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Introduction

The Higgs boson at the heart of SM, linked to many fundamental questions
about our universe

* We have to study it in all possible aspects

® And the LHC will remain our only tool for a while
We have achieved a lot in the past 10 years !

® Covering all of our programme

® Spanning all possible production modes and decay channels
® Both SM and BSM

® Very impressive results

® Precision on the mass: 0.1%
® Couplings known at 5% (bosons) and 10% (heaviest fermions)

® Huge progress on searches for couplings to second generation fermions,

for di-Higgs production
® .+ many others shown at this conference
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https://arxiv.org/abs/2207.000920
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https://indico.cern.ch/event/1135177/contributions/4878400/attachments/2474236/4245433/Brost%20-%20Higgs%4010%20-%20Prospects.pdf

The LHC schedule, from the ATLAS and CMS perspective
| Run1_ | Run2 | | Run3 |__Rund6 |

Js=13TeV Js =13.6 TeV Js=14TeV

Js=7,8TeV
2010 2015 2019 2022 2026 2029 --- 2040
(w)=60 {u)= 140-200

Phase 1 upgrades Phase 2 upgrades

Elizabeth Brost Higgs10 Symposium

® Center of mass energy will raise to 14 TeV

® Average number of interactions per bunch-crossing (pile-up) up to 140-200 is very challenging, detector
upgrades needed
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Larger center-of-mass energy — larger Higgs boson cross sections

proton-proton cross section ratio (compare to 13 TeV)
minimum

bies 13.6 TeV (Run 3) m 14 TeV (HL-LHC)
VH —
ggF, VBF H —
SM Higgs
HH —
tH —
SM 4-top quark | it
Beyond the SM | AR [ —
1 125 15 175 2
# Higgs bosons produced per experiment, per run
* 180M Higgs bosons produced per experiment! Run 1 — BH mHH
. .
* Recent efforts for HL-LHC projections Run > |
- 0 0 0 0 0 0 0]
® European Strategy Update (2018-2020) s
- 000000 0]
® CERN Yellow report (CERN-2019-007) QRN
® Snowmass White Paper Contribution, 2022 1K 10K 100K 1M 10M  100M
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https://inspirehep.net/literature/2071542
https://indico.cern.ch/event/1135177/contributions/4878400/attachments/2474236/4245433/Brost%20-%20Higgs%4010%20-%20Prospects.pdf

How are HL-LHC projections made

e Start from:

® published LHC Run 2 results, or
® simulations (usually using a simplified detector simulation such as DELPHES)

® Adapt to HL-LHC conditions:

® center-of-mass energy: 13 TeV — 14 TeV

® larger dataset: 140 fb~' — 3000 fb~"

® simulated detector and reconstruction performance

® theory and experimental uncertainties: usually present a few scenarios

* Detector and trigger performance comparable to Run 2

® New detectors and reconstruction algorithms expected to counteract pile-up effects
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Systematic Uncertainties
® Projections are based on educated estimates, especially regarding systematic uncertainties

® Experimental uncertainties expected to decrease
® Clever use of larger datasets and new detectors

® 1% goal for luminosity uncertainty
. with respect to current values

® Improvements expected in perturbative corrections, PDFs, as

® Larger available dataset
® Wil help to define more control regions or allow to optimise differently the analysis strategy in general

® Many analysis uncertainties will shrink

® Use of profiling / better control regions

® MC statistical uncertainties expected to be negligible

® Requires huge improvements for generators
® Requires improvements to our simulation and reconstruction software, in order to fit within our CPU and disk
storage limits
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Higgs couplings to SM particles
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Higgs couplings to SM particles

Yellow report projections

® Study performed in 2017 for the European
strategy

® H— puand H— Zy measurements still limited
by size of the collected dataset

e Other couplings dominated by theoretical
uncertainties (despite assumed /2 improvement)
® Impressive projected precisions

® 1.5% for boson couplings
® 2-4% for fermion couplings

Vs = 14 TeV, 3000 fb™' per experiment

[ | Total ATLAS and CMS
Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
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https://cds.cern.ch/record/2703572

Higgs couplings to SM particles - evolution of the measurements

e ATLAS partial Run 2 dataset analyses (36.1fb~")
e ATLAS full Run 2 measurements have improved beyond expectations (139 fo™')

® i.e. H— rror H— bb improved as ~ V£ despite being dominated by systematic uncertainties
* YR projections (3000 fb~") based on ATLAS partial Run 2 dataset analyses (36.1fb~")

* Two different scenarios for systematic uncertainties - © 1 and S2
® ATLAS+CMS, S2 scenario
B ATLAS Partial Dataset Comb. (baseline for YR extrap.) [l Latest ATLAS Run2 Comb. ATLASYRS1 [ ATLASYRS2 [ ATLAS+CMS S2

25

@

Uncertainty (%)
3

0
Ky KW K Z K_g K_t K_b K_tau K_M K_Zy

Quentin Buat
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Higgs couplings to SM particles
Evolution of the projections
® YR projections performed from partial Run 2 dataset analyses
® Full Run 2 measurements have improved beyond expectations
®* H — pp projection based on the CMS Run 2 3o evidence analysis (DELPHES)

® 30-35% improvement compared to Yellow report 2018 (4)
® 3-4% uncertainty on «, at HL-LHC
® Observation plausible with 350 fb™" of data (caveat: assumes CMS Phase 2 upgrade tracker)

3000 fb~'(14 TeV)
T

3000 fbo~'(14 TeV)
20.30 ; ‘ R 0ATE g 10 ; ‘ ‘
x CMS 2 CMS
g 0.25[ Phase-2 Projection Preliminary 1 g | Phase-2 Projection Preliminary |
° £
with Run 2 syst. uncert. (S1):  with HL-LHC syst. uncert. (S2): S
0.20 A Snowmass 2013 A Snowmass 2013 ] ‘®
& Yellow Report 2018 4 Yellow Report 2018 - 6 ]
-©- Snowmass 2021 & Snowmass 2021 R S ——
0.15 3]
8 4 !
x o 1 ]
0.10 B w 1
1 Snowmass 2021 projection
0.051 1 21 | -6~ with Run 2 syst. uncert. (S1)
| @~ with HL-LHC syst. uncert. (S2)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/index.html

Higgs couplings to the second generation fermions

H— cc
® VH, H — c¢ channel, combined with VH, H — bb

® Projection based on recent updates from ATLAS and CMS using
Run 2 dataset

® CMS projection makes use of the powerful boosted analysis
strategy

® Based on merged-jet topology of the Run 2 analysis

® bb and c¢ tagging efficiencies are directly constrained in the
analysis by the VZ(Z — bb) and VZ(Z — cc) events

® CMS: pvH(H-scc) = 1.0 + 0.6(stat) + 0.5(syst)
e ATLAS: HVH(H—cc) = 1.0+£32
* Dominated by background uncertainties

® \ery interesting results from H — cc¢ to be expected
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https://arxiv.org/abs/2201.11428
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/

Higgs mass and width

Mass measurement
® Updated CMS projection: Amy ~ 30 MeV

® H— ZZ — 4¢:125.38 + 0.03 [0.022(stat) + 0.020(syst)] GeV
®* H— yy:125.38 + 0.02(stat) + 0.07(syst) GeV

® Detector upgrades (impact estimated with DELPHES)

® 25% improvement in resolution for the 44 final state
® 17% yield increase for 4e and 4u (tracker and muon stations

acceptance)
Width measurement
® Direct measurement possible in precision channels

® My <177 MeV at 95% C.L.

® Limited by the mass lineshape resolution
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Higgs CP properties

CMS Simulation 13 TeV
R R o e

au.

[ —cPeven -++ CP odd
04 s CPmiX e z

20
20T

¢ All indications that Higgs is a 0+ particle

® Pure pseudo-scalar hypothesis essentially ruled out but still a lot of
room for mixed states

® Study done with vector boson and fermion couplings in production L , - .
I >33 GeV
(VBFH, ttH) and decays (H — 77, H — VV) Lo b
0 60 120 180 240 300 360
¢Cp(degrees)
[ H - T . CMS ?upplame‘nlary . ‘quemon‘sab"‘ua'fev)
o — With YR18 syst. uncert. : &, ]
® The angle between the planes spanned by the pion pairs, is used to R — With YR1 syst. uncert. + bt

— With Stat. uncert. only :

determine the CP-mixing angle
® Update from CMS for Snowmass

® Could constrain the mixing angle between pseudoscalar and the
scalar Higgs Boson /™" at the level of 5°

T N R )
ot (degrees)
CMS-HIG-20-006
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Differential measurements
Projection from Run 2 data
VH, H — bb prospects (ATL-PHYS-PUB-2021-039) G o Tt 00 e, Theo.unc
‘ o Tot. (Sstat., éysx )‘
® < 10% uncertainty at high pr W IS0 <p<20Gev | r————i 100 30 (55 G
. WH, pl''> 250 Gev [ ] 100 % oo oo
e Smaller gain wrt Run 2 at low pr
2H, 75 < pZ' < 150 Gev ———— 100 0¥ o o
® Requires progress in bkg modelling / theory unc 24,350 250 Gov ] 100 0% (0, o
ZH, p2' > 250 Gev. = =] 100 %0 1008, o
H — 77 prospects (ATL-PHYS-PUB-2022-003) o5 1514112
o x B normalised to SM
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é:: EATLAS Preliminary E
* < 5%for high m; VBF 5 200 T ]
® F mRun2, 5= 13 Tev, 139 f* ]
L. . .. &  150[MHLLHC, /s=14Tev, 3000 6 3
—Both measurements limited by systematic uncertainties I S ]
(except at very high pt!) 100F
— Projections results are still exploiting the STXS 1.2 stage but sor
with the larger HL-LHC dataset, a more granular binning will ok
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/

The road to di-Higgs observation?
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Improving the main search channels

oy T T T T T T T T
. . . . = ATLAS Prelimi
Significant progress on main channels since the European strategy g :: f:‘mev‘ig:eo.g.nary ;
e Main HH channels require one H — bb, as BR(H — bb)=58%: r2sf e ]
10F  Comonaa E
® bbbb, bbyy, bbrt &3 E
= E
® ATLAS bbyy and bbrr and CMS bbyy updated for Snowmass S ED
I T A T o8
=2 -1 0 1 2 4 5 6 7
® Make use of latest Run 2 analysis improvements “
i T L N B
. . s [ ATLAS imi ]
® Recent ATLAS bbbb update (combined with bbyy and bbrt) B ol Mooy Y ot E
£ | HH-bbyy+bbt* T~ +bbbb Theoretical unc. halved
5”, 5[ Projection fromRun2data  —— Run 2 syst. unc. E

® Based on the latest Run 2 analysis

[ Asimov data (k; = 1)

® Di-Higgs significance for 1 experiment F 1
® Reach 4.90 stat-only SV _// A
® 3.40 with systematics (wrt 3.00- at ESPP) ]

® Constraints on self-coupling 1
* 1 € [0.5,1.6] wrt[0.25, 1.9] at 68% CL B

Integrated Luminosity [fo~']
ATL-PHYS-PUB-2022-053
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

Exploring new channels

o CMS Phase-2 Simulation Preliminary 3000 tb* (14 Tev) o CMS Phase-2 Simlation Preliminary 3000 ° (14 Tev)
. . . & WWyy (1L) s (Ir)
® Adding other channels to increase a bit overall 2 E mommmse  Woon Wi 2 F Memmamse  Woon M
HH Sensitivity | | [l W vBrH tHg | G W vBrFH tHg

M uncertainty Signal

W uncertainty Signal

¢ CMS HH —» WWyy and HH — ttyy

® Exactly two photons with 100 < m,,, < 180 GeV
® 4 mutually exclusive final states

! I
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® 1 or2lepton (e* or u*) Dr-photon mvarant mass (Gev]
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. L . (a) One lepton final state (b) One tau final state
® 1 or 2 hadronic taus (no e* or u*)
M: 3000 " (14Tev) Cl inary 3000 f” (14Te!
H goff PP—HH-W(@QW(®)yy ... Continuum Bkg. H seofl PP HH-TOW 20 -+ Continuum Bkg.
. . . @ Ccat.4 ~— Signal + Full Bkg. @ —— Signal + Full Bkg.
® Selections using DNN or cut-based analysis, g —Sigelx 10 - Sigalx 100

~+ Pseudo-data 4 Pseudo-data

then fit m,, spectrum
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sof-
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TTYY 0.08
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20F
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Higgs in search for BSM
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Looking for rare or forbidden decays

Lepton-flavour violating decays with ATLAS
® H— er and H— 7, based on arXiv:2302.05225

® Two bkg estimation methods

®* MC templ

lates: dominated by systematics

® Data-driven Symmetry method in 7,¢ channels: dominated by data statistics

® Limits improve

d by factors 4-5 wrt Run 2
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https://arxiv.org/abs/2302.05225
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-054/

Conclusions

* HL-LHC will offer the opportunity for a wealth of measurements and searches with the Higgs
boson

® Most couplings determined at the %-level

® Differential measurements at the 5-10% level

® Constrain the mixing angle between pseudoscalar and the scalar Higgs Boson at the level of 5°
® o(my) ~ 30 MeV, 'y < 177 MeV at 95% C.L.

® Projections rely on our understanding of the detectors using already collected data

® Simulations indicate that the upgraded detectors will perform at least as good as the current detector but in
harsher conditions and provide larger acceptance at high ||

¢ Improving theoretical uncertainties may bring the biggest gain on the measurement program
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BONUS SLIDES
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?ATLAS ATLAS Detector Upgrade

EXPERIMENT

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter |mproved muon
coverage and trigger

Upgraded Trigger and
Data Acquisition system:
e LOrate: 1 MHz

e Event Filter: 10 kHz

Upgraded electronics:
Liquid Argon Calorimeter,

Tile Calorimeter, Q!
Muon system NEW all-silicon Inner Tracker,

coverage up to |n|= 4.0

Toroid Magnets  Solenoid Magnet

Elizabeth Brost Higgs10 Symposium
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https://indico.cern.ch/event/1135177/contributions/4878400/attachments/2474236/4245433/Brost%20-%20Higgs%4010%20-%20Prospects.pdf

CMS Detector Upgrade Electronics upgrade:

barrel calorimeters
and muon system

Upgraded Trigger and

Data Acquisition system:

e Add tracks at L1
(1 MHz)

e High Level Trigger > d N
output 7.5 kHz ‘ / J

Extended muon
coverage to |n| ~ 2.8

NEW MIP timing
I /i

i detector with 30 - 50 ps
/"’//‘ time resolution
7\4

NEW Inner Tracker, coverage up
to |n| = 4, reduced material

Elizabeth Brost Higgs10 Symposium
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Evidence of H — uu in Run 2

137 o (13 TeV)
T T T T T T T
8L cMs Preliminary ¢ Data 1

Very challenging channel e Ssmmyweigned  bug component |
m,, = 125.38 GeV WMo
e ~2000 signal events, very low S/B % =20 1

® |nvariant mass resolution is the key
® Use of DNN/BDT and split production modes
® Exquisite control of backgrounds (Fit with functional form)

* CMS Result
® 3.00 Evidence (2.50 expected) JHEpotoz1)14s M (BOV)
g T00E " AT AS -+ Data E|
L4 m= 1.19+0.43 & 600E (5= 13TeV, 130 " —Total pdf |
£ 500 H - it In( + S/B) weighted 54l 4
* ATLAS Result 3
® 2.00 Observed (1.70 expected) 7w
* 41=12+06 I RS L O
g L4l ERCEIAANE
® Performance much better than early Run 2 expectations Bl W

. [Ge
Phys. Lett. B 812 (2021) 135980 M [GeV]
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https://link.springer.com/article/10.1007/JHEP01(2021)148
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Charm quark coupling in Run 2

One of the most striking progress in Run 2
® Main channel: VH, H — cc (CMS-HIG-21-012)

® Huge improvement from dedicated H — cc taggers, esp. in boosted
regime

e Observed limits: |kc|< 8.5 (ATLAS), 5.5 (CMS)

® Inclusive H — cc search in boosted regime (CMS-HIG-21-008)

® Limit on signal strength: u < 45

* Constraints from differential measurements at low pt' in H — 4¢,
H — yy (ATL-HIGG-2022-04)

* Complementary constraint: large gain in combination
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-012/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/

Looking for rare or forbidden decays

CMS Phase-2 Projection Preliminary 3000 fb™ (14 TeV)
F T T T

E 140~ PP - ZIY - 4p
- - C —4— P dodata
Rare meson decays with CMS 1200 Sy kgt
5100:* ......... H - ZJlp 126xBsu

* Ho ZJ/WandH — TY

® 4y final state

® Signal is searched for as a resonant peak in the
distribution of the invariant mass of the 4u

* Limits on BR ~ 104 — 105 0 B @

CMS Phase-2 Projection Preliminary 3000 fb™ (14 TeV)
T g

E pp ~ YY = 4p
Channel 3000 fb~T (xSM) [ T oo
H—Z]/y 29x107*  (126) fwp N\, H - YOSY(nS) 02¢8en 4
H—Y(mS)Y(nS) 13x107° (0.2) o ]
CMS-PAS-FTR-21-009 10? 3
46 60 80 160 1%0 : 1110

m,, (Gev)
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