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Motivation

Bump search: test resonant BS
 Spin 0 and spin 2 hypothese
 2HDM, NMSSM, TRSM, WED...




Test BSM w/ anomalous couplings: , , , 
 deviations may lead to diffs. in HH production 

rates and kinematic
 small SM HH cross-section because of △-□ 

interference

kλ k2kt kV
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Non-resonant

Resonant

ggF ggFVBF VBF VBF

ggFVBF

△ dominates 
for large kλ

△ □



Motivation: EFT

A. Carvalho et al, Capozi et al, Buchalla et al

ggF
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Benchmarks

bbɣɣ

 Probe effects from resonances with very high mass at 
lower energy scale
 BSM effects on ggF HH production can be studied 

through EFT model with
 Explore sensitivity to BSM EFT couplings with EFT 

benchmark points
 based on test statistic measuring kinematics’ similarit
 allow extrapolation between different points

 three new coupling

https://link.springer.com/article/10.1007/JHEP04(2016)126
https://link.springer.com/article/10.1007/JHEP03(2020)091
https://link.springer.com/article/10.1007/JHEP09(2018)057


Production → HH → Decay


 ,  and VHH productio
 Large variety of HH channel

 trade-off between selection 
purity and branching ratio

ggF VBF
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k2V=0 excluded at 6.6σ

-1.24 < kλ < 6.49 

0.67 < k2V < 1.38

https://cds.cern.ch/record/2853338?ln=en
https://cds.cern.ch/record/2853338?ln=en
https://cds.cern.ch/record/2853597?ln=en
https://cds.cern.ch/record/2853597?ln=en
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://link.springer.com/article/10.1007/JHEP07(2023)095
http://dx.doi.org/10.1007/JHEP06(2023)130
https://cds.cern.ch/record/2840773?ln=en
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802


Non-res. Run2 Combination
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σHH < 3.4 (2.5) < σ
SM

HH

-1.24 < kλ < 6.49 

0.67 < k2V < 1.38

k2V=0 excluded at 6.6σ

New!

JHEP 03 (2021) 257

JHEP 07 (2023) 095

JHEP 06 (2023) 130

PAS-HIG-21-005

PAS-HIG-21-014

JHEP 03 (2021) 257

Nature 607 (2022)

Nature 607 (2022)

Nature 607 (2022)

PRL 131 (2023) 041803
PRL 129 (2022) 081802

boosted + resolved

https://link.springer.com/article/10.1007/JHEP03(2021)257
https://link.springer.com/article/10.1007/JHEP07(2023)095
http://dx.doi.org/10.1007/JHEP06(2023)130
https://cds.cern.ch/record/2853597?ln=en
https://cds.cern.ch/record/2840773?ln=en
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802


Resonant Run2 Combination*
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Spin 0 Radion

Spin 2 Graviton

low m
X

X→HH

* Assumes NWA and SM Higgs BR

X→HH

X→HY(→bb)
X→HY(→bb)

high m
X

bbɣɣ: PAS-HIG-21-011

bbɣɣ: PAS-HIG-21-011

bbττ: JHEP 11 (2021) 057 bbbb: PRB 842 (2023) 137392

bbbb: PAS-B2G-20-004

bbWW: JHEP 05 (2022) 005

bbWW: JHEP 05 (2022) 005

multilepton: JHEP 07 (2023) 095

bbɣɣ: PAS-HIG-21-011

multilepton: JHEP 07 (2023) 095

ggF

https://cds.cern.ch/record/2815230?ln=en
https://cds.cern.ch/record/2815230?ln=en
https://link.springer.com/article/10.1007/JHEP11(2021)057
https://www.sciencedirect.com/science/article/pii/S0370269322005263?via%3Dihub
https://cds.cern.ch/record/2777083?ln=en
https://link.springer.com/article/10.1007/JHEP05(2022)005
https://link.springer.com/article/10.1007/JHEP05(2022)005
http://dx.doi.org/10.1007/JHEP07(2023)095
https://cds.cern.ch/record/2815230?ln=en
http://dx.doi.org/10.1007/JHEP07(2023)095


VHH (→4b)
 VHH for the 1st time at CM

  (before H 
decay to b’s, without selection

 Complementary to ggF and VBF
 especially for 4 < kλ < 
 because xsec comparable to ggF 

and VBF H
 4 channels: 0/1/2 leptons and invis
 59 categories: resolv./bosted, mHH, 

#b-jets, signal- and tt-enhancemen
 BDT and NN classifiers are used as 

signal vs bkg. discriminant
 BDT defines regions sensitive to 

anomalous kλ or k2V hypoth.

~110 events expected

-14.0 (-10.2) < kWW < 15.4 (11.6)

-17.4 (-10.5) < kZZ < 18.5 (11.6)

VHH LO

σHH < 294 (124) < σSM
HH
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-37.7 (-30.1) < kλ < 37.2 (28.9)

-12.2 (-7.2) < k2V < 13.5 (8.9)

kλ

σ
N

LO
 [

fb
]

https://cds.cern.ch/record/2853338?ln=en


(X→)HH→bbWW

-7.2(-8.7) < kλ < 13.8 (15.2)

-1.1(-1.4) < k2V < 3.2 (3.5)

 2 channels: 1 or 2 ℓ’
 τ veto: orthogonality wrt. 

bbτ
 data-driven DY estimated 

w/ dedicated CR
 t, tt and W+jets shape 

from MC, normalized w/
ML fit

Res
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VBF

 DNN multi-classifier to separate 
signals vs. main bkg component
 the resonant analysis uses a 

parameterized DN
 Signal extraction from 1D fit of 

DNN scor
 2ℓ channel in the resonant 

analysis uses instead a DNN 
vs. estimated* mHH 2D fit 
(considering the 2 neutrinos)

ggF

*Heavy Mass Estimator

The analysis includes EFT limits + c2 scan

https://cds.cern.ch/record/2853597?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.035007


 kλ, X→HH/Y and EFT will be further constrained in the near futur
 new HH decay channels are being explore
 stats are still a limiting facto

 but ggF theory uncert. may become important in the futur
 consider

 we are close to SM HH sensitivity and k2V=0 was exclude
 Run-3 is an opportunity for improvement before the HL-LH

  will boost HH searche
 We should consider going beyond NW

 interesting inputs from theorists on HH res/non-res interf. effects

 H + HH combinations

improved trigger strategy

Run3 and beyond
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Nature 607 (2022)CERN-CMS-DP-2023-050

Indirect

Direct

Nature 607 (2022)

†see S. di Noi’s talk @ this workshop

bbbb bbττ

https://www.nature.com/articles/s41586-022-04892-x
https://cds.cern.ch/record/2868787?ln=en
https://www.nature.com/articles/s41586-022-04892-x
https://indico.cern.ch/event/1276727/timetable/?view=standard#15-higgs-gluon-coupling-in-sme
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub


Backup

Indico

https://indico.cern.ch/event/1276727/contributions/5643184/


HH→4b resolved

 Select jets with 4 highest DeepJet scor
 3 possible H pairs built w/ mH1 vs. mH2 diagona
 separate VBF and ggF categorie

 “ggF-killer” BDT increases purity in VBF categor
 additional low/high mHH split for gg

 QCD data-driven estimation using 3/4 b’s CR
 Fit BDT (mHH) in ggF (VBF) categories

VBF

ggF

-2.3 (-5.0) < kλ < 9.4 (12)

-0.1(-0.4) < k2V < 2.2 (2.5)

σVBF < 226 (412) < σSM
VBF

σHH < 3.9 (7.8) < σSM
HH
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802


HH→4b boosted

 2 AK8 jets w/ pT(H) > 300Ge
 Background: 85% QCD, 15% ttba
 PNet tagger for AK8 jet

 discriminate QCD vs. b-jet
 provides 4x improvement in bkg. 

rejection over DeepAK8-M
 pT-dependent calibration performed 

w/ data and QCD-enriched M
 PNet regressed jet mass mPNe

 improved bkg. rejection wrt mS

 ggF and VBF categories use PNet tagge
 ggF also uses BDT, which has 2x 

better bkg. rejection wrt. cut
 Simultaneous ML fit in all ggF and VBF 

categories, plus CRs (QCD and tt
 ggF: fit to PNet mass of one bb cand
 VBF: fit to mHH

VBFggF

-9.9 (-5.1) < kλ < 16.9 (12.2)

-0.62 (-0.66) < k2V < 1.41 (1.37)

-1.17 (-1.17) < kV < -0.79 (0.79) 
 0.81 (0.80) < kV < 1.18 (1.18)

U

U

σHH < 9.9 (5.1) < σSM
HH
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ggF

VBF

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803


HH→bbɣɣ

ttH analysis

 optimized categories based on 
modified mass and ggF/VBF BDT

 dedicated “ttH killer” DN
 Signal extracted from unbinned 2D 

mɣɣ vs. mbb parametric fi
 mɣɣ: sum of gaussian
 mjj: double crystal-ball + gaus

 HH+H combination: constrain κt w/ 
ttH phase-space

-3.3 (-2.5) < kλ < 8.5 (8.2)

-2.7 (-3.3) < kλ < 8.6 (8.6)

Include ttH

-1.3 (-0.9) < k2V < 3.5 (3.1)

-0.6 (-0.4) < k2 < 1.0 (0.9)

σHH < 7.7 (5.2) < σSM
HH

σVBF < 225 (208) < σSM
HH

+EFT limits

kt
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ggF VBF
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https://link.springer.com/article/10.1007/JHEP03(2021)257
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801


HH→WWɣɣ
 Signal extracted from mɣɣ parametric fi
 3 channels based on #lepton

 0: multiclass DNN to remove H and ɣ/jets bkgs. + 
binary DNN for EFT benchmark

 1: WWɣɣ id and “bbɣɣ killer” binary DNN
 2: cut based 


σHH < 96.8 (52.5) < σSM
HH

σEFT < 1.7 - 6.2 (1.0 - 3.9)

-25.8 (-14.4) < kλ < 24.1 (18.3)

-2.4 (-1.7) < c2 < 2.9 (2.2)

ggF
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https://cds.cern.ch/record/2840773?ln=en


HH→bbZZ
 H→ZZ taken from HIG-19-00
 Select 2 extra jets w/ highest 

DeepCSV scor
 “Fake” non-prompt leptons 

estimated from dat
 sources: e→ɣ conversion, 

misrec. jets, HF decay
 measure fake rate in Z + 1l + 

2jets regio
 apply fake rate in Z + 2l + 2jets 

regio
 Signal vs bkg. discrimination w/ 

BDT being fed full b-tagger 
distribution of jet
 year- and channel-dependent 

training

ggF

-8.8 (-9.8) < kλ < 13.4 (15.0)

σHH < 32.4 (39.6) < σSM
HH
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https://link.springer.com/article/10.1007/JHEP06(2023)130
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-19-001&tp=an&id=2200&ancode=HIG-19-001


HH→bbττ

 ID with DeepJet and DeepTa
 3 channels based on τ D
 Categories: resolved, boosted and 

VBF-lik
 Multi-classification approach to 

increase analysis sensitivity in the 
VBF categor
 2 signal + 3 bkg. classes

VBFggF

-1.8(-3.0) < kλ < 8.8 (9.9)

-0.4(-0.6) < k2V < 2.6 (2.8)

 Fit the DNN scor
 most important features: DeepJet scores, inv. masses 

and many kinematic variable
 two discriminators to enable inference on the entire 

datase
 ten networks per discriminator trained with 10-fold 

stratified cross-validation

σHH < 3.3 (5.2) < σSM
HH

σVBF < 124 (154) < σSM
VBF
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https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub


X→HH→4b

 3 categories: 2 Tight (DeepJet) AK8 
tags, 2 Loose AK8 tags and semi-
resolved (2 AK4 + 1 AK8

 2 control regions (orthogonal 
DeepJet tag

 QCD and ttbar+jets bkgs. estimated 
from MC and data “reduced mass” 
mred sideband

 mred mitigates fluctuations by JER 
and mass resolution

 2D binned fit to (mlead jet, mred)
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Resonant
Spin 0 Spin 2

https://cds.cern.ch/record/2777083?ln=en


X→HY→4b

 ttbar bkg. w/ 3 categories: fully-
merged bqq, semi-merged bq and 
othe

 estimated from MC + corrections 
based on leptonic data region

 QCD estimated in 2D regions of PNet 
score for H/Y→bb candidate

 not the same regions used for ttba
 PNet provides 4x improvement in 

bkg. rejection over DeepJet-M
 Signal extraction via fit to inv. mass of 

two leading AK8 jets and soft drop 
mass of “Y-jet”
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Resonant

top quark mSD

https://cds.cern.ch/record/2777083?ln=en


X→HH/Y→bbɣɣ

 ttH-killer removes resonant 
backgroun

 Use mjjɣɣ - mjj - mɣɣ instead of mjjɣ

 Multiclass BDT discriminates signal 
from non-res. bkg. in 6 different mX/
mY range

 defined based on “boost factor”
 Categories are defined my 

maximizing the Punzi FOM on top of 
the BDT’s outpu

 Signal extracted from unbinned 2D 
mɣɣ vs. mbb parametric fi

 mɣɣ: sum of gaussian
 mjj: double crystal-ball + 

gaussia
 polynomials, exp. or power law 

for background

*arXiv:1303.6636 20

Resonant

90

largest deviation: 

3.8 (2.8) local (global)

https://cds.cern.ch/record/2815230?ln=en
https://arxiv.org/pdf/1303.6636.pdf


X→HH→bb+leptons (boosted)

 Covers 2 final states:
 bbWW* → bbℓνq
 bbWW and bbττ → bbℓℓ (cleaner

 Bkgs.: ttbar, QCD, W/Z+jet
 H→bb w/ AK8 jet + substructur
 No W* mass constraints since it is off-shel
 Categorize based on DeepAK8-MD WP

 1ℓ channel: add N-subjetiness categ
 4 indep. bkg. component templates based 

on #gen quarks within ∆R<0.8 of the bb 
jet

 mt bkg.: 3 quarks (from top decay
 mW bkg.: 2 quarks (from W/Z decay
 lost t/W bkg.: 1 quar
 q/g bkg.: 0 quark

 2 CRs w/ and wo/ top contributio
 Simultaneous 2D fit in the mbb-mHH plane

21

Resonant

Fit Result

CRs

https://link.springer.com/article/10.1007/JHEP05(2022)005


HH→Multilepton (4V, 2V2τ, 4τ)

 7.7% BR in tota
 7 channels, depending on multipl. of 

hadronic τ, electrons and muon
 Train 3 BDTs (spin0/2, nonres) per 

channel, parameterized on EFT 
benchmarks and resonance mas

 Background estimatio
 fakes: fake factor metho
 lepton charge flip: from dat
 irred. + photon conversion: from M

 ML fit inputs: 1 BDT / channel + 2 CR
 full stats used for BDT trainin

 2 CRs to constrain WZ and ZZ bkgs.

VBF ResggF

σHH < 21.8 (19.6) < σSM
HH

-1.05(-0.96) < c2 < 1.48 (1.37)

-3.4(-2.72) < k2V < 5.54 (4.82)

-7.0(-7.0) < kλ < 11.2 (11.7)

+ JHEP03 benchmarks
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https://link.springer.com/article/10.1007/JHEP07(2023)095


X→HY→bbττ

23*adapted from this    †τ-embeding   ††as described here

Resonant

 eτh, μτh and τhτh channel
 At least one DeepJet b-je
 bbττ mass kin. fit* w/ mττ=125 GeV to 

estimate τ energies before deca
 improved reco mbbττ resolutio

 Background estimation
 data-driven τ-embedding† for Z / tt 

/ diboson → ττ (genuine τ’s
 transfer factors†† for jet→τh misid 

(QCD, W+jets and tt) based on 
DeepTau WPs and

 MC for the rest (single H, Z / tt / 
diboson → prompt e or μ

 Multiclass DNN as binned final discrim
 5 categ.: signal, ττ, tt, jet→τh, other
 68 indep. trainings to avoid perform. 

loss due to many mass hypothesis

https://link.springer.com/article/10.1007/JHEP11(2021)057
https://www.sciencedirect.com/science/article/pii/S0370269316000757?via%3Dihub
https://cms.cern.ch/iCMS/analysisadmin/getcfile?comment=6174
https://link.springer.com/article/10.1007/JHEP09(2018)007


CMS Internal links
HIG-22-006

HIG-22-006

HIG-21-005

HIG-21-005

HIG-21-002
HIG-21-002

HIG-20-004

New!

New!

New!

New!
HIG-21-014

HIG-19-018

HIG-19-018

B2G-22-003
boosted + resolved

HIG-20-005

B2G-22-003
boosted + resolved

HIG-20-005

HIG-20-010

HIG-20-010

Nature 607 (2022) Nature 607 (2022)

Included!
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k2V=0 excluded at 6.6σ

-1.24 < kλ < 6.49 

0.67 < k2V < 1.38

https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-22-006&tp=an&id=2576&ancode=HIG-22-006
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-22-006&tp=an&id=2576&ancode=HIG-22-006
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-005&tp=an&id=2420&ancode=HIG-21-005
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-005&tp=an&id=2420&ancode=HIG-21-005
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-002&tp=an&id=2412&ancode=HIG-21-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-002&tp=an&id=2412&ancode=HIG-21-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-004&tp=an&id=2315&ancode=HIG-20-004
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-014&tp=an&id=2459&ancode=HIG-21-014
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-19-018&tp=an&id=2296&ancode=HIG-19-018
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-19-018&tp=an&id=2296&ancode=HIG-19-018
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-22-003&tp=an&id=2551&ancode=B2G-22-003
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-005&tp=an&id=2316&ancode=HIG-20-005
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-22-003&tp=an&id=2551&ancode=B2G-22-003
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-005&tp=an&id=2316&ancode=HIG-20-005
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-010&tp=an&id=2362&ancode=HIG-20-010
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-010&tp=an&id=2362&ancode=HIG-20-010
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
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σHH < 3.4 (2.5) < σ
SM

HH

-1.24 < kλ < 6.49 

0.67 < k2V < 1.38

k2V=0 excluded at 6.6σ

New!

Included!

Nature 607 (2022)

HIG-20-010

HIG-19-018

HIG-21-002

HIG-20-004

HIG-21-005

HIG-21-014

B2G-22-003
boosted + resolved

HIG-20-005

https://www.nature.com/articles/s41586-022-04892-x
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-010&tp=an&id=2362&ancode=HIG-20-010
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-19-018&tp=an&id=2296&ancode=HIG-19-018
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-002&tp=an&id=2412&ancode=HIG-21-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-004&tp=an&id=2315&ancode=HIG-20-004
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-005&tp=an&id=2420&ancode=HIG-21-005
https://twiki.cern.ch/twiki/bin/view/CMS/HIG-21-014
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-22-003&tp=an&id=2551&ancode=B2G-22-003
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-005&tp=an&id=2316&ancode=HIG-20-005


CMS Internal links
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Spin 0 Radion

Spin 2 Graviton

low m
X

X→HH

* Assumes NWA and SM Higgs BR

X→HH

X→HY(→bb)

X→HY(→bb)

high m
X

bbɣɣ: HIG-21-011

bbɣɣ: HIG-21-011 bbττ: HIG-20-014 bbbb: B2G-21-003

bbbb: HIG-21-004

bbWW: B2G-20-007

bbWW: B2G-20-007

multilepton: HIG-21-002

bbɣɣ: HIG-21-011

multilepton: HIG-21-002

ggF

https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-011&tp=an&id=2449&ancode=HIG-21-011
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-011&tp=an&id=2449&ancode=HIG-21-011
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-014&tp=an&id=2381&ancode=HIG-20-014
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-011&tp=an&id=2449&ancode=B2G-21-003
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-20-004&tp=an&id=2314&ancode=B2G-20-004
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-20-007&tp=an&id=2348&ancode=B2G-20-007
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=B2G-20-007&tp=an&id=2348&ancode=B2G-20-007
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-002&tp=an&id=2412&ancode=HIG-21-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-011&tp=an&id=2449&ancode=HIG-21-011
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-002&tp=an&id=2412&ancode=HIG-21-002

