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ATLAS: data-taking
• Run3 ongoing: 2022-2025.
• Data for today’s results: Run2,

√
s = 13 TeV.

• About x2 LHC design instantaneous luminosity & pile-up.
• Data-taking efficiency: 94%, data quality fraction: 95%
⇒ 139 fb−1 of data.
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Higgs Production and Decay
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Mass
H→ZZ∗→4`

124.99± 0.18 stat.± 0.04 syst. GeV
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Sources: arXiv:2207.00320, Phys. Lett. B 784 (2018) 345. 6/ 36

https://arxiv.org/abs/2207.00320
https://arxiv.org/abs/1806.00242


Cross-section
SM : σ(pp→H ,

√
s = 13 TeV) = 55.6 ± 2.5 pb

ATLAS :σ(pp→H ,
√
s = 13 TeV) = 55.5+4.0

−3.8 pb (±3.2(stat.) +2.4
−2.2(sys.))
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04


Higgs: combination

Source: ATLAS-CONF-2021-053 8/ 36

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/


Higgs couplings interpretation

SMEFT, 2HDM & κ-framework:

Couplings:

κ2
j =

σj
σSM
j

or κ2
j =

Γj

ΓSM
j
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Source: Nature 607 52-59 (2022) 9/ 36

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/


Higgs-muon coupling
Challenges:

• Low BR(H→ µµ) ∼ 0.022%.

• Very low S/B ratio.

• Requirement:
stringent constraint on background.

Run2 results:

• CMS: 3.0σ (2.5 expected),
µ = 1.19± 0.43

• ATLAS: 2.0σ (1.7 expected),
µ = 1.2± 0.6

Sources: JHEP01 (2021) 148, Phys. Lett. B 812 (2021) 135980.

https://arxiv.org/abs/2009.04363
https://arxiv.org/abs/2007.07830


Higgs-charm coupling
Challenges in addition to VH,H→ bb̄:

• BR(H→ cc̄)=2.9% << BR(H→ bb̄).

• Tagging charm jets. Efficiency(tag+veto):
c-jet:27%, b-jet:8%, light: 1.6%
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https://arxiv.org/abs/2201.11428


Higgs-charm coupling: analysis
• SR-s: N(`), N(c-tags), Njet, pT(V).

• Control regions: large ∆R(jet1, jet2)
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• Simultaneous fit of VV and VH.
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https://arxiv.org/abs/2201.11428


Higgs-charm coupling
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• mb/mc = 4.578 ± 0.008

• Higgs-charm coupling <
Higgs-bottom coupling.

Source: arXiv:2201.11428 13/ 36

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.054517
https://arxiv.org/abs/2201.11428


Higgs width

Source: Nature Picture Library, Bod an Deamhain, Cairngorms.

www.naturepl.com


Why Measure the Higgs Width?
1) Key properties of a fundamental particle: mass (m) and lifetime (τ).

Higgs boson: ∆mH/mH: ∼ 2o/oo, τH: not measured yet!
Measurement of the Higgs width (ΓH) would determine lifetime: τH = ~/ΓH.

Width of a resonance:

• Heisenberg’s uncertainty:
∆E∆t ≥ ~/2

• Einstein’s relativity: E ∼ mc2

E
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ts

m
mH

ΓH

2) Higgs couplings (c) are extracted from cross-sections: σ∝ c2
f / ΓH.

ΓH: needed to reliably extract all Higgs couplings.
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Higgs Width: the Challenge

• Higgs boson is predicted to be
very narrow: ΓSM

H ∼ 4.1 MeV.

• Detector resolution: O(GeV).
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• Line-shape measurement [1]: ΓH . 300 · ΓSM
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How could we probe the width @ the LHC?
Figure [1]: CMS collaboration, JHEP 11 (2017) 047. 16/ 36

https://arxiv.org/abs/1706.09936


Off-shell production
dσgg→H→ZZ

dM2
4`

∝
c2

g · c2
Z

(M2
4` −m2

H)2 + m2
HΓ2

H

Sources: N. Kauer, G. Passarino, JHEP08 (2012) 116, F. Caola, K. Melnikov, PRD 88 (2013) 054024, J. Campbell et al. JHEP04 (2014) 06017/ 36

https://arxiv.org/abs/1206.4803
https://arxiv.org/abs/1307.4935
https://arxiv.org/abs/1311.3589


Off-shell production @ ATLAS
• m4` fit for SM off-shell production (left) & ML discriminant (right)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/


Off-shell signal strength

• 6 signal regions

• µoff−shelll = 0 excluded at
3.2 (2.4) σ obs. (exp). ⇒
evidence for off-shell production.

• Best-fit: µoff−shelll = 1.1+0.6
−0.6
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/
https://arxiv.org/abs/2202.06923


Interpretation in terms of ΓH

• Reminder:

σoff−shell

σon−shell
∝ ΓH

• ΓH/ΓSM
H = 1.1+0.6

−0.6

• ΓH = 4.6+2.6
−2.5 MeV
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−1.7 MeV reached by CMS, Nature Physics 18 (2022). 20/ 36

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/
https://arxiv.org/abs/2202.06923


Interpretation: Caveat

• ΓH extracted from:

σoff−shell

σon−shell
∝ ΓH

• Assumption:µoff−shell/µon−shell = 1.

• Generally not valid in presence of
BSM physics [1].
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[1] C. Englert, Y. Soreq, M. Spannowsky JHEP 05 (2015) 145. 21/ 36

https://arxiv.org/abs/1410.5440
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LHC Schedule

LHC HL-LHC 

Image credit: L. Brost’s talk @ Higgs2022 23/ 36

https://indico.cern.ch/event/1135177/contributions/4878400


Proton-proton dataset

Image credits: https://lhc-commissioning.web.cern.ch & L. Brost’s talk @ Higgs2022 24/ 36

https://lhc-commissioning.web.cern.ch/schedule/images/LHC-nominal-lumi-projection.png
https://indico.cern.ch/event/1135177/contributions/4878400


ATLAS Phase-II upgrade

Annotation credits: L. Brost’s talk @ Higgs2022 25/ 36

https://indico.cern.ch/event/1135177/contributions/4878400


Higgs Mass @ HL-LHC
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-007/index.html


Higgs couplings @ HL-LHC

κ2
j =

σj
σSM
j

or κ2
j =

Γj

ΓSM
j

Uncertainty:

• Gauge boson couplings: 1.5% - 2.5%

• 3rd gen fermions: 2% - 4%

• Dominated by theory uncertainty.
• Assumption: 1/2 Run2 uncertainty.
• How will we achieve this 1/2?
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Higgs-muon coupling @ HL-LHC
• H→ observation feasible with ∼ 300 fb−1 of data
• By end of HL-LHC: ∆κµ/κµ ∼ 3%
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Source: CMS-FTR-21-006. Note: the projection uses HL-LHC detector resolution. 28/ 36

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/index.html


Higgs-charm coupling @ HL-LHC
• ATLAS: |κc | < 3

• CMS: µVH,H→cc̄ = 1.0± 0.6 stat.± 0.5 syst.

Source: Snowmass White Paper: ATL-PHYS-PUB-2022-018. Constraints from differential x-section measurements not yet part of projections!29/ 36

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/


Higgs-charm coupling @ LHCb
• Run1: |κc | < 80, 2 fb−1 of data

• HL-LHC: |κc | < 2− 3, 300 fb−1 of data

Sources: LHCb-CONF-2016-006,LHCC-G-171, CERN-LPCC-2018-04 30/ 36

http://inspirehep.net/record/1487345
https://cds.cern.ch/record/2636441/
https://cds.cern.ch/record/2650162/


The Higgs Potential

Credit: The Nobel Foundation
Susanne Jardeback (artist)

Lovisa Engblom(reproduction)



Higgs potential

V (H) =
1

2
m2

HH
2 + λ3vH

3 +
1

4
λ4H

4

SM :λ3 = λ4 = λSM = m2
H/(2v 2)

Define :κλ = λ3/λ
SM
3

No sensitivity to λ4 @ LHC

Probe κλ: HH production.
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HH production

HH production cross-sections and event shapes sensitive to κλ.

Image credit: Katherine Laney 33/ 36



HH production @ LHC
Signal strength:

σ(pp→HH)/σ(pp → HH)SM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/


Higgs potential @ HL-LHC
• Observation?
• HH signal strength: 22% stat. and 33%

−30% stat. ⊕ syst.
• κλ 1-σ interval: [0.7,1.4] stat. and [0.5,1.6] stat. ⊕ syst.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/


Take-aways
Higgs width:

• Key for knowledge of all Higgs couplings.

• Off-shell production: ∆ΓH/ΓSM
H ∼ 60%.

• Caveat: assumptions about BSM.

Higgs potential:

• Main probe: HH production.

• HH @ HL-LHC: close to observation.

• HH: an incomplete probe; no λ4.

Future colliders: key for both areas.
Image credits: Nature Picture Library and The Nobel Foundation, S. Jardeback (artist), L. Engblom(reproduction). 36/ 36

www.naturepl.com
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Off-shell production

• Interference in H∗→ZZ events:

• SM: deficit of events at high m4`

wrt non-resonant background. 500 1000
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https://arxiv.org/abs/2202.06923


Interpretation: Caveat
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Model-independent measurement of ΓH: key task for future colliders.

Figures: CMS, Nat. Phys. (2022), C. Englert et. al, JHEP 05 (2015) 145. 39

https://arxiv.org/abs/2202.06923
https://arxiv.org/abs/1410.5440

