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CMS experiment at Large Hadron Collider (LHC)

• CMS experiment is located at LHC, where protons 
collided with each other at 𝑠 ≈ 13 TeV during Run-2
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27 km circumference
100m below
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(2016-2018)



Higgs boson decay measurements
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• Measured a wide range of Higgs boson decays 
during Run-2 (2016-2018) at CMS.
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Theory (CERN Yellow Report 4)

Measurement (Nature 607 (2022) 60-68)

• Will present rare Higgs decays (BR below 𝟐×𝟏𝟎1𝟑).

𝜇 =
ℬ56789:6;6<=
ℬ>?6@:A
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Searching for rare Higgs decays
• In the beautiful 

scenery of QCD, 
Electroweak (𝛾, W, Z), 
Di-boson, 𝑡 ̅𝑡, and other 
physics processes at 
LHC, we search for the 
pattern of Higgs.
ØThere is the pattern of 

ICISE in the picture.
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QCD

𝛾, W, Z

Di-boson
𝑡 ̅𝑡



General method of searching for Higgs bosons
• Higgs are produced with several mechanisms 

and decays into a range of particles.

ØGenerally produced with GGF mechanism, but can 
utilize signatures of VBF, VH, and ttH.

• Search by targeting Higgs decay mode(s) with 
channels, and production mechanism(s) with 
categories.
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Production 
cross section

Distinct signature

Gluon gluon fusion
(GGF)

Vector boson fusion
(VBF)

Associated 
production
(VH)

ttH

At 13 TeV

Experiment category Requirement Dominant mechanisms

GGF targeted 0 jet or 1 jet GGF

VBF targeted 2 jets GGF and VBF

VH, ttH targeted Additional leptons VH and ttH

44 pb

4 pb

2 pb

0.5 pb

𝑁EFGG8 =H
I,K
ℒF<=×𝜎N:@O9P=F@< ;6P?7<F8;Q×ℬO6P7A ;@O6R

Decay channel Reconstruction Dominant decay Sub-dominant decay

𝐻(𝜇𝜇) targeted Two muons 𝐻 → 𝜇𝜇 𝐻 → 𝑍𝛾

• Extracting number of signal: Distributions (ex: reconstructed Higgs mass) are fitted.

Simple example
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Search for 𝐻 → 𝑍𝛾 (JHEP 05 (2023) 233)
• Could discover new physics that hides in 𝑯 → 𝜸𝜸

but affects 𝑯 → 𝒁𝜸.
Ø[JHEP02 (2022) 029]: "New" particles (Loryons) that 

couple to Higgs can affect a decay without us noticing 
it. But would be noticed through different decays.

Ø[Phys. Rev. D 88, 075019 (2013)]: Certain composite 
Higgs models show large modifications to  𝐻 → 𝑍𝛾, 
but is suppressed in 𝐻 → 𝛾𝛾.

• [JHEP 05 (2023) 233]: Higgs reconstructed with 
two leptons (electrons or muons) from Z boson 
and a photon.
ØAnalyzed Run-2 (138 [b1]) data of CMS.
ØDi-lepton triggers are used for analysis.
ØGGF, VBF, VH-ttH targeted categories, with BDT score 

sub-categories for GGF and VBF.
ØFit categories with smooth background with peaking 

signal with reconstructed mass of 𝒁(ℓ&ℓ)𝜸.
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Search for 𝐻 → 𝑍𝛾: Results

• JHEP 05 (2023) 233 results:
Ø𝜇̂ = 2.41c.dec.f(stat)1c.gec.h(syst. )
ØObserved (expected) significance: 2.7𝜎 (1.2𝜎).

• No evidence yet, but potential hints of the decay.
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GGF-targeted

VBF-targeted

VH-ttH targeted
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Search for 𝐻 → 𝜇𝜇 (JHEP01(2021)148)
• Most experimentally sensitive probe of the 

Higgs boson couplings to second-
generation fermions at LHC.
• JHEP01(2021)148: Higgs reconstructed with 

two opposite signed muons.
ØAnalyzed Run-2 (137 [b1]) data of CMS.
ØMuon triggers are used for analysis.
ØGGF, VBF, VH, ttH targeted categories, with BDT 

score sub-categories.
ØFit categories with smooth background with 

peaking signal with reconstructed mass of ℓ&ℓ
OR fitting BDT score distribution.
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Search for 𝐻 → 𝜇𝜇: Results

• JHEP01(2021)148 results
Ø𝜇̂ = 1.191c.hdec.nc(stat)1c.]nec.]o(syst. )
ØObserved (expected) significance: 3.0𝜎 (2.5𝜎)

• First evidence for decay of Higgs boson to second generation fermions.
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• Direct measurements of Higgs boson interaction with 
low-mass quarks (u,d,s) experimentally difficult.
• Probe with a light vector meson and a photon.
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𝐻 → 𝜙𝛾

1.6×101o 𝐻 → 𝜌𝛾

2.3×101u

𝐻 → 𝐾∗𝛾Strongly suppressed

• Higgs reconstructed with two 
charged tracks and photon
Ø𝜌(𝜋e𝜋1)𝛾
Ø𝜙(𝐾e𝐾1)𝛾
Ø𝐾∗c(𝐾±𝜋∓)𝛾

• Use Photon+tau, Photon+di-jet, 
muon, electron triggers to 
collect data.

Search for 𝐻 → 𝜌𝛾, 𝐻 → 𝜙𝛾, 𝐻 → 𝐾∗c𝛾 (CMS-PAS-HIG-23-005)
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• Backgrounds
Ø𝛾+jets
ØW+jets
ØZ+jets
Ø𝑡 ̅𝑡

Baseline event selections

𝑁{ ≥ 1 (Highest 𝑝~ photon selected)

Opposite signed tracks

Meson mass window

Track isolation

• Signal categories: 
ØGGF
ØVBF with 𝑝~

{ > 75 GeV
ØVBF with 38 < 𝑝~

{ < 75 GeV
ØWH, ZH,  𝑡 ̅𝑡𝐻 with at least 

one lepton
• BDT used for GGF and VBF sub-categories.
• Signal measured by fitting reconstructed Higgs 

mass distribution with smooth background and 
peaking signal.

Search for 𝐻 → 𝜌𝛾, 𝐻 → 𝜙𝛾, 𝐻 → 𝐾∗c𝛾: Baseline and fit

PASCOS2024 (7-13 Jul 2024)

Signals normalized to measured upper limit.



Search for 𝐻 → 𝜌𝛾, 𝐻 → 𝜙𝛾, 𝐻 → 𝐾∗c𝛾: Uncertainties

• Systematic uncertainties on background-shape
ØDiscrete profiling method.

• Systematics uncertainties on signal 
normalization.
ØTrigger efficiencies: 5%
ØDi-track efficiencies: 5%
ØPileup uncertainties: 5%
ØTheory uncertainties: 4%
ØMeson isolation efficiencies: 3%
ØJet energy and resolution corrections: 3%
ØIntegrated luminosity: 2%
ØPhoton identification uncertainties: 2%
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Signals normalized to measured upper limit.



• Measured branching fraction upper limits at 95% CL
Ø𝐻 → 𝜌𝛾 : 3.74×101n
Ø𝐻 → 𝜙𝛾 : 2.97×101n
Ø𝐻 → 𝐾∗c𝛾 : 1.71×101n
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Search for 𝐻 → 𝜌𝛾, 𝐻 → 𝜙𝛾, 𝐻 → 𝐾∗c𝛾: Results
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Jaebak (UCSB) 14

• Measured a wide range of Higgs boson production 
cross sections during Run-2 (2016-2018) at CMS.
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Theory (CERN Yellow Report 4)

Measurement (Nature 607 (2022) 60-68)
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• ggH, VBF, WH, ZH, and ttH
production mechanisms 
have been observed.

Observed!

Observed!

Observed!

Observed!

Observed!
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Search for 𝑏&𝑏𝐻 production (CMS-PAS-HIG-23-003)
• 𝒃�𝒃𝑯 has not been observed yet, even with cross section that 

is equivalent to 𝒕𝒕̅𝑯.
ØExperimental signature is more challenging than 𝑡 ̅𝑡𝐻.

• 𝑏&𝑏𝐻 has several contributing Feynman diagrams
ØFrom Higgs Yukawa coupling to top (𝑦�)
ØFrom Higgs Yukawa coupling to bottom (𝑦�)
ØFrom Higgs trilinear coupling (HZZ)

• Target to measure Higgs Yukawa couplings and consider Higgs 
trilinear coupling (HZZ) as background with Run-2 CMS data.
• Primarily targets tau channels to reconstruct the Higgs boson.

• Use electron, muon, tau triggers thresholds to collect data.
15

𝜅I: Higgs coupling scale 
factor for particle 𝑖

Channels

𝐻 → 𝜏𝜏 → 𝜏�𝜏�
𝐻 → 𝜏𝜏 → 𝜏�(ℓ𝜈𝜈)

𝐻 → 𝜏𝜏 → (ℓ𝜈𝜈)(ℓ𝜈𝜈)
𝐻 → 𝑊𝑊 → (ℓ𝜈)(ℓ𝜈)
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Search for 𝑏&𝑏𝐻 production: Baseline and background

• Wide range of backgrounds
ØQCD
ØElectroweak: W+jets, Diboson, 𝑡+jets
Ø𝑍+jets
Ø𝑡 ̅𝑡+jets
ØH: 𝑡𝑡𝐻, 𝑏&𝑏𝐻(from Higgs trilinear coupling)
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Baseline event selections

𝑵𝒃 = 𝟏 or 𝑵𝒃 = 𝟐

𝒆±𝝁∓, 𝒆±𝝉𝒉
∓, 𝝁±𝝉𝒉

∓, 𝝉𝒉
±𝝉𝒉

∓

∆𝑅 ℓ, 𝜏� > 0.5 OR ∆𝑅 𝑒, 𝜇 > 0.3

𝑚~ = 2𝑝~ℓ𝑝~;F88(1 − cos𝜙��ℓ ,������) < 60 GeV

• Events are categorized with multiclass BDT targeting signal and background processes.
• 𝑏&𝑏𝐻 signal is extracted from combined fit of BDT scores across channel × category.
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Search for 𝑏&𝑏𝐻 production: Uncertainties
• Dominant systematic uncertainties

ØBDT shapes of signal and background
vExperimental b tagging uncertainties: 10%
vZ boson 𝑝~ modeling uncertainties: 10%
vTop 𝑝~ modeling uncertainties: 10%
v𝑗 → 𝜏� estimation uncertainties: 7%

ØNormalization for 𝒃�𝒃𝑯 production
vTheory cross section uncertainties: 20%
vExperimental efficiency uncertainties: 5%

• Other systematic uncertainties
ØMiss-identification of electron or muon to 𝜏� for 

normalization
ØTheory variation effects on BDT shape
ØExperimental energy scale uncertainty for BDT 

shape
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Search for 𝑏&𝑏𝐻 production: Results
• Interpreted with signal strength (𝝁) and 𝜿 framework.
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• Observed signal strength upper limit at 95% CL is 3.7 times standard model prediction.
• 𝜅�, 𝜅� compatible within 95% CL with SM expectation.

𝜅 measured by combining results with 𝐻 → 𝜏𝜏 with floating 𝜅�, 𝜅�, 𝜅¡
Considered processes not sensitive to sign of Yukawa coupling.

PASCOS2024 (7-13 Jul 2024)

RED: Previous CMS 𝐻(𝜏𝜏)
results.
GREEN: Combine with this 
study.

𝜅 framework has a scale factor 𝜅 for 
each Higgs coupling. 𝜅 = 1 when 
measurement and theory agree.
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Searching for the blue ocean of BSM
Currently seeing the 
beautiful trees and 
mountains of SM 

As we walk forward 
probing SM

Maybe we will see 
more and more 
hints of the ocean 
of BSM 

And then finally see 
the ocean of BSM 



Jaebak (UCSB) 20

Summary

Observed!

Observed!

Evidence!

Observed!

Observed!

Observed!

Search for 𝐻 → 𝜌𝛾, 𝐻 → 𝜙𝛾, 𝐻 → 𝐾∗c𝛾

• With more data being 
collected, becoming 
sensitive to Higgs rare 
productions and decays. 

• Recently searched for 
𝑯 → 𝝆𝜸, 𝑯 → 𝝓𝜸, 𝑯 →
𝑲∗𝟎𝜸 decays and 𝒃�𝒃𝑯
production.
• Searches will continue in 

future with more data
ØRun-3 ℒF<= ∼ 200 [b1]
ØHL-LHC ℒF<= ∼ 3000 [b1]
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(2022-2025)

(2029-2041)

Higgs decay
Significance

Observed Expected

𝐻 → 𝜇𝜇 3.0𝜎 2.5𝜎
𝐻 → 𝑍𝛾 2.7𝜎 1.2𝜎
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Backup



Search for 𝑏&𝑏𝐻 production (CMS-PAS-HIG-23-003)
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• Good agreement between background estimation and data.

• Example: Fitted BDT distributions for 𝑒𝜇×𝐻(𝑊𝑊) and 𝜏�𝜏�×𝐻(𝜏𝜏)
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Signals normalized to measured upper limit.

• Signal measured by fitting reconstructed Higgs mass distribution with smooth 
background and peaking signal.

Search for 𝐻 → 𝜌𝛾, 𝐻 → 𝜙𝛾, 𝐻 → 𝐾∗c𝛾 (CMS-PAS-HIG-23-005)
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Search for 𝑏&𝑏𝐻 production: Categorization and fit
• Events are categorized with multiclass BDT, 

where each channel has a separate BDT.

• 𝒃�𝒃𝑯 signal is extracted from combined fit 
of BDT scores across channel × category.
ØQCD estimated from data control regions
ØOther background estimated using MC with 

Data/MC scale factors
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Channels

𝑒𝜇 𝑒𝜏� 𝜇𝜏� 𝜏�𝜏�
Z+jets O O O O

𝑡 ̅𝑡+jets O O O O

QCD X X X O

𝐻 → 𝜏𝜏 O O O O

𝐻 → 𝑊𝑊 O X X X

Channels

Categorization
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