-012, TOP-23-008)

e First w/ parking (BPH-23-008)
e Two searches (EXO-23-014, EXO-23-013)

CMS Preliminary 34.7 fb~' (13.6 TeV)
- I I | | I 1 I | 1 I I I I | 1

I I | | 1 I I |
B p-value (lMadGraph NNLOFlS) =0.06 i
102 — — ggH (MadGraph5_aMC@NLO + NNLOPS + Pythia) + xH—=
= ggH (MadGraph5_aMC@NLO + Pythia) + xH .
B — ggH (POWHEG + Pythia) + xH
10" xH = ttH + VH + VBF (MadGraph5_aMC@NLO + Pythia) =

T I3 ¢ Data (stat @ sys unc.) ]
100 ?;I_*_ I Systematic uncertainty _;

]

Acfid/Ap1l_-| (fo/GeV)

Ora(py > 350.0 GeV
150.0 GeV

1 0_2 = T —;
10°E | | | L I =
| | | | | I
| | | | | | | | | | | |
200 300 400 500
pY (GeV)

ATLAS:

e Higgs and EW processes (STDM-2023-16,

STDM-2022-17,TOPQ-2023-21 HIGG-2022-12)

o Search: ATLAS-CONF-2024-011

e Run 3 results twiki

Vs=13.6 TeV,29fb "
Vs=13TeV, 140 fb ™
Vs=8TeV,20.2fb"
Vs=7TeV,461fb"

Vs =5.02 TeV, 0.26 fb

_.é 103 — | | |
s [ ATLAS
S —  ®eu + b-tagged jets
§ | A [[+Db-tagged jets
g B [ + jets
o = combined
(&
o
=
v
2
£ 10—
B &= NNLO+NNLL (pp)
| Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
m=172.5 GeV, PDF+ o uncertainties from PDF4LHGC21

1.1 PDF4LHC21+scale PDF4LHC21  £"""f QCD scales only

— =
o —
%EJ -
AN AN | -
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PRI R R K K TR X IO KIS I X KBS 3 W BB W I S0 A I WK B ‘
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-005/
https://cds.cern.ch/record/2900127/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-017/index.html
https://arxiv.org/abs/2303.10680
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-23-008/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2023-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-21/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/
http://cds.cern.ch/record/2905292
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ResultswithRun3Data

Run 3: Boosting the sensitvity with new triggers

An example: Search for displaced leptonsin 13 TeV and 13.6 TeV

Large Radius Tracking: designed to
iIncrease efficiency for decay

/
products of LLPs.
p ~
LRT run in the HLT for the ‘,,4 G
first time at Run 3 ~<_
/ ‘i‘* G
= | S i i e e R P
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L o 1 ] .
R il iy 1 Enhanced discovery reach
g E -] - lt";; i .
S ey ] 5 beyond prior searches through
2 10°k "t y several
§ | <«—— novel additions.
b b o
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95% CL exclusion contours for long-

lived selectrons (smuons and staus,
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Vs=13 TeV, 140 fb™
\s=13.6 TeV, 56.3 fb™

All limits at 95% CL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/

LARGE HADRON COLLIDER

C HiLumi ¥

HL-LHC

TleV -9uek

splice consolidation
button collimators
R2E project

13 TeV

cryolimit
interaction
regions

LS2

Diodes Consolidation

LIU Installation

Civil Eng. P1-P5

13.6 TeV

pilot be

2022 2023 2024 2025 2026 2027 mm"m"

am

01 | 202 2016 2008 | 2019 | 200 | 2001

2 X

nnnnnn | Lumll

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

2 X

nominal Lumi

inner triplet
radiation limit

HL-LHC
installation

ATLAS - CMS
HL upgrade

13.6 - 14 TeV

510 7.5 x nominal Lumi _,
'

energy

—

integrated

3000 b
luminosity JEOIVIE{

e Targeting ~3000 fb-! of data or 180 million Higgs
bosons
e 50 fb~1for LHCb & tb~1for ALICE, Pb—Pb (13 nlbo~1)
and p—Pb ( 50 nb1)

Minimum bias

W

Z

zZ

t (s-channel)

t (t-channel)

Wit

WH

H (ggF)

H (VBF)

HH

tt

ttZ

ttH

tttt

stop pair (0.9 TeV)
gluino pair (2.0 TeV)
Z' SSM (4 TeV)

g* (6 Tev)

QBH (9 TeV, n=6)

High Luminosity (HL) LHC timeline

e H -LHC represents the
ultfimate evolution of LHC
machine performance:
operation at up to
L=7.5-1034 Hz/cm?

14 TeV / 13 TeV inclusive pp cross section ratio A. Hoecker

§1.02

M 1.08

A 1.09

A 1.11

M 1.10

A 1.14

S 1.18

M 1.10

A 1.13

A 1.13

S 1.19

A 1.18

S 1.20

S 1.23
S 1.32
A 1.37
A 1.73
A 1.40
A 2.0
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Raising the challenge

e Pileup (PU) conditions particularly challenging for data-taking: detector irradiation, higher
occupancy, higher trigger rates

e Much higher collision rates will far exceed the capabilities of the existing detectors

Recorded luminosity (fo™/1.0)

N
T

~
T

o
T

Ol
T

1N
|

W
T

2023 (13.6 TeV
2022 (13.6 TeV
2018 (13 TeV):
2017 (13 TeV
(13
(13
(

CMS

2015 TeV
2012 (8 TeV
2011 (7 TeV

eV
2016 TeV):
eV

o (13.6 TeV
o (13 TeV

Mean number of interactions per crossing

N S’

A AN AN A

L <M> =21
<u>=10

<> =52
. <M> =46 -
> = 37
> = 38
U> =27
> =14
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Raising the challenge

e Pileup (PU) conditions particularly challenging for data-taking: detector irradiation, higher
occupancy, higher trigger rates

e Much higher collision rates will far exceed the capabilities of the existing detectors

CMS Phase-2 Simulation (14 TeV)

0.7 Pr>0.9 GeV |n| < 2.7
. PU 200 no timing
LJ PU 200 0=35 ps
RS 0.6 ] PU 60 no timing

o
U

-
140-200 vertices in beam-spot space [5 cm] % 0.4
O
L 0.3
e Primary goal at HL-LHC is fo maintain the current . |
excellent detectors performance in terms of 0.1 |
efficiency, resolution, and background rejection 00

0-4 4-8 8-15 15-25 25-50 50+

tor all final stafe parficles and physics observables  ..¢ Number of pileup tracks per primary vertex
used In data analyses.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf

Main priorifies at HL-LHC

Spatial overlap of fracks and energy deposits:

o degrade the identification and the ©good reconstruction efficiency

reconstruction of the hard inferaction ,
O Increase detector granularity

O increase the rate of false triggers —
O Sophisticated detector
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Main priorifies at HL-LHC

Spatial overlap of fracks and energy deposits:

o degrade the identification and the ©good reconstruction efficiency

reconstruction of the hard inferaction ,
O Increase detector granularity

O increase the rate of false triggers —
O Sophisticated detector

Higher collision rate:

© more radiation damage olncrease data acquisition bandwidth

© harsher radiation(~ 10'¢ neg/cm?; 10 MGy) olncrease processing power for online

O higher rate of data

e Phase-2 improvements in detectors, triggers and reconsfruction will extend sensitivity in
precision measurements and new physics searches

e Higher order theory calculations and larger MC samples required to fully exploit the HL-LHC
10/31



The Physics Landscape at HL-LHC

¢ | HC experiments have an ambitious physics program ahead:
O Precision Measurements of the Higgs Boson (couplings and rare decays)

O Searches for New Physics Beyond the Standard Model (SUSY, Dark Matter, Exofic signatures)
O Precision Tests of the Standard Model (Top quark, EW tests)

O Rare Processes and Flavour Physics (FCNSs, CP violation)

o Heavy lon Collisions (QGP, UPC)
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e New techniques and detectors will extend analyses sensitivity:

o Advanced Detector Technologies — improved tracking, calorimeters, and fiming detectors

© Machine Learning and Al — will help in handling the vast amounts of data generated and in
identifying rare events more efficiently.
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¢ | HC experiments have an ambitious physics program ahead:
O Precision Measurements of the Higgs Boson (couplings and rare decays)

O Searches for New Physics Beyond the Standard Model (SUSY, Dark Matter, Exofic signatures)
O Precision Tests of the Standard Model (Top quark, EW tests)

O Rare Processes and Flavour Physics (FCNSs, CP violation)

o Heavy lon Collisions (QGP, UPC)

e New techniques and detectors will extend analyses sensitivity:

o Advanced Detector Technologies — improved tracking, calorimeters, and fiming detectors

o Machine Learning and Al — will help in handling the vast amounts of data generated and in
identifying rare events more efficiently.

e Theoretical and computational advances:

O Improved theoretical models and higher-order calculations (PDFs and QCD effects)

o Advanced simulations and modeling of particle interactions
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The Physics Landscape at HL-LHC

¢ | HC experiment pushed very hard the performance studies while
oreparing TDRs and legacy documents (see bibliography)

e Recently the community is clearly focussing on prototyping and

building these beautiful detectors

e [N this talk | will highlight some examples of niche physics cases that

| find elegant and emblematic in the contex

- of showing

potentiality of the upgraded LHC detectors |

‘he huge

N few years f

[Om nNow
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Methods for HL-LHC prospect studies

e MC event Generator + Fast detector simulation

e Start from published LHC Run 2 results, adapt to HL-LHC conditions

e Assumptions on uncertainties:

O Theory uncertainties reduced by a factor of ~ 2 (higher-order calculation as well
as reduced PDF uncertainties)

o Limited humlber of simulated events neglected

O Detector performance as good or better than now, but with harsher pileup
condifions

o Experimental uncertainties reduced by 1/«

O Luminosity uncertainty: 1%
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Standard Model Physics
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HIgQs boson properties and couplings

¢ Essential task to test the self-consistency of the SM at HL-LHC

e Sensitivities at 3000 fo-! extrapolated from Run 2 measurements

s =14 TeV, 3000 fb™ per experiment

* Most couplings measurements expected to be limited by
uncertainties with HL-LHC datasets: precision < 4%

e H-up and H-Zy still Imited by stat. uncertainty KY

IIIIIIIIIIIIIIIIIIIIIIIIIIII

| Total ATLAS and CMS
— Statistical HL-LHC Projection

—— Experimental

—_— Theory Uncertainty [%]

Tot Stat Exp Th
1.8 08 1.0 1.3

| 1.7 08 07 1.3
1.5 07 06 1.2

25 09 08 2.1

e Estimates include improved accepiance

3.4 09 11 31

and performance of the detectors

¢ Very interesting prospects to probe Yukawao

............................

couplings to 2nd generation fermions

0 002 004 006 008 01 0.12 0.14

Expected uncertaint¥ 4/31


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
http://www.apple.com/uk

C-Chdallenging Higgs Physics at HL-LHC

e H — cc direct measurement: small branching fraction + very large
QCD

¢ Jets b/c-tagged using a multivariate discriminant

e Analysis simultaneously measure the VH(H — bb)
and the VH(H — cc) processes
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C-Chdadllenging Higgs Physics at HL-LHC

e H — cc direct measurement: small branching fraction + very large
QCD

¢ Jets b/c-tagged using a multivariate discriminant

o I 6— L L L L L L L L

. . o > - -

e Analysis simultaneously measure the VH(H — bb) 3. 1.5F ATLAS Preliminary =
. . E Projection from Run 2 data =

and the VH(H — cc) processes AE" |5 =14 TeV, 3000 fo- E
1.3 VH(- bb,cd) —i

¢ 95% CL expected upper limit on o x BR: 2— ——

0 @ ATLAS Run 2: 31 x SM LIE E

|5 —

O @ ATLAS HL-LHC: 6.4 x SM 0of .
ATLAS: u(VH, H—cc) = 1.0 £ 2.0 (stat.) £ 2.5 (syst.) 0.8§ - - Expected 68% CL é

= — Expected 95% CL =

. 3 0-7:_ + SM =

CMS: y(VH, H—cc) = 1.0 £ 0.6 (stat.) £ 0.5 (syst.) 0,65t 1 1 o 1 Y
= -6 4 2 0 2 4 6 8 10

e With further improvements could be in reach at HL-LHC!  ref. “f,CH
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Ref.

|
!
l

!

HIggs self-coupling @HL-LHC

e Tri-linear coupling A directly accessible via Higgs pair production

 pp — HH cross section 3 orders of mag. lower than single Higgs

e Improved trackers and ML key for HH studies (e.g. b tagging)

- T TTTTTTTeEE————

"« ATLAS+CMS Yellow Report 2018 |
pp — HH significance = 4.0 o (4.5 o stat only) .

99.4%

95%

68%

CERN-2019-007 (YR18)
ATLAS and CMS HL-LHC prospects

. | SM HH significance: 40
[t | 0.1 <Kki<2.3[95% CL]
v | 0.5<kKki<1.5[68% CL]

-----

———————————————————————————————

3 ab- (14 TeV)

— Combination

---bbyy  Self-coupling modifier

052 <k, < 1.5
bbzZz*(4l) (68% C|)
== bbVV(lviv)

ATLAS-PHYS-PUB-2018-053

ATLAS only
025 <k; <1.9

e ATLAS update after Snowmass 2021
Extrapolated from full Run 2 bl_yyy, bbttt~, bbbb

~2AIn(L)

g 9009909909980~

destructive interference with box diagram

pp — HH significance = 3.4 ¢ (4.9 o stat only)

ATLAS-PHYS-PUB-2022-053

III

| il B I LI I
20 ATLAS Preliminary .
: Vs =14 TeV, 3000 fb-" N
17.5 Non-resonant HH ' -
- Baseline :
15 Asimov data (K = 1) I
- —— bbT*T" .
12.5':— —— bBYY —5
ioF —«— bbbb 5
E —e— Combined =
7.5
S|
2o \
ST TR .. U o DOsmwrowwsosmemon v-_ 1 W I
057 0 1

IIIIIIII

self-coupling mod.

05 <k <1.6
(68% Cl)
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https://indico.cern.ch/event/1253590/contributions/5814406/attachments/2873037/5030762/FutureColliders-Willocq-LHCP2024-v3.pdf

Standard Model Effective Field Theory (SMEFT)

Deformations in SM described

by 01(6) effective interaction

_ pSM D=6 D=6 __ } : (6)
)
v' ¢ specify the strength of the new interactions
e v' EFT only valid at E < A
S
<
‘o
% Full theory (New Physics) Effective interaction (EFT)
v
2
al >
(/I) 1)2<< M*
=
@

£a
=)
"
o
g=

New Physics

-

b < Bruac '\ B> HrHe E

Cross section (xs) also affected as:

SM xs + SM-BSM interference xs + BSM xs

e | HC analyses enable to accurately place limits on Wilson Coefficients (ci )
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Standard Model Effective Field Theory (SMEFT)

top EW
1 4 )
M i = = 6 o
Lopp = LM+ P70, £P7 =5 :O§)
. /7 —
: oo || o 0 | )]
CHB C;JI) CtW
Cu. CH CR \
Caw O 0 o O Cia | | Cis
/ . g . y CHG H q H q Hu Hd CB’ql
c; specify the strength of the new interactions . \k Ty AR J
e v' EFT only valid at E < A "
- e Co Cg; Cg7 Cau Caa
<||. Crn CtG Ct8 d _Ctsu Ct8 q
R : L. : enﬂ tt ‘
% Full theory (New Physics) Effective interaction (EFT) — Higgs —
v
(<f() Cross section (xs) also affected as:
al >
h p< M’ SM xs + SM-BSM interference xs + BSM xs
=
O

e | HC analyses enable to accurately place limits on Wilson Coefficients (ci )

e A single operator can influence many processes, and multiple operators can affect one single process.
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SMEFT: Impact of precision on BSM @LHC

First combination from an experiment including top, Higgs, vector boson

and jet measurements in an EFT inferpretation

CMS Preliminary Hybrid fit, 1-by-1 scans

<3}

36.3-138 fb™' (13 TeV)

] I I | I | | 1 1 1 ) I I I | | I 1 1 1 I I I I | | | I 1 1 | I I I | I | | 1 1 1 J I I | | | I 1 1 1 I I I I | | | I 1 1
i — 68% CL — 95% CL e Best fit — Linear — Linear+Quadratic l
—
I}l
>
)
. =
Analysis Type of measurement Observables used -
<
. . . ~
H— vy Diff. cross sections STXS bins [41] o>
Wey Fid. diff. cross sections P X ¢l
WW Fid. diff. cross sections Myy
1 g : z
Z —vv Fid. diff. cross sections Pt
tt Fid. diff. cross sections M
EWPO Pseudo-observables r,, aﬁa o Ro R, Ry, A%, I
0,c 0,b
App, Afp = I
Inclusivejet  Fid. diff. cross sections Py X |y 5§ 08|
ttX Direct EFT Yields in regions of interest 5 7 i
o
= [
—
E 0-6 I
8 04l
= 04j
@ |
5 0.2
— 02 |
&) I
© |
E ol =
- wI®g ZaE" T 37T - By 2 _ © S0 T 3 T8 £02 37802 B-50If2%F 3 2.2 _F.8-2 I"g £ _37T,f 269.-.0 5. © 3¢y
“&?3 0083V -gé‘gogo oa'(?‘bg'og B3B3V VUECESTE S BTSSR EETVES I TITIFSESE0SSESS S?SOJOGLQ
Xx x ©Q x X xx X X3 X XX X % % x XX xx XX X X XX XXX xXxXZ2XXXX X%Xo
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SMEFT: Impact of precision on BSM @HL-LHC

 Higgs couplings deviations depend on BSM scenario
2HDM Type-Ii

N
o

m, = 600 GeV, tanf =7/

LA
o
LB B

Coupling deviations from SM [%]

i

ILC 250 GeV, 2 ab" + 500 G ab': 2 mple
: ILC precisions from full EFT
~———es—— model predictions
_20 | | |
bb ¢ g9 wWw W ZZ VY up

s
o

Coupling deviations from SM [%]

|
N
o

. Dim-6 EFT w/ Higgs + EW

o Large impact of tree-level

Extra Higgs singlet -

my = 2.8 TeV, max allowed mixing

20

o
T T

|

-

o
T ™

O 6. ww s ©n SM loop-induced

gg > HorH — yy

AZ=30TeV (c =1)

o Also strong impact from Drell-Yan

measurements on O,y »p

T T T T T T T 2
arXiv:1708.08912 @ VvV
5 A?
—  ILC 250 GeV, 2 ab™' + 500 Ge nglet exam —-
[ ] ncprecisions from full EFT i
model predictions
1 1 1 1 1 |
bb cC gg WW ™ ZZ nuu
50 [:Eafit W LHC+LEP/SLD m HL-LHC (S1/S2) --- Exclusive bound -4“10_4
95% CL bounds
8 10TeV _(c=1)
10} o o o|% of.{o?ioooooo?io e e 0 0 00 o opd o o 40.01
%‘ 5 g ! :-: - E --E 0.04
£ : |
S
<
1 5O g
0.5 B = 0 la

Sally Dawson (LHCP 2024)

l . Generic Higgs coupling deviations
2 TeV \”
~ 1.6 % ( - )
A\

but mapping between precision and
energy scale is highly model dependent

Osw Occ Oww Oss Oww Ouwg Ows Ouwp Oy

O, Ow O O

Ci/N*[TeV?]

CERN-2019-007 (YR18)

exclusive bounds on single operator

bounds from global fit
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SMEFT: Impact of precision on BSM @HL-LHC

Higgs differential cross sections

High prregion sensitive to BSM effects

Directly benefits from staftistical power of HL-LHC

s do/dp+(H) [pb/GeV]

- ggH@LHC 13 TeV NLL+NLO
Mh=1 25 GeV

-
.....

.
™~ Tee,

I _I SM
....... ¢=0.1,c4=0.075
_———- ct=0.5,cg=0.042
_____ c=1.5,c4=-0.042

c=2.0,c4=-0.083

T 1 I Ll Ll Ll L -

L

3 3
45EF e =
SRE T et 3
23 T L L E
e P T L DLl 2
1.5 Engidin E
1 BT o 3
0.5 ::_‘ l l l ‘ . l ; .l_._._._l ........... T ........... I _______ . ._._1_.‘_.1...‘,._1.._1 _______ o

pr(H) [GeV]

P L L - A ATS P —
400 450 500 550 600 650 700 750 800

Ratio to prediction

CERN-2019-007 (YR18)

CMS Projection 3000 fb' (13 TeV)

1 ;
0 w/ YR18 syst. uncert. (S2)
Au(p:‘ > 600) / 250
L s T Ao(p!' > 200) /120
B TN
. * Ao(p" > 600) / 250
-] | ne
1000
- + Combination e
10'2g H — bb faretesSyens Wosssasesseny
- H— vy
10°F
- [ Nad
- Yy H—-2ZZ Y
10°%E aMC@NLO, NNLOPS
- oy, from CYRM-2017-002 #o
10_5 llllll'llllllll’llllllll'llllllllllllllllll
1.5
y | T2 5 T e I V0 0 U 3 L e it o }J[-+v .
0'5 111111111111111111111111111111111111
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Beyond Standard Model Physics
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New massive resonances decaying info
HIgQs boson pairs

¢ SpiN-0 and 2 new particles X—HH—4b

e H — bb are highly Lorentz-boosted: two b
reconstructed as a single large-radius jet
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New massive resonances decaying info
HIgQs boson pairs

¢ SpiN-0 and 2 new particles X—HH—4b

e H — bb are highly Lorentz-boosted: two b
reconstructed as a single large-radius jet

o GGF Spin-2 graviton masses of up to about 3 TeV

> E T I T 171 I T 1T 1 l T 1T 1 ] T 1T 1 I T T 1 l L E
3 10°t ATLAS Preliminary Multiet -
) s - Projection from Run-2 data tt =
10° = § =

1C—> = \/§ =14 TeV,3000fb  ===== GKK (2.0TeV) x5 =
?) 10* =" Signal region, 4-tag = =eeee G, (25TeV)x5 =
"GE) 10° ;_ Scaling from dijet simulation ~ «-«--- Gy, (3.0TeV) x 5 _;
> — =
w 10° = =
10 = B

1 B

107" B
102 -

= S I | I -

I,I lllllll llllllllllll IIIII
0 500 1000 1500 2000 2500 3000 3500
Dijet mass [GeV]

o VBF: cross section an order of magnitude smaller

Mass req:ch X 2 w.r.t. Run 2

3ab’ (14 TeV)
= CMS Phase-2 Multijets
= Simulation Preliminary - BG 1500 GeV
: — BG 2000 GeV
— —— BG 3000 GeV
. l
1000 2000 3000 4000
m , [GeV]
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Search for direct pair production of top €3
squarks af HL-LHC

o Analysis strategy similar to the Run 2 one In final states with two leptons, jets and missing
fransverse momenftum

b ¢ b l
p ) léu p ) (%u
A A t . i t "
e Three and four bodies decays studies > G > 4
b 14 b 14

der th tion: o~
under the assumption Am(h,)(?) < m(t)
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Search for direct pair production of top €3
squarks af HL-LHC

o Analysis strategy similar to the Run 2 one In final states with two leptons, jets and missing
fransverse momenftum

b/ b ¢
p B &I/ D ) C&iu
A A t . » t "
e Three and four bodies decays studies >) G > 4
S~ e ">~ %t
b 4 b 14

under the assumption: ~ o~
P Am(tl,)(?) < m(t)

N 10° S L L i AL DL L L L
o At HL-LHC the Fake Non Prompt background rejeCtion & £ s smusionpeimnay o —

. : o o o o o : 10° &= Vs =14 TeV, 3000 fb” Bl iz Bl o =
will benefit from higher granularity improved isolation S
performance 10 .

10 b o IDIP. .
¢ Different kinematic variables are exploited to separate -
1 : : 5

the signal from the SM background and cuts optimized
w.r.l. Run 2

R e { (DR O DT T T I
1040 16 18 20 22 24 26 28 30
E™* SigObj
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Search for direct pair production of top €3
squarks af HL-LHC
e Sensitivity estimates conservative:
p> tl/ﬁ}f p>)f/:&yf ?esitér:ji(f:;‘ni ?cs)rfed’rsrigger
i g‘~§"yl K iﬁ\’;’yl thresholds

b 14 b /
i, - bffy ~ 0
~ t, >y, t, > bWy
8 160~ ATLAS Simulation Preliminary 3 18001
oy _ 3 — . . ..
B - {s=14 TeV, 3000 fb™, All limits at 95% CL iy u ATLAS S:mulat!on Preliminary
w- 140 o DS - Vs=14 TeV, 3000 fb™, All limits at 95% CL
£ ~ - --- Expected Limit (+10,,)) =" 1400— o
< B Run2 Observed Limit £ — - --- Expected Limit (x10,,,)
120[— —— Discovery potential 3¢ < - Run2 Observed Limit
_ ——— Discovery potential 5¢ 1200— Discovery potential 3o
— - - Discovery potential 5¢
100|— _
_ ~ 0 | 1000{—
Am(t,y )>m(W) - I
- 7 - ) I
- o7 7 ‘
)7
800 - «\\'E\J_‘ v ‘\
- \
— |
600— !
400{— /
— [
o00)- S - A amEz)>me
0 g e A m(t, 7)) > m(W)
300 400 500 600 700 800 O_IIIllllllllllllllllllllllllllllllllllllllllllllll
£ m(t,) [GeV] 400 500 600 700 800 900 1000 1100 1200 1300
ref. m(t) [GeV]
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The HL-LHC photon collider @ ALICE

e Ultra-peripheral collisions (UPCs) of heavy ions: light-by-light
scattering, axion-like particle

Pb Pb

e ALICE 3 can access invariant masses below 5 GeV:

O s, t and u—channel play an important role
O |argest theoretical uncertainties in the calculation
of the muon anomalous magnetic moment
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scattering, axion-like particle

e ALICE 3 can access invariant masses below 5 GeV:

O s, t and u—channel play an important role
O |argest theoretical uncertainties in the calculation

of the muon anomalous magnetic moment

e Final state: two photons emitted back-to-back

e 1T dominant background below 2 GeV (final
te with four photons of which only two are
tected)

Sta
de

Below 0.5 GeV/c2, signal is dominant

N events per 100 MeV
-

The HL-LHC photon collider @ ALICE

e Ultra-peripheral collisions (UPCs) of heavy ions: light-by-light

Pb Pb

Pb v Pb

-
~J
| Bl

o O O O
W +- &) »
| ‘ l Ill

—k
-
Illllll Iu.‘: R

ref.

05

Ex T —VY=27Y

Pb—Pb UPC@5.02 TeV, L =35 nb’
n|<4,E >50MeV
- 8,\{ = 100°/o

B —  —79 background

m,, [GeV]
23/31


https://arxiv.org/pdf/2211.02491

A new approach in BSM sec::rc:hes @ ALICE

e ALPs via the yy — a — vy process naturally couple to

photons via an effective Lagrangian l <
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A new approach in BSM searches @ ALICE

e ALPs via the yy — a — vy process naturally couple to

photons via an effective Lagrangian

e Two-dimensional parameter space of the axion mass

Mmq and the coupling w/ photons

e ATLAS and CMS: limited abilities to light masses

due to the ditficulties in the triggering and

reconstruction of photons with transverse
energy below 2 GeV

ALICE 3: unique opportunity to fill the gap
in the infermediate ALP mass range from

50 MeV to 5 GeV

ref.

—h
o
i

LHC
(Pp)

1/A, [TeV]

Yoy +iny.  Pri

LHCb
(4 nb?)

10_1—:

ATLAS/CMS
(10 nb?)

_ Beam-duinp
10_2 TTTTT] T T T TIT] | T T T1TT1T] T T T TTTT] | T T TTTT]

1072 107" 1 10 10° 10°
m, [GeV]
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Boosting Dark Photon Sensitivity @ LHCDB

e Dark Photon A’, mediator of a hew U(1) dark force kinetically mix with the photon:
observed in final states produced by the EM current

A} € A/
’\/\/\/\/\/\@\N\/\/\/\

e TWo free parameters: mixing ferm €2 and mass of A, ma
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Boosting Dark Photon Sensitivity @ LHCDB

e Dark Photon A’, mediator of a hew U(1) dark force kinetically mix with the photon:
observed in final states produced by the EM current

Y € A/
e Two free parameters: mixing ferm €2 and mass of A', mar RPN
1074, e —
oprompt and displaced searches 10-5]. LHCb fup l
using D0 0|
oinclusive dimuon production 107}
1 — * - £ J .
Oolight meson decays: % 1073f S00fb=
m0 — etey 1024 50! D0 300 fht pup
I ~10[ |
n—e'e’y . 1071 U
/ | 10—11; 7TO ~
) : n
10 i%)_?’ . ..1.0._2 . 10 100 1

e Three core capabillities of LHCb: excellent secondary vertex resolution, particle

identification, and real-time data-analysis.
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L ong Lived Particles @ LHCbP

¢ Long Lived pions predicted by Hidden Valley scenarios decaying hadronically into 2 jets

C’\E 60— i | L LR REsy LR R A "””l_
E ATLAS and CMS dominated
= 3
e Huge potential for low mass and low lifetime & o0r £ | MinimumB
S excluded at 95% CL
40| S 50 %
: _ = 30 %
¢ | P decaying within the VELO: s = 20 %
° PY 30— —
oExcellent spatial and momentum resolution and é = ZZ"
reconstruction of displaced vertices 20l | wm 1%
rer BTTT0OT 0T 0T 10
N YV c¢[m]

26/31


https://cds.cern.ch/record/2636441/files/1808.08865.pdf

L ong Lived Particles @ LHCbP

¢ Long Lived pions predicted by Hidden Valley scenarios decaying hadronically into 2 jets

C'\’?) 60— i "I LR L) | LN R Y ”””I_
?B ATLAS and CMS dominated »
e Huge potential for low mass and low lifetime & 50r ‘é 1 Minimum B
S excluded at 95% CL
40} S 50 %
: i = 30 %
¢ | P decaying within the VELO: k 20 %
. ) 30 -
oExcellent spatial and momentum resolution and _ g ——
reconstruction of displaced vertices 20l | 1%
. - rer 0 102 T g
e Exploring downstream tracks (ouiside VELO): et mv cr [m]

Onew frigger strategies

o add Magnet Stations,/fo improve low momentum resolution

oremoval of neutral particles from the jet reconsfruction (Machine Learning)
ofast-timing capabililies of the TORCH to suppress combinatoric background

e Below 25 GeV final state reconstructed as a single jet (merged jet)w/ substructure
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New fiming detectors af LHC

140 or 200 multiple interactions

- —% —-

S5Ccm

—_—
beamspot | 180-200ps . When the collision happens?
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New fiming detectors af LHC

140 or 200 multiple interactions

Beam] : _ Beam?2
* > > ————— :
Scm
—_—
beamspot | 180-200ps . When the collision happens?

High-Granularity Timing Detector @
ATLAS

e Significant reduction of beamspot uncertainty w/ tens ps target resolution

Mip Timing Detector @CMS

TORCH @ LHCb ALICE3

O Remove pileup tracks and rejects spurious secondary vertices
O Extend the physics reach in precision measurements

O Provides a new capability for LLP searches and Particle ID
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Detection of late photons with CMS MTD

e New 30 ps Mip Timing Detector (MTD) essential to properly .

No]

o ) ) ) y ) ) & ~ K
determine the primary vertex time and particles’ time of flight ’ .‘;,e.w*' 0 G
P ‘2;“4% %MA,G

e Weighted vertex time resolution: estimating numlber of tracks in q

barrel/endcap

NI -

MTD il\Jrface ’y
e Signatures e
with delayed

photons: 4

(ECAL time g S v
resolution:; 30

os)
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Detection of late photons with CMS MTD

q
e New 30 ps Mip Timing Detector (MTD) essential to properly ' .
determine the primary vertex time and particles’ time of flight ’ .{;;if' w7 g
. “‘z;-, T8
e Weighted vertex time resolution: estimating numlber of tracks in L
barrel/endcap
_ 106 SMS P]has?-z I?‘imullatioln -— 114 Te\i
% - e no MTD (300 o) -
o 10° = GMSB ] > 7 +G no MTD (1000jb‘1) .
\\ \ / (\) O 104 f_ MTD (1000 fb™) f
MTD surface ’y u _
e Signafures HE 103?-_- ------------------------------------- S
with delayed 102 ’=
photons: 4 ok :
(ECAL time oo S —— Rhonks
resolution: 30 e
os) TR g -
10—2 - AR T TR SRR SR (N SR SN TR N SUNY SN S S SR S -
200 400 600 800 1000

ref. A [TeV]
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CMS MTD as a time-of-tflight detector

e Turn the MTD Info a time of flight detec:
moving particles (slow velocities, gl=1,

e Complement Muon

* Promising
performance
through the
entire HL-LHC
data taking
period
expected

arge mass)

or and look for anomalous

Detector based searches at short lifetimes

CMS Phase-2 Simulation Preliminary 14 TeV
'—. 10 E I | | | | ] | | | | | | | | | | | I | | E '31 0—2
3 - ~ [
< - HSCP -7 (432 GeV) —
- [ HSCP - BTL(30ps) _CS)
- 3 —— DY - BTL(30ps) E o
L% o HSCP - BTL(70ps) -
R i 7]
10-1- DY - BTL(70ps) ; 8
]. E t T tv xT
| e C( MTD t ) g 10_3
1 B p L f1ignt ©
107 ¢ & E -
1073 - O
it ‘ oS
it I[ ) » d G
04l o 1 |yt o 4
0 1.5 2 25 3 ref 10
1/B

CMS Phase-2 Simulation Preliminary

tmMTD

NN

MTD surface

New particle

Ltiignt

.

Colliding LHC beams

P —

Primary Vertex  Colliding LHC beams

14 TeV

_T | | | l I | | ] 1 |

- Integrate Luminosity: 3000 fb'

HSCP - BTL(30ps) - 18> 1.05
HSCP - BTL(70ps) - 18> 1.07

R T T R

1000 1500

Mass[GeV]
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https://cds.cern.ch/record/2815409?ln=en

Mass reconstruction of SUSY pdr’ncles

e Precision timing gives p of the Long Lived Particle (LLP) -

p [T ,,.‘ZO.LW
B IR
e By measuring the energy and momentum of the visible products of b S .’??-Z;:T;'f
the LLP decay one can boost the visible system tot he LLP frame: \ o+
t
N N CMS Phase-2 Simulation 14 TeV
EP_ ELAB—PLAB. LAB % _IllllllIlllllllllllIlllllllll'llll_
o yP V V P = 0.3 ’fex?+t,x?—>2+a,2—>l+l' o
S " M(t) = 1000 GeV, M(x°) = 700 GeV, M(G) =1 GeV
8 0.25_— ]
N i
¢ By assuming the mass of the invisible system once S oo -
can compute the mass of the LLP parficle: g I — ot = 100mm
0151 il —ct=30mm ]
- P P2 2 ’) 01 —ct=10mm -
mp = Ly + \/Ev My — My : u —ct=3mm -
0.05[ -
e New potentialities for new timing detectors! : . L

200 500 600 T00 B0 900 1000 1100
M(x?) [GeV] 30,31



o HL-L

Towards a new erad

C will significantly increase physics reach of LHC experiments across

e Challenging experimental conditions w/ unprecedented pileup

¢ Extensive detector upgrades will preserve performance

e Gains from high luminosity and new clever algorithms

I9gs, SM, and BSM
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o HL-L

Towards a new erad

C will significantly increase physics reach of LHC experiments across

e Challenging experimental conditions w/ unprecedented pileup

¢ Extensive detector upgrades will preserve performance

e Gains from high luminosity and new clever algorithms

oStandard model: ulfimate precision and rare processes

I9gs, SM, and BSM

OHiggs: precise determination of the H(125) properties and searches

OoDirect searches: discover new physics or close a few chapters
OoFlavour: high/low pT complementarity
OHeavy lon: precise differential measurements
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CU I're nt StatE'Of-thE'a I't: M ass CMS Preliminary 138 fb' (13 TeV)

200 — } I :g(f% ;v
CMS: using H>ZZ*-4l : CMS-PAS-HIG-21-019 350:_ + e
my = 125.08 £ 0.10 (stat) + 0.05 (syst) GeV B +
| | 7 50; ¢t }
Most precise single measurement (< 1 %o ) ¥ W .
T A o I I; ¢

%0 80 90 100 110 120 130 140 150 160 170
m,, (GeV)

Phys. Lett. B 843 (2023) 137880,
ATLAS conm blnlng H%4| + H—)W . Phys. Lett. B 847 (2023) 138315 See taks by Camila Pazos,

Léo Boudet, Badder Marzocchi and

mH — 125.11 i 0.11 Gev (SYSt: 0.09 GEV) Federica Primavera for details

Most precise measurement to date
JINST 19 (2024) P02009
H—Yy mass resolution systematics reduced by a factor 4 !
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Aside: Improvements in flavor tagging _ ., CMS Simulation Preliminary (13 Tev)
e - H-ccvs QCD
q) -
ATLAS: Eur. Phys. J. C 83 (2023) 681, FTAG-2023-01 O = Pr>600'ReY; dnj.<24
% [ 90<m30<14OGeV -
SRR R ERAEEE SRR R ERERE | : O 10—1-_ * // E
"°F ATLAS Simulation Preliminary 12500 S cc-jet
sob VS =13 TeV ) GN2 3 e el
- ttjets, 5 = 70% b-jet - g agging
- 50F o 1 5 S 102l KT i}
S | Better . tagging 1 % . ;
S 4F  nerformance i 11500
= ) i GN1 1 B Better
o 30F | : 7
O DLIr | 1000 £ o, performance )
“0F L1 i P ‘ 5
i i 1500 —— ParticleNet-MD ccvsQCD
- j ‘ i ] —— DeepDoubleCvL
O: . e 15 DeepAK8-MD ccvsQCD
2017 2018 2019 2020 2021 2022 2023 el i 2 1 o5 o1 5 5wl 585l s s
Year 0.0 0.2 0.4 0.6 0.8 1.0

Signal efficiency

Rapid progress in techniques: BDTs = feed-forward DNNs — Graph NNs, transformer networks...

CMS: CERN-CMS-BTV-22-001-PAS

e Single b-jet and c-jet tagging o
. More details in Maxence Draguet’s talk
e« Merged H—bb|cc|tt tagging

Large gains in past years, still improving quickly! = Major driver of sensitivity increases



Aside: Higgs-charm coupling

Only accessible second-generation
quark Yukawa coupling

= |mportant check of the Higgs
mechanism, but currently very large
uncertainties

> 1.4
1.2

Kg Ol K

0.8

lllll

I lllllll

ATLAS Run 2

[ IIIIII

[ IIIIII|

Illlllll

I Ke = Ky

+ K, is a free parameter
SM prediction

|

y O § 3N

|

P 1 T 5700

| Leptons Quarks
= ' Ve V‘u V u .
3 Vo &3 b JE
=y : : e Bl d| s =
= l : Force carriers Higgs boson —
! ' EHIA .
_ ¢ ¢l gl RARd [H]| —
:llll l'llTllll' | | g g 4. | | i3 1 14 | —
N l'lll'llllll | | R | | P 1Tl r—
i T | [ ]
- l ' -
- I ] )
- ® ] [ I )
i J : i _
i ) [ i 1
_ | : N
BT e ||||V||1|| | I EEE | N EEET -
-1 2
10 ' 10 10

'-—b

Particle mass [GeV]



ATLAS & CMS H—)W + C Background modeling using

: T . .
More in Andrea Cardini's talk Gaussian process regression
CMS Prelrm/nary
o
=  [FTrrrrrrT T ELELNLELES BLLELE BLELELELE BLELELELE BURLELELE BLELELIL

Target pp—>H+c production 3 [0 Disascer e | B g g
g 2500_ n, =-186 S/(S+B) weighted’] Q) _ =
. . 2 ¢ Data 1 9 400F —
Potential to constrain k., also = Sep fi ] S 400 49 ;
D 20000% Continuous background— o 350F R =
. . - - —— S fit compoment g e =
large contributions from 2 Js00f — B component J 3 800 B— E
.% . [ ]1*20 § 250 ---- Resonant background (pre-fit)y
- . - ATLAS ----Non-resonant background (pre-fit) 3
non-K.-dependent processes. > 1o 2005 (513 TV, 140" Tot sackeround (rouett)
+ 150 ~ c-tag signal region — Total signal+background (post-fit) J
(‘2’ 0 - Uncertainty =
c H N 100E- ¢ Data -
/ 5 H 0 - ]
Ao T Te Lo TeJeT e oo ¢, 50__ ________ —
/ 100 o s PO —— -
G 80 OM&J:.LLH | i IO e
el 60 I A Bt
404 m 1F E
20 4 W wht 2 E B e + ____________ 3 NN . ¢ ++ _______ 3 +_
Kc | ‘ 20! o "2 Lttty AR A S A A A
g " a0} s 09F ¢ £
40 g O9f Y

100 e e s e o s 2 120 121 122 123 124 125 126 127 128 129 13(
m,, (GeV) m,, [GeV]

CMS-PAS-HIG-23-010 CERN-EP-2024-175

Large backgrounds = use clean H—=>yy decay

ATLAS: target inclusive H+c = o(H+c) = 5.2 = 3.0 pb (sM: 2.9 pb), < 10.4 pb @ 95% CL
CMS: target k-dependent part : Pen < 243 (355) = | K| < 38.1 (72.5) @ 95% CL 20
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ATLAS and CMS VH_)CC More in Andrea Cardini’s talk and

Maarten de Coen'’s poster
ATLAS VH—cc i i :

Simultaneous fit with VH—=>bb Includes boosted H—cc (p:" > 300 GeV)

e
<
Vo)
<
-
Y
=,
O

Uvh-sce < 14 (7.6) @ 95% CL best sensitivity
p.VH—)cc < 11.3 @ 95% CL (104 exp.)

Best limit to date

138 fb™' (13 TeV)

PRL 131 (2023) 061801

= 1.1< |K.| < 5.5 g 1o00p SMS 2 BT

o | — Merged-je tt Single top 7

Factor 2.5 improvement over ; B ool Allcategories  wmen [ vy
: -5, - S/(S+B) weighted E}\;Z(zabB)- Bl VH(H—bb) -

previous limit ! 5 L .
| 0 [~ 7

| o [ + — ,...+..-. —_

. " First observation D ol e -

More in : . . A -~ i

Francesco Di Bello’s talk of Z—>cc in hadronic 200—— e = =

 collisions. o = .

i o ————————— —

= | KCI < 4.2 @ 95% CL i 50: + i Bsubtracted—:
FaCtor 2 im rovement Over reViOUS E O_ .............................. e +++f
P P ' PRL 131 (2023) 041801, 08080 100 120 140 160 180 200

: Higgs boson candidate mass [GeV
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Higgs pair production at LHC

pp—HH : 1000x smaller than pp—>H

g H
’ ? S S—
t /s
'I
H
| -8 Ka + ’ |
t \ :
\ (destructive g ;===
g H

interference)

Access the triple Higgs boson coupling (= K))
= Probe the shape of the Higgs potential

Also accesses other interactions, e.g. VVHH (= Kavy).

From G. Salam et al, Nature volume 607, pages 41-47 (2022)

An alternative
potential

Standard Model
potential

Higgs field value
In our Universe

/ l Current

experimental
H *x_ e knowledge
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Higgs potential EW phase transition resp. for baryon asymmetry? Vacuum stable?
e Measurement of Higgs potential a science driver
for HL-LHC, largely unconstrained so far

e Shape of potential key to understand
EW phase transition in early universe

LHC (now)

e Shape of potential determines vacuum stability

12712 3, My M=M=
VIH)= —-m;H* + A, vH® + —H 2v
Higgs mass already / ‘ o0 \ H. e H
measured at LHC with Lo’ v e’
~per-mill precision He===== L )¢ . RN
TSH He® TSH
e Cubic (aka tri-linear) coupling 4 ( = 4) via Higgs pair production , :
H
e Single Higgs measurements sensitive to 4 via higher-order corrections ‘A | PR
H
g <

t 16



ATLAS Run 2 Di-Higgs Combination  CERN-EP-2024-160 More in Dilia Portillo’s talk

and Song-Ming Wang’s talk

Combine HH—bbtt + bbyy + bbbb + multileptons + ‘ on HL-LHC prospects
b = 05254 Zag syst) TS o B
Uncertainty comparable to SM signal! B =s281 e
Obs.  Exp
: E visersl- B """"""""""""""""""""""""""""" 0 14
-1.2<K <7.2 @ 95% CL o ] o
dominated by yybb + ttbb g N ivi- B | 53 8.1
Best constraint to date on A; coupling! viyv- M 40 50
bbbttt | :0 5.9 3.3
0.6 <Kxw<15@ 95% CL Combines- 4 28 24
0 5 10 15 20 25 30 35 40

dOminatEd by VBF H H—)bbbb . P —— 95% CL upper limit on HH signal strength uyy

Best constraint from CMS: 0.67 < Koy < 1.38 @ 95% cL ~ ¢MS HH Combination results:
Nature 607 (2022) 60 2%



CMS Run 2 differential combination

Combined measurements using:

H-vyy

H—>ZZ* -4l
H->WW*
H-TT

H—-Tt boosted

™~

-

>

>

High-precision
channels

Sensitive to
high-p" region

Test of the SM over a wide p:" range

Also Niets, p#i, AW, ...

Interpretations in terms of k., EFT parameters

= Good agreement with SM

predictions in all distributions

See Irene Dutta’s talk
for more on EFT

AG /ApH (fo/GeV)

CMS Preliminary

138 fo-1 (13 TeV)

:

! )

| — aMC@NLO, NNLOPS -
|| 21 Combination, Syst. unc.

Powheg

- r ot rr 0T T3

u aMC@NLO :%x .
-l § Combination l—

Exp. Combination best fit '

Exp. Combination 95%

€10-€C-OIH-SVd-SIND
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Search for low mass resonances Iin
quark-antiguark pairs

" CMS Preliminary ~ 137.6 fb~', Run 2 (13 TeV) > CMS Preliminary __ 137.6 fo™!, Run 2 (13 TeV)
L 4 %1.6,(103'__'7'”]"T.I.TT.I-{-YIJ.at‘a]T”-"II’“ — ) X | I I+ Data| -{/(Iep.) :
‘.ISR 814x103: — mﬁ,‘l’ - Q%po | 8400; i A (T)?o f
= L ; = on Z 220(qq) — - =1 1 —
qorg\g® B oot W =0 - zmen| 2% .}* o= Dbooon 8 Zom(0d) ]
& 1 Radius Jet & 1.2x10°F A W V(ep) . Z,(bb) | §3oo_ .25 W Zp(bb)-
X arge adius Je \ 103:— k ‘ HZ seie® = 0.09%53s uzm.-o.os?ggs-: — : + mu Z(bb) “'-Z'zzo(qq)i
w/ 2 pronged R A g 20F ] f === Z 220(bb) E
substructure S ' 200:4 + M2 meiat = 0.09°85s uzmmin-O.oe‘.’t%f:
qorg SOXI0E : 150} H .
y ParticleNET .o.of 1N n
- ; : : +4 :
Olgorlihm 2'0“02? E 50:_ . + £
50GeV < Mx < 300GeV O N ol i e
o| 5FXx?=094 WM Zy(qd) W Z(bb) Bkg. Unc. - T R RS SR SRR R ERE,
a § ++ ++ ; L ++ g» 85:—)(2:1.22 Bl Z,n(qq) W Z,(bb) Bkg.Unc.T
g0 ?“‘*ﬁ“‘f“}*ﬁ* PR L et My ++¢*W.+Ht+ e
. il Sl sl il s aicaall st | ke o I + + +:
0 0 3 1+11+11+1
e X produced with large pT, due to L . .
- - - . - - . e mass e
significant initial state radiation (ISR) 0.5 CMSPrelmnay 1376 combinaion 13TeV)  _ CMS Prelminary___137.6 ", combinaion (13 TeV)
e Circumvent huge rate of dijet events ©.4g| = Emeios 2o | 3040l = Exwectedsza | | |
Bl Expected 10 ' B Expected +10
from the QCD 0.30 --- Expected 1 0.30} - Expected
— Observed — Observed
0.2} -
. . . 0.14
e Simultaneous fit of Jet mass in 5 pT SRs and CRs (ﬁé
e Maximum fluctuations in the observed o.06)
C _ 0.05
limit: 2.2 o (3.0 o local) at m(Z’ ) = 75GeV S
and 1.9 o (2.8 clocal) at m(Z' ) = 225GeV ' 1 |

oogb—— Lo T P T P P
50 100 150 20;, ZSOG \5/300 0080700 150 200 250 _ 300
mass (GeV) Z' mass (GeV)



f Searches for Long_Lived Particles: Decays In ¥Atas
Tracker, Calorimeters and Muon Deteciors
Search for displaced lepfons in 13 TeV and 13.6 TeV

Large Radius Tracking: designed to Dedicated displaced electron
increase efficiency for decay / tagger allows to select only one
products of LLPs. " : displaced electron, greatly
: / extending the analysis sensitivit
LRT run in the HLT for the - G ’ Y Y
first timeat Run 3 Ssao ) 2
= 1:’ JSLELE (RS LS LS| [ L L S [ e i | R IR L — / G L%'OEATLASInternaI i(s:zf:: late j
- - ATLAS Internal # CRdata - p = (5=136TeV, 5631 EM-BDT . _ == 300 Gev 10 ns [x10] 1
= ; Ys = 13.6 TeV, 56.3 fb'; EMBDT ¢ SRdata ] 10° = - - 88200 GeV 30 ns [x10] —=
I } —— @@ (100-300 GeV, 1 ns) / = =
S - -~ & (100-300 GeV, 10 ns) = . e -
T - -+~ 8@ (100-300 GeV, 30 ns) i = . ?i
§e. - . I b |
v - Enhanced discovery reach 10" T E
o . . = -
§ | beyond prior searches through o cooopeess 3
E several 1= T -
_________ — 1 <—— novel additions. —> ¢ .E -
(Lt S — - S o | =
0 B0 100 150 200 250 300 B ESe——s——v——1—

|d l [mm] 0.00,0.11 0.11,0.22 0.22,0.33 0.33,0.46 0.46,1.00

0 eBDT score
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SMEFT: global fits ATL-PHYS-PUB-2022-037

Target is to perform a global fit of many operators with many input physics measurements

e Ultimately in the future try to simultaneously fit dim-6 and dim-8 operators with many measurements
e Significant step towards this direction performed by ATLAS in 2022
* Dim-é6 fit using Higgs+Diboson+EWPO data

ATLAS Preliminary ® Best Fit M Higgs ATLAS Preliminary o Best Fit M Higgs
V/5 =13 TeV, 36.1-139 fo" Doy EW yo 1o Ten 88 1 13s b — gg o 8t WEWPO
= — linear inear parameterisation
o0 top EW SVEFT A=17TeV linear+quad. e Linear p t __t__ -
r/ lcoson \ CIIJ]B,HW,HWB,HD,tW,tB —ay > 1°><°[;J3/v,wr - —— -
A v ttV oHa / il-z/v vt 1
\ . . . . HVV, Vif
aom x\ C.. linear is . 004 002 i 002 o004 ‘ i @N . offset due to
Cuws Cup Oy 1) Coy N . Chvv, v ' A b & A C
Cirs © ~w | C8l| Cow stronger i . x FB FB
Cu. Cumi  Cu @ o | o ~0.04 -002 0 002 004
CHW C(S) C(l) C C CHQ CtB than quad CHq(V: __L__ c.[?ﬂal = o
Cuo | |\ (22 T 2w Tne) ] oy ~ o/ I i R
Cin k SWEO J Cc| - - el ol
7]
Con Cs CL* C3® C8, C:, 06 04 02 0 02 04 06 | ch:aa,x T
C 8 8 8 i35, HW, HWB, HD, W18 I i Com ——
. Co Cu Cu O HE,HW,HWB, HD, W, 18 T o
kCuH it o ‘C[J/{ﬂ ; - —— - - . 04 0.2 0 0.2 0.4
Higgs —/ e I PN - 2 m—
HI® (1) cI3 L
o S P B
iIs right: iy N D i -
Great care taken to get details right: 2 L e
e Indirect impact of operators on BRs - S S Wc“
. HB,HW ,HWB,HD,tW tB t; ——t—
* Take propagator effects info account c?)c,[gfm i .
* Handle acceptance effects in certain @ - : R R S T R
. . . Cold —o— ¢ 2l ¢
Higgs decay kinematics o | —— o —
. . . o B —L ______ ‘
* Consider impact of certain operators c“gﬁ =1 F-o v e
M 2/ ' Ce - 1= -
on Fermi constant ey o : — .
-1%5 -10 -5 0 5 10 15 0 02 04 06 08 1 -1%5 —-10 -5 0 5 10 15 0 02 04 06 08 1

expected fractional Parameter value expected fr. t:yal
Parameter Value contribution contribu?ta / 29


https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf

Other highlights @HL-LHC

« EWPO & Top quark

o o(my) ~ 5 MeV (CDF: 9.4 MeV)

o o(m,) ~ 0.2 GeV (LHC: 0.6 GeV)

o o(sin® %) ~ 10 X 107

(LEP+SLD: 16 x 107)

o A>35TeV (c=1)for LH tW

Snowmass EF report

Parameter HL-LHC
Vs [TeV] 14
Yukawa coupling y; (%) 3.4
Top mass m; (%) 0.10
Left-handed top-W coupling C(‘?)Q (TeV—2) 0.08
Right-handed top-W coupling Cyy (TeV~—2) 0.3
Right-handed top-Z coupling C;z (TeV~—2) 1
Top-Higgs coupling Cy; (TeV—2) 3
Four-top coupling c;; (TeV~™2) 0.6

 Vector-boson scattering

e WiW; only6-7% w

o Higgs vs. unitarity violation

of total VBS xs

H
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W S
d — < a

w+

| et
|

e Significance ~5 o expected
ATLAS + CMS
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4000

Luminosity [fb™

6000

e Rare decays

o Observation ( > 50) of FCNC
BY - uu with SM BF ~ 10710

o Requires upgraded trigger +

new tracker improves m(uu)
resolution by 40-50%

Entries / 0.04 GeV

ATLAS+CMS Snowmass WP

3 ab'(14 TeV)

_CMS Phase-2 ¢ toy events
" Simulation Preliminary o o
6001 ry B —u'w
N Bt
i hlfl <07 combinatorial bkg
500$ ----- semileptonic bkg
S /\ B— hu'u bkg
i -.-.- peaking bkg
400(
300
200,
100F
o
4.9

M(uu) [GeV]
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Flavor physics @HL-LHC Are there additional sources of CP violation? Lepton flavor universality?

=

1<

e CP violation: LHCDb to put stringent

test on CKM paradigm with 300 fb-1

0.7 T ~ I
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0.5
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excluded area has/ CL>0.95
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lllllllllllllllllll i

0.2
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0.4

|

=b lllIllllllllllllllllllllllll 111

e High-precision CPV angles

arXiv:1808.08865
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%‘ osf LHCb 300 fo! simulation -
> 02F =
% 0.1
> 0F
= -
& -0.1F
7 02 0 :
oaf BO->J /K, E
o S TR T T R
B° decay time [ps]
o(sin 2) = 0.003
e Highest sensitivity .
to find CP violation 0-
in charm mixing =
%_3-
-5

Independent determinations of UT apex (Am,/Am,sin2f) and (V,,,7)

0 0.1

- LHCb 300 fb~! simulation -

= B/ yo + _

l0.21 ll l0.3. |
Decay time modulo 27/ Am, [ps]

o(¢h,) = 0.004

LHCb-PUB-2022-012

.| Current LHCb

0 300fb!

o 23fb!

Solid (dashed) contours contain 68.3% (95.4%)
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0.98 1.00 1.02 1.04
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ATLAS

High-Granularity Timing Detector

HGTD will provide:

» Timing information for charged particles with an expected
per-hit resolution of <60-70 ps over full lifetime
» per-track resolution of <35-50 ps due to overlap

» Luminosity measurement by reading hit counts at 40 MHz in
outer region

Instrumented double-

CO, transfer lines &
interconnection Box

side disk (backward)

LEZ)
N

Located at z = + 3.5 m from IP, covers forward region 2.4 < |n| < 4.0

(2.4 < |n| < 2.8 for luminosity readout)

Each end-cap consists of two double-sided disks, in total 8032
modules (3.6M readout channels)

Required to be radiation hard up to
2.5 x 10" neg/cm?
(replacements of “inner -” and
“middle ring” needed!)

Inner Ring:
70% sensor overlap

Middle Ring:
50% sensor overlap

20mm

5.5mm 8.4mm

Fire retardant\
shielding “in”_
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— AS|C Module

N Cooling plate

Outer Ring:
20% sensor overlap
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Instrumented double-
side disk (forward)
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“Fire-retardant
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Liquid Argon End
Cap Calorimeter
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CMS approach: Mip T|m|ng Detector

r [cm]

Measure time of charged particles in between tracker

250
and calorimeter

with hermetic coverage in |n| <3 200
Barrel layer (BTL): inside the Barrel Tracker Support Tube
Endcap layer (ETL): on the HGCal nose, outside forward 150
tracker

10

Radiation hardness drives the sensor technology |::>
choice

together with cost and readout considerations 0
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Barrel Timing Layer
 LYSO bar + 2 SiPM/bar

e 332k channels
« pr>0.7GeV, |n| <1.45
e ~38m?

Endcap Timing Layer
« LGAD 16x%16 pads

« ~8.5M channels
« 2discs/side 1.6<|n/<3
e ~14 m?
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