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Motivation

e Trilinear coupling A can probe the shape of the Higgs potential
V(H) = %mI%{Hz + Ay vH? + ...

e Directly probed via di-Higgs searches
e Higgs couplings are potential portals to new physics
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HH Production at LHC

e Small cross section: challenging to measure

® Two major production modes: ggF, VBF
e Additional modes: VHH, ttHH
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~11% increase in the cross section at 13.6 TeV
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Overview of Searches

® EXxtensive searches
performed during Run 2 in
all major decay modes bb
® Machine learning
algorithms and
optimizations widely used
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HH—bbbb resolved

e Event selection: = 4 jets, with > 3 b-tagged

e H products are reconstructed as individual small radius jets
e Data driven method to estimate multi-jet background
e Using the 3 b-tagged and 4 b-tagged Control Regions
e BDT used to separate ggF and VBF, and to further separate ggF and

background

e Observed (expected) results:

® opyu <39 (7.8) x oSM

o —23(-50)<xn<94(12)
o —0.1(-04) <xov<2.2(25)
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HH—bbbb boosted

138 fb™' (13 TeV)
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e Event selection: >= 2 large-cone jets with pr = 300 GeV CcMs
e H products boosted into two merged jets ' I oo oo . ver
e ParticleNet algorithm used to identify H decays vs QCD background 3 We-oo Wl
. . . . O} .V+jets.W
e GNN algorithm tagging 2-prong resonance in a large cone jet 2
e DNN bjet energy regression used to improve mass resolution g 8
e Observed (expected) results: i i
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1 tn + 1 T (hadronic or leptonic) + = 2 jets
Event categorized based on production modes and final state particles
DNNs used to distinguish signal from background in each category

Observed (expected) results:
® opp<3.3(5.2) x oM

o —18(-30)<xr<8.8(9.9)

® (04(-0.6)<kav<<26(2.8)
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e More statistics limited, but clean signal due to the narrow
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e Very similar to signal. Much more challenging
e Trained DNN to tag and reject

w
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e DNN regression to improve mp, resolution :
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HHH— 4b2vy

® Probes A3 and A4 simultaneously
® Provides unique insight to Higgs potential ,

20999999 H /

V(h) = im,h* + Asvh® + 3 A4h* R Y |

e Train BDTs to reject resonant and non-resonant backgrounds
e Data driven method to estimate fake photon background

® (bserved (expected) results:
o -16.1(-13.8) <3 <20.2(18),-533(-397) < s < 541(406)
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HH parking triggers:
e ParticleNet tagger

® Directly improves signal efficiency
e Allows for better data driven background

estimation

Machine learning algorithm for b-jet tagging

and energy regression

e ParticleNet and ParticleTransformer
® Better tagging efficiency
e Better resolution for jet pT and myjj

Improved background estimation techniques

And more!
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Run 2 HH Combination

e Combining all available channels in Run 2
e QOverlap removal resulted in slight shifts in
individual channels
e Updated uncertainties and signal cross section
e Combined sensitivity observed (expected):
® oyn<3.5(2.5) x oM

o —14(-2.29)<xn<643 (7.95)
® 0.63(062)<xKxov<14(141)
ooy = 0 scenario 1s excluded for all
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H+HH Combination

® Single Higgs boson processes are sensitive to k) through EW corrections
e Example: differential ttH analysis probing k) (CMS-PAS-HIG-23-015)

e Combine with constraints from single Higgs channels:
e-12(-2.0) <xa< 7.5(7.7). Other H coupling fixed

o —1.4(=2.3) <1< 7.8 (7.8). Other H coupling floated

® The 2D exclusion plot significantly constrained by single H
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EFT Interpretations

e Studied the cross section 2 HEFT benchmark sets of coupling modifier
combinations (ka, K¢, C2, Cg , C2¢ ) and ¢z coupling modifier alone

CMS Prelimina 138 fb' (13 TeV)
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® Mapping between Ky, #t and ¢2 and the parameters of each
model, to extract constraint
o Complementary to EFT interpretation and resonant searches
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HL-LHC Projection

e Several scenarios studied for projection
e SI: standard systematics for legacy Run 2 with statistical errors scaled with VL
e S2:S1 with reduced systematic uncertainties + halved theory uncertainties + zero MC stat
e S3:S2 + additional impact of improvements in specific object reconstruction (5% improvement in b-jet and new thad
performance)

e Evidence for HH production by ~2000 fb-1 in CMS at the HL-LHC in S2
e Combination with ATLAS: shown in Shin-Shan Yu 's talk
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Summary

e HH signatures well covered with full Run 2 datasets
e Directly probes Higgs potential and Higgs quartic gauge coupling
e Strong constraints obtained on the HH cross section and oy
e HHH search offers insights to both A3 and A4
o CMS expects to see evidence around 2000 tb-! in HL-LHC projection
® Secarches with early Run 3 data to be expected 1n the near future
e Expected improvements 1n trigger, object reconstruction, etc

R. Zou (Cornell) August 26, 2025



Backup
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VBF Cross section Combined
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