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LHC performance thus far
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146 Higgs papers from CMS, and counting (73 on Run-2 Data)

et Search for a heavy Higgs boson decaying into two lighter Higgs bosons i Subitted to 18 June
the £7bb final state at 13 TeV. JHEP 2021
e Search for lepton-flavor violating decays of the Higgs boson in the u7 and Accepted by 7May
-20- © final states in proton-proton collisions at /s = 13 TeV. PRD 2021
ey Constaints on anomalous Higgs boson couplings t vectr bosons and Accepted by 25 April
=194 fermions in its production and decay using the four-lepton final state PRD 2021
Search for charged Higgs bosons produced in vector boson fusion
HIG-20-017 processes and decaying into vm}v boson pais inproton-proton Sumaied o 1020
collisions
S Measurements of Higgs boson production cross sections and couplings i~ JHEP 07 12 March
le-10:-015 the diphoton decay channel at /5 = 13 TeV. (2021) 027 2021
easurements of production cross sections of the Higgs boson in the EPJC 81 8 March
HIG-19-001 four-lepton final state in proton-proton collisions at /5 = 13 TeV (2021) 488 2021
. . . .
.
I l I I I l Search for nonresonant Higgs boson pair production in final states with S 2
. : two bottom quarks and two photons in proton-proton colisions at /5 = 13 November
(2021) 257
Tev 2020
.
. Measurement of the Higgs boson production rate in association with top kot 7
cms-resuilts.we cern.c CcCmms-r u u |1C- 00 auarks i s sttes it lecirons, muons, and hadronicaly decaying s ERICHT Novermber
] ] " ] leptons at /s = 13 TeV. 2020
. . . JHEP 01 0
t t t m Evidence for Higgs boson decay to a pair of muons. B e September
2020
results/publications Inaex.
., Search for decays of the 125 GeV Higgs bosonintoaZboson andapory  JHEP 11 (2020) 9.July
HIG-18-012 meson 039 2020
e Measurement of the inclusive and differential Higgs boson production JHEP 03 4.3y
6-19-00; cross sections in the leptonic WW decay mode at /5 = 13 TeV. (2021) 003 2020
ey Inclusive search for mgmy boosted Higgs bosons decaying to bottom JHEP 12 24 June
-19-0¢ at /s =13TeV (2020) 085 2020
e Search for resonant pair production of Higgs bosons in the bb2Z channel PRD 102 11 June
18- proton-proton collisions at /5 = 13 TeV (2020) 032003 2020
Search for 8 ghtcharged Higge boson nthe H* — cs channel Inproton-  PRO 102 18 May
proton collisions at /5 = 13 TeV (2020) 072001 2020

What is there to follow up in Run-3?

Measurements of (tH production and the CP structure of the Yukawa
HIG-19-013 Interaction between the Higgs boson and top quark in the diphoton decay Lictierzy) el et
chann,

* Run-3 will > double the existing data — P

2020
21
ggs bosons decaying nto atop and a ottom quark JHEP 07
W t L] [ . I I I o .o t | ? HiG-18-015 et final state of pp collisions at /5 (2020) 126 ""2“0‘2’5
a I S S a I S I C a y I I e L] A deep neural network for simultaneous estimation of b jet energy and CSBS 4 (2020) 12
I l l : t t l I I resolution 10 2019

 What improvements are feasible systematically? P

Search for a haavy Higgs boson deceying 8 palrof W bosons inproton- JHEP 03
proton collisions at /s = 13 Te (2020) 034 Do
ey Search for lepton flavour violating decays of a neutral heavy Higgs boson JHEP 03 2
AR tor and e in proton-proton collisions at /5 = 13 TeV (2020) 103 2015
Search for new n.uenl mgg- bosons through m. u - /A — £ ¢bb JHEP 03 Novemb:
pp collisions at /5 = (2020) 055 Bl
Search for  heavy psaudoscala Higgs boson decaying in 8 125 GeV e 25
liggs boson and a Z boson in final states with two tau and two light (020 005 October
Teptons at VE=13TeV ¢ 2019
Search for a charged Higgs boson decaying into top and bottom quarks in JHEP 01 25 August
proton-proton collisions at /s = 13 TeV in events with electrons or muons (2020) 096 2019
T Search for heavy Higgs bosons decaying to a top quark pair in proton- JHEP 04 3 August
HIG-17-0 proton collisions at /5 = 13 TeV (2020) 171 2019
Search for irs pr decays
HIG-18-006 125 GeV mw boson in final states with two muons and two. numy .,.m "’;;2«;0 (2019) |s£:z
in pp collisions at 5 = 13 TeV
et Stk Bl sia vos hosooe ensied 1 Kl pokn ok PLB 798 (2019) 6 July
e lisions at /5 = 13 TeV 134992 2019
e Search for Higgs and Z boson decays to J/iy or Y pairs in proton-proton PLB 797 (2019) 24 May 7
SR collisions at /5 = 13 TeV 134811 2019



Precision measurements in diboson channels
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Higgs Mass and Width

CMS

Run 1: 5.1 fo' (7 TeV) + 19.7 fo" (8 TeV) - Total Stat. Only
2016:35.9 fb™' (13 TeV)

Total (Stat. Only)

Run 1 H-yy —— 124.70 £ 0.34 (£ 0.31) GeV

Run 1 H— ZZ— 4l et 125.59 + 0.46 ( £ 0.42) GeV

Run 1 Combined — 125.07 £ 0.28 ( = 0.26) GeV
2016 H—yy o i—- 125.78 £ 0.26 (£ 0.18) GeV |

2016 H— ZZ— 4l —— 125.26 £ 0.21 (£ 0.19) GeV

2016 Combined —— 125.46 £ 0.16 (£ 0.13) GeV
Run 1 + 2016 . lﬂ-i-i 125.38 £ 0.14 (£ 0.11) GeV )
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Can we improve on mass measurement in Run-3?

m Challenge of calibrations at the current level for EM
calorimeter needs work

5.1 fb" (7 TeV) + 19.7 b (8 TeV) + 77.5b™ (13 TeV)
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From the ratio of off-shell to on-shell rates

using H -5 Z7Z - 4l

And assuming:
*SM-like amplitude structure for H > ZZ
*No significant BSM physics in gg - H up to mH*~1 TeV
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H—4l: Cross sections by final states and Vs dependence
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Systematics driven by uncertainties on e/mu efficiencies
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H—4l: Cross Sections By Production Mode

CMS 137 b~ (13 TeV)
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Statistically limited measurements in low background channel —
Run-3 will likely improve better than luminosity scaling as the fits get better
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H—4l: Higgs PT & Rapidity Spectra

CMS 137 fb" (13 TeV) . CMS 137 b (13 TeV)
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Statistically limited measurements in low background channel —
Run-3 will likely improve better than luminosity scaling as the fits get better
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H—4l: Number of Jets & Jet PT Distributions

CMS 137 b (13 TeV) CMS 137 fo'' (13 TeV)
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Statistically limited measurements in low background channel —
Run-3 will likely improve better than luminosity scaling as the fits get better
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H—yy: Partial Cross Sections
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Parameter value

Statistically limited measurements —
Run-3 will likely improve — Will theory uncertainties get better?

14



H—yy: Simplified Template Cross Sections
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Statistically limited measurements —
Run-3 will likely improve better than luminosity scaling as the fits
get better — Sensitivity to BSM
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H—yy: Coupling Scan in k-framework
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Higgs Yukawa Sector
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Higgs to t Leptons

Observation of Higgs decays to t leptons

2018 : First direct observation of Yukawa coupling

2020 : Updated to full Run-2 data (preliminary)

Run-3 update useful again

CMS Preliminary 13717 (13 TeV)
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Entries

Data / Bkg

Higgs to Bottom Quark Pairs

Observation of H(125) decay to bottom-pairs at 5.60

Largest branching fraction, but large backgrounds
Focus on VH production mode with leptonic V decays providing trigger
Relies on b-tagging and boosted topologies for background reduction

Emphasis on jet energy corrections and calibrations for mass resolution

With full Run-2 data both statistical and systematic uncertainties should improve

-1 -1 -1
5.1 b (7 TeV) + 18.9 fo (8 TeV) + 77.2 o' (13 TeV) 491 (7TeV) +19.8fb (8 TeV) + 35.9-77.2f_ (13 TeV)

491" (7 TeV) + 19.8 b (8 TeV) + 35.9-77.2fb™' (13 TeV)

® Observed

1 07 _ I IC MS C MS — 11 (stat ® syst)
o CMS - ﬁ g:(t:iground Preliminary - Preliminary i
10 '_ VH, H—bb B VH,H—bb pp— VH; Ho bb “zF«be
105'§_—~—|_’__L_A_ ggzkjrf“;:cﬁgf:ﬁmy w=1.01+0.18 (stat.) + 0.14 (syst.) - -
e Run 2 p=1.06+ 0.20 (stat.) + 0.17 (syst.) —— L
(2016) p=1.20 + 0.40 g woe. i
(2017) u=1.08+0.35 - — N
Bl -
Run 1 p=0.89 +0.38 (stat.) + 0.24 (syst.) ——et+—
Combined +
. . e e e
Best fit u Moo
Statistically limited measurements:
0.5|11|I||1I||||I|“|I||||I|||| -
3 25 =2 45 4 -05 o Backgrounds can be better understood with Run-3 data.
log,(S/B)  Improved triggering may help with WHbb and VBF-Hbb.
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Observation of ttH Production

Higgs-Top Yukawa coupling is large [E——
. . . . Ew* : :’):::q_‘{u g jet
Associated production with ttbar results in rather busy events : I bjet
: ®»,
. jet ¢ 4
A plethora of decay modes available = .
o+ %%
. . . . b-jet
A multivariate analysis to extract the signal strength was performed
. . . . . *x: d
Observation at 5.20 significance was made on including Run-1 and 2016 data : o 1 \
With full Run-2 data, ttH established in single channels
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Evidence for H—ppu

Observation of Higgs decays to muon pairs requires Run-3
Small Yukawa coupling but clean final state with good mass resolution

However, the narrow peak is sitting on large-smooth DY continuum
background
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Can we possibly find H—cc?

Small branching fraction coupled by poor charm identification
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Higgs couplings

Our discovery of a Higgs boson 35.9-137 o (13 TeV)

completes the Standard Model Sl [T T T T
¥> E CMS WZ /;"
. ; - K
2.018 : h(125) f:ontlnues to look = | m,=12538GeV
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o f
® Deviations from fermionic & ok by <* i
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Higgs Self-coupling

SM HH production cross section is rather small

Searches for enhancements due to new physics are of interest already

m Are there deviations from the expected A ?

With more channels and optimizations, SM-level sensitivity with Run-3 ?
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HH—bbbb o - 95% CL upper limits =
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Does it decay in unexpected ways ?

LEV: Does it have non-diagonal Yukawa couplings leading to lepton
flavor violations ?

Connections to dark matter: Invisible decays

Exotic decays: can it decay to a pair of light pseudo scalars ?
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Lepton Flavor Violating Higgs decays

SM values

Searches for H2>et and H2>ut
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Invisible Higgs

491" (7 TeV) +19.71b™ (8 TeV) + 38.2 o' (13 TeV)
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Main driver: VBF Process

m Forward going jets have high n-separationa = large invariant mass

Adding more production modes: ttH, ZH
27



Exotic Higgs decays

103
< 10

B(h— a
2

Ogm

Ol
o

95% CL on

10~

1072

167

107

116>

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

CMS Preliminary 35.9 b (13 TeV)

g | | | | [ L | I [ | =:¥=
- 2HDM-+S type I .
g tan = 2.0 .
%_ N
| 5
= || =
i §
= [ ] Observed exclusion 95% CL =
B IL_____ o sssss. Expected exclusion 95% CL =
= h— aa — pupp h - aa - tree E
= PLB 796 (2019) 131 PLB 800 (2019) 135087
B h— aa — purt h— aa — purr ]
= JHEP 08 (2020) 139 JHEP 11 (2018) 018 =
= h— aa — uubb h— aa — bbtz —
= PLB 795 (2019) 398 PLB 785 (2018) 462 =
| | | | | | 1 I | | | | |
1 2 3 4 5 67890 20 30 40 50 60
m, (GeV)



2021 Status : So, What’s Next?

Our discovery of a Higgs boson completes the Standard Model
2012 : Higgs Boson Discovered
2013 : Physics Nobel Prize award!

2015 : Detailed Higgs Physics Exploration Began

2021 : h(125) continues to look like The SM Higgs Boson
However, the Standard Model can be convicted of incompleteness

We do not fully understand the Higgs Boson yet (at 10-20% level)

m Perhaps, in Higgs sector there is still tree level new physics to discover
m Why is the Higgs mass so light? New ~> TeV particles?
Exotic particle direct & indirect searches continue to confound us

Only experiment can shed light, i.e., precise SM measurements needed
Eagerly awaiting discoveries this decade!
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A FHIR RS

19945 , AKBEEISENZ|E]
EinERRERNEEE

MEAKFTAFIRIFBRBEHRLF |, BUER1994FAXRFMANEEE , RE LR
MEE. MX EEMER | ERRLUEH— I REARHEENTSE.

30



31



ELHCRHELINHAR

(HLwn
LARGE HADRON COLLIDER

LHC HL-LHC

LS1 Ls2 Ls3

13 TeV 13-14TeV 14 TeV

Diodes Consolidation energy
splice consolidation cryolimit LIU Installation HL-LH 3 &
7 TeV 8 TeV button collimators interaction i - C 5to 7.5 x nominal Lumi
_— R2E project regions 11 T dipole coll. installation
N\ Civil Eng. P1-P5
2011 2012 2014 2016 2018 2019 2020 2021 2022 2023 2024 2025 2026 “IIIM
ATLAS - hCMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
sl nominal Lumi w ALICE - LHCb : 2 x nominal Lumi £=Upgrade
75% nominal Lumi upgrade

EXd 1907 EX

> IRMEEFH R
SR > LWBEITH
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Explore wide phase space in SUSY, Dark matter, exotic, CP violation etc.
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