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Motivation

Experimental hints... arXiv:2203.13180
DESY 22-057

IFT-UAM/CSIC–22–033

Mounting evidence for a 95 GeV Higgs boson

T. Biekötter∗1, S. Heinemeyer†2 and G. Weiglein‡1,3

1Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
2Instituto de F́ısica Teórica UAM-CSIC, Cantoblanco, 28049, Madrid, Spain

3II. Institut für Theoretische Physik, Universität Hamburg, Luruper Chaussee 149, 22761
Hamburg, Germany

Abstract

In 2018 CMS reported an excess in the light Higgs-boson search in the diphoton decay
mode at about 95GeV based on Run 1 and first year Run 2 data. The combined local
significance of the excess was 2.8σ. The excess is compatible with the limits obtained in the
ATLAS searches from the diphoton search channel. Recently, CMS reported another local
excess with a significance of 3.1σ in the light Higgs-boson search in the di-tau final state,
which is compatible with the interpretation of a Higgs boson with a mass of about 95GeV.
We show that the observed results can be interpreted as manifestations of a Higgs boson in
the Two-Higgs Doublet Model with an additional real singlet (N2HDM). We find that the
lightest Higgs boson of the N2HDM can fit both excesses simultaneously, while the second-
lightest state is such that it satisfies the Higgs-boson measurements at 125GeV, and the full
Higgs-boson sector is compatible with all Higgs exclusion bounds from the searches at LEP,
the Tevatron and the LHC as well as with other theoretical and experimental constraints.
Finally, we demonstrate that it is furthermore possible to accommodate the excesses observed
by CMS in the two search channels together with a local 2.3σ excess in the bb̄ final state
observed at LEP in the same mass range.

∗thomas.biekoetter@desy.de
†Sven.Heinemeyer@cern.ch
‡georg.weiglein@desy.de
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Motivation

Experimental hints... arXiv:2203.13180

N2HDM type IV: fitting all three excesses: [T. Biekötter, S.H., G. Weiglein ’22]

pp → h95 → γγ gg → h95 → τ+τ− e+e− → Zh95 → Zb̄b

gray lines: central values of excesses

⇒ type IV can fit the γγ, ττ and bb excesses very well

Sven Heinemeyer, First ECFA WS on e+e− Higgs/EW/top factories (DESY), 05.10.2022 30
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Motivation

N2HDM model arXiv:2203.13180

Parameters of the best-fit point (minimal value of χ2) ⇒ BP1

mh1 mh2 mh3 mA mH±

95.68 125.09 713.24 811.20 677.38

tanβ α1 α2 α3 m12 vS
10.26 1.57 1.22 1.49 221.12 1333.47

BRbb
h1

BRgg
h1

BRcc
h1

BRττ
h1

BRγγ
h1

BRWW
h1

BRZZ
h1

0.005 0.348 0.198 0.412 6.630 · 10−3 0.025 3.382 · 10−3

BRbb
h2

BRgg
h2

BRcc
h2

BRττ
h2

BRγγ
h2

BRWW
h2

BRZZ
h2

0.553 0.085 0.032 0.069 2.537 · 10−3 0.228 0.028

BRtt
h3

BRbb
h3

BRττ
h3

BRh1h1
h3

BRh1h2
h3

BRh2h2
h3

BRWW
h3

0.123 0.739 0.000 0.002 0.072 0.030 0.022

BRtt
A BRbb

A BRττ
A BRZh1

A BRZh2
A BRZh3

A BRWH±
A

0.053 0.173 0.000 0.024 0.001 0.015 0.734

BRtb
H± BRτν

H± BRWh1

H± BRWh2

H±

0.922 0.000 0.073 0.003

Table 1: Parameters of the best-fit point for which the minimal value of χ2 is found (χ2 = 88.07,
χ2
125 = 86.24) and branching ratios of the scalar particles in the type IV scenario. Dimensionful parameters

are given in GeV, and the angles are given in radian.

found for values of mh3 at the lower end of the scan range. The fact that sizable values of µττ

are associated with relatively small values of tan β and mh3 is caused by an intricate interplay of
the various theoretical and experimental constrains which give rise to a correlation between the
allowed values of the mixing angles αi for given values of tan β and mh3 . The correlations between
the parameters tan β and mh3 and the signal strength µττ is phenomenologically very interesting in
view of the prospects for collider searches of the heavy scalar states. Here it should be noted that
in type IV the prospects for discovering h3, A and H± in the leptonic decay modes h3, A → τ+τ−

and H± → τν are much worse compared to a type II scenario. While in type II for the heavy
states H and A the bb̄-associated production and the branching ratio to ττ -pairs can be enhanced
with increasing values of tan β, in type IV the H,A → τ+τ− decay mode is suppressed when the
bb̄-associated production cross section is enhanced. Consequently, in type IV hadronic or bosonic
decay modes play a bigger role. We will discuss the experimental prospects from direct searches
for the heavy Higgs bosons in more detail in Sect. 4.3.

We complete the discussion of this section by a closer examination of the properties of the best-
fit point, which is indicated by a magenta star in the plots. The best-fit point has a total χ2-value
of χ2 = 88.07, which is composed of the contributions related to the excesses, χ2

γγ+ττ = 1.83, and
the contribution related to the SM-like Higgs boson, χ2

125 = 86.24. Thus, the excesses are described
at the level of less than 1σ, and the properties of h125 are practically indistinguishable from the
ones of a SM Higgs boson given the current experimental uncertainties. In Tab. 1 we show the
scalar masses and the values of the remaining free parameters. One can see that a large branching
ratio for the γγ decay mode of h95 arises because α1 ≈ π/2, such that for the coupling to b-quarks
one finds ch95bb̄ ≈ 0. As a result, also the branching ratio for h95 → bb̄ is found to be smaller
than 1%. This makes apparent that the best-fit point of the χ2-analysis of this section would not
be suitable for additionally accommodating the LEP excess in the bb̄ final state. Regarding the
heavy states, we find that the most striking collider signature would be associated to the decay
mode A → H±W∓. However, given the relatively large values of the masses a discovery at the
LHC seems to be not very promising.

10

Interesting pattern for light Higgs: no bb̄ decays, τ+τ− decays dominate...
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Analysis setup

Signal model many thanks to Thomas Biekötter

UFO file for Singlet-extended Two Higgs doublet model (S2HDM)
See arXiv:2108.10864 for more details.

Difference with N2HDM: complex instead of a real singlet field.
Equivalent to N2HDM, when the additional dark-matter candidate heavy.

Modified by Thomas Biekötter for type IV couplings.

BP1
h1 production cross section at 250 GeV: ∼11% of the SM cross section

for mhSM = 95.68 GeV

Scalar branching ratios from arXiv:2203.13180 used.

Problem with UFO interface in Whizard ⇒ fixed in 3.1.1 release !

A.F.Żarnecki (University of Warsaw) Light Higgs at 250 GeV ILC LCWS2023 May 18, 2023 6 / 24
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Analysis setup

Event samples

Generated using Whizard 3.1.1

Signal sample: with S2HDM UFO model

Four-fermion background samples: built-in SM CKM model
with restriction set to remove SM Higgs boson contribution
SM-like h2 contribution included using S2HDM UFO model

Consider ILC running at 250 GeV with −80%/+ 30% beam polarisation
Integrated lumionsity of 900 fb−1

Fast detector simulation with Delphes ILCgen model

A.F.Żarnecki (University of Warsaw) Light Higgs at 250 GeV ILC LCWS2023 May 18, 2023 7 / 24



Tau reconstruction
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Tau reconstruction

Collinear approximation arXiv:1509.01885

Used in the study of Higgs boson decaying into tau pairs at the ILC:

617 Page 4 of 11 Eur. Phys. J. C (2015) 75 :617

candidate satisfies cos θi > 0.99; and the combined mass,

calculated from the sum of the four momenta of the par-

ticle and the tau candidate, does not exceed 2 GeV. The

four momentum of this particle is then added to that of

the tau candidate.

3. Step 2 is repeated until there are no more particles left to

combine. The resulting tau candidate is then set aside.

4. The algorithm is repeated from Step 1 until there are no

more charged particles left.

A tau candidate is accepted if the number of charged particles

with track energy greater than 2 GeV is equal to one or three,

the net charge is equal to ±1, and the total energy is greater

than 3 GeV. Furthermore, an isolation requirement is applied

as follows. A cone of half-angle θc, with cos θc = 0.95, is

defined around the direction of the tau momentum. The tau

candidate is accepted if the energy sum of all particles inside

the cone (excluding those forming the tau candidate) does not

exceed 10 % of the tau candidate energy. We require exactly

two final tau candidates with opposite charges. This results

in a selection efficiency of 49.3 % for the qqτ+τ− signal

events.

After the tau candidates are identified, the neutrino energy

is recovered by using the collinear approximation [34].

Because tau leptons from a Higgs boson decay are highly

boosted, it is reasonable to assume that the tau momentum

and the neutrino momentum are nearly parallel. Under this

assumption, the energy of the two neutrinos, one from each

tau decay, can be solved by requiring that the overall trans-

verse momentum of the event is balanced in two orthogonal

directions. The neutrino reconstructed in this way is added

to the tau candidate. Figure 3 shows the invariant mass dis-

tributions of the tau pairs without (Mτ+τ− ) and with (Mcol)

the collinear approximation for the events containing two tau

lepton candidates with opposite charges. With the collinear
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Fig. 3 Distributions of the invariant mass of the reconstructed tau lep-

ton pairs at
√

s = 250 GeV for the e+e− → qqh mode. Mτ+τ− and

Mcol stand for the tau pair masses before and after the collinear approx-

imation, respectively, for the signal. Mcol(bkg) is the tau pair mass with

the collinear approximation for the background

approximation, a clear peak is visible at 125 GeV for signal

events. The Mcol distribution for background events with the

same criteria is also shown.

The Durham jet clustering algorithm [35] is applied to the

remaining particles to reconstruct the two jets from the Z

boson decay.

3.1.2 Event selection

We perform a pre-selection over the reconstructed events,

followed by a multivariate analysis. The pre-selection is

designed to reduce background while keeping most of the

signal. The events are pre-selected according to the follow-

ing criteria. The Z → qq candidate and the h → τ+τ−

candidate are successfully reconstructed. The total number

of charged particles is at least 9. The visible energy of the

event, Evis, lies in the range of 105 GeV < Evis < 255 GeV.

The visible mass of the event, Mvis, is greater than 95 GeV.

The sum of the magnitude of the transverse momentum of all

visible particles, Pt,sum, is greater than 40 GeV. The thrust

of the event is less than 0.97. The Z candidate dijet has an

energy, EZ , in the range of 60 GeV < EZ < 175 GeV

and has an invariant mass, MZ , in the range of 35 GeV <

MZ < 160 GeV. The angle between the two jets, θ j j , satis-

fies cos θ j j < 0.5. The recoil mass against the Z boson, com-

puted as Mrecoil =
√

(
√

s − EZ )2 − |pZ |2, is in the range of

65 GeV < Mrecoil < 185 GeV. The Higgs candidate tau pair

before the collinear approximation has an energy, Eτ+τ− , less

than 140 GeV and an invariant mass, Mτ+τ− , in the range of

5 GeV < Mτ+τ− < 125 GeV. The angle between the two

tau candidates, θτ+τ− , satisfies cos θτ+τ− < −0.1. The tau

pair after the collinear approximation has an energy, Ecol, in

the range of 30 GeV < Ecol < 270 GeV and an invariant

mass, Mcol, in the range of 15 GeV < Mcol < 240 GeV.

We use a multivariate analysis using Boosted Decision

Trees (BDTs) as implemented in the Toolkit for Multivariate

Data Analysis [36] of the ROOT framework [37]. The input

variables are

– Evis, Pt,vis, cos θmiss, where Pt,vis is the magnitude of the

visible transverse momentum and θmiss is the angle of the

missing momentum with respect to the beam axis;

– MZ , cos θ j j , Mrecoil, cos θZ , where θZ is the angle of the

Z candidate momentum with respect to the beam axis;

– Mτ+τ− , Eτ+τ− , cos θτ+τ− , cos θacop, where θacop is the

acoplanarity angle between the two tau candidates;

–
∑

τ+,τ− log10 |d0/σd0 |,
∑

τ+,τ− log10 |z0/σz0 |, where

d0/σd0 and z0/σz0 are respectively the transverse and lon-

gitudinal impact parameters of the most energetic track in

the tau candidate divided by their respective uncertainty

estimated from the track fit;

123
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Tau reconstruction

Collinear approximation

Example signal events, with hadronic tau decays (four jets).
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Tau reconstruction

Collinear approximation

Example signal events, with hadronic tau decays (four jets).

Tau leptons are very boosted.

Assume neutrinos from tau decays
emitted in the tau jet direction.

Their energies can be found from
transverse momentum balance:

/~pT = Eν1 · ~n1 + Eν2 · ~n2

where ~n1 and ~n2 are directions of
the two tau-tagged jets (!).

Unique solution
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Tau reconstruction

Collinear approximation

Distribution of the raw and corrected mass of the tau candidate pair.

Hadronic tau decays (two jets with tau-tag)

0 50 100 150 200
 [GeV]corr

ττm

0

200

400

600

E
ve

nt
s

5.0 GeV mass resolution
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Tau reconstruction

Collinear approximation

Distribution of the raw and corrected mass of the tau candidate pair.

Semi-leptonic tau decays (one lepton + one jet with tau-tag)
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Tau reconstruction

Collinear approximation

Distribution of the raw and corrected mass of the tau candidate pair.

Leptonic tau decays (two isolated leptons)
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First results

Event kinematics

Signal in hadronic tau decay channel
no leptons, clustering into four jets, two jets with tau-tag
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⇒ apply simple window cuts on: Right plot: after left plot box cut

Z (jj) and h1 (ττ) invariant masses

corrected h1 mass and recoil mass
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First results

Event kinematics

Background from qqττ in hadronic tau decay channel
no leptons, clustering into four jets, two jets with tau-tag
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Right plot: after left plot box cut

Dominated by e+e− → ZZ contribution
distribution very similar to signal events...
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First results

Event kinematics

Background from qqqq in hadronic tau decay channel
no leptons, clustering into four jets, two jets with tau-tag
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Right plot: after left plot box cut

Dominated by e+e− →W+W− contribution
suppressed by tau-tag requirement...
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First results

Event kinematics

Signal in semi-leptonic tau decay channel
one leptons, clustering into three jets, one jet with tau-tag
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⇒ apply simple window cuts on: Right plot: after left plot box cut

Z (jj) and h1 (ττ) invariant masses

corrected h1 mass and recoil mass
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First results

Results from cut-based analysis 900 fb−1 (−80%/+ 30%)

Hadronic tau decay selection

Sample Events expected after Final
Presel. Z mass h1 + rec eff.

Signal 1234.69 711.957 423.921 3.179

qqqq 38636 4980.42 603.688 0.004
qqlν 4793.66 104.21 0 0
qqτν 98069.7 296.134 0 0
qqll 929.392 29.5045 0 0
qqττ 10283.6 4360.07 2107.54 1.41
qqνν 1426.37 0 0 0
h2 1889.55 486.201 22.1 0.02

Total 156028 10256.5 2733.33

Significance 7.54
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First results

Results from cut-based analysis 900 fb−1 (−80%/+ 30%)

Semi-leptonic final state selection

Sample Events expected after Final
Presel. Z mass h1 + rec eff.

Signal 1738.75 1168.28 702.356 5.267

qqqq 150.922 0 0 0
qqlν 491142 2917.88 208.42 0.002
qqτν 70134.4 444.201 0 0
qqll 17053.6 678.604 44.2568 0.003
qqττ 13011.5 7503.45 3219.61 2.154
qqνν 34.3705 0 0 0
h2 2552.55 895.052 22.1 0.02

Total 594079 12439.2 3494.39

Significance 10.84
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Tau tagging
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Tau tagging

Tau tagging in Delphes

Tau tagging efficiency and miss-tagging probabilities in ILCgen Delphes
model taken from ILD full simulation studies.

July 2020 results (Daniel Jeans) based on TaJet Finder by Taikan Suehara

Tagging efficiency Miss-tagging probability

e+e− →W+W− → qqlν events
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Tau tagging

New tau-tagging approach in ILCgen detector model

Old tagging: miss-tagging probability depends on the jet energy only.
New: miss-tagging probability depends on the jet mass and energy

Miss-tagging vs jet energy
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Miss-tagging vs jet mass
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qualitatively new dependence!
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Tau tagging

New tau-tagging approach

Background from qqll in semi-leptonic tau decay channel

Default tau tagging
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This channel turned out to be most sensitive to tau tagging change
Low mass jet from “lost” lepton has much higher probability to be tau-tagged...
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Tau tagging

Results from cut-based selection 900 fb−1 (−80%/+ 30%)

After all selection cuts, tau tagging description has surprisingly little
impact on the final analysis result

Decay Tau Events expected Signal
channel tagging Signal Total bg. significance

Hadronic old 423.9 2733.3 7.544
new 435.0 3042.9 7.376

Semi-leptonic old 702.4 3494.4 10.84
new 692.9 3475.1 10.73

Leptonic old 260.0 1353.0 6.474
new 276.0 1376.4 6.791

Background dominated by qqττ ,
which is affected by tagging changes in the same way as the signal
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Conclusions

BSM scenarios with light scalars still not excluded by existing data

Sizable production cross sections for new scalars can be combined with
non-standard decay patterns...

Decays to tau pairs for scalars with mass close to MZ seem a challenging
scenario and a good testing ground for our detector and analysis methods

Fast simulation indicates that measurement with high significance possible.

The study will continue to get better understand of signal and background

Experimental sensitivity should significantly increase
when more advanced analysis methods (MVA) are used

Full simulation is a must to get reliable quantitative result.
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Thank you!
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Backup slides

N2HDM model

Production cross section for h1 is about 11% of the SM cross section for
this mass (for the considered best-fit point, BP1)
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Backup slides

Collinear approximation

Distribution of the neutrino energies from transverse momentum balance.

Hadronic tau decays (two jets with tau-tag)
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Backup slides

Collinear approximation

Distribution of the raw and corrected energy of the event.

Hadronic tau decays (two jets with tau-tag)
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Backup slides

Event kinematics

Background from qqττ in semi-leptonic tau decay channel
one leptons, clustering into three jets, one jet with tau-tag
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Right plot: after left plot box cut

Dominated by e+e− → ZZ contribution
distribution very similar to signal events...
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Backup slides

Event kinematics

Background from qqlν in semi-leptonic tau decay channel
one leptons, clustering into three jets, one jet with tau-tag
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Right plot: after left plot box cut

Dominated by e+e− →W+W− contribution
Two-jet final state clustered into three jets...

A.F.Żarnecki (University of Warsaw) Light Higgs at 250 GeV ILC LCWS2023 May 18, 2023 24 / 24



Backup slides

Event kinematics

Background from qqll in semi-leptonic tau decay channel
one leptons, clustering into three jets, one jet with tau-tag
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Right plot: after left plot box cut

Dominated by e+e− → ZZ contribution
one lepton has to be “lost”...
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Backup slides

New tau-tagging approach

Weak point of the current Delphes model:
miss-tagging probability depends on the jet energy only.

However, tau jets and quark jets are very different!

Tau jets
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Backup slides

New tau-tagging approach

Fraction of quark jets with mass above 2 GeV, 3 GeV, 4 GeV and 5 GeV,
compared with miss-tagging probability (black).
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⇒ implement miss-tagging as energy dependent mass cut
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