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Higgs Production at the LHC

New scalar particle
discovered in 2012.

Since then, data continue to
demonstrate it is very much
like the SM Higgs boson.

4 main production modes.

Numerous decay channels.
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The ATLAS and CMS detectors
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Overview of the data taken so far

Discovery with γγ and VV final states in July 2012, with 7+8 TeV data, ATLAS ,
Phys. Lett. B 716 (2012) 1, CMS PLB 716 (2012) 30.

Discovery of coupling to τ leptons in Run I, JHEP 08 (2016) 045, and by single
experiment in July 2017 with 7+8+13 (2016) TeV datasets: CMS Phys. Lett. B 779
(2018) 283.

Evidence of coupling to b quarks summer 2017 with 7+8+13 (2016) TeV
datasets: CMS Phys. Lett. B 780 (2018) 501, ATLAS JHEP 12 (2017) 024.

Evidence of coupling to top quark by ATLAS in Dec 2017 with 13 (2016) TeV
dataset: Phys. Rev. D 97 (2018) 072003.

Discovery of coupling to top quarks last week by CMS with 7+8+13 (2016) TeV
datasets: arXiv:1804.02610.
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Decay channels

Measurements

γγ: mass, coupling, spin, differential
measurements.

ZZ→4l: mass, spin, parity, coupling,
differential measurements.

ττ : coupling.

bb, WW: coupling.

Others: rare decays like cc, µµ, llγ,
(J/Ψ,φ,ρ)+γ.

Disclaimer
Lots of precision measurements with
7+8 TeV datasets.

Choice to concentrate on a subset of
recent results with 2016 13 TeV data.
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Mass measurements

decay to ZZ to 4l and γγ: best resolutions and narrow mass distributions.
RunI legacy: ATLAS+CMS combination Phys. Rev. Lett. 114 (2015) 191803
RunII updates: ATLAS-CONF-2017-046 and CMS JHEP 11 (2017) 047.
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Spin and parity measurements

decay to ZZ to 4l: access to full event kinematics.

ATLAS Eur. Phys. J. C75 (2015) 476, CMS Phys. Lett.
B 775 (2017) 1
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Coupling measurements

RunI ATLAS+CMS

JHEP 08 (2016) 045
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A few selected Highlights in H→bb

JHEP 12 (2017) 024

µbb
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Dijet mass analysis
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Weighted by S/B

Phys. Rev. Lett. 120 (2018) 071802

Dominant QCD background from data.

Boosted jet of pT > 450 GeV using
substructure techniques.
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Updated ATLAS measurements
γγ, ZZ(4l) ATLAS-CONF-2017-047
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CMS grand combination with 2016 data
New channels: ZZ, ggH to bb.

Best accuracy to date for ggH (11%), ttH
(26%), combination (9%).
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Couplings in the κ framework

Assuming no BSM contributions
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Differential xs: H→ γγ and H→ 4l

ggF, VBF, VH with
Powheg-box v2, ttH,
bbH with Mad-
graph5_aMC@NLO.

Normalised to latest
calculations (ggF
N3LO,...)

Stat uncertainties
dominant: 20-30%.

Good agreement γγ vs
4l, and with predictions.

CMS h→ γγ:
HIG-16-040,
HIG-17-025,

CMS h to 4l:
HIG-16-041

ATLAS-CONF-2018-002
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First observation of ttH production !
Phys. Rev. D 97 (2018) 072003
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ttH combination results

JHEP 05 (2016) 160, Phys. Rev. D 97
(2018) 072003
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Constraints from couplings measurements

CMS-PAS-HIG-17-031
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VH, H(125) → cc̄

jet rejectionb
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H(125)→ µµ

Phys. Rev. Lett. 119 (2017) 051802
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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ATLAS: observed (expected) 95% upper limit 6.6
(5.2) times SM.
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(2.0) times SM.
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H→ φγ, ργ

arXiv:1712.02758

Test of couplings to light
quarks.

Complementing Run I
H→ J/Ψ + γ searches
Phys. Rev. Lett. 114 (2015)
121801, PLB 753 (2016)
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Lepton-flavour violating decays

Run I: 2.4σ excess (Phys. Lett. B 749 (2015) 337)...
... unfortunately ruled out by 2016 data.
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Higgs to invisible

Strategy

VH, ggH and VBF production modes.

VBF most sensitive channel, fit to the
dijet invariant mass.
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Higgs to Dark Photons or light pseudoscalars

arXiv:1802.03388

Hypercharge portal Higgs portal
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H125 → aa → bbττ

CMS-PAS-HIG-17-024

Strategy

NEW! Large BR in 2HD+S
models.

eµ, eτhad , µτhad channels.
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H125 → aa → µµττ

Strategy

aa→ µµττ aa→ 4τ → µµττ
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VBF H125 → aa → gg γγ

Strategy

NEW! Target models with fermionic decays
suppressed, higher BR than 4γ channel.

VBF production: 2 jets with Mjj > 500 GeV.

Higgs decay: 2 jets + 2 γ, 100 <mγγjj < 150
GeV.

ABCD method for background estimation.
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Outline

1 Introduction
2 SM Higgs Properties
3 Rare and exotic decays

Rare decays
Exotic decays
Decays to lighter
(pseudo)scalar particles

4 BSM Searches
Low mass
High mass
Di-Higgs
Charged Higgs

5 Conclusion
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SM-like production and decay, and hMSSM model
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Large parameter space already excluded, remaining
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Indirect limits from visible channels with 13 TeV data
already more stringent than 8 TeV direct limits.
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Overview of searches for additional neutral Higgs bosons

Extensions of SM analyses looking for high mass (pseudo)scalars.
More on H→ ττ by Michaela Mlynarikova (ATLAS) and Markus Spanring
(CMS) this afternoon.
Overall: no significant excess found, limits set in various BSM models.

Channel ATLAS CMS
H→ ZZ arXiv:1712.06386 arXiv:1804.01939
H→WW (llνν) Eur. Phys. J. C 78 (2018) 24 JHEP 10 (2015) 144 (RunI)
H→WW,WZ (lνqq) JHEP 03 (2018) 042 JHEP 10 (2015) 144 (RunI)
H→ ττ JHEP 01 (2018) 055 arXiv:1803.06553

Dedicated 2HDM (+S) searches: detailed in following slides.

Channel ATLAS CMS
H→ γγ - CMS-PAS-HIG-17-013
H/A→ ZA/H arXiv:1804.01126 Phys. Lett. B 759 (2016) 369 (RunI)
A→WH(125), ZH(125) arXiv:1712.06518 -
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Low mass Higgs to γγ, 70 < mH < 110 GeV

Strategy: bump hunt
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A to ZH
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A to WH(125), ZH(125)

W→ lν, Z→ ll, νν, and H(125)→ bb̄.

Resolved and merged topologies.

Interpretations in heavy-vector-triplet
and 2HDM.
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Overview of di-Higgs searches

HH in SM: small cross sections O' 30 fb at 13 TeV.

HH in BSM: resonant production via new particles, and
non-resonant enhancements described in Effective Field
Theories (EFT).

Non-resonant SM Run I limits: ATLAS 70 (48) × SM (Phys.
Rev. D 92, 092004 (2015)), CMS 43 (47) × SM (Phys.
Rev. D 96, 072004 (2017).

13 TeV results

Channel ATLAS CMS
4b ATLAS-EXOT-2016-31 CMS-PAS-HIG-17-009
4b boosted - arXiv:1710.04960
2b2W JHEP 01 (2018) 054
2b2τ Phys. Lett. B 778 (2018) 101
2b2τ boosted CMS-PAS-B2G-17-006
2b2γ ATLAS-CONF-16-004 CMS-PAS-HIG-17-008
2γ2W ATLAS-CONF-16-071 -
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Summary for resonant HH searches
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Summary for non-resonant HH searches

Courtesy of M. Kagan, Moriond EWK

Reaching O(20 × SM).

Can expect O(10× SM) by end of
Run II.

EFT param from arXiv:1608.06578
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Overview of searches for charged Higgs bosons

Search ATLAS CMS
H± → cs̄ 8 TeV Eur. Phys. J. C, 73 6 (2013) 2465 JHEP 12 (2015) 1
H± → cb̄ 8 TeV - CMS-PAS-HIG-16-030
H± → t b̄ 8 TeV JHEP 03 (2016) 127 JHEP 11 (2015) 018
H± → τν 13 TeV Phys. Lett. B 759 (2016) 555-574 CMS-PAS-HIG-16-031
H± → t b̄ 13 TeV ATLAS-CONF-2016-089 -
H± → WZ Phys. Rev. Lett. 114, 231801 (2015) PRL 119 (2017) 141802
H±± → lll(l) 13 TeV Eur. Phys. J. C 78 (2018) 199 CMS-PAS-HIG-16-036
H±± → W±W± - arXiv:1709.05822

Talk by Margherita Ghezzi today 17:45
H±± → W±W±
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Conclusion

SM Higgs:
Observations of all production modes, including ttH.
Observations of "the 5" main decay channels - 3σ evidence for bbbar.
Completing coupling measurements in all production modes and "the 5"
decay channels.
Reaching 2.6×SM in rare decay to µµ, 4×SM in rare decay to Zγ
Exploring decays to ccbar and meson+γ...
... and many exotic decay modes....

BSM Higgs:
Constraints from visible decay increasingly strong.
Many different searches for signs of New Physics.
At the moment constraining more and more the parameter space.
In the objective "leave no stone unturned", good complementarity between
ATLAS and CMS.

Futur Prospects: see talk later this morning on "Higgs and SM at the
HL-LHC" by Tae Jeong Kim.
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Thank you for your attention

But first 2018 stable beam LHC data expected this morning!!
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Backups

BACKUPS
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Resolved couplings in the κ framework

Assuming no BSM contributions

κZ and κb can go negative, not κW .
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Effective couplings in the κ framework

No BSM decays κV < 1
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CMS Grand combination 2016
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Run-I diHiggs results
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