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Why Higgs Physics?

L

K #@é’!
DANDRUFF Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Planck

/\7/ “?«v Origin of masses?

-~ .

Origin of Flavor?

- The most important particle in the HEP program?
- The portal connected multiple modern puzzling questions
- Many observables map to different questions related to Higgs boson
~ Any deviations in Higgs feature indicate NEW PHYSICS
2



Higgs Production at the LHC
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LHC Runll delivered
8 million Higgs bosons
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Higgs coupling & decays
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SM/BSM Higgs coupling & decays Nature 607 (2022) 60
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https://www.nature.com/articles/s41586-022-04892-x

Outline

* Invisible Higgs decays
* Higgs exotic decays

e Higgs self-coupling & pair searches
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This costs too much
energy! | think I'll
©@ hang out down there.
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Higgs invisible decays




Invisible Higgs decays: a portal to dark matter

ttH agF



Invisible Higgs decays: branching ratio constraints

arXiv:2303.01214(Submitted to EPJC)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html

Invisible Higgs decays: a portal to WIMP Weakly

Inferacting
Massive

elgilell=

* Significant complementarity between

LHC and direct detection experiments
arXiv:2303.01214(Submitted to EPJC)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html

Exotic Higgs searches
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H — aa = uubb

g
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* Final state bb has the largest branching
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fraction from pseudo-scalar boson decays

* Improvement of sensitivity over earlier
CMS results by a factor of 2
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-007/index.html

CMS Preliminary 138 fb' (13 TeV)
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* Final state bb has the largest branching
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| Final state Tt has the second largest
branching fraction from pseudo-scalar
boson decays
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-007/index.html

H — aa — ttbb combined with H = aa — pyubb

CMS Preliminary 138 fb! (13 TeV)
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e Most of type-2 models:

15 20 25 30 35 40 45 50 55 60 e branching ratio of H—aa above
My, (GeV) 23% are excluded for 15 < M(a) <
14 60 GeV at 95% confidence level



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-007/index.html

H— Za — llyy

95% CL limits on o(pp— H— Za— 2l + 2y)(fb)

CMS-PAS-22-003

Constraints are set on the axion-like-

particle model parameter, which describe
the coupling between the H and Z, and ALP
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e First search on this final state

e |t provides complementary channel
for search for axion-like particles
(ALPs)

e |t could be extended to lower ALP
mass in future


https://cds.cern.ch/record/2853524/files/HIG-22-003-pas.pdf
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

Higgs self coupling & pair searches

Come on!

* Two Higgs doublet models
* Minimal supersymmetric extension of SM
 Composite Higgs models

* Twin Higgs models (partially explain the hierarchy problem)
17



Higgs self coupling: examples

Self-energy

— VBF




Higgs pair searches: examples




Higgs pair searches (non-resonant)

bbWW (DL)

Expected: 27
Observed: 19

bbWW (SL)
Expected: 27
Observed: 28

Combined
Expected: 18
Observed: 14

CMS Prelimin
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* The combined limits are compatible

with the background-only hypothesis

using the full Runll dataset

CMS-HIG-PublicResults

Theory

Multilepton
Expected: 12
Observed: 17

bb yy

Expected: 3.5
Observed: 4.8

bb Tt
Expected: 2.5

Observed: 1.9

bb bb, resolved

Expected: 1.9
Observed: 1.2

Expected: 0.15

CMS-PAS-HIG-21-005

* Multiple channels of Higgs pair

decays have been searched

using advanced DNN technique
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JHEP 03 (2021) 257
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
https://cds.cern.ch/record/2853597/files/HIG-21-005-pas.pdf

VV coupling with Higgs pair searches (hon-resonant)

CMS-PAS-HIG-22-006

CMS Preliminary 138 fb™ (13 TeV)
L L B B B L L BB B B

Observed =77 Median expected 7

10* B 689% expected
C Theory prediction

i KV=K)\=1

------ 95% expected

95% CL limit on o(pp — VHH) (fb)

* First analysis to include a fully hadronic channel in the search for non
resonant VHH in the HH — bbbb channel
e Each Higgs boson decays into bb pair (branching fraction: 33.9 = 0.9%)
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https://cds.cern.ch/record/2853338/files/HIG-22-006-pas.pdf

VV coupling with Higgs pair searches

95% CL limit on o(pp — VHH) (fb)
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* |t could provide us an important information on the EWSB
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https://cds.cern.ch/record/2853338/files/HIG-22-006-pas.pdf

Higgs pair searches (resonant) CMS-HIG-PublicResults
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* Discontinuities are caused by the partial availability of different analysis limits
* Two hypotheses from Higgs Effective Field Theory:
* spin-0 (radion) & spin-2 (graviton)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG

A few words about the history and future...
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e LHC Runlll with 13.6 TeV has started
despite the energy crisis

* |t is expected to collect physics data
about 1.5 times than Runll

# Higgs bosons produced per experiment, per run

mH ®HH

Run 2
S
RUN S
e
HL- LR
1K 10K 100K 1M 10M 100M

Elizabeth Brost Higgs10 Symposium


https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults#Multi_year_plots

The road to di-Higgs observation?

CMS Phase-2 Simulation Preliminary
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= 58%: Main HH channels require one H — bb: bbbb, bbyy, bbTtts

* First study on these new channels using DELPHES package
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-003/index.html

Summary & Outlook

e CMS have made a lot of progress in Higgs
physics using full Run Il datasets

e Searches on BSM Higgs boson decays &
production show no significant excess from
SM predictions

18 million Higgs bosons

: : projected in Runlll
e In general, more strlngent constraints were

set using full Runll data than Runl

e More results to come with the Runll & Runlll &
HL-LHC datasets

'/
sm Iun!’
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Backup
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HiLumi

LARGE HADRON COLLIDER -

LHC HL-LHC

13 TeV

13.6 TeV 13.6 - 14 TeV

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 TeV button collimators inferaction . inner triplet HL-LHC
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
s | 20e8 | 2027 | 2028 | 2020 [[[f]
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75% nominal Lumi | / upgrade
-1 integrated JEALUUR L8
30 b | 190 fb 450 67! ficbond 4000 b

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY ' PROTOTYPES - CONSTRUCTION INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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LHC & HL-LHC luminosity evolution

Luminosity [cm2s]
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Systematic uncertainties at HL-LHC

Projections are based on educated estimates, especially regarding systematic
uncertainties

e Experimental uncertainties expected to decrease
e Clever use of larger datasets and new detectors
* 1% goal for luminosity uncertainty

Theoretical uncertainties halved with respect to current values
* |Improvements expected in perturbative corrections, PDFs, as

Larger available dataset

o Will help to define more control regions or allow to optimise differently the analysis
strategy in general

Many analysis uncertainties will shrink
e 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

30



Higgs decays to py+u- pair

x10° 35.9 fb™ (13 TeV) PhyS. Rev. Lett. 122, 021801
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SM-like Higgs boson decay to yy =

CMS-PAS-HIG-20-002
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* The local significance of the largest excess at 95.4 GeV is about 2.90


https://cds.cern.ch/record/2852907/files/HIG-20-002-pas.pdf

Double Higgs production
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ATLAS bbTtT A
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Search for ttHH at HL-LHC CMS-PAS-FTR-21-010

CMS Phase-2 Simulation Preliminary
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-010/index.html

Search for ttHH at HL-LHC CMS-PAS-FTR-21-010

CMS Phase-2 Simulation Preliminary 3000 fb (14 TeV)
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95% CL upper limit on signal strength
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ZH — cccc CMS-HIG-21-012 (submitted to PRL)

CMS Preliminary 138 fb~!, (13 TeV)
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An observed (expected) upper limit on the inclusive Higgs boson
cross section times cc decay. branching ratio of 45 (38) times the
standard model expectation is seS’c7 at the 95% confidence level
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Higgs pair searches (non-resonant)

.. -1

CMS Preliminary 138 fb" (13 TeV)
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95% confidence intervals on Kx superimposed by the best fit value on this
parameter. The blue (black) hashed band indicates the observed (expected)
excluded regions, respectively. The band around the best fit value corresponds
to the one sigma interval. The bb bb resolved and bb bb boosted results are

derived using a phase space with a minor overlap of signal events.
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Twin Higgs model for partially explaining hierarchy problem

* The twin Higgs model assumes that the particles of the standard model (left) have mirror counterparts in
a hidden sector (right). The two sets of particles could communicate through a coupling between our
standard-model Higgs and the mirror Higgs
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The road to di-Higgs observation (2) ?
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* A new way to explore the top-Higgs sector in an interplay with the double Higgs

production both for BSM Higgs

* An access to the measurement of the triple Higgs coupling complementary to

the double Higgs production, and to the top quark Yukawa coupling
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The road to di-chargedﬁlr-liggs observation? CMS-PAS-FTR-22-006

CMS Phase-2 Simulation Preliminary 3000 fb™ (14 TeV, ee)
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Theoretical background

e Two-Higgs-Doublet Model (2HDM)

e Type-2 : minimal supersymmetry model (MSSM)

e Further extension: a scalar singlet (2HDM + S)

e Type-2 : Next-to-minimal-supersymmetry-model (NMSSM)

e Symmetry breaking — 5 predicted physical states:

e Neutral scalars: h1, ho, hs

e Neutral pseudo-scalars: ai, a

e Charged scalars: H+

¢u
2

Type-1 | Type-2 | Type-3 (lepton-specific) | Type-4 (flipped)
Up-type quarks ®, d, ®, ®,
Down-type quarks 02 d4 o2 d4q
Charged leptons 28 P4 d4 d,
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Interplay between experimental observables and fundamental questions

Exotic
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resonances 4

Origin of Flavor?
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Higgs Mass
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Stability of Universe
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CPV and
Baryogenesis

Origin of EWSB?




