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Are there additional Higgs-like States?

2 Many extensions of the SM involve additional Higgs bosons.

B To explain baryogenesis, dark matter, hierarchy problem, ...
2 Such scalar particles at mass scales < 1 TeV within the reach of the LHC.

2 Many searches complemented by model-dependent interpretations

« 2HDM/MSSM: 5 physical Higgs bosons (h, A, H, HF)
» Generalized 2HDM (g2HDM): 2HDM w/o Z, symmetry

. 2HDM+Scalar Singlet/NMSSM: 7 physical Higgs bosons: h1’2,3, aj o, H*
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A/H with FCNC based on g2HDM
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A/H with FCNC based on g2HDM
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2 p,, largely excluded, but still large portion of phase space not constrained for p,..
& Stricter limits
B for p,,: higher signal cross section <— PDF effect.
B> w/ interference: higher signal cross section <— having A & H simultaneously.
2 Dominant uncertainties: Flavor tagging, nonprompt lepton, tt W cross section, statistical.

& First search based on g2HDM considering A-H interference.
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CMS-PAS-HIG-22-004

A — Zh,s = (£C)(r7)

2 Search range: my = 225 — 800 GeV

2 0 and > 1 b-jet categories.
2 Signal from maximum likelihood fit combining
my = my,y " from each search channel.

2 Matrix Element Method based /(77) reconstruction
correcting the effect of neutrinos with constraint

m_. = 125 GeV.
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2 Irreducible bkg. from simulation:
©ZZ/H, ttZIH, VVV.
2 Reducible bkg. from data:

B> jet misidentified as 7, ; or lepton.

mass resolution 5-7%.
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A = Zhyys = (£0)(z7)

No signal in data —> Model-independent limits assuming /1,5 = hg;,

Phys. Briefing
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2 Most stringent limits on A — Zh,s — (£ )(z7) to date.
2 Dominant systematics: backgrounds, signal modelling.

2 w.r.t. 2016 CMS analysis: increased integrated luminosity, better hadronic ¢
lepton id and b jet tagger, added bbA production, and the range extended by ~2x.
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CMS-PAS-HIG-22-004

MSSM M,}?FT benchmark w/ Mg ¢y =~ 10'° GeV and model

adjusted to values compatible with m, =~ 125 GeV.

P tan ff < 2.2 excluded for 225 < m, < 350 GeV.

B bbA probes higher tan f3.

B At higher m,, A — tt becomes allowed and
suppresses A — Zh,s decay.


http://cds.cern.ch/record/2905039?ln=en
https://cms.cern/news/searching-signs-new-higgs-bosons
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2 Golden channel: High efficiency & resolution, low backgrounds. CMS Preliminary 138 15 (13 TeV)
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2 Model-independent search for X(spin-0) with ggF and VBF in
My, = 130 — 3000 GeV withI'y,/My =0 —-30%.

Events / 4 GeV

2 Signal vs bkg. from fit to 2D templates: fco D;f/lc’;

2 Matrix element (ME) approach both for likelihood parametrisation
and to construct event-categorisation observables.
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2 Two event categories: VBF-tagged using VBF Tagging cuts & Dz‘;ftlg 0.46 = e

and non-VBF (mainly ggF).


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/index.html
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9 Parametric approaCh for Signal signal lineshape Signal efficiency Signal resolution 2D templates
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& and irreducible background modelling 4/  CMS Simuiation Preliminary 13 TeV )
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B and interference modelling:

B Amplitudes from lineshapes of signals, SM Higgs boson and interfering backgrounds.

| |
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I

No significant excess

(None at the 680 GeV
[ATLAS] either).
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X = Yh,s = 4b

& Search range:
my = 400 GeV — 1.6 TeV, my = 60 GeV — 1.4 TeV

& Signal extracted from a 2D fit in my — my parameter space.

& Signal simulated w/o a specific model with X, Y widths =1 MeV.
2 4 jets w/ highest Deeplet b-tag scores.

reco reco

B m,"” and my " from pairing jets.
B m,“““ used to define signal, CR, and VRs.
B m“C = 125 GeV and momentum adjusted.

2 Minimize impact of mismodeling of trigger and jet
reconstruction:

B exclude m{(ew — m{/eco < 120 GeV

2 Analysis not optimised for highly boosted Y decays:

B> exclude regions with high my““ and low m ;.
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X ) th 2 5 _) 4b CMS Prellm/nary 138 b (13 TeV)
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X = Yh,s = 4b

o(pp — X)B(X — HH — bbbb) [fb]

10

X — HH limits

138 fb' (13 TeV

~

T IIIIIII| T IIIIIII| T IIIIIII| I T TTTTTH

—lIII|

T | T T T | T T T | T T T | T T T | T T T | T
CMS Preliminary
- - - Expected 95% CL upper limit
—— Observed 95% CL upper limit

68% expected
95% expected

1 IIIIIII| 1 IIIIIII| L 111111

—IIII|

400 600 800 1000 1200 1400
m, [GeV]

m, [GeV]

Observed upper limits

1400

1200

1000

800

600

400

200

400 600 800 1000 1l200 1400 1600

CMS-PAS-HIG-20-012

138

o' (13 TeV)

CMS Preliminary

i

Observed limit

Limit below maximally
allowed values in NMSSM

m, [GeV]

10?

10

o(pp — X)B(X — YH — bbbb) [fb]

13



CMS-PAS-HIG-22-013
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observables in dilepton and lepton+jets channels. CMS Simuiation Preliminary (13 TeV)
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2 Interpretations with 81& "°F o sud | | =
—lo ~ — A resonance

| —— H resonance

B> Pseudoscalar color-singlet ¢f bound state (7,)

from a simplified model of non relativistic 0.6
QCD (NRQCD) [Fuks et al. arXiv:2102.11281].

B> A and/or H including interference with SM ¢f
production w/ & w/o 7, background.

2 No interference between A and H. 10 05 0.0 0.5 10
Chel 14
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N EW CMS preliminary u 138 fb=1, Run 2 (13 TeV)
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Are there additional Higgs-like States?

2 Still no sign of additional Higgs-like states from many CMS measurements: https://cms-results-
search.web.cern.ch/

2 Improving measurements with machine learning for object reconstruction and signal extraction
2 Extending phase space of searches.

2 Effects of Higgs width and different interference effects being studied (between signal and
backgrounds, between different Higgs bosons, ...)

2 Improving constraints
B with models incorporating inputs from LHC and others.
P Effects of 17 bound state started to be studied.
B> Starting to limit possible BSM contributions to di-Higgs production.

2 Significant improvements expected with LHC Run 3 and HL-LHC with increased statistics, improved
analysis techniques, and modelling.
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A/H with FCNC based on g2HDM

Summary of systematic uncertainties for p,, = 0.4 and m, = 350 GeV with A-H interference assuming
my —my =50 GeV. The first column indicates the source of uncertainty. The second column specifies
whether the shape of the fit discriminant is affected by the nuisance parameter (v') or not (dash).
The impact in percent of these nuisance parameters on the pre-fit expected event yields is displayed
in the third column. This column is subdivided into three event categories representing the analysis
channels. The percentage impacts are given as a range of values representing the minimum and
maximum differences obtained in the different bins of the BDT distribution through the four data-
taking periods. The numbers for the normalization component of the nonprompt lepton background
represent the uncertainties used for each data-taking period. Whether or not a nuisance parameter
is taken correlated across years and categories is specified in the last two columns. The luminosity
and jet flavor identification nuisances are only partially correlated across years.

Uncertainty source Shape  Category Correlated across
ete* pEpE etp* Years  Categories
Experimental
Luminosity — 1.2-2.5 1.2-2.5 1.2-2.5 v v
Pileup v <0.1-2.8 <0.1-1.8 <0.1-2.3 v v
Trigger efficiency v 0.4-2.6 0.2-1.1 0.3-1.2 — —
L1 trigger inefficiency v 0.1-0.8 0.1-0.3 0.1-0.4 v v
Lepton identification v 0.1-1.7 <0.1-0.4 <0.1-0.6 — v
Lepton energy scale v — <0.1-0.2 <0.1-0.2 — v
Charge misid. v 1.2-13.1 — — — —
Jet energy scale v <0.1-4.5 <0.1-1.7 <0.1-1.5 v v
Jet energy resolution v <0.1-2.6 <0.1-1.8 <0.1-1.6 — v
Unclustered energy v <0.1-2.6 <0.1-0.5 <0.1-0.8 — v
Jet flavor identification v/ <0.1-12.1 <0.1-8.8 <0.1-11.6 v v
Nonprompt lepton BG
statistical component v <0.1-27.2 1.9-16.2 3.0-13.2 — v
Nonprompt lepton BG — 27,15,11,10 27,15,11,10 27,15,11,10 — v
Theoretical
Signal QCD scales v 10.3-10.5 10.0-10.2 9.9-10.0 v v
Signal PDF v 0.7 0.6-0.7 0.5-0.6 v v
Signal parton shower v 3.6-4.3 4.0-4.3 6.3-7.3 v v
tt — 6.1 6.1 6.1 v v
\'A" — 4.5 4.5 4.5 v v
VBS — 10.4 10.4 10.4 v v
ttH — 7.8 7.8 7.8 v v
ttw — 10.7 10.7 10.7 v v
Other backgrounds — 5.4 5.4 5.4 v v
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A — Zh,s = (£C)(r7)

Source of uncertainty Magnitude Process
Experimental uncertainties

Ty, id. 2—4% All simulations
T}, energy scale’ 0.5-1.5% All simulations
electron energy scale’ 1-2% All simulations
e id. & isolation 1.5-4.5% All simulations
e trigger 2% All simulations
u id. & isolation 1.5-4.5% All simulations
u trigger 2% All simulations

b-tag uncertainties

pmiss unclustered energy scale’
Jet energy scalet

Jet energy resolution
Limited statistics of MC events
Integrated luminosity

+

1-4% (heavy flavor) 5-10% (light flavour)
2-4%

1-3%

< 1%

bin-by-bin unc.

< 2%

All simulations
All simulations
All simulations
All simulations
All simulations
All simulations

statisicts in AR

nonclosure of method

Uncertainties in reducible background estimate

20—40%
10—20%
30%
20%
20%

misidentified T leptons
(data-driven estimate)
(b-tag category)

(no b-tag category)

eT}, channel

1Ty, channel

T}, T, channel

Theoretical uncertainties in background estimate

qq — ZZ cross section
gg — ZZ cross section

gg — ZZ NNLO K factor estimate

ttZ cross section
triboson cross section

Theoretical uncertainty in B(h — 77)

PDFs
ug and pg scales

5%

10%

10%

25%

25%

<2%
1.3—3.6%
1-8%

qq — 272
gg —+ 272
gg 272
ttZ
triboson

gg — A, bbA, Higgs bkg.

Higgs bkg.
Higgs bkg.

Theoretical uncertainties in signal estimate (applied in MSSM interpretation)

signal cross section
(up, ug scale, PDFs, ag)

5—-20% (10—25%)

gg — A (bbA)
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http://cds.cern.ch/record/2905039?ln=en
https://cms.cern/news/searching-signs-new-higgs-bosons

A — Zhiys = (£C)(t7)

pb)

6(gg—AXB(A—Zh) (

0.5§

0.0

5CMSPmMWwy
—

2016, 36.3 fo' (13 TeV)

Expected (HIG-22-004)

Expected (JHEP03 (2020) 065)

250 300 350 400

m, (GeV)

X 04

e Expected upper limits at 95% CL from the previous CMS
analysis (2016) vs the new result from the present analysis
based on the same dataset.
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http://cds.cern.ch/record/2905039?ln=en

X > 77 - 47

Experimental uncertainties

Year | 2016 | 2017 | 2018 |  Effects | Affected processes

Luminosity 1.2% | 2.3% | 2.5% norm all except Z +X

e efficiency 3-10% | 3-9% | 3-9% norm all except Z +X

u efficiency 1-2% | 1-2% | 1-2% norm all except Z +X

e(u) energy scale 0.15(0.03)% shape all with energy convolution

e(y) energy resolution 10(3)% shape all with energy convolution

jet energy scale ~ 1% norm all except Z +X

jet energy resolution ~ 1% norm all except Z +X

jet b-tagging efficiency 0.1% norm all except Z +X

ggF interference 9-11% norm interferences

VBF interference 13-18% norm interferences

Z + X (4u) 30% | 30% | 30% norm Z +X

Z + X (4e) 31% | 31% | 30% norm Z +X

Z + X (2e2pu) 31% | 30% | 30% norm Z +X

Theoretical uncertainties

BR(X — ZZ) 2% norm signals

QCD scale 1-15% shape: 4422 all except Z +X
norm: others

PDF 0.1-7% shape: 4422 all except Z +X
norm: others

Kg 0.1-7% norm all except Z +X

pythia scale 0.4-10% norm all except Z +X

qqZZ K factor 0.1-30% shape qqZZ

ggZZ K factor 10% norm ggl”

Phys. Briefing
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/index.html
https://cms.cern/news/exploring-new-frontiers-searching-heavy-higgs-boson-decaying-four-leptons

X > 7/ - 4¢
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-002/index.html

A/H — 1t E—

CMS —e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.)
Fit constraint (exp.) +1o impact (exp.) -1o impact (exp.)

Preliminary ) = 1412 0.12
)=111=0.

Top quark Yukawa coupling | ; -—b—-
PS FSR (i)  —e—

PS FSR (1) o

MEw @

PDF —

PDF a —e—t
Top quark mass --0-
Color reconnection (QCD-inspired) . ———
EW correction scheme ' '—0—'
Jet P scale (rel. balance, corr.) : L ——
ME u_(Z/v*) . e
EW + QCD shape (u, =4 jets) ——
b tagging (gluon splitting) :
EW + QCD shape (e, =4 jets) L —.—
Jet P resolution (2016pre) :
Jet P scale (b flavor response) : :
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