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Outline
• Higgs production
• VH and VBF Higgs production
• HH production
• VHH production
• Triboson (WWV, ZZV)

38/23/22 Lailin Xu



Inclusive Higgs production
a few representative results

See more details in the dedicated talk by Changqiao

48/23/22 Lailin Xu

https://indico.cern.ch/event/932480/timetable/?view=standard


Higgs productions

58/23/22 Lailin Xu

ATLAS: Nature 607 (2022) 52-59
CMS: Nature 607 (2022) 60-68

>5s observation for all production modes except for tH
H→WW, ττ, ZZ, γγ now all at precisions ~10%
H→µµ, Zγ with a significance of ~2s

https://doi.org/10.1038/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x


Higgs couplings

68/23/22 Lailin Xu



Differential cross-sections

78/23/22 Lailin Xu

ATLAS: arXiv:2207.08615
CMS: CMS-PAS-HIG-19-016

https://arxiv.org/abs/2207.08615
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html


VH and VBF Higgs production

88/23/22 Lailin Xu



VH
• VH associated production:

– Provides the best sensitivity to Hàbb and Hàcc decays and the 𝑉𝐻 production 

98/23/22 Lailin Xu

VH (full Run2) ATLAS CMS
VH(bb) resolved EPJC 81 (2021) 178
VH(bb) boosted PLB 816 (2021) 136204

VH(bb) boosted +resolved ATLAS-CONF-2021-051
VH(cc) EPJC 82, 717 (2022) arXiv:2205.05550

VH(WW*) CMS-PAS-HIG-19-017

Not covered:
VH resonance searches, ATLAS arXiv:2207.00230

https://doi.org/10.1140/epjc/s10052-020-08677-2
https://doi.org/10.1016/j.physletb.2021.136204
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/
https://doi.org/10.1140/epjc/s10052-022-10588-3
http://arxiv.org/abs/2205.05550
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html
https://arxiv.org/abs/2207.00230


ATLAS VHbb combination
• ATLAS previously performed separate VHbb measurements in the resolved and

boosted regimes
– Both measurements define 3 channels: 𝑍𝐻 → 𝑣𝑣𝑏𝑏(0-lep),𝑊𝐻 → 𝑙𝑣𝑏𝑏(1-lep), 𝑍𝐻 → 𝑙𝑙𝑏𝑏(2-lep),
– With significant overlapping events

• New combination aimed to make them orthogonal
– 𝑝!" < 400 GeV: resolved; 𝑝!" > 400GeV: boosted

108/23/22 Lailin Xu

ATLAS-CONF-2021-051

• Statistical model adapted to obtain a coherent 
description of the common leading background 
contributions and systematic uncertainties

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/


ATLAS VHbb combination
• Combined measurements

– Consistent with previous measurements, but with improved EFT sensitivities

118/23/22 Lailin Xu



VH(cc)
• Three lepton channels: 𝑍𝐻 → 𝑣𝑣𝑐𝑐(0-lep),𝑊𝐻 → 𝑙𝑣𝑐𝑐(1-lep), 𝑍𝐻 → 𝑙𝑙𝑐𝑐(2-lep)

128/23/22 Lailin Xu

ATLAS: EPJC 82, 717 (2022)
CMS: arXiv:2205.05550

VH (full Run2) ATLAS CMS
𝐻 → 𝑐𝑐

reconstruction
resolved boosted resolved

c-tagging DL1, a deep neural 
network

ParticleNet, a graph neural 
network

DeepJet

Categorization 2 𝑝!" bins x
(1-c-tag and 2-c-tag)

BDT x 3 cc-tagging regions

Fitting
discriminants

mHcc mHcc BDT

CMS ParticleNet tagger:
~5x better H→bb rejection
~5x better V+jet rejection
>2x improvement in the final sensitivity

ATLAS uses a c-tagger that includes a b-
tag veto on MV2c10@70% to establish 
orthogonality with VH(bb) and allows the 
combination

https://doi.org/10.1140/epjc/s10052-022-10588-3
http://arxiv.org/abs/2205.05550


VH(cc)
• Constraints on 𝜇./(11)

138/23/22 Lailin Xu

𝜇"#(%%) ATLAS CMS
Obs. 35 14.4
Exp. 40 7.60



VH(cc)
• Constraints on 𝜅3

148/23/22 Lailin Xu

𝜅' ATLAS CMS
Obs. |𝜅'| <8.5 1.1 < |𝜅'| <5.5
Exp. |𝜅'| <12.4 |𝜅'| <3.4



CMS VH(WW*)
• Experimental signatures:

– 𝑊 → 𝑙𝜈, 𝑍 → 𝑙𝑙 and H → 𝑊𝑊∗ → 𝑙𝜈𝑙𝑣/𝑙𝑣𝑞𝑞
– Four final states: 𝑊𝐻 → 2𝑙2𝜈𝑞𝑞 (WHSS), 𝑊𝐻 → 3𝑙3𝜈(WH3l), 𝑍𝐻 → 3𝑙𝜈𝑞𝑞 (ZH3l), 

and 𝑍𝐻 → 4𝑙2𝜈(ZH4l)

158/23/22 Lailin Xu

• Non-negligible contribution from
H → 𝜏𝜏 is also considered as the
signal

CMS-PAS-HIG-19-017

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html


CMS VH(WW*)
• Main backgrounds: WZ, ZZ, Z𝛾∗

– Dedicated control regions to constrain WZ, Z𝛾∗ and ZZ respectively
• Signal extraction:

– 𝑚𝐻 for WHSS and ZH3l
– BDT discriminants for WH3l and ZH4l

168/23/22 Lailin Xu

WH3lWHSS
ZH4l



CMS VH(WW*)
• Signal strengths measurements:

– For inclusive VH production: observed(expected) 4.7(2.8) 𝜎
– Also in two 𝑝() bins: 𝑝() < 150 𝐺𝑒𝑉 and 𝑝() > 150 𝐺𝑒𝑉

178/23/22 Lailin Xu



ATLAS VBF H𝛾
• A unique Higgs production mode to be explored
• The presence of an isolated high-energy 𝛾 helps suppress the background

188/23/22 Lailin Xu

JHEP 03 (2021) 268

• Main background: non-resonant 𝑏𝑏𝛾𝑗𝑗
production and resonant 𝑍(→𝑏𝑏)𝛾𝑗𝑗 production
– parameterized with analytic functions derived from 

simulated events or data sideband regions

Z boson fusion
suppressed

https://link.springer.com/article/10.1007/JHEP03(2021)268


ATLAS VBF H𝛾
• BDT is used to discriminate the signal from the background
• Signal extraction: fit to mbb distributions in 3 BDT bins

– Observed: 𝜇𝐻 = 1.3 ± 1.0, 1s significance

198/23/22 Lailin Xu



HH production

208/23/22 Lailin Xu



Non-resonant hh production
• Direct probe of the trilinear Higgs self-coupling 𝜅6
• Main production processes: ggF and VBF

218/23/22 Lailin Xu

The VBF production has unique sensitivity to 𝜅()



Search channels

228/23/22 Lailin Xu

• No Golden channels

• Decay channels with large Br’s may
lead to challenging signatures

• Exploring a mixture of different Higgs
decay channels to increase the
sensitivity



Search channels

238/23/22 Lailin Xu

ATLAS CMS
4b (resolved) ATLAS-CONF-2022-035 arXiv:2202.09617 both ggF and VBF
4b (boosted) arXiv:2205.06667 both ggF and VBF

VBF 4b resolved JHEP 07 (2020) 108
𝑏𝑏𝜏𝜏 ATLAS-CONF-2021-030 arXiv:2206.09401
𝑏𝑏𝛾𝛾 arXiv:2112.11876 JHEP03(2021)257

𝑏𝑏𝑍𝑍(4𝑙) arXiv:2206.10657
𝑏𝑏 +𝑊𝑊/
𝑍𝑍/𝜏𝜏(𝑙𝑣𝑙𝑣)

PLB 801 (2020) 135145

4𝑊,𝑊𝑊𝜏𝜏, 4𝜏 arXiv:2206.10268
Combination ATLAS-CONF-2022-050 Nature 607 (2022) 60-68

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://arxiv.org/abs/2202.09617
https://arxiv.org/abs/2205.06667
https://link.springer.com/article/10.1007/JHEP07(2020)108
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://arxiv.org/abs/2206.09401
https://arxiv.org/abs/2112.11876
https://doi.org/10.1007/JHEP03(2021)257
https://arxiv.org/abs/2206.10657
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://arxiv.org/abs/2206.10268
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://www.nature.com/articles/s41586-022-04892-x


Combined limits on 𝜇!!

248/23/22 Lailin Xu

ATLAS-CONF-2022-050 Nature 607 (2022) 60-68

𝜇** ATLAS CMS
Obs. 2.4 3.4
Exp. 2.9 2.5

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://www.nature.com/articles/s41586-022-04892-x


Combined limits on 𝜅"

258/23/22 Lailin Xu

Nature 607 (2022) 60-68ATLAS-CONF-2022-050

𝜅+ ATLAS CMS
Obs. (-0.6, 6.6) (-1.24, 6.49)
Exp. (-2.1, 7.8)

https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


Combined limits on 𝜅#$

268/23/22 Lailin Xu

Nature 607 (2022) 60-68ATLAS-CONF-2022-050

𝜅𝟐𝐕 ATLAS CMS
Obs. (0.1, 2.0) (0.67, 1.38)
Exp. (0.0, 2.1)

https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


Single + Double-Higgs combination
• Single-Higgs processes are indirectly sensitive to 𝜅6 via NLO EW 

corrections:

278/23/22 Lailin Xu

Universal correction 𝑶(𝜅+(): Higgs loops

Linear correction 𝑶(𝜅+): both process and kinematics dependent

• Simplified template cross-section (STXS) results are parametrized as a
function of (𝜅6, 𝜅;)

𝜅.: the other couplings modifier

ATLAS-CONF-2022-050

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


Single + Double-Higgs combination

288/23/22 Lailin Xu

3 most sensitive hh analyses

STXS results

𝜅$, 𝜅%, 𝜅&, 𝜅', 𝜅(floating
with 𝜅)( = 1



VHH production

298/23/22 Lailin Xu



ATLAS Vhh search
• First search for Vhh production at the LHC
• Rare process:

– 0.50 ± 0.01 fb for Whh, 0.36 ± 0.01 fb for Zhh (@NNLO QCD)
– Sensitive to 3 distinct Higgs couplings: 𝜅-, 𝜅.-, 𝜅/
– Also sensitive to resonances VHàVhh

• Experimental signatures
– 𝑍ℎℎ → 𝜈𝜈4𝑏 (0L), Wℎℎ → 𝑙𝜈4𝑏 (denoted by 1L), 𝑍ℎℎ → 𝑙𝑙4𝑏 (denoted by 2L)

308/23/22 Lailin Xu

ATLAS-CONF-2022-043

𝜎**+ = 31.05Cb
𝜎",+ = 1.73Cb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-043/


ATLAS Vhh search
• Event selection:

– A leptonic W or Z candidate
– Two ℎ→ 𝑏𝑏 candidates by minimising the value of |𝑚ℎ1 − 120| + |𝑚ℎ2 − 120| GeV

• Main backgrounds: 𝑡 ̅𝑡, V+jets, constrained using data CRs

318/23/22 Lailin Xu



ATLAS Vhh search
• BDTs are used to improve the signal/background separation

– One for each channel (0/1/2-L)

328/23/22 Lailin Xu



ATLAS Vhh search
• Constraints on 𝜅IJ, 𝜅6

– Weaker sensitivity than ggF and VBF processes

338/23/22 Lailin Xu



Triboson production
focused on WWW

See other triboson(VV𝛾, V𝛾𝛾) results in talks by:
Bing Li, Andrew Gilbert, Andrew Michael Levin

348/23/22 Lailin Xu

https://indico.cern.ch/event/932480/timetable/?view=standard
https://indico.cern.ch/event/932480/timetable/?view=standard
https://indico.cern.ch/event/932480/timetable/?view=standard


WWW observation
• Direct measurement of gauge boson self-coupling

– Finely balanced cancellations between QGC, TGC, Higgs amplitudes needed to preserve unitarity at 
high CM energies

• First evidence for WWW and WWZ at ATLAS in 2019 (PLB 798 (2019) 134913)
– Partial Run 2 dataset 80 fb-1

– Observed: WVV 4.1𝜎, WWW 3.2𝜎
• First observation of VVV (V=W,Z) at CMS in 2020 (PRL125(2020)151802)

– Full Run-2 with 139 fb-1

– Observed: 5.7𝜎 (3.3𝜎 for WWW and 3.4𝜎 for WWZ)

358/23/22 Lailin Xu

https://doi.org/10.1016/j.physletb.2019.134913
http://dx.doi.org/10.1103/PhysRevLett.125.151802


ATLAS WWW observation
• New measurements

– Full Run-2 with 139 fb-1

– Final states considered: WWWà2l2vjj, 3l3v with l=e, µ

368/23/22 Lailin Xu

Channel Detector Signatures 
𝑊±𝑊±𝑊∓ → 2𝑙2𝑣𝑗𝑗 𝑒±𝑒±𝑗𝑗 + 𝐸!/011

𝑒±𝜇±𝑗𝑗 + 𝐸!/011

𝜇±𝜇±𝑗𝑗 + 𝐸!/011

𝑊±𝑊±𝑊∓ → 3𝑙3𝑣 𝑒±𝑒±𝜇∓ + 𝐸!/011

𝜇±𝜇±𝑒∓ + 𝐸!/011

PRL 129 (2022) 061803

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.061803


ATLAS WWW observation
• For 2l2j: 𝑚𝑗𝑗 < 160 GeV, |Δ𝜂𝑗𝑗| < 1.5 required to reject same-sign WWjj
• Main Backgrounds : 

– 2l2j: WZ+2jets, non-prompt leptons (mainly ttbar), 𝛾 conversions
– 3l: WZ+0jets, non-prompt

378/23/22 Lailin Xu

Background estimation:
• WZ: three control regions defined,

0/1/2-jets
• non-prompt leptons and 𝛾 conversions:

fake-factor methods



ATLAS WWW observation
• Two BDTs used to improve signal to background separation in 2l2j and 3l SRs

– Using XGBoost

388/23/22 Lailin Xu



ATLAS WWW observation
• Signal extraction: binned likelihood fit to BDT 

distributions in SRs and 𝑚000 in WZ CRs
– Observed (expected) significance of 8.0(5.4)𝜎

398/23/22 Lailin Xu

Measured Predicted

s(ppàWWW) 820 ± 100 (stat.) ± 80 (syst.) fb 511 ± 18 (syst.) fb

SM prediction: NLO QCD + LO EW
• Sherpa 2.2.2 for on-shell WWW: 209 ± 17 fb 
• PowhegBox v2 for WHàWWW*: 302 ± 8 fb 

~2.6𝜎 discrepancy

• The inclusive 𝑝𝑝→𝑊𝑊𝑊 production 
cross section is measured
– 𝜎/231. = 𝜎5627. P 𝜇/231.



CMS VVV observation
• Combined production of VVV (V=W,Z) with full Run2 data

• BDTs used in 2l, 3l and 4l channels, cut-based for the others
– The 2l channel is subdivided into 3 categories: 1-jets, mjj-in(65 < mjj< 95 GeV), mjj-out
– The 3l channel is subdivided based on the number of SFOS lepton pairs: 0/1/2-SFOS

408/23/22 Lailin Xu

Process Theoretical cross 
section (NLO) σTOT x BR 

WWW 509 fb 54.0 fb 
WWZ 354 fb 4.12 fb 
WZZ 91.6 fb 0.36 fb 
ZZZ 37.1 fb 0.05 fb 

Production Decay channels

𝑊𝑊𝑊
𝑊±𝑊±𝑊∓ → 2𝑙2𝑣𝑗𝑗
𝑊±𝑊±𝑊∓ → 3𝑙3𝑣

𝑊𝑊𝑍 𝑊±𝑊∓𝑍 → 4𝑙2𝑣
𝑊𝑍𝑍 𝑊±𝑍𝑍 → 5𝑙1𝑣
𝑍𝑍𝑍 𝑍𝑍𝑍 → 6𝑙

PRL125(2020)151802

http://dx.doi.org/10.1103/PhysRevLett.125.151802


CMS VVV observation
• Summary of observations and predictions

418/23/22 Lailin Xu

In the most sensitive 
signal regions, 
approximately 1/3 of the 
VVV events come from 
VH production. 

PRL125(2020)151802

2l2j 3l
5l

4l
6l

Signal significance

http://dx.doi.org/10.1103/PhysRevLett.125.151802


CMS VVV observation
• Signal strength and cross-section measurements

– Observed: 5.7𝜎 (3.3𝜎 for WWW and 3.4𝜎 for WWZ)

428/23/22 Lailin Xu

𝝁𝑾𝑾𝑾 s(ppàWWW) Measured Predicted

ATLAS 1.61 ± 0.25 820 ± 100 (stat.) ± 80 (syst.) fb 511 ± 18 (syst.) fb
CMS 1.1523.5363.57(𝑠𝑡𝑎𝑡. )23.8363.8( 𝑠𝑦𝑠𝑡. 590297369:3(𝑠𝑡𝑎𝑡. )298369:3 𝑠𝑦𝑠𝑡. Db 509 (± ~10%) fb



Summary
• Multi-boson production involving the Higgs boson covers vibrant

Higgs/DiHiggs and EWK physics programs
– Higgs couplings: HVV, Higgs self-couplings, HHVV
– Gauge couplings: triple- and quartic-gauge couplings
– Essential to probe the nature of the EWSB

• Measurements provide invaluable test of the SM and also a unique
window to BSM physics

• Looking forward to Run-3 and beyond: a long and exciting journey ahead
of us

438/23/22 Lailin Xu



Summary

448/23/22 Lailin Xu

ATL-PHYS-PUB-2022-009
Nature 607 (2022) 60-68

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
https://www.nature.com/articles/s41586-022-04892-x


Backup

458/23/22 Lailin Xu



VH(cc)

468/23/22 Lailin Xu

ATLAS: arXiv:2201.11428
CMS: arXiv:2205.05550

https://arxiv.org/abs/2201.11428
http://arxiv.org/abs/2205.05550


Differential cross-sections

478/23/22 Lailin Xu

ATLAS: arXiv:2207.08615

https://arxiv.org/abs/2207.08615


ATLAS H+HH combination

488/23/22 Lailin Xu

ATLAS-CONF-2022-050

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


ATLAS WWW observation

498/23/22 Lailin Xu



ATLAS WWW

508/23/22 Lailin Xu

2l2j signal region

3l signal region



ATLAS WWW

518/23/22 Lailin Xu

Boosted Decision Tree Variables 


