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HiggsPredictions-1 HiggsBounds-6 HiggsSignals-3

• Handles user input (model 
predictions).

• Tabulated cross sections and BRs.
• Common process definitions and 

clustering.

Written in modern C++  for high performance; Python and Mathematica interfaces for ease of use.
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• Output: 𝜒!



HiggsPredictions overview

• All information about particles and their properties are stored in Predictions class.

• Information about each particle is stored in BSMParticle class:
• Quantum numbers: electric charge, CP.
• All relevant production and decay modes for LEP and LHC.
• Support for decays into mixed SM/BSM pairs (e.g. 𝐻 → 𝑍𝐴) and into pure BSM pairs  (e.g. ℎ → 𝐻𝐻).

• Tabulated XS and BRs for reference particles (more later).

• Effective coupling input to set particle properties relative to these reference models.

• Automatically calculates XS and BRs in terms of effective couplings.
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HiggsBounds — overview

HiggsBounds uses a library of experimental limits. For every limit, it

1. checks which particles in the model are relevant for each role in the process;

2. finds all maximal clusters for each role that fulfill the analysis assumptions;

3. computes the model predictions for all assignments of clusters to the process roles;

4. obtains the expected and observed ratios (i.e., model prediction/limit).

For each particle, the most sensitive limit is selected based on the expected ratio. The parameter 
point is regarded as allowed if the observed ratio < 1 for all selected limits.
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HiggsBounds — dataset

HiggsBounds data set available at gitlab.com/higgsbounds/hbdataset. All limits implemented via json files.

Current status:

• 307 limits from 189 experimental publications:
• 25 LEP searches from 13 publications (mostly combinations),
• 95 LHC Run 1 searches from 47 ATLAS and 48 CMS publications,
• 187 LHC Run 2 searches from 92 ATLAS and 95 CMS publications. 

• Limit database contains all types of limits:
• Searches for neutral, charged, and doubly-charged scalars.
• Chain decays pairs (e.g. 𝐻 → 𝑍𝐴) and pair decays (e.g. ℎ → 𝐻𝐻).
• Implementation of publicly available likelihoods (e.g. 𝐻 → 𝜏𝜏).
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HiggsSignals uses a library of Higgs measurement (json files). Based on these measurements it computes

𝜒! = 𝜇 − 𝜇̂ " Δ#$%" Corr#$%Δ#$% + Δ&'(#" Corr&'(#Δ&'(#
)*(𝜇 − 𝜇̂)

with 𝜇 being a normalized signal rate, mass, or coupling measurement.

Current status of dataset (gitlab.com/higgsbounds/hsdataset):

• 21 measurements (11 ATLAS Run-2, 9 CMS Run-2 and the Run-1 Combination) with 158 individual 
observables (mainly STXS measurements)

• Includes correlations correlations (experimental + theory).

• Also includes CP measurements (e.g. CMS 𝐻 → 𝜏𝜏 CP measurement).
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XS predictions
Easy access to predictions for Higgs XS and BRs
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HiggsPredictions — XS and BR predictions I

Henning Bahl 9

• All XS and BRs can be set explicitly by the user.

• For many BSM Higgs models, rescaling of SM results is a 
very good approximation.

• Therefore, user can also employ effective coupling input.

• For effective coupling input, XS and BRs are calculated by 
HiggsPredictions (assuming absence of contribution by BSM 
particle).

• Procedure:

• Evaluate BSM XS 𝜎!"#(𝑚) using parameterized XS fits.

• Rescale to LHCHWG recommendations          

𝜎$%& 𝑚 → 𝜎!"# 𝑚 ⋅ '!"
#$%$&' (
'!" (
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HiggsPredictions — parameterized XS’s

Henning Bahl 10

• Also 𝐻 → 𝛾𝛾, 𝑔𝑔 decay widths can be calculated in terms of effective couplings.



• Split up cross-section such that coupling 
dependence is explicit:

• Fit mass dependence of the various 
contributions individually using vh@nnlo.

• At run-time, take effective couplings to 
obtain total 𝑍𝜙 cross-section.

Example: 𝑍𝜙 production [Bechtle et al.,2006.06007]

Henning Bahl 11



LHCHWG recommendations for ggH

Henning Bahl 12

• LHCHWG provides different precision levels for the ggH XS:

• QCD N3LO for 𝑚) → ∞ (+ NLO EW corrections).           
⇒ more precise for 𝑚* < 𝑚)
→ SMHiggsEW reference model

• QCD NNLO for finite 𝑚) ⇒ more precise for 𝑚* > 𝑚)
→ SMHiggs reference model

• The reference model had to be chosen by the user often 
causing issues.

• New feature: SMHiggsInterp reference model interpolating 
between SMHiggs and SMHiggsEW
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Using the most precise XS predictions matters

Henning Bahl 13

Example: charm-Yukawa fit ℒ+ ,-. =
/()*

√1
̅𝑐(𝑐+ + 𝑖𝛾2 𝑐̃+)𝑐 𝐻

QCD NNLO for finite 𝑚)
QCD N3LO for 𝑚) → ∞



Preparing for Run-3
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Now also available for 
13.6 TeV and 14 TeV!



Preparing for Run-3 – 𝑊𝐻 example
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ℎ!"#ℎ!"# pair production XS I [work in progress]

Henning Bahl 16

• Goal: Easy application of resonant and non-resonant di-Higgs searches.

• Split ℎ312ℎ312 XS into various pieces:

𝜎4+,-4+,- = 𝜎565789: + 𝜎89: + 𝜎;5< = box + triangle 1 + res 1 + 2 Re[ box + triangle ⋅ res∗]

• Include dependence on resonance mass, width, Yukawas, and trilinear couplings.



ℎ!"#ℎ!"# pair production XS II [work in progress]

Henning Bahl 17

• Fit each of these pieces individually (using anyHH for XS calculation) [HB et al., to appear]
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• Fit each of these pieces individually (using anyHH for XS calculation) [HB et al., to appear]

Each line represents different 
resonance mass

Accuracy of grid interpolation



Implementation of new searches
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Non-resonant HH limits
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• New feature: implementation of 𝜆 dependence of non-resonant HH limits (via acceptance).

• Provide 𝜅> via effective coupling input.

[CMS,2207.00043] 
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Non-resonant HH limits: 2HDM example result
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• ℎ312ℎ312 XS calculated using HPair
[Gröber et al.,1705.05314;…]

• Optionally include NLO corrections to 𝜅>
via BSMPT. [Basler et al., 1803.02846;…]
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via BSMPT. [Basler et al., 1803.02846;…]

Unresolved issue: which limit should be applied how in presence of large resonant/non-resonant interference?



Multi-top final states
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• BSM scalars with large top-Yukawa couplings well 
motivated   → searches for multi-top final states.

• 𝑡 ̅𝑡:
• Competitive limits
• But results only available for pure CP-even/pure CP-

odd case or CP-even/CP-odd particles with same 
mass.

• Comparably hard to reinterpret (due to large signal-
background interference).

• 𝑡 ̅𝑡𝑡/ ̅𝑡𝑡 ̅𝑡:
• Experimentally overlooked, even though 𝑡𝐻 XS can be 

of same order than 𝑡𝑡𝐻 XS

• 𝑡 ̅𝑡𝑡 ̅𝑡:
• Much smaller signal-background interference.
• Easier to reinterpret.
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• Use existing MadAnalysis implementation [Darme et al.,2104.09512] to fit signal efficiencies.

• Implement only most-sensitive signal region.

Reinterpretation of CMS 𝑡 ̅𝑡𝑡 ̅𝑡 search [CMS,1908.06463]
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Bringing everything together
2HDM benchmark planes
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→ HiggsTools enables phenomenologists to make use of all the searches and measurements!



2HDM type II scans
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→ HiggsTools enables phenomenologists to make use of all the searches and measurements!



Conclusions
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Conclusions
• HiggsTools is a toolbox for BSM Higgs phenomenology.

• Three sub-packages:
• HiggsPredictions → model input + predictions,
• HiggsBounds → searches for BSM scalars,
• HiggsSignals → ℎ312 measurements.

• New features: XS predictions for 13.6 and 14 TeV, better support for non-resonant and resonant di-Higgs 
searches, multi-top searches, …

• Code and extensive documentation available at gitlab.com/higgsbounds/higgstools
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Thanks for your attention!



Appendix
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HiggsTools — quick start guide

C++ library:

1. Make sure you have the right dependencies (gcc >= 9, clang >= 5, CMake >= 3.17, Python >=3.5).

2. Download HiggsTools code and data repositories from gitlab.com/higgsbounds.
3. In the code directory, type 

Python interface: In the code directory, type 

Mathematica interface: 

SLHA and datafile input still available via Python interface.
Henning Bahl 29

Extensive online documentation: higgsbounds.gitlab.io/higgstools/index.html



HiggsPredictions — process types

Henning Bahl 30

All processes used in HiggsBounds and
HiggsSignals are now consistently defined
as one of four process types:

a) Channel (1 BSM particles).

b) Chain decay (2 BSM particles).

c) Pair decay (3 BSM particles).

d) Pair production (2 BSM particles).



HiggsBounds — clustering

Multiple particles of similar mass can remain unresolved.
→ Define clusters of particles with masses 𝑚! fulfilling 

max 𝑚! −min 𝑚! ≤ 𝑟"#$ + 𝑟%&' ⋅ mean 𝑚!

• Mass resolutions given by experiment or estimated.
• Can also account for theoretical mass uncertainties Δ𝑚!:

• Cautious: only if entire ±Δ𝑚! regions overlap.
• Eager: as soon as Δ𝑚 + 𝑟 regions touch.
• Ignore: ignore Δ𝑚! for clustering.

• Clustering for all particle roles in all search topologies.
• Consistent treatment of all implemented searches.

Henning Bahl 31



HiggsBounds — limit example

Henning Bahl 32

• Publicly available iPython notebooks for every limit.

• If possible, data is pulled from HEPdata.

• Outputs json limit file containing all information about a limit.

• Validation plots are generated automatically.



HiggsSignals —meas. example
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• Publicly available iPython notebooks for every measurement.

• If possible, data is pulled from HEPdata.

• Outputs json limit file containing all information about a 

measurement.

• Validation plots are generated automatically.



HiggsSignals correlations [Bechtle et al., 2012.09197]
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ℎ!"#ℎ!"# resonant limits
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ℎ!"#ℎ!"# resonant limits
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𝑡 ̅𝑡𝑡 ̅𝑡 validation
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