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Introduction
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• Since the observation of the Higgs, measuring 
its properties has been a primary goal of CMS
and ATLAS

• Deviations from theory are signs of
BSM
• Need coupling to be on line for 𝐻 to be responsible 

for particle mass as predicted by SM

• So far, have seen remarkable agreement with 
SM

• Based on indirect Higgs measurements using 
model dependent assumptions, expect that 
𝜅𝑐<6.2 [1] 

𝑐 UL

arXiv:1503.00290

https://arxiv.org/abs/1503.00290
https://arxiv.org/abs/1503.00290


Introduction

Decay Processes BR (Theory*)

𝐻 → 𝑏𝑏 58%

𝐻 → 𝑊𝑊 22%

𝐻 → 𝑔𝑔 8.1%

𝐻 → 𝜏𝜏 6.2%

𝑯 → 𝒄𝒄 2.9%

𝐻 → 𝑍𝑍 2.6%

𝐻 → 𝛾𝛾 0.23%

𝐻 → 𝑍𝛾 0.16%

𝐻 → 𝜇𝜇 0.02%
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• Can measure couplings directly by measuring 
Higgs decay rates

• Evidence of 𝜇𝜇 decay recently reported at 3.0𝜎
by CMS and 2.0𝜎 by ATLAS

• Dijet Higgs decays are difficult to detect at the 
LHC
• Higgs to 𝑏𝑏 observed much later than 𝑍𝑍 or 𝛾𝛾

• BR(𝐻 → 𝑐𝑐) > 10 × BR(𝐻 → 𝛾𝛾) > 100 × BR(𝐻 → 𝜇𝜇)
Orange entries have been observed to 5σ

arXiv:2009.04363

arXiv:1610.07922

arXiv:2007.07830

https://arxiv.org/abs/2009.04363
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/2007.07830


The Challenge

• Events with only jets are the most 
common events at the LHC

• QCD dijet production have cross sections O(105 pb)

• Higgs production have cross sections O(10 pb)

• 𝑐-jets have broader jet energy 
resolution

• Larger systematic limits analysis sensitivity

• Charm tagging is a very difficult task
• 𝑐-jets kind of look like 𝑏-jets and kind of look like 𝑙-

jets

• Similarities due to properties of the intermediate 
mesons created by 𝑏-, 𝑐-, and light quark 
hadronization

• 𝐻 → 𝑏ത𝑏 is 20x as likely and 𝐻 → 𝑙-jets is 3x as likely
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Higgs to 𝑐 ҧ𝑐 Strategy

• Search carried out on targeting events where the Higgs 
boson is produced in association with vector boson (W 
or Z)

• Exploit W/Z leptonic final states to differentiate 
𝑊/𝑍 + 𝐻(𝑐 ҧ𝑐) process from common backgrounds
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• Extensive use of advanced machine 
learning techniques to identify jets 
originating from c-quarks



ATLAS Analysis

• 2015 and 2016 data with 𝐿 = 36.1 fb-1

• Perform search in the 𝑍 ℓ+ℓ− 𝐻(𝑐 ҧ𝑐) final state
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• 𝑍 reconstructed from same-
flavor lepton pairs
• OS requirement for muon pairs

• 𝜂 < 2.5 with lead (sub-leading) 
pT > 27 (7) GeV

• 81 GeV < 𝑚ℓℓ < 101 GeV

• Higgs reconstructed from 2 AK4 
jets
• 𝜂 < 2.5 and pT > 20 GeV

• Constructed from 2 highest pT

jets

• In MC, events are weighted 
based on jet flavor tagging 
efficiency

arXiv:1802.04329

https://arxiv.org/abs/1802.04329


ATLAS Analysis
• Two dedicated Boosted Decision Trees (BDTs) used for charm tagging – 41% 𝑐-tagging 

efficiency
• Differentiate 𝑐- vs 𝑙-jets; 5% 𝑙-jet mistag
• Differentiate 𝑐- vs 𝑏-jets; 25% 𝑏-jet mistag
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• BDT trained on jet kinematics and properties 
of charged tracks contained in jet
• Longitudinal and transverse impact parameters of 

tracks

• Properties of displaced vertex (if present)

• Variables motivated by 𝑏- and 𝑐-hadron 
properties

arXiv:1802.04329

https://arxiv.org/abs/1802.04329


ATLAS Analysis
• Data split into 4 categories based on 𝑐-tags and 𝑝𝑇

𝑍

• Simultaneous profile-likelihood fit to 𝑚𝑐 ҧ𝑐 in all categories with Z+Jets normalization 
floating
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𝑚𝑐 ҧ𝑐 50 GeV < 𝑚𝑐 ҧ𝑐 < 200 GeV

𝑐-tags 1 𝑐-tag 2 𝑐-tags

𝑝𝑇
𝑍 [75 GeV, 150 GeV) [150 GeV,∞) [75 GeV, 150 GeV) [150 GeV,∞)

𝑝𝑇
𝑍 dependent Δ𝑅𝑐 ҧ𝑐 cut also applied to exploit smaller jet separation 

observed in signal

arXiv:1802.04329

https://arxiv.org/abs/1802.04329


ATLAS Analysis

Limits extracted from post-fit 𝑚𝑐 ҧ𝑐 distribution 

Obtained 95% CL observed (expected) upper limit on Τ𝜎 𝜎SM of 110 (150−42
+80)
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CMS Analysis Strategy

• 2016 data with 𝐿 = 35.9 fb-1

• Multi-channel analysis based on V 
type and decay
• 2L and 1L further split by flavor of 

decay products (𝑒𝑒, 𝜇𝜇, 𝑒𝜐, 𝜇𝜈)

• Split into two dedicated analyses 
based on pT(H)

• VH events have improved background 
separation at high pT

• 95% of signal in resolved regime
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Z/W

Z/W

Resolved
2 AK4 c-tagged Jets

Boosted
1 AK15 cc-tagged Jets

Z → ℓ+ℓ-

2L channel – cleanest signal

W → ℓ𝜐
1L channel – largest production rate

Z → 𝜐𝜐
0L channel – large ET

miss

arXiv:1912.01662

https://arxiv.org/abs/1912.01662


CMS – Resolved Analysis
• DeepCSV used to obtain 𝑐- vs 𝑙-jets and 𝑐- vs 𝑏-jets discriminants

• DNN multi-classifier trained on track IP and secondary vertex properties

• 28% 𝑐-jet efficiency at 15% 𝑏-jet and 4% 𝑙-jet mistag rate

• Reshaping scale factors derived 

• Higgs reconstructed from two AK4 jets with highest CvsL score
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• CR used for background normalization 
produced using Tagger scores of 𝐻 jets

• Simultaneous normalization of 4 different 
backgrounds

• Background normalization derived from CvsB
distribution of leading jet

• Accurate reshaping scale factors vital for analysis

arXiv:1912.01662

arXiv:1712.07158

https://arxiv.org/abs/1912.01662
https://arxiv.org/abs/1712.07158


CMS – Resolved Analysis
• Dedicated BDT trained on MC for 

signal extraction

• Simultaneous likelihood fit made to 
BDT in SR and CvsB in each CR

10/27/2020 B. Burkle (Brown U.) - Higgs 2020 12

0L 1L 2L All Channels

Expected UL 84−24
+35 79−23

+34 59−17
+25 38−11

+16

Observed UL 66 120 116 75

arXiv:1912.01662

https://arxiv.org/abs/1912.01662


CMS – Boosted Analysis

Dedicated object reconstruction and ML techniques developed to 
identify boosted Higgs jet
• Higgs reconstructed from the highest pT large radius AK15 jet

• Using a single large cone jet gives improved identification of correct jet pairs
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• Dedicated DNN DeepAK15 trained 
to classify AK15 jets and perform 
𝑐 ҧ𝑐-tagging

• Events split into 3 regions based 
on 𝑐 ҧ𝑐-tagging efficiency

High 
Purity

Medium 
Purity

Low 
Purity

𝑐 ҧ𝑐-tag efficiency 23% 35% 46%

𝑏-tag mis-Id 9% 17% 27%

Inclusive mis-Id 1% 2.5% 5%

arXiv:1912.01662

https://arxiv.org/abs/1912.01662


CMS – Boosted Analysis
• Kinematic BDT used to produce Signal and Control regions

• Likelihood fit built from softdrop mass distribution of CRs and 
SRs for all purity categories
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SR

0L 1L 2L All Channels

Expected UL 81−24
+39 88−27

+43 90−29
+48 49−15

+24

Observed UL 74 120 76 71

2L (ee)
High Purity

1L (e)
High Purity

0L
High Purity

arXiv:1912.01662

https://arxiv.org/abs/1912.01662


CMS – Combined Analysis

• Boosted and resolved analyses combined to make final limits

• Additional 𝑝𝑇(𝑉) cut applied to ensure analyses are fully orthogonal

• Combined observed (expected) upper limit on 𝜇 of 70 (37−11
+16)
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arXiv:1912.01662

https://arxiv.org/abs/1912.01662


Future of 𝐻(𝑐 ҧ𝑐)

Still room for improvement

• Increase in statistics – SM prediction for 𝑍 ℓ+ℓ− 𝐻(𝑐 ҧ𝑐) is 26 fb
which means few expected events in this search
• Both CMS and ATLAS have used less than half of the now available 

run 2 data

• Run 3 projected to provide another 150 fb-1

• HL-LHC projected to provide 3000 fb-1

• ATLAS projects sensitivity of 𝜇𝑍𝐻(𝑐 ҧ𝑐) < 6.3−1.8
+2.5

• Improvements in analysis techniques

• Improvements in 𝑐-jet tagging

10/27/2020 B. Burkle (Brown U.) - Higgs 2020 16

Unused in 
H(cc)

arXiv:1610.07922

ATL-PHYS-PUB-2018-016

https://arxiv.org/abs/1610.07922
http://cdsweb.cern.ch/record/2633635


Conclusion

• Both CMS and ATLAS have started to conduct searches for the
𝐻 → 𝑐 ҧ𝑐 decay mode

• Make use of the 𝑉𝐻 production mode and analysis made possible by 
machine learning based 𝑐-taggers

• Observed (expected) 95% CL upper limits on signal strength at 
110 (150−42

+81) by ATLAS and 70 (37−11
+16) by CMS
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Questions?
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Backup
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Analysis Validation

Both CMS and ATLAS performed a validation procedure by measuring 
𝑍 → 𝑐 ҧ𝑐 branching ratio with same analysis strategy

Reperformed analysis with 𝑍𝑍(𝑐 ҧ𝑐) and 𝑊𝑍(𝑐 ҧ𝑐) as signal
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ATLAS CMS (resolved) CMS (merged)

Signal Strength 𝜇𝑉𝑍(𝑍→𝑐 ҧ𝑐) 0.6−0.4
+0.5 1.35−0.95

+0.94 0.69−0.75
+0.89

Observed (expected) significance 1.4 (2.2)𝜎 1.5 (1.2)𝜎 0.9 1.3 𝜎

arXiv:1802.04329

arXiv:1912.01662

https://arxiv.org/abs/1802.04329
https://arxiv.org/abs/1912.01662


Anti kT Algorithm

• Aims to form jets by clustering soft 
particles to the closest hard particle

• Does this by clustering particles 
based off a distance parameter

𝑑𝑖𝑗 = min(𝑘𝑡
2𝑝

𝑖
, 𝑘𝑡

2𝑝

𝑗
)
Δ𝑖𝑗
2

𝑅2
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𝑝 = −1, Δ𝑖𝑗 is the angular separation, 𝑅 is 

the max jet radius

arXiv:0802.1189

https://arxiv.org/abs/0802.1189


ATLAS Triggers

2015 2016

Single Electron 𝑝𝑇 𝑒 > 24 GeV 𝑝𝑇 𝑒 > 26 GeV

Single Muon 𝑝𝑇 𝜇 > 20 GeV 𝑝𝑇 𝜇 > 26 GeV
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arXiv:1802.04329

https://arxiv.org/abs/1802.04329


ATLAS c-tag BDT
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ATLAS Systematics and Yields
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arXiv:1802.04329
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CMS Triggers

0L 1L 2L

𝑝𝑇
miss > 170 GeV 𝑝𝑇 𝑒 > 27 GeV 𝑝𝑇 𝑒1 > 23 GeV && 𝑝𝑇 𝑒2 > 12 GeV

𝑝𝑇
miss > 110 GeV && H𝑇

miss > 110 GeV 𝑝𝑇 𝜇 > 24 GeV 𝑝𝑇 𝜇1 > 23 GeV && 𝑝𝑇 𝜇2 > 12 GeV 
(resolved only)

𝑝𝑇 𝜇 > 24 GeV (merged only)
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arXiv:1912.01662
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AK4 Jet Tagging – Deep CSV
• Deep network which classifies jets as 

coming from 𝑏, 𝑏𝑏, 𝑐, or 𝑙

• 66 Input features with jet kinematic, track, 
and secondary vertex information
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Inputs SoftMaxReLU ReLU ReLU

b

c

l

bb

4 hidden layers with 
100 nodes

10.1088/1748-0221/13/05/P05011

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1088%2F1748-0221%2F13%2F05%2FP05011&v=c0f5943a


CMS Resolved – BDT Variables
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arXiv:1912.01662

https://arxiv.org/abs/1912.01662


AK15 Jet Tagging – DeepAK15

Particles

• Up to 100 PF candidates
• Sorted in descending pT order
• Uses basic kinematic variables, PUPPI weights, and track 

properties (quality, covariance, displacement, etc.)

Secondary Vertices

• Up to 5 SVs (inside jet cone)
• Sorted in descending SIP2D order
• Uses SV kinematics and properties (quality, displacement, etc)
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CMS Boosted – BDT Variables
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arXiv:1912.01662
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CMS – Uncertainties
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CMS Upper Limits (w/ overlap)
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HL-LHC Prospects
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Higgs Physics at the HL-LHC and HE-LHC, ch7.3.1
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