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Motivation for H→cc

● Coupling between Higgs boson and all 3rd 

generation quarks has been measured.

● For the 2nd generation quarks, the Yukawa 

coupling is still not measured, yet not 

confirmed.

● In the rest coupling constants to be 

measured, Yc(*) is the largest. 

● H→cc is the most direct channel to measure κc.

○ κc can be modified in BSM models (2HDM, HVT, …)
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(*) Charm quark Yukawa coupling constant

c ?



Previous H→cc search results
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● Phys. Rev. Lett. 120 (2018) 211802
○ Previous ATLAS Z(l+l-)Hcc result with 36.1 fb-1 𝑠 = 13 TeV data

○ Observed (expected) limit of 𝜇ZHcc is 110 (𝟏𝟓𝟎−𝟒𝟎
+𝟖𝟎)

● JHEP 03 (2020) 131
○ Previous CMS VHcc result with 35.9 fb-1 𝑠 = 13 TeV data

○ Using 3 channels: W→lv, Z→ll, Z →vv

○ Both resolved and boosted (2 charm jets merged into one fat 

jet due to large boost) regions are used

○ Observed (expected) limit of 𝜇VHcc is 70 (𝟑𝟕−𝟏𝟎.𝟖
+𝟏𝟓.𝟒)

● H → J/ψ + γ, J/ψ → μ+μ−, 36 fb-1 Run 2, ATLAS 125x 
SM Phys. Lett. B 786 (2018) 134, CMS 642x SM Phys. 
Lett. B 797 (2019) 134811

VH→cc 

H→J/ψ + γ

http://dx.doi.org/10.1103/PhysRevLett.120.211802
https://link.springer.com/article/10.1007%2FJHEP03%282020%29131
https://www.sciencedirect.com/science/article/pii/S037026931830724X?via=ihub
http://dx.doi.org/10.1016/j.physletb.2019.134811
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1 lepton candidate event W(eν)H(cc)

Δφ = -1.37

mCC = 124.29 GeV

pTJ1 = 111.6 GeV

pTJ2 = 81.27 GeV

ηJ1 = 0.83

ηJ2 = 0.52



VH(H→cc) analysis syllables
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Selection (Cuts/MVA)
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● Use 139 fb-1 full Run 2 data recorded by ATLAS

● Cut-based analysis: final discriminant is mcc

● 1 and 2 c-tag (defined using tagging algorithms) 

categories and several pTV and nJet bins:

VH(H→cc) search strategy
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0 lepton

1 lepton

2 lepton

1 c-tag 2 c-tag

75 < pT
V< 150 GeV (*) 2 jet 3(+) jet 2 jet 3(+) jet

pT
V>150 GeV 2 jet 3(+) jet 2 jet 3(+) jet

pTV – transverse momentum of the vector boson
(*) only in 2 lepton channel



Tagging
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VH(cc) SRSub-

leading jet

Leading jet!c!b c!b b

c!b

b

!c!b 0 c-tag

0 c-tag 0 c-tag

0 c-tag

1 c-tag1 c-tag

1 c-tag

1 c-tag

2 c-tag

● Combined tagger: c-tagging + b-veto:

○ DL1 as a c-tagger

○ b-veto using MV2c10 70% WP

● Dedicated optimization of WP:

○ c-jets (27%), b-jets (8.3%), light-jets (1.7%)

1-ctag

2-ctag

MVA tagger
(DL1, MV2c10, etc) b-jet

c-jet

light-jet



Event selection
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• Region-specific selections

• Common selections



Background Control Regions

● 0 c-tag control region

○ None of the two leading 

jets is c-tagged

● Top control region

○ The third jet is b-tagged

○ Only for 1 c-tag

● Top eμ control region

○ One bin, only for 2 lepton 

region

● High ΔR control region

○ Inverse the ΔR cut
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top control region High ΔR control region



Background composition
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0 Lepton, pTV ≥ 150 GeV 1 Lepton, pTV ≥ 150 GeV 2 Lepton, pTV ≥ 150 GeV

Z+jets (0L, 2L), W+jets (0L, 1L) and top backgrounds (0L, 1L) are the major backgrounds



Modelling uncertainties:

Uncertainties

Experimental uncertainties:

● Luminosity and Pile-up Simulation

● Lepton triggers

● MET trigger

● Lepton and MET Reconstruction

● Jet Energy Scale and Resolution

● Flavour Tagging

● Truth Tagging
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Signal

Hbb

Multi-jet

Acceptance Ratio

Normalization 
Uncertainty

Shape uncertainty

Diboson

Top

W+jets

Z+jets

Acceptance ratio = 

𝑖

𝑛1
𝑛2 𝑖

𝑛1
𝑛2 nominal

− 1

2

Derived using 
different scales 
(muR, muF) and 
PDF sets

Derived using 
different generators
across different 
regions



Simultaneous profile likelihood binned fit to all regions

ℒ 𝜇, Ԧ𝜃, Ԧ𝛾 = ෑ

𝑖∈bins

Pois 𝑁𝑖 𝝁𝑠𝑖( Ԧ𝜃) + 𝜸𝒊𝑏𝑖( Ԧ𝜃) ×ෑ

𝜃∈𝜃

1

2𝜋
𝑒−𝜃

2/2 × ෑ

𝑖∈bins

Gauss(𝛽𝑖|𝛾𝑖𝛽𝑖 , 𝛾𝑖𝛽𝑖)

● Control regions are not shown

● 3 parameters of interest (POIs): μVH(cc), μVZ(cc) , μVW(cq)

● The free-floating normalization factors are not listed in the formula:
○ top background which decay into one b quark and one other quark (or tau lepton) (bc, bl, bb, bτ)

○ top background which decay into one c quark or light flavor quark and one other quark (cl, l, cc)

○ ttbar (2L)

○ Wmf, Zmf (bc, bl, cl and W(τν)+b, W(τν)+c in 0L)

○ Whf, Zhf (cc, bb)

○ Wl, Zl (W(τν)+l in 0L)
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Signal 
strength

MC statistical 
uncertainty

Systematic 
uncertainty

bins in all signal regions



Best-fit Results

● Signal strengths from 

the 3 POI fit:

○ VH(cc): -8.58 +/- 15.14

○ VW(cl): 0.83 +/- 0.24

○ VZ(cc): 1.16 +/- 0.48

● All signal strengths in 

agreement with SM 

within 1σ

● Compatibility with SM 

(μ=1): 84%
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H(cc) in combined fit and 
decorrelated across channels

Diboson POIs in 3 POI fit



Post-fit plots and normalization factors
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0 Lepton, pTV ≥ 150 GeV 1 Lepton, pTV ≥ 150 GeV 2 Lepton, pTV ≥ 150 GeV



Limits and significances

● Observed VH(cc) limit of 26 x SM (31 x SM expected)
○ Highest sensitivity in 0 lepton channel

● Diboson
○ VW(cl) significance of 3.84 σ (4.60 σ expected)

○ VZ(cc) significance of 2.61 σ (2.24 σ expected)

● Uncertainties
○ Dominated by statistics

○ As for systematic uncertainty, modelling uncertainty

for Z+jets is dominant
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Expected Observed

VH(cc) limit 31.1−8.7
+12.2 26.0

VW(cl) significance 4.60 σ 3.84 σ

VZ(cc) significance 2.24 σ 2.61 σ

Expected and observed limit in combined fit 
and with POI decorrelated into channelsFirst in 

ATLAS



κc interpretation

● 𝜇 𝜅𝑐 =
𝜅𝑐
2

𝐵 𝐻→𝑐 ҧ𝑐 𝜅𝑐
2+ 1−𝐵 𝐻→𝑐 ҧ𝑐

（other coupling modifiers set to 1)

● Expected limit on κc at 95% CL in 

combined fit |κc| < 12.4

● Observed best fit κc = 0

● Current best limit on κc @ 95%CL with  

|κc| < 8.5
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Combined fit 68% CL 95% CL

Expected [-4.9, 4.9] [-12.3, 12.4]

Observed [-3.5, 3.5] [-8.5, 8.5] 



Summary

● Full Run 2 VH, H→cc search is performed, with all three lepton channels and 

background control regions compared to previous ZH(cc) 36 fb-1 analysis

● Diboson measurements:
○ VW(cl): 3.84 σ obs (4.60 σ exp)

○ VZ(cl): 2.61 σ obs (2.24 σ exp)

● Observed limit of 26 x SM on VH(cc) (for 31 x SM expected)

Current best limit on VH(cc)

● κc @ 95% CL with |κc| < 8.5
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Backup
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Higgs production mechanisms and H→cc search strategies

● (a) Gluon fusion (87% of σH)
○ Large QCD background
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(a) (b)

(c) (d)

Main Higgs production processes (Production 
cross section: σH = 56 pb at 13 TeV)

● (b) Vector boson fusion (VBF) (7% of σH)
○ S/B is small

● (c)  Associated production with W/Z (4% of σH)
○ W/Z leptonic decay can be used to trigger the signal

● (d) Associated production with ttbar (1% of σH)
○ Semi-leptonic decay product of top can be used to 

trigger the signal



Samples

● Data
○ pp collision data recorded by the 

ATLAS detector during Run 2 of LHC 

from 2015 to 2018 at a centre-of-mass 

energy of 13 TeV

○ Corresponding to integrated luminosity

of 139 ± 2.4 fb−1

○ Collected with a suite of MET (0L, 1L), 

single-electron and single-muon 

triggers (1L, 2L)

○ Events are required to be of good 

quality and recorded while all relevant 

detector components were in 

operation
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● MC

All samples of simulated events were passed through the ATLAS 
detector simulation, based on Geant4 and were reconstructed 
using standard ATLAS reconstruction software



Object and event selection – Object selection

● Leptons
○ Electron

■ pT > 7 GeV and |η| < 2.47

● loose identification (0L, 2L)

● tight identification (1L)

○ Muon

■ pT > 7 GeV and |η| < 2.5

● loose identification (0L, 2L)

● medium identification (1L)

○ Hadronically decaying tau

■ pT > 20 GeV and |η| < 2.5 except 

1.37 < |η| < 1.52

■ medium identification
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● Jets
○ reconstructed using anti-kt with R=0.4

■ forward jet

● pT > 30 GeV and 2.5 < |η| < 4.5

■ central jet

● pT > 20 GeV and |η| < 2.5

○ Overlap removal to avoid double counting

○ Tagging applied

● MET

○ 𝐸𝑇
miss = −σ൫

൯

Ԧ𝑝𝑇,elec + Ԧ𝑝𝑇,muon + Ԧ𝑝𝑇,hardronic−𝜏 +

Ԧ𝑝𝑇,jet + Ԧ𝑝𝑇,soft term

○ Ԧ𝑝𝑇
miss track-based MET using all ID tracks 

associated to the primary vertex



Object and event selection – Tagging
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VH(cc) SRSub-

leading jet

Leading jet!c!b c!b b

c!b

b

!c!b 0 c-tag

0 c-tag 0 c-tag

0 c-tag

1 c-tag1 c-tag

1 c-tag

1 c-tag

2 c-tag

Sample DT TT TT+ΔR(*)

Signal ✔

Diboson ✔

Ttbar ✔

Single Top ✔

V+jets ✔

(*) ΔR dependent correction

● c-tagging + b-veto WP:

○ DL1 as a c-tagger

○ b-veto using MV2c10 70% WP

● Dedicated optimization of WP:

○ c-jets (27%), b-jets (8.3%), light-jets (1.7%)

Instead of Directly Tagging (DT) events, weighting events 

by the probabilities for each jet to be c-tagged, based on 

its flavor label, doing Truth Tagging (TT)

Low statistics

1-ctag

2-ctag

Tagging background 
events 



Uncertainties

Major uncertainties:

● Data statistics is the largest

● Z+hf mcc shape (related to Z+bb, Z+cc shape)

● Top(bq) TopCR extrapolation (component 

peak under VH(cc) signal)

● W/Z+cc 2 jet TT dR (related to W/Z+jets dR 

correction)

● W+hf mCC shape (related to W+bb, W+cc 

shape)
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Breakdown of uncertainties

● Uncertainty on VH(cc) ~ 15.3

● Stat and systematic 

uncertainties of the same 

order

● Largest contributions to 

systematic uncertainties:

○ Z+jets

○ Top

○ Flavour tagging
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Set of NPs Impact

Total ± 15.3

Data Stat ± 10.0

Data stat only ± 7.9

Float. norm ± 5.1

Full Syst ± 11.5

VH(cc) modelling ± 2.1

Background modelling ± 8.8

W+jets ± 2.9

Z+jets ± 7.0

Top ± 3.9

Diboson ± 1.00

Multi-jet ± 0.98

Hbb ± 0.78

Experimental Syst

(except FTAG)

± 2.96

Lepton ± 0.49

MET ± 0.18

JET ± 2.84

Pile-up/Lumi ± 0.29

FTAG + TT ± 4.29

FTAG (b-jet) ± 1.11

FTAG (c-jet) ± 1.67

FTAG (l-jet) ± 0.35

FTAG (tau-jet) ± 0.33

TT ΔR ± 3.33

DT norm ± 1.74

MC Stat ± 4.23



Comparison VHcc 139/fb vs ZHcc 36/fb
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Object and event selection – Object Selection – Jets

Muon-in-jet correction

● Apply the correction if

○ muon pT > 4 GeV, |η| < 2.7

○ pass Medium quality cut

○ ΔR(jet, muon) < min(0.4, 0.04+10/pT
μ)

● Improve VH(cc) signal resolution up to 6%
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Add the muon 4-vector to the jet 4-vector, 
and remove the energy deposited by the 
muon from the jet 4-vector

vecjet = vecjet + vecmuon − depmuon



Background subtracted plots
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1 c-tag 2 c-tag 1+2 c-tag

Background subtracted mass spectrum from unconditional 3 POI fit to data

Good Data/MC post-fit agreement



Background subtracted plots
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Background subtracted mass spectrum from unconditional 3 POI fit to data

Good Data/MC post-fit agreement



dR selection
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Overlap removal
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C-tagging
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Tagging working point
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c-jets b-jets l-jets

ZH(cc) 36 /fb 41% 25% 5%

VH(cc) 139 /fb 27% 8% 1.6%

CMS VH(cc) 36 /fb 27% 17% 4%



Systematics pruning

● Neglect the normalization uncertainty for a given sample in a region if either of the 

following is true
○ the variation is less than 0.5%

○ both up and down variations have the same sign

● Neglect the shape uncertainty for a given sample in a given region if the following 

is true
○ not one single bin has a deviation over 0.5% after the overall normalization is removed

○ if only the up or the down variation is non-zero and passed the previous pruning steps

● Neglect the shape and normalization uncertainties for a given sample in a given 

region if the sample is less than 2% of the total background
○ if the signal < 2% of the total background in all bins and the shape and normalization error are each < 

0.5% of the total background

○ if at least one bin has a signal contribution > 2% of the total background, only in those bins where the 

shape and normalization error are each < 2% of the signal yield
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Higgs Lagrangian

● ℒGM =
1

4
𝑔2𝑣2𝑊𝜇

+𝑊−𝜇 +
1

8
𝑣2 𝑔2 + 𝑔′

2
𝑍𝜇𝑍

𝜇 ⇒ 𝑚𝑍 =
1

2
𝑣 𝑔2 + 𝑔′2,

𝑚𝑊

𝑚𝑍
= cos𝜃

● ℒYukawa = −
𝑚𝑙𝑖

𝑣
ഥ𝑙𝑖𝑙𝑖 +

𝑚𝑑𝑖

𝑣
ഥ𝑑𝑖𝑑𝑖 +

𝑚𝑢𝑖

𝑣
ഥ𝑢𝑖𝑢𝑖 𝐻 −𝑚𝑙𝑖

ഥ𝑙𝑖𝑙𝑖 −𝑚𝑑𝑖
ഥ𝑑𝑖𝑑𝑖 −𝑚𝑢𝑖 ഥ𝑢𝑖𝑢𝑖

𝑚𝑙𝑖 ≡
𝑔𝑖
𝐿

2
𝑣,𝑚𝑑𝑖 ≡

𝑔𝑖
𝑑

2
𝑣,𝑚𝑢𝑖 ≡

𝑔𝑖
𝑢

2
𝑣

33



Anti QCD cuts
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Tagging

CDI derived using ttbar 

samples
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Single top
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