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VBF 𝑯 → 𝝉𝝉 candidate

https://link.aps.org/doi/10.1103/PhysRevD.98.052003


Higgs boson decays to fermions
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Higgs branching fractions • Higgs coupling to fermions via ad-hoc Yukawa 
couplings ∝ ⁄𝑚' 𝑣

• BSM scenarios predict changes
in Yukawa couplings

• Experimental determination of Yukawa coupling
• In this presentation:

• 𝐻 → 𝑏𝑏 (58%)
• 𝐻 → 𝜏𝜏 (6.3%)
• 𝐻 → 𝜇𝜇 (0.022%)

• Results on 𝑡 ̅𝑡𝐻 in Margherita Spalla’s presentation
• Results on 𝐻 → 𝑐𝑐, 𝐻 → 𝜈𝜈, and LFV in Loan Truong’s 
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Overview on 𝐻 → 𝑏𝑏 analyses
• Largest branching ratio, but difficult channel due to large backgrounds
• Most sensitive production mode: VH production

• First STXS measurements

• Also measurements done for ggF and VBF production modes
• Complementary to measurements in 𝐻 → bosons
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Gluon fusion (ggF) Vector boson fusion (VBF) Higgs-Strahlung (VH)

∼ 88% ∼ 7%
∼ 4%
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Higgs peak

𝐻 → 𝑏𝑏 analysis targeting boosted 𝑔𝑔 → 𝐻𝑗
80.5 fb-1

⁄5 6 of Run 2

ATLAS-CONF-2018-052

𝐻 → 𝑏𝑏
decay 

• Boosted analysis: 2 large-R jets
• 2 b-tagged track jets in one large R-jet
• Higgs-candidate jet: pT > 480 GeV 
• Fit to the jet-mass spectrum

• Significance: 1.6𝜎 obs. (0.28𝜎 exp.)
• Needs more data

• Analysis is sensitive to 𝑝?@ > 480 𝐺𝑒𝑉
• Promising analysis to test for deviations from the 

SM and to include in STXS cross sections!

https://cds.cern.ch/record/2649081
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𝐻 → 𝑏𝑏 analysis targeting VBF
PRD 98 (2018) 052003 24.5-30.6 fb-1

⁄F G of Run 2

• Fit to the 𝑚HH spectrum
• Significance: 1.9𝜎 obs. (0.7𝜎 exp.)
• Observed signal strength 

for the Higgs boson:
𝜇@ = 2.5 ± 1.3 𝑠𝑡𝑎𝑡. QR.G

SR.T 𝑠𝑦𝑠𝑡.
• Statistically limited, more data needed

• Three analysis channels:
• 2 b-tagged jets + forward jet(s)
• 2 b-tagged jets + 2 central jets
• 2 b-tagged jets + 2 forward jets + central high-pT 𝛾

• Use BDT to select signal regions (Total of 9)

https://link.aps.org/doi/10.1103/PhysRevD.98.052003


• 8 SR defined:
• 2 or 3 jets (= 3 jets for 0ℓ, 1ℓ, ≥ 3 jets for 2ℓ)
• 𝑝? 𝑉 regions: > 150 GeV for 0ℓ, 1ℓ; [75-150, > 150] GeV for 2ℓ

• BDTs to separate 𝑉𝐻 signal and backgrounds
• Final discriminant in the analysis

• Main backgrounds (𝑡 ̅𝑡, 𝑉+HF) modelled by MC and 
normalized to data

• Simultaneous fit of all SRs and dedicated CRs 
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𝐻 → 𝑏𝑏 analysis targeting V𝐻
79.8 fb-1

⁄5 6 of Run 2
PLB 786 (2018) 59

0-lepton 1-lepton 2-lepton

+ 2 b-tagged jets 

https://www.sciencedirect.com/science/article/pii/S0370269318307056


• Observed significance of 4.9σ (4.3σ exp.)
• Systematics important for measurement
• Observation of 𝑯 → 𝒃𝒃 when combining with other production 

modes (ggF, VBF, 𝑡 ̅𝑡𝐻): 5.4σ (5.5σ exp.)
• Observation of 𝑽𝑯 production when combining with 𝐻 → 𝛾𝛾

and 𝐻 → 𝑍𝑍 → 4ℓ: 5.3σ (4.8σ exp.)
• Does not just probe Yukawa coupling to b-quark, but also most 

sensitive channel for 𝑉𝐻 production
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79.8 fb-1

⁄5 6 of Run 2
PLB 786 (2018) 59

𝐻 → 𝑏𝑏 analysis targeting V𝐻

https://www.sciencedirect.com/science/article/pii/S0370269318307056
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79.8 fb-1

⁄5 6 of Run 2
JHEP 05 (2019) 141

Study V𝐻 with 𝐻 → 𝑏𝑏 (STXS)

Different 
shape

• Use same BDTs to measure STXS bins as function of 𝑝? 𝑉
• Five cross sections: 𝑊𝐻 𝑝? 𝑉 : [150-250, > 250] GeV and 
𝑍𝐻 𝑝? 𝑉 : [75-150, 150-250, > 250] GeV

• All results consistent with SM, still statistics dominated
• Systematics from background modelling and MC statistics
• Impact from signal theory uncertainties small
• Sensitivity to EFT couplings, information on 95% CL limits in the backup

https://link.springer.com/article/10.1007/JHEP05(2019)141


𝐻 → 𝜏𝜏 analysis
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PRD 99 (2019) 072001 36 fb-1

⁄F G of Run 2

• Analysis targets VBF and boosted 
𝑔𝑔 → 𝐻𝑗 production

• Three 𝜏-decay channels: 
𝜏]^_𝜏]^_, 𝜏]^_𝜏`ab, 𝜏`ab𝜏`ab

• Analysis strategy:
• Cut-based approach
• Categorisation (13 SRs)
• 6 control regions

• Dominant backgrounds
• 𝑍 → 𝜏𝜏 production
• Mis-identified 𝜏-leptons

https://link.aps.org/doi/10.1103/PhysRevD.99.072001


𝐻 → 𝜏𝜏: Backgrounds and systematics
• Background estimation:

• Mis-identified 𝜏-decays: data-driven
• 𝑍 → 𝜏𝜏 modelled by MC, validated in 𝑍 → ℓℓ

validation region
• 𝑍 → 𝜏𝜏 normalized in 𝑍-peak of reconstructed 𝑚cc

10

• Largest systematic uncertainties:
• MC statistics
• Theory uncertainties on the ggF signal
• Jet energy resolution
• Normalization of the 𝑍 → 𝜏𝜏 background
• 𝜏-energy scale and identification

Kathrin Becker, 29.07.2019

PRD 99 (2019) 072001 36 fb-1

⁄F G of Run 2

https://link.aps.org/doi/10.1103/PhysRevD.99.072001


𝐻 → 𝜏𝜏: Results
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PRD 99 (2019) 072001

• Fit of 𝑚cc
dde to extract signal

• Observed significance of 4.4σ (4.1σ exp.)
• Observation of 𝑯 → 𝝉𝝉 when combining with Run 1: 

6.4σ (5.4σ exp.)
• Similar contributions from statistical and systematic uncertainties

36 fb-1

⁄F G of Run 2

https://link.aps.org/doi/10.1103/PhysRevD.99.072001


𝐻 → 𝜏𝜏 STXS measurement
Three cross sections measured:
• VBF cross section
• Two merged bins ggF bins:

• 60 GeV < 𝑝?@ < 120 GeV, 𝑁g^hi ≥ 1 → 52% precision
• 𝑝?@ > 120 GeV, 𝑁g^hi ≥ 1 → 60% precision

• BUT: decrease in sensitivity for ggF bins due to clash 
between analysis optimisation and STXS definition

12Kathrin Becker, 29.07.2019

36 fb-1

⁄F G of Run 2
PRD 99 (2019) 072001

𝑝?cc > 140 GeV

0.1 1.0 2.0

60<pT
H<120 GeV

ggH, >0-jet

VBF

0.5 1.5 2.5
x BR [pb]

total stat. SM exp.

ggH, >0-jet, 60<pT
H<120 GeV

ggH, >0-jet, pT
H>120 GeV

VBF

( stat., syst.)
1.79 ( 0.53, 0.74)
0.12 ( 0.05, 0.05)
0.25 ( 0.08, 0.08)

pT
H>120 GeV

ggH, >0-jet

 σ ττ

 ∓
 ∓
 ∓

 ∓
 ∓
 ∓

From Table 11 in 
PRD 99 (2019) 072001

https://link.aps.org/doi/10.1103/PhysRevD.99.072001
https://link.aps.org/doi/10.1103/PhysRevD.99.072001


Search for 𝐻 → 𝜇𝜇
• Most sensitive channel to access Higgs couplings to 2nd

generation fermions
• High muon mass resolution
• BR(𝐻 → 𝜇𝜇) = 2x10-4

• Signal is a narrow resonance over smoothly falling 
backgrounds (mainly Drell-Yan, Top, Diboson) 

• BDTs trained against the background in 0-jet, 1-jet and 
≥2-jets categories (ggF and VBF)

13

139 fb-1

Full Run 2
ATLAS-CONF-2019-028

Young scientist presentation by M. Zgubic
EPS 2019

≥2-jets, bkg vs VBF ≥2-jets, bkg vs ggF+VBF

2-jet ggF
region

3 VBF 
categories

𝑂nop < 0.6

3 ggF categories + 3 categories each for 
ggF 0-jet and 1-jet

= 12 SR categories

VBF categories have best S/B
Kathrin Becker, 29.07.2019

http://cdsweb.cern.ch/record/2682155


Search for 𝐻 → 𝜇𝜇
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139 fb-1

Full Run 2
ATLAS-CONF-2019-028 EPS 2019

• Fit to 𝑚rr in 12 categories to extract signal
• Signal modelling: double-sided Crystal Ball
• Background estimation:

• Important due to very low S/B
→ per mill level description of background

• 𝑚rr background model parametrized by 
analytical functions

• Core function to model DY mass shape
• Empirical function to correct distortions

• Uncertainties on 𝜇 (absolute value):
• Signal theory: 0.08
• Signal exp. :      0.07
• Spurious signal: 0.06
• Data stat.: 0.7

• Results:
• Upper limits: 1.7 (1.3) x 𝝈𝑺𝑴 obs. (exp.)
• Signal strength: 𝜇 = 0.5 ± 0.7
• Significance: 0.8σ (1.5σ) obs. (exp.)

http://cdsweb.cern.ch/record/2682155


Conclusion
• Observation of Higgs decays to b-quarks and 𝜏-leptons

• All results consistent with the Standard Model

• Higgs to fermions measurements also probe production modes:
• First measurements in kinematic bins 

of the STXS framework
• Complementary measurements to 
𝐻 → 𝑏𝑜𝑠𝑜𝑛𝑠

• Access to 2nd generation fermions is approaching
• Upper limit of 1.7 (1.3) x 𝜎xd for 𝐻 → 𝜇𝜇 decay

Kathrin Becker, 29.07.2019 15

• 𝑡 ̅𝑡𝐻 results: Margherita Spalla
• Rare decay results: Loan Truong
• More on 𝐻 → 𝜇𝜇: Miha Zgubic
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The pp collision dataset

Focus on results from LHC Run 2 (2015-2018)
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36 fb-1

80 fb-1

140 fb-1

LHC Run 𝒔 Luminosity
Run 1 7+8 TeV 25 fb-1

Run 2 13 TeV
36 fb-1

80 fb-1

140 fb-1

⁄F G of Run 2
⁄5 6 of Run 2

Run 1: 0.5 million produced Higgs-boson events
→ Run 2: 8 million produced Higgs-boson events



Simplified Template Cross sections (STXS)
• Proposed at Les Houches `15 (Proceedings) and detailed in LHC Higgs XS 

Working group (YR4)

• Goals:
• Measure cross-sections per production modes

(ggF, VBF, VH, ttH) in different phase spaces
(Signal Templates: PtH, PtV, …) → Bins predefined

• reducing model dependency and
maximizing sensitivity to BSM effects

• Combine different decay channels → increase sensitivity

• No background subtraction/unfolding needed
→ BUT: experimental category matching roughly one bin needed

Kathrin Becker, 29.07.2019 18

Example ggF

https://arxiv.org/abs/1605.04692
https://arxiv.org/abs/1610.07922
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𝐻 → 𝑏𝑏 analysis, 𝑔𝑔 → 𝐻𝑗: background estimation
80.5 fb-1

⁄5 6 of Run 2

(a) Predicted flavour composition of the dijet background in the SR based on the truth-matched hadron content of
the two leading-pT track-jets associated to the signal candidate large-R jet, with the B/C labels indicating the presence
of a b/c-quark and L indicating the presence of a light quark or a gluon. (b) The expected shape of the dijet
background in the SR and CRQCD normalised to the same event count between 70 GeV < mJ < 230 GeV.
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𝐻 → 𝑏𝑏 analysis, 𝑔𝑔 → 𝐻𝑗: background estimation
80.5 fb-1

⁄5 6 of Run 2

The efficiencies and yields in the CRQCD and SR for the non-QCD background, the Higgs boson and Z' boson signals and
data. The yields in the CRQCD are given for the full luminosity 80.5 fb-1 and for the luminosity employed, as explained
in Section 6, for the background estimate of the non-resonant dijet process. The efficiencies are relative to leading
large-R jet pT>480 GeV requirement.
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𝐻 → 𝑏𝑏 analysis, 𝑔𝑔 → 𝐻𝑗: Yields 
80.5 fb-1

⁄5 6 of Run 2

The fractional composition of the different resonant 
contributions in the defined regions. The fraction is
evaluated using the given contribution type as the total.
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𝐻 → 𝑏𝑏 analysis, 𝑔𝑔 → 𝐻𝑗: Systematics  
80.5 fb-1

⁄5 6 of Run 2
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𝐻 → 𝑏𝑏, VBF: Trigger and selection 
24.5-30.6 fb-1

⁄F G of Run 2
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𝐻 → 𝑏𝑏, VBF: BDTs and SR definition
24.5-30.6 fb-1

⁄F G of Run 2
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𝐻 → 𝑏𝑏, VBF: Yields
24.5-30.6 fb-1

⁄F G of Run 2

Expected numbers of signal events within the Higgs boson mass window of 100 GeV < mbb < 140 GeV
estimated from simulations. Statistical uncertainties are shown for the predictions from simulations

Numbers of signal, background and data events within the Higgs boson mass window of 100 GeV < 
mbb < 140 GeV. Signal and background yields are derived from the combined fit for the extraction of
μVBF. Uncertainties include both the statistical and systematic uncertainties.
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𝐻 → 𝑏𝑏, VBF: Systematics and results
24.5-30.6 fb-1

⁄F G of Run 2
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𝐻 → 𝑏𝑏, V𝐻: Selection
79.8 fb-1

⁄5 6 of Run 2
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𝐻 → 𝑏𝑏, V𝐻: Signal acceptance and background 
normalisation

79.8 fb-1

⁄5 6 of Run 2
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𝐻 → 𝑏𝑏, V𝐻: Samples
79.8 fb-1

⁄5 6 of Run 2
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𝐻 → 𝑏𝑏, V𝐻: BDTs for each SR
79.8 fb-1

⁄5 6 of Run 2
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𝐻 → 𝑏𝑏, V𝐻: Uncertainties on signal and background 
modelling
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𝐻 → 𝑏𝑏, V𝐻: Yields
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𝐻 → 𝑏𝑏, V𝐻: Results



𝐻 → 𝑏𝑏, V𝐻: 
STXS result extraction
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𝐻 → 𝑏𝑏, V𝐻: STXS signal acceptance & fraction
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𝐻 → 𝑏𝑏, V𝐻: STXS results
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𝐻 → 𝑏𝑏, V𝐻: STXS correlations
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79.8 fb-1

⁄5 6 of Run 2



𝐻 → 𝑏𝑏, V𝐻: Using STXS results in EFT fit

• Parametrize BSM physics in terms of Effective Lagrangian expansion of {
|

}QG

• Λ new physics scale assumed to be well above LHC reach
• Assumption Ο(T) dominant at LHC: focus on D=6 → 𝑐� (Wilson coefficient in 

SILH basis):

• 5 operators are relevant for V𝐻 → 𝑏𝑏: (𝑐� + 𝑐o) constrained by EW meas.
→ 4 operators considered

• Use 5 𝐕𝑯 → 𝒃𝒃 STXS cross-section to set limit on 4 EFT 𝒄𝒊
• Fit only 1 𝒄𝒊 at a time to data - Other 𝒄𝒊 assumed to be 0
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79.8 fb-1

⁄5 6 of Run 2



𝐻 → 𝑏𝑏, V𝐻: Using STXS results in EFT fit
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79.8 fb-1

⁄5 6 of Run 2

• All 𝒄𝒊 compatible with SM
• 95% CL limits derived



𝐻 → 𝜏𝜏 selection
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36 fb-1

⁄F G of Run 2



𝐻 → 𝜏𝜏 categories and CRs
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36 fb-1

⁄F G of Run 2



𝐻 → 𝜏𝜏 observed yields 
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36 fb-1

⁄F G of Run 2



𝐻 → 𝜏𝜏 observed yields 
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36 fb-1

⁄F G of Run 2



𝐻 → 𝜏𝜏 systematics
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36 fb-1

⁄F G of Run 2



𝐻 → 𝜇𝜇: Selection 
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139 fb-1

Full Run 2
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𝐻 → 𝜇𝜇: Background function 
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139 fb-1

Full Run 2
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𝐻 → 𝜇𝜇: Yields

47

139 fb-1

Full Run 2
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𝐻 → 𝜇𝜇: Composition of SRs
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139 fb-1

Full Run 2
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𝐻 → 𝜇𝜇: Results per region
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139 fb-1

Full Run 2
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Expected Observed


