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Where do we stand?

● No clear indication of BSM physics → where to look at? 
■ Higgs boson as discovery tool! 

● 10+ years after the Higgs discovery: 
■ In depth-characterisation of the Higgs boson 
■ Couplings to third generation and bosons established (O(10%)) 
■ Evidence for coupling to muons 
■ → Constrain the coupling to charm quarks!
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Where do we stand?
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● No clear indication of BSM physics → where to look at? 
■ Higgs boson as discovery tool! 

● 10+ years after the Higgs discovery: 
■ In depth-characterisation of the Higgs boson 
■ Couplings to third generation and bosons established (O(10%)) 
■ Evidence for coupling to muons 
■ → Constrain the coupling to charm quarks! 

● Quark sector fundamentally harder than lepton sector 
● We have to explore multiple avenues:

[CMS-HIG-22-001]

Indirect DirectModel dependence?

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
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Where do we stand?
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Higgs kinematics 
and inclusive 
measurements

H → cc: 
VH and ggH 
& H+c

Rare decays: 
Exclusive H 
decays to 
meson+boson
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Indirect Direct

● No clear indication of BSM physics → where to look at? 
■ Higgs boson as discovery tool! 

● 10+ years after the Higgs discovery: 
■ In depth-characterisation of the Higgs boson 
■ Couplings to third generation and bosons established (O(10%)) 
■ Evidence for coupling to muons 
■ → Constrain the coupling to charm quarks! 

● Quark sector fundamentally harder than lepton sector 
● We have to explore multiple avenues:

[CMS-HIG-22-001]

See also Anusree 
Vijay’s talk  yesterday

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://indico.cern.ch/event/1391236/timetable/#64-rare-bsm-decays-of-the-higg
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Indirect probes of yc - differential Higgs pT

● Differential distributions are sensitive to yc (pT, |y|, NJets) 
■ Able to separate c/b contributions 

● Precise ggH pTH differential cross section obtained from 
combination CMS measurements: 
■ γγ, ZZ(→4l), WW(→eμνν), 𝛕𝛕 

• Simultaneous likelihood fit to detector level in uniform binning 
• Extrapolated to full phase space
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[PRL 118, 121801 (2017)]

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.121801
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Indirect probes of yc - differential Higgs pT
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Note the different scale!

● Differential distributions are sensitive to yc (pT, |y|, NJets) 
■ Able to separate c/b contributions 

● Precise ggH pTH differential cross section obtained from 
combination CMS measurements: 
■ γγ, ZZ(→4l), WW(→eμνν), 𝛕𝛕 

• Simultaneous likelihood fit to detector level in uniform binning 
• Extrapolated to full phase space
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| c| < 4κ

7 < c < 9κ

[PRL 118, 121801 (2017)]

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.121801
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Indirect probes of yc - H→4l + bb

● Search for Hγ production w/ focus on boosted 
topology 
■ Simultaneous analysis of H→bb and H→4l 

final states
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● Dedicated photon (un-)tagged 
categories w/ pTγ > 150 GeV

bb

4l

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-011/
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Indirect probes of yc - H→4l

● Restructure the analysis: 
■ Inclusive H→4l cross-section analysis 
■ Merging (un-) tagged categories 

● Parametrize inclusive H signal: 

● Fix b = t = 1 due to constraints from other 
measurements 
■ ZZ = WW = Zy = yy = 1 

■ Constrained fit: ΓHBSM = 0, ZZ2 = 1, q’ = 1 

■ Unconstrained fit: ΓHBSM ≥ 0, ZZ2 ≤ 1, q’ = free
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Rare decays - Z/H→J/  + γΨ

● Higgs decay via c-quark loops to photon + charmonia 

● Exploit excellent muon reconstruction of CMS 
■ Dimuon + photon final state 

● Z boson equivalent ~100 more 
frequent  

● Branching fractions < 10-6
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-012/


1506.11.24 | Sebastian Wuchterl

“The golden channel”:  VH(→cc)

● Direct measurements require (ideally): 
■ Sharp mass peak 
■ Suppressed and well understood background 

● Learn from history of VH(bb) measurements 

● 0L, 1L, and 2L categories (Z→νν, W→lν, Z→ll) 
● “Resolved” and “boosted” channels (transition at pT 300 GeV) 
● Exploit Z→cc SM candle: First observation at hadron colliders with 5.7σ 

● Observed (expected) upper limit on VH(cc) signal: μ < 14 (7.6) 

● If we assume all other couplings to have SM values: 
■ Strongest direct constraints to date
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H+c associated production

● Clear advantage: Use any Higgs decay, ideally with low background 

● However: signal-sensitive cross section ~90 fb 
● Very difficult background: ggH and insensitive H+c production 

● Use the high-purity final state with two photons 
■ Base on the “standard” H→γγ strategy and knowledge 
■ In the analysis selection: ~0.06 expected signal events (22500 bkg) 

● Also here: charm-tagging is a crucial ingredient
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See also Tiziano Bevilacqua’s talk 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-010/
https://arxiv.org/abs/1507.02916
https://indico.cern.ch/event/1391236/timetable/#60-searches-for-rare-higgs-bos
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H+c associated production

● Diphoton event selection + charm-tagged additional jet 
● Employ two BDTs to separate ggH (BDT 1) and continuous backgrounds (BDT 2) 

● 2D category optimisation → 9 orthogonal regions (per year) 
● Parametric model for resonant backgrounds and signal
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Our most important tool: jet flavor tagging

● We have made significant progress in resolved and boosted tagging
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Our most important tool: jet flavor tagging

● We have made significant progress in resolved and boosted tagging
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Where does this scaling law of taggers lead us?

● So far, Run 2 analyses have 
been performed using 
DeepCSV/DeepJet 
■ We expect a factor of 2 

improvement for c-jets 
■ Plus the progress we are 

making on calibration 
■ Run 2+Run 3 data 

(factor 3 larger!)

~time

[CM
S-D

P-24-066]

Back-of-the-envelope estimate 
● Assuming factor 3 in luminosity and 2 in 

c-tagging eff. with same background: 
■ VH(cc) resolved: → upper limit of ~8 for μ 
■ H+c (yy): → upper limit of ~144 for μ 

● But backgrounds are also real charm… 

● At HL-LHC (3000fb-1): 
■ VH(cc): Extrapolation gives ~ μ < 1.6 
■ H+c cross section of ~170fb 

→ 2300 signal events in the γγ channel! 
－ Higgs discovery 180/750 
－ Benefits from soft charm tagging 

improvements

https://cds.cern.ch/record/2904702
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Conclusion

● The hunt for yc is an exciting and active field 
■ Impressive progress in the last years 
■ Hand-in-hand with technological improvements and flavour-tagging 

● Exploring complementary ways: 
■ New indirect probes: Combination of differential measurements 
■ Rare decays: H→J/Psi + photon 
■ New avenues: H+c associated production 

● Charming journey ahead: 
■ Combination of CMS (and ATLAS) current results 
■ Addition of additional candidates? 
－ ttH(cc), VBF, H+c (→ZZ, WW, 𝛕𝛕) 
－ Hadronic channels (data parking & scouting)
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Thank you very much for your attention!
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Indirect probes of yc - differential Higgs pT
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Indirect probes of yc - H→4l + bb

● Search for Hγ production w/ focus on boosted 
topology 
■ Simultaneous analysis of H→bb and H→4l 

final states 

● Dedicated photon 
(un-)tagged categories 
w/ pTγ > 150 GeV
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Indirect probes of yc - H→4l + bb
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[CMS-HIG-PAS-23-011]

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-011/
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Rare decays - Z/H→J/  + γΨ
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Rare decays - Z/H→J/  + γΨ
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VH(cc)
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VH(cc)
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Merged Resolved
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VH(cc)
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H+c
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jet flavor tagging

26

~exp(time)

~time

For b vs light: Mistagging one b in 
100000 light jets!

[CMS-DP-24-066]

~time

[CM
S-D

P-24-066]

https://cds.cern.ch/record/2904702
https://cds.cern.ch/record/2904702
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Prospects for the (near) future

● Back-of-the-envelope estimate 
■ Assuming factor 3 in luminosity and 2 in 

c-tagging efficiency with same background rate 

■ VH(cc) resolved: → upper limit of ~8 for μ 
■ H+c (yy): → upper limit of ~144 for μ 

■ But backgrounds are also real charm… 

● At HL-LHC (3000fb-1): 
■ VH(cc): Extrapolation gives ~ μ < 1.6 
■ H+c cross section of ~170fb 

→ 2300 signal events in the γγ channel! 
－ Higgs discovery 180/750 
－ Benefits from soft charm tagging improvements
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From L. Mastrolorenzo & 
H. Qu seminar

https://indico.cern.ch/event/1127791/
https://indico.cern.ch/event/1127791/

