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HIGGS: KEYSTONE OF THE SM

Leptons

e U T v v v
5 ‘
Photon V(‘)’gghs Gluons
H
Higgs Boson

-

Crucial to probe all these interactions to highest possible precision
— any deviation from the SM prediction would be a clear sign of new physics!




HIGGS@LHC: A DECADE-LONG EFFORT

remendous progress in our understanding of the Higgs boson in the past decade

precision on the mass: < 0.1%

precision on the couplings: ~5% (vector bosons),~10% (3rd generation fermions)
rapid progress in second generation couplings, Higgs boson pair production, ...

+ many more shown at this conference!
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LONG JOURNEY AHEAD

Courtesy Elizabeth Brost
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Run 3: ~10% of total
dataset collected

Run 2: ~5% of total
dataset collected

We are here.

~20x more data to be explored at the (HL-)LHC!



https://indico.cern.ch/event/1135177/contributions/4878400

DETECTOR UPGRADES

Comprehensive upgrades of the ATLAS and CMS detectors to meet HL-LHC challenges

NEW.

tracker (up to [n| = 4), timing detector (for pileup mitigation), high-granularity calorimeter endcap (CMS)

upgraded:

trigger and DAQ systems (output@~10kHz), electronics for calorimeters and muon systems, ...

crucial for harsh running conditions (PU 140-200), but also lots of potential for performance improvements

?ATLAS ATLAS Detector Upgrade

EXPERIMENT

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Improved muon
coverage and trigger

Upgraded Trigger and

Data Acquisition system:
e |Orate: 1 MHz ,
e Event Filter: 10 kHz |\ |

Upgraded electronics:
Liquid Argon Calorimeter,
Tile Calorimeter,

Muon system NEW all-silicon Inner Tracker,

coverage up to |n|= 4.0

Toroid Magnets Solenoid Magnet

Electronics upgrade:
barrel calorimeters
and muon system
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https://indico.cern.ch/event/1135177/contributions/4878400

PROJECTION TO HL-LHC

HL-LHC projection results mainly based on:

2018 Yellow Report [CERN-2019-00/]
substantial update in the Snowmass2021 report [cds:2805993]

Strategies for the projection:
extrapolations of (partial/full) Run-2 results to HL-LHC luminosity
parametric simulations based on upgraded detectors

Uncertainty schemes:
YR18 systematics uncertainties (baseline):

theoretical uncertainties: reduced by half

most experimental uncertainties: scaled down with 1/sgrt(L)

luminosity uncertainty: aiming at 1%

uncertainties due to the limited number of simulated events are typically neglected
alternatively, to understand the impacts of systematics

Run-2 systematic uncertainties

statistical-only uncertainties

Physics at the HL-LHC and
Perspectives for the HE-LHC

A. Dainese
M. Mangano

A. B. Meyer
A. Nisati

M. A, Vesterinen

&

L

ATLAS PUB Note y

CMS PAS Note ad
ATL-PHYS-PUB-2022-018
CMS PAS FTR-22-001

Snowmass White Paper Contribution:

the High-Luminosity LHC. This document contains short summaries of physics contributions



https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/

PRECISION MEASUREMENTS



CROSS SECTIONS AND COUPLINGS

Production cross sections Coupling modifiers
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Expected precision reaching 2 - 5% at the end of HL-LHC (CMS+ATLAS)
Large impact of theory uncertainty in many cases (despite the /2)


https://cds.cern.ch/record/2703572
https://cds.cern.ch/record/2703572

HIGGS BOSON MASS AND WIDTH

Mass in HD Yy
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Mass vs width in
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Direct constraint on width: F'h < 177 MeV

cf. indirect constraint (on-shell vs off-shell H—=ZZ):

'y = 4.1J_r8:§ MeV (CMS+ATLAS combined)


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-008/

DIFFERENTIAL MEASUREMENTS
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https://cds.cern.ch/record/2703572
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
https://doi.org/10.1007/JHEP12(2016)045

DIFFERENTIAL MEASUREMENTS (lI)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/

COUPLINGS TO SECOND GENERATION FERMIONS
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EVIDENCE FOR H— Ul IN RUN 2

Very challenging analysis

Weighted Events / 2 GeV

Data - Bkg.

700
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Br(H—=pp) = 2.2 x 10-4 in SM — extremely small S/B

dimuon invariant mass resolution is the key
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https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
http://dx.doi.org/10.1007/JHEP01(2021)148

PROSPECTS FOR H— U

New projection based on the CMS full Run 2 analysis

In addition: improvements from Phase-2 upgrades

new tracker:

~30% In dimuon mass resolution

~10% increase in signal acceptance

3—4% uncertainty on K, at HL-LHC
pared to YR18

largely due to improvec

Uncertainty on the coupling modifier K,

~30% Iimprovement com

extended coverage (In| < 2.8) of muon system:

analysis strategy
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Snowmass 2013 - - - 8.0%

S1 YR 2018 4.7% 2.7% 3.9% 6.7%
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S2 YR 2018 4.7% 1.5% 1.1% 5.0%
Snowmass 2021 3.2% 1.1% 0.8% 3.5%
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/index.html

HIGGS-CHARM COUPLING IN RUN 2

Extremely challenging search at the LHC
small branching fraction (~3%) vs enormous hadronic backgrounds — charm tagging is the key
Substantial progress in Run 2 — far beyond previous expectations

advanced machine learning techniques + merged-jet topology play a key role

Events after B-subtraction / 10 GeV
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https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
http://dx.doi.org/10.1103/PhysRevLett.131.061801

PROSPECTS FOR H—CC

Projection of the Run 2 analysis to HL-LHC
CMS: merged-jet topology only, w/ large-R jet pt threshold lowered from 3500 GeV to 200 GeV

Simultaneous constraint of H = bb and H — cc
o T T T T T T T , CMS Phase-2 Projection Preliminary 3000 fb" (14 TeV)
L L L B L L L L L L
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Expected sensitivity approaches the SM value for the Higgs-charm coupling.



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/

TOWARDS DI-HIGGS OBSERVATION
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HIGGS BOSON PAIR PRODUCTION

Higgs boson pair (HH) production: one of the top priorities at the HL-LHC

crucial to probe the Higgs potential in SM

Substantial progress in Run 2: upper limit < 3

PLB 843 (2023) 137745

ATLAS
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______________________________________________________________________________________ Obs.  Bx.
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bb bb
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CMS

Nature 607 (2022) 60-68

138 fb' (13 TeV)

III
K, =K, =1
KV=K2V=1

—eo— (Observed

[
Median expected

68% expected
95% expected

10

100

95% CL limit on o(pp — HH) / ©

Theory
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http://dx.doi.org/10.1038/s41586-022-04892-x
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
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PROSPECTS FOR HH RS
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ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)
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improvement < CMS ypdated bbyY result shows similar improvement


https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

HH: MORE CHANNELS

HH = WWyy + TTYY

Events

CMS-PAS-FTR-21-003
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t(I+iets)+HH (4b):
MiHn < 3.14
More potential w/
extra channels
cf. PRD 101 (2020) 055043
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HH: BETTER 1T OOLS

Advanced machine learning flavor taggers (GNN/Transformers) have become the standard in ATLAS & CMS

significant performance improvement in H—bb/cc tagging, mass regression, etc.

powerful handles for HH searches involving b-jet final states — further gains in Run 3

Jet flavor tagging with small-R jets
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HH: BETTER | RIGGERS

Run 3 also sees these state-of-the-art taggers deployed at HL

for online event selection

substantial improvement in trigger efficiency for e.g. HH—4b final states

b-tagging performance @ HLT
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With all these improvements
— HH observation may arrive (much) sooner than expected!
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https://cms-results.web.cern.ch/cms-results/public-results/publications/PRF-21-001/
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SUMMARY & OUTLOOK
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SUMMARY & OUTLOOK

remendous progress in our understanding of the Higgs boson in the past decade

But still a lot more to be learned:
higher precision
couplings to second generation

structure of Higgs potential

HL-LHC: a unique opportunity to explore many of these questions

vast amount of data: ~20x more than what we have analyzed

comprehensive detector upgrades: new capabilities and better performance

Moreover: history proves that we can always do better than expected
In fact, the biggest missing factor from the projections is the ingenuity of people
of course, this will not come for free
requires a combined effort from theory, instrumentation, objects & reconstruction, as well as analysis techniques, ...

A challenging but exciting journey ahead!
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