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Experimental Results
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Results based on entire Run 2 data with 139 fb−1:

H, A→ ττ: doi:10.1103/PhysRevLett.125.051801

H± → tb: ATLAS-CONF-2020-039

Results based on 2015 & 2016 data with 36 fb−1:

H± → τν: doi:10.1007/JHEP09(2018)139

H→ ZZ (4ℓ and 2ℓ2a for ℓ ∈ {e,µ}): doi:10.1140/epjc/s10052-018-5686-3
H→ WW (eµ2ν): doi:10.1140/epjc/s10052-017-5491-4

A→ Zh (2ℓ2b for ℓ ∈ {e,µ} and 2ν2b): arXiv:1712.06518

H→ hh (4b, 2b2τ and 2b2γ): doi:10.1016/j.physletb.2019.135103

Results based on 2015 & 2016 data with 27 fb−1:

b(b)H→ b(b)bb: doi:10.1103/PhysRevD.102.032004
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Published Analyses from ATLAS

https://doi.org/10.1103/PhysRevLett.125.051801
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https://doi.org/10.1007/JHEP09(2018)139
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-017-5491-4
https://arxiv.org/abs/1712.06518
https://doi.org/10.1016/j.physletb.2019.135103
https://doi.org/10.1103/PhysRevD.102.032004


Results based on 2016 data with 35.9 fb−1:

H± → tb (all-jet): doi:10.1007/JHEP07(2020)126

H± → tb (with electrons or muons): doi:10.1007/JHEP01(2020)09

H± → τν: doi:10.1007/JHEP07(2019)142

H→ WW (2ℓ2ν and ℓν2q for ℓ ∈ {e,µ}): doi:10.1007/JHEP03(2020)034
A→ Zh (2ℓ2τ for ℓ ∈ {e,µ}): doi:10.1007/JHEP03(2020)065

H→ hh (2b2τ): doi:10.1016/j.physletb.2018.01.001

H, A→ tt: doi:10.1007/JHEP04(2020)171

H, A→ bb: doi:10.1007/JHEP08(2018)113

h, H, A→ µµ: doi:10.1016/j.physletb.2019.134992

h, H, A→ ττ: doi:10.1007/JHEP09(2018)007
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Published Analyses from CMS

https://doi.org/10.1007/JHEP07(2020)126
https://doi.org/10.1007/JHEP01(2020)096
https://doi.org/10.1007/JHEP07(2019)142
https://doi.org/10.1007/JHEP03(2020)034
https://doi.org/10.1007/JHEP03(2020)065
https://doi.org/10.1016/j.physletb.2018.01.001
https://doi.org/10.1007/JHEP04(2020)171
https://doi.org/10.1007/JHEP08(2018)113
https://doi.org/10.1016/j.physletb.2019.134992
https://doi.org/10.1007/JHEP09(2018)007
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Summaries of Results for hMSSM

http://cdsweb.cern.ch/record/2713580
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG


Provided results, mostly also available on HEPData:
Model-independent upper limits on the product of cross-section and branching fraction(s) (σ · BR)
Exclusion contours in a parameter space of a benchmark model (e.g. mA, tanβ of MSSM)
Model-independent likelihood scans, e.g. in σ · BR and mass of the Higgs boson
→ Currently only provided by φ→ ττ analyses at HEPData

Desired likelihood scans for MSSM, as reported in October 18, 2019:

Channel Discrete parameters Continious parameters
pp→ φ + X→ ττ + X mφ σ(ggφ) · BR,σ(bbφ) · BR
pp→ b(b)φ + X→ b(b)bb + X mφ σ(b(b)φ) · BR
pp→ φ + X→ tt + X mφ, Γφ/mφ gφ↔tt
pp→ φ + X→ µµ + X mφ, Γφ/mφ σ(ggφ) · BR,σ(bbφ) · BR
pp→ tbH± + X→ tb{tb, τν} + X mH± σ(tbH±) · BR
pp→ t + X→ bH± + X→ b{tb, τν} + X mH± BR(t→ bH±) · BR
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Types of Results provided/desired

https://www.hepdata.net/
https://www.hepdata.net/
https://indico.cern.ch/event/826136/contributions/3567939/attachments/1928955/3194309/WG3_summary.pdf


In general, there aren’t any objections to provide such scans
Following constraints may play a role:

Such scans are usually time-consuming and planned to be provided as additional material
There shouldn’t be too many parameters to scan (e.g. up to 3 or 4)
In some cases (e.g. for Γφ) additional MC may be required

Each analysis group to be approached individually to estimate the effort case by case

Questions
Do we agree on the parameter table on the slide before?
→ Matches most the derived upper limits and exclusion contours of the analyses

Further suggestions for parameterization?
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Likelihood Scans



ATLAS:

light charged Higgs search t→ H±b→ bcb ∼ Moriond 2021
∼ Summer 2021:

Charged Higgs search in H± → τν, H± → tb and H± → W±h final states
φ→ γγ with b-jets
b-associated φ→ bb

CMS:

All analyses to be updated to full Run 2

Next to come: H→ ττ, H→ bb, H→ µµ (∼ Moriond 2021/Summer 2021)

Sidenote to the published analyses listed before:

Chosen by having MSSM specific content, many more analyses with e.g. 2HDM focus are
present at public pages
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Planned Analyses



Signal Modelling
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Some analyses (e.g. H→ tt and H→ WW)
consider interference signal↔ background
Possible solutions:

Production of appropriate MC samples
taking the interference effects into account
Event-by-event reweighting can be also
applied to the nominal signal shape
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Interference Effects

https://doi.org/10.1007/JHEP03(2020)034


Signal templates produced for a finite
number of masses and (relative) widths
→ Therefore mφ and Γφ/mφ rather discrete
Intermediate parameter points can be
obtained as follows:

For binned signal templates, applying
morphing algorithms
Analytic signal modelling allows for
continious parameterization

to replace the original observables xj in the input p.d.f.s:

f ðxjmiÞ-f ðx0jmiÞ: ð16Þ

Since only a linear transformation is applied to each observable,
i.e. only the first two moments of the input p.d.f.s are modified, the
normalization of the scaled input template is analytically related
to the normalization of the original template asZ þ1

�1
f ðx0jmiÞ dx¼ 1

∏jajðmÞ
Z þ1

�1
f iðxjmiÞ dx ð17Þ

with the slope aj ¼ σj=σ
0
j, where j refers to the observable xj. The

construction of the complete morphed p.d.f. as the sum of the
transformed input p.d.f.s then gives

pðxjm0Þ ¼∑
i
ciðm0Þf ðx0;miÞ∏

j
ajðm0Þ: ð18Þ

As the coefficients ci add up to 1 by construction, the morphed p.d.f.
of Eq. (18) is unit-normalized as well for normalized input templates.

This leads to an important computational advantage and
novelty: for models where the input templates are constant, such
as histogram-based templates, no normalization integrals need to
be recalculated during the minimization of the likelihood function,
which is often a bottle-neck when using morphed p.d.f.s. As a result,
the number of input templates is generally increasable without
significant performance loss.

Note that the self-normalization of Eq. (17) remains valid when
applying a rotation to the set of (multiple) observables, which
would introduce covariance moments to the modified input p.d.f.s.
Though technically possible, such rotations are avoided here as
they obscure the physical interpretation of the observable set. A
consequence of this on the accuracy of the morphed p.d.f. to
model changing correlations between observables is discussed
in Section 4.2.

The processes of vertical and horizontal morphing (i.e. sum-
ming and translating) and of scaling the input morphed p.d.f.s are
illustrated in Fig. 1a, which morphs between two normal distribu-
tions. The technique proposed also accurately models the evolu-
tion of rapidly changing distributions as illustrated in Fig. 1b. In the
sample, the application of moment morphing is used to describe
the non-linear transition of a Cauchy distribution via a Crystal Ball
line shape into a normal distribution. The parameters of the used
p.d.f.s are chosen such that the positions of their means as well as
their shapes vary substantially as a function of the morphing
parameter α, in particular in the tails of the distributions which
change dynamically along the morphing path.

Fig. 2 shows an application of the technique described in this
paper to a complex physics and detector simulation. The recon-
structed invariant mass distribution for a Standard Model Higgs
boson with a mass 125 GeV decaying to four leptons is described by
non-linearly interpolating between a series of templates correspond-
ing to simulation response estimates for four assumed Higgs boson
masses, at 123, 124, 126 and 127 GeV. As reference templates kernel
estimation p.d.f.s modeling events simulated with MadGraph [3] and
an ATLAS-type PGS [4] simulation are used. Despite rapidly evolving
features, the template predicted by the morphing technique repro-
duces the true template at 125 GeV. The resulting morphed p.d.f. is
parametrized in terms of the ‘true’ Higgs boson mass, as opposed to
the reconstructed invariant mass, and a fit of the morphed p.d.f. to a
dataset with an assumed true Higgs boson of 125 GeV directly and
accurately measures that true Higgs boson mass.

2.2. Interpolation with multiple morphing parameters

The non-linear implementation of multiple morphing para-
meters is analogous to the single parameter case of Section 2.1. We
illustrate here the expansion to two parameters, including corre-
lated effects in the template distribution caused by changing two
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Fig. 1. Two examples of moment morphing. (a) Construction of the morphed p.d.f. The interpolation is done between two normal distributions, shown as solid lines,
corresponding to values 0 and 1 of the morphing parameter. After vertical morphing, the mean of the templates is shifted to the common value and their widths are adjusted
accordingly. The dashed p.d.f. shows the morphed p.d.f., which is a linear combination of the modified inputs. (b) Non-linear morphing of a Cauchy distribution (m¼0) via a
Crystal Ball line shape (m¼5) into a normal distribution (m¼10).
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Fig. 2. Example of p.d.f. interpolation. The reconstructed invariant mass distribu-
tion of for a 125 GeV Standard Model Higgs boson decaying to four leptons (solid,
red) has been predicted by non-linearly interpolating between the reference
distributions for surrounding mass hypotheses (solid, green), as described in the
text. The prediction is compared to the true 125 GeV template (dashed, yellow)
derived from the simulated data for this hypothesis and a fit of the morphed p.d.f.
to this dataset (solid, blue). The predicted, true, and fitted curves match almost
perfectly. (For interpretation of the references to colour in this figure caption, the
reader is referred to the web version of this paper.)

M. Baak et al. / Nuclear Instruments and Methods in Physics Research A 771 (2015) 39–48 41

from doi:10.1016/j.nima.2014.10.033
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Masses and Decay Widths

https://doi.org/10.1016/j.nima.2014.10.033


Main production modes that can be considered in MSSM:
Scalars h, H: ggφ, bbφ, VBF φ

VBF for H, relevant for e.g. H→ WW analysis
VBF for h, important contribution e.g. for the ττ channel, if h is taken into account

Pseudoscalar A: ggφ, bbφ

Based on these contributions following signal modelling can be done:

H, A in addition to BG or BG + hSM

h, H, A + BG, compared with BG or BG + hSM

→ Important for the hypothesis testing to be performed
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Neutral Higgs Boson Production



Studies were performed for b-jet acceptance differences reported in YR4 between POWHEG
and Madgraph 5 at NLO QCD

These differences can be reduced by adjusting the resummation parameter, e.g. Qsh in
Madgraph 5 at NLO QCD
Uncertainties to be taken into account for the chosen MC generator:

b-jet acceptance: (µR,µF) variations, resummation scale uncertainties
Residual difference between POWHEG and Madgraph 5, mostly visible in pT (φ)

Details in Abdollah’s talk

Question
Usually, such uncertainties are implemented with a Gaussian prior

For which variation would a flat prior be more suitable? Probably for resummation scale?
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B-associated Production

https://indico.cern.ch/event/922192/contributions/4069023/
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from http://cds.cern.ch/record/2742868

σ̂ =

(
Ŷt

Yt

)2

σt(µt) +
(
Ŷb

Yb

)2

σb(µt) +
(
ŶtŶb

YtYb

)
(σt+b(µtb) − σt(µtb) − σb(µtb))
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Gluon Fusion
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σ̂ =

(
Ŷt

Yt

)2

σt(µt) +
(
Ŷb

Yb

)2

σb(µt) +
(
ŶtŶb

YtYb

)
(σt+b(µtb) − σt(µtb) − σb(µtb))

At NLO in QCD, pT(φ) has different shape depending on the choice of tanβ
→ Multi-problem, that can be adressed with three different resummation scales
To reduce computational effort, produce one inclusive sample per mass at a chosen scale µincl.

Reweight its pT(φ) to the three contributions t-only , b-only , and tb-interference
→ Individual contributions not dependent on tanβ
Put these contributions together to one with the ratios of Yukawa coupling factors Ŷ/Y, which
depend on tanβ.
Uncertainties on (µt,µb,µtb) can be introduced as 3 individual nuisance parameters acting on
the corresponding contribition
→ Flat prior should be used, since no scale value is more preferred than other
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Gluon Fusion



Produce MC with SM couplings chosen at first
Reweight the contribution inclusively by:

H: cos(β − α)2 · BR
h: sin(β − α)2 · BR

A strong sensitivity to the SM-like scalar (usually h) by proper categorization can be exploited in
an MSSM analysis.
Details: http://cds.cern.ch/record/2742868

With Run 2 could be sensitive to 5-10% deviations from SM expectation
→ VBF production can be useful to check MSSM predictions for BR

16/19 10/11/2020 T. Barklow, A. Gottmann: MSSM Subgroup Update (ATLAS and CMS) Institute of Exp. Particle Physics (ETP)

Vector Boson Fusion
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MSSM Benchmark Scenarios
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In total 11 MSSM scenarios to be tested:
M125

h , M125
h, EFT

M125
h (χ̃), M125

h, EFT(χ̃)
M125

h (τ̃)
M125

h (alignment)
M125

h1
(CPV)

M125,µ−
h (µ = −1,−2,−3 TeV)

new hMSSM

Question
For analyses, a subset is included in the publication, the remaining ones as additional material

OK to define e.g M125
h , M125

h (χ̃), and M125
h (τ̃) as the main ones?

Is such a choice analysis dependent?
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Available Scenarios



Uncertainty sources for σ · BR provided with MSSM benchmark scenarios,
e.g. dependent on mA, tanβ

ggφ: p.d.f.+αs uncertainties, and (µR,µF) uncertainties

bbφ: a single, total theory uncertainty

Question
Can be implemented as a nuisance parameter with a Gaussian prior. Is that correct?
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Uncertainty Treatment


