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Motivation
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Ø After 125 GeV Higgs discovery, LHC experiments focused on 
studying the properties of this new particle (spin, couplings 
etc.).

Ø Yukawa coupling b/w Higgs boson and top quark: important 
SM parameter that needs to be measured.

Ø Sensitive to BSM physics, may shed light on how top quark 
affects electroweak symmetry breaking.  

Ø Although indirect constraints available (gluon fusion, H → 𝛾𝛾
loop contribution ), a direct measurement is possible only via 
studying top quark associated Higgs production (𝑡 ̅𝑡H, 𝑡H).

Ø In addition, tH process is also sensitive to sign of top-Higgs 
Yukawa coupling.

Ø This overview covers all major Run-2 CMS tH/t ̅𝑡H searches: 
𝒕𝒕̅H (H → 𝒃'𝒃),  
𝒕𝒕̅H (H → 𝜸𝜸), 
𝒕H/𝒕𝒕̅H (H → 𝑽𝑽∗) and 𝒕H/𝒕𝒕̅H (H → 𝝉"𝝉#).

(*V= W/Z boson)

LO Feynman Diagrams for 𝒕𝒕̅H 

LO Feynman Diagrams for 𝒕H 

𝝈𝒕𝒕𝑯 = 𝟓𝟎𝟔. 𝟓 𝒇𝒃

𝝈𝒕𝑯𝒒 = 𝟕𝟒. 𝟑 𝒇𝒃

𝝈𝒕𝑯𝑾 = 𝟏𝟓. 𝟐 𝒇𝒃
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General strategy
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Covered by tH/𝒕𝒕̅H Multi-lepton analysis 

* Matrix element method   @ Boosted Decision tree  # Deep Neural Network

Ø Categorization used to separate events based on final states and event topology.

Ø Reducible backgrounds determined directly from data, irreducible backgrounds taken from MC and checked 
in data control regions.

Ø Signal-background separation in each category performed by shape analysis.  Maximum Likelihood fit on 
the distribution of one “discriminating observable” (typically output of BDT/DNN @), performed for signal 
extraction.

Ø Analysis sensitivity improved by using discriminants computed with MEM , BDT or DNN#. 

Ø 𝒕𝒕̅H (H→𝒃$𝒃)
§ Large BR, sensitivity limited by systematic uncert. (on irreducible 

𝑡 ̅𝑡 + 𝑏'𝑏 background).
§ Shape analysis with DNN/MEM* to achieve optimal S/B.

Ø 𝒕𝒕̅H (H → 𝜸𝜸)
§ High signal purity, small BR => analysis sensitivity statistically 

limited.
§ Possible to probe CP structure of Higgs

Ø 𝒕H/𝒕𝒕̅H Multi-lepton
§ Use of categories based on lepton and/or hadronic tau 

multiplicity.
§ Sufficient event yields, signal purities =>  most sensitive channel.
§ Mix of H → 𝑽𝑽* and  H → 𝝉!𝝉" contributing to each category.



Analysis level objects
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Ø Particle Flow (PF) algorithm used for global event reconstruction: full use of sub-detector information.

Ø Jets reconstructed using anti-kT algorithm (R =0.4) using output of PF algorithm. 

Ø b-Jets identified by DNN-based discriminator (DeepCSV) including impact parameter significance and 
track based lifetime information. Most analysis use working point corresponding to 70% (1%) b-tagging 
efficiency (light jet mis-tag rate).

Ø Muons identified by PF based selections designed to reduce muons fakes from pions/kaons and punch 
through hadrons. 

Ø Electrons identified via multi-variate (BDT) based discriminators which include electron shower shape 
variables. 

Ø Hadronic Taus (𝝉𝒉) identified via reconstructing the individual hadronic tau decay modes: 1Prong-0π0, 
1Prong-1π0, 1Prong-2π0 and 3Prong-0π0 inside PF jets and qualifying strict isolation criteria. Dedicated 
DNN (DeepTau) based selections further reduce e → 𝜏ℎ and μ → 𝜏ℎ and quark/gluon jet → 𝜏ℎ fakes.

Ø Photons (𝜸) identified as ECAL energy clusters not linked to PF charged track. Dedicated shower shape-
based clustering and MVA regression is used to recover the full energy of both converted and 
unconverted photons inside the detector.

GENERIC GUIDELINES 
FOLLOWED IN  MOST

OF THE SEARCHES

JINST 12 P10003 (2017)



12/12/22 Dr. R. K. Dewanjee, DAE-BRNS-2022 5

𝑡 ̅𝑡H (H→𝑏$𝑏): HIG-18-030
Ø Search performed in 2 distinct channels:

Hadronic channel
v Events divided into 6 categories depending on jet and b-jet multiplicity: 

(7Jet, 3b-tag),  (7Jet, ≥4b-tag), (8Jet, 3b-tag), (8Jet, ≥4b-tag), (≥ 9Jet, 3b-tag) and (≥ 9Jet, ≥ 4b-tag) 

v MEM employed in all categories to distinguish signal (𝑡 ̅𝑡H) from background (𝑡 ̅𝑡 + 𝑏.𝑏) and used for 
signal extraction. 

Leptonic channel
v Events divided into single-lepton and di-lepton (split by lepton flavor) channels.

v Di-lepton events divided into 5 categories: (3Jets, 2b-tag), (3Jets, 3b-tag), (≥4Jets, 2b-tag),        
(≥4Jets, 3b-tag) and (≥4Jets, ≥4b-tag) categories. 

v BDTs used for signal extraction in all categories. For categories: (≥4Jets, 3b-tag), (≥4Jets, ≥4b-tag) the
MEM discriminator was used as an input variable to the BDT.

v Single lepton events split into: (4Jets, ≥3b-tag), (5Jets, ≥3b-tag) and (≥6Jets, ≥3b-tag) categories. 
Multi-Class NNs trained to distinguish signal (𝑡 ̅𝑡H) from backgrounds (𝑡 ̅𝑡+X) as well as for signal 
extraction.

X = 𝐛"𝒃, 𝐜&𝒄, 2b, b, light flavors.

CMS-PAS-HIG-18-030
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𝑡 ̅𝑡H (H→𝑏$𝑏): Results

2016 2017

Full Run-2 
Legacy Result 

soon !!

Post-Fit Event Yields 
& Systematics 

in Backup
(Slide-18,19)
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𝑡 ̅𝑡H (H → 𝛾𝛾): HIG-19-013
Ø Events triggered by asymmetric di-photon triggers with ET thresholds of 30 and 18 GeV and loose ECAL 

based ID.

Ø Photon energy scale corrected, and resolution smeared to match data using Z→ 𝑒"𝑒#events  
(𝑒± reconstructed as 𝛾).

Ø Photons entering analysis required to satisfy pre-selection criteria and BDT (trained to separate prompt 
photons from mis-identified jet fragments).

Ø Additional BDTs are used for di-photon vertex assignment and vertex probability computation.

Ø Selected events further split into Leptonic and Hadronic channels. 

Ø Dedicated BDTs (“BDT-bkg”) used per channel to distinguish b/w 𝑡 ̅𝑡H (H → 𝛾𝛾) signal vs backgrounds: 
𝛾+Jets, 𝛾𝛾+Jets, 𝑡 ̅𝑡+Jets, 𝑡 ̅𝑡+𝛾, 𝑡 ̅𝑡+𝛾𝛾, W/Z+𝛾. All the non-𝒕𝒕̅H Higgs production modes also treated as 
background.

Ø Each channel specific “BDT-bkg” takes as input the following variables:
• Photon kinematics
• Lepton kinematics
• Jet Kinematics
• Output of the “top-tagger BDT” (used to separate top quarks decaying into 3 jets from non-top Bkg.)
• Output of DNN (used to separate 𝑡 ̅𝑡H from channel specific dominant Bkg.s* )

* 𝜸𝜸+Jets, 𝒕𝒕̅+𝜸𝜸 (Hadronic) / 𝒕𝒕̅+𝜸𝜸 (Leptonic)  

Phys. Rev. Lett. 
125, 061801
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𝑡 ̅𝑡H (H → 𝛾𝛾): Analysis strategy
Ø The main category-wise selections of this analysis are:

v 𝒕𝒕̅H Leptonic: targeting semi-Leptonic top decays.
• 𝒑𝑻

𝜸𝟏 > 𝒎𝜸𝜸
𝟑 , 𝒑𝑻

𝜸𝟐 > 𝒎𝜸𝜸
𝟒 (where 1/2 refer to leading/sub-leading photons)

• 100 GeV < 𝑚.. < 180 GeV
• Photon ID BDT score ≥ -0.7 (for both photons)
• Both photons must pass the conversion safe electron veto (for e sub-channel only)
• ≥ 1 isolated e (𝜇) satisfying pT > 10 (5) GeV and |𝜂| < 2.4
• ≥ 1 Jet satisfying pT > 25 GeV and |𝜂| < 2.4

v 𝒕𝒕̅H Hadronic: targeting hadronic top decays.
• 𝒑𝑻

𝜸𝟏 > 𝒎𝜸𝜸
𝟑 , 𝒑𝑻

𝜸𝟐 > 𝒎𝜸𝜸
𝟒

• 100 GeV < 𝑚.. < 180 GeV
• Photon ID BDT score ≥ -0.7 (for both photons)
• ≥ 3 Jets satisfying pT > 25 GeV and |𝜂| < 2.4
• ≥ 1 loose b-tagged Jet
• Lepton veto (i.e., 0 leptons (e/𝜇) in the event)

Ø Events are further divided into 8 categories (based on BDT-bkg output) to maximize expected significance.

Ø To measure CP structure, selected events split into 12 categories to maximize sensitivity to CP structure 
of 𝑡 ̅𝑡H amplitude. 

Ø Simultaneous binned maximum  likelihood fit performed across all categories done for signal extraction.



12/12/22 Dr. R. K. Dewanjee, DAE-BRNS-2022 9

𝑡 ̅𝑡H (H → 𝛾𝛾): Results
PROBING t ̅tH CP STRUCTURE t ̅tH CROSS-SECTION MEASUREMENT

Post-Fit Event Yields 
& Systematics 

in Backup
(Slide-20,21)
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𝒕𝒕̅H Multi-lepton (H → 𝑽𝑽*/(H → 𝝉,𝝉-): HIG-19-008

Ø Events are triggered based on the presence of electrons/muons/𝜏ℎ using lepton or lepton + 𝜏ℎ triggers.

Ø Selected events required to have at least 2 “loose” b-tagged jets$ out of which at least one is medium b-
tagged.

Ø Special BDT used to distinguish “prompt” leptons (produced by W/Z/leptonic 𝜏 decays) from “non-
prompt” ones (produced in b-hadron decays, decays-in-flight and photon conversions).

Ø This BDT is trained on simulated 𝑡 ̅𝑡H (𝑡 ̅𝑡) events as signal (background). Leptons passing (failing) it are 
called tight (loose) leptons. 

Ø Events with pair of loose leptons having 𝑚// < 12 GeV rejected due to mis-modelling by simulation.

Ø Events categorized into 2 major categories and split further depending on lepton and/or 𝜏ℎ multiplicity: 
• Leptonic: 8 channels targeting ≥ 1 leptonic 𝑡/ ̅𝑡 decays in the 𝑡H/𝑡 ̅𝑡H event topology.

𝟏𝒍 + 𝟐𝝉𝒉,  2𝒍ss +𝟏𝝉𝒉,  2𝒍𝐨s + 𝟏𝝉𝒉, 2𝒍 + 𝟐𝝉𝒉,  3𝒍 + 𝟏𝝉𝒉,  2𝒍ss +𝟎𝝉𝒉,  3𝒍 +𝟎𝝉𝒉,  4𝒍 + 𝟎𝝉𝒉.
• Hadronic: 2 channels targeting hadronic 𝑡/ ̅𝑡 decays in the 𝑡H/𝑡 ̅𝑡H event topology.

0𝒍 + 𝟐𝝉𝒉,  1𝒍 + 𝟏𝝉𝒉

$ pT > 25 GeV, |𝜼| < 2.4, ∆𝑹(𝒍𝒆𝒑, 𝑱𝒆𝒕) > 0.4
𝒍 = 𝐞/𝝁

EPJC 81:378 (2021)

𝝉𝒉 = 𝐡𝐚𝐝𝐫𝐨𝐧𝐢𝐜 𝐭𝐚𝐮 𝐝𝐞𝐜𝐚𝐲
OS/SS = Opposite/Same-Sign
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𝑡 ̅𝑡H Multi-Lepton: Background Estimation
Ø Dominant reducible backgrounds arise from “non-prompt leptons”* passing “tight” selections and from 

lepton charge mis-identification.

Ø Non-prompt lepton contribution estimated from data via fake rate method:
• Measure “Probability(non-prompt lepton→ tight lepton)” in QCD enriched regions in data collected 

by lepton, lepton+jet triggers as function of lepton (pT, 𝜂).

• Weigh events in sidebands defined by relaxed lepton ID criteria (w.r.t. signal region) with the above 
probability to get the final background contribution.     

Ø Lepton charge mis-id estimated from Z→ 𝑙𝑙 events in data:
• Measure the “charge mis-id probability” in sample of SS di-lepton events compatible with Z-boson 

decay.

• Measurement done in bins of lepton (pT, 𝜂).

• Weigh events with OS leptons in signal region with the above measured probability to get the 
background estimate.

Ø Irreducible 𝑡 ̅𝑡V and WZ/ZZ backgrounds modelled by MC and validated in control regions in data.

* Leptons not produced by W/Z decays e.g. leptons in semi-leptonic decays of b-hadrons 
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𝑡H/𝑡 ̅𝑡H Multi-Lepton: Signal Extraction
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𝑡H/𝑡 ̅𝑡H Multi-Lepton: Results

Compatiblity with 
SM within 1𝝈

Post-Fit Event Yields 
& Systematics 

in Backup
(Slide-22,23)
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Summary
Ø Comprehensive overview of all CMS Run-2 tH/𝑡 ̅𝑡H searches till date was presented.

Ø First joint measurement of 𝑡 ̅𝑡H and tH cross-sections performed by CMS in the multi-lepton channel using 
full Run-2 data. Anomalous top-Higgs Yukawa coupling (𝜅K= -1) disfavored within 2 sigma.

Ø Higgs CP measurements performed in the  𝑡 ̅𝑡H (H → 𝛾𝛾) channel which exclude the pseudo-scalar (CP = 1) 
hypothesis by 3.2 sigma.

Ø Work currently ongoing for 𝑡 ̅𝑡H (H→𝑏.𝑏) Run-2 legacy result with more data and improved experimental 
methods to further increase analysis sensitivity in this channel.

Ø With 2022 data taking (at 𝑠 = 13.6 TeV) recently concluded, looking forward to improve upon these 
results and to throw more light on the top-Higgs interaction in the future.
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EVENT RECONSTRUCTION (PARTICLE FLOW)

• Muons: Tracker hits, Calo Energy  deposits (ECAL + HCAL), Muon chamber hits
• Charged Hadrons: Tracker hits, Calo Energy deposits (ECAL + HCAL)
• Electron/Photon (Converted): Tracker hits, Calo Energy deposits (ECAL)
• Neutral Hadron: Calo Energy deposits (ECAL + HCAL)
• Photon (Unconverted): Calo Energy deposits (ECAL)
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𝑡 ̅𝑡H (H→𝑏$𝑏): Event Yields

CMS-PAS-HIG-18-030
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𝑡 ̅𝑡H (H→𝑏$𝑏): Systematics

CMS-PAS-HIG-18-030
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𝑡 ̅𝑡H (H → 𝛾𝛾): Event Yields
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𝑡 ̅𝑡H (H → 𝛾𝛾): Systematics
Name Type Value/Comment

QCD Scale uncertainty Theoretical 8%

PDF uncertainty Theoretical Category migrations due to this < 1%

𝜶𝑺 uncertainty Theoretical 2.6%

BR(H → 𝜸𝜸) uncertainty Theoretical 2%

ggH contamination Theoretical 2%

b-tagging Experimental 4%

Photon ID uncertainty Experimental 1%

JES/JER Uncertainty Experimental 2%

Luminosity uncertainty Experimental 1.8%

L1 Pre-fire probability 
uncertainty

Experimental 20%

Top tagger & DNN O/p 
uncertainty

Experimental Not applied since good Data/MC 
agreement in Input Var.s & discrepancies 

(if any) covered by above uncert.s
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𝑡H/𝑡 ̅𝑡H Multi-Lepton: Event Yields-1
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𝑡H/𝑡 ̅𝑡H Multi-Lepton: Event Yields-2
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𝑡H/𝑡 ̅𝑡H Multi-Lepton: Systematics
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𝑡H/𝑡 ̅𝑡H Multi-Lepton: Pre-selections
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𝑡H/𝑡 ̅𝑡H Multi-Lepton: DNN Input Variables


