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Prospects for exotic light scalar measurements...

Outline: 1 Motivation

2 Analysis

3 Results

4 Conclusions

Work carried out in the framework of the ILD concept group

All presented results are “work in progress”...
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Motivation

e+e− Higgs factory

Precision Higgs measurements are clearly the primary target for future Higgs factory.
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In the ZH production channel (dominant below 450 GeV)
we can use “Z-tagging” for unbiased selection of events.

New channels open at higher energies allowing for direct
access to top Yukawa coupling and Higgs self-coupling.

Precision Higgs boson, top quark and electroweak
measurements will result in indirect constraints on BSM
or possible hints...
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At 250 GeV we will focus on H125 production

But production of additional, light exotic scalar states is
still not excluded by the existing data!
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Motivation

Previous studies
Prospects for their observation only partially explored so far...

ILD study arXiv:1903.01629 arXiv:2005.06265

Search independent on the scalar decay:
e+e− → Z S0 → µ+µ− + X

Expected sensitivities of ILC and CLIC
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OPAL, EPJ C27 (2003) 311
-1ILC,  250 GeV, 2 ab
-1ILC,  500 GeV, 4 ab

-1CLIC,  380 GeV, 1 ab
-1CLIC,  380 GeV, 4 ab

-1CLIC, 1500 GeV, 2.5 ab

OPAL, EPJ C27 (2003) 311
-1ILC,  250 GeV, 2 ab
-1ILC,  500 GeV, 4 ab

-1CLIC,  380 GeV, 1 ab
-1CLIC,  380 GeV, 4 ab

-1CLIC, 1500 GeV, 2.5 ab

CLIC search assuming invisible decays
arXiv:2002.06034 arXiv:2107.13903
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Motivation

Experimental hints... T. Biekötter, S.Heinemeyer, G. Weiglein arXiv:2203.13180

Some discrepancies point to new scalar with mass of ∼95 GeV and dominant decay to ττ ...
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

Sven Heinemeyer @ First ECFA WS on e+e− Higgs/EW/top factories, October 2022
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Motivation

N2HDM scenario arXiv:2203.13180

Parameters of the best-fit point (minimal value of χ2)
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 (h1): no bb̄ decays, τ+τ− decays dominate...
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Analysis
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Analysis

Signal scenarios

Consider production of light scalar in scalar-strahlung process:

e+e− → Z S

with hadronic Z decays (for statistics) and scalar decays to tau lepton pairs:

Z → q q̄ S → τ+τ−

⇒ look for fully hadronic (jjjj), semi-leptonic (`jjj) or leptonic (``jj) final state
depending on the decays of two tau leptons

Considered mass range MS = 15− 140 GeV

A.F.Żarnecki (University of Warsaw) Light scalars at Higgs factory ECFA’2023 11.10.2023 8 / 21



Analysis

Event samples

Signal and background samples generated with WHIZARD 3.1.2 using built-in SM CKM model.

Signal samples generated by varying H mass in the model and forcing its decay to τ+τ−.

All relevant four-fermion final states considered as background.
SM-like Higgs boson contribution included in the background estimate.
Contribution from two-fermion and six-fermion processes found to be small.

ISR and luminosity spectra for ILC running at 250 GeV taken into account

Total lumionsity of 2 ab−1, with ±80%/± 30% polarisation for e−/e+ (H-20 scenario).

Fast detector simulation with Delphes ILCgen model.

A.F.Żarnecki (University of Warsaw) Light scalars at Higgs factory ECFA’2023 11.10.2023 9 / 21



Analysis

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

mass (GeV)
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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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Analysis

Collinear approximation

Example signal event with hadronic tau decays (four jets).
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Analysis

Tau reconstruction arXiv:1509.01885

Example signal event with
hadronic tau decays

Tau leptons are very boosted ⇒ collinear approximation

Assume tau neutrinos are 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 jets.

Unique solution !

Works also for semi-leptonic and leptonic events!

Because of small tau mass ⇒ small invariant mass of neutrino pair

A.F.Żarnecki (University of Warsaw) Light scalars at Higgs factory ECFA’2023 11.10.2023 12 / 21
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Analysis

Tau reconstruction

Distribution of the raw and corrected mass of the tau candidate pair for MS = 50 GeV

Hadronic events (two tagged jets)
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Analysis

Tau reconstruction

Distribution of the raw and corrected mass of the tau candidate pair for MS = 80 GeV

Hadronic events (two tagged jets)
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Analysis

Tau reconstruction

Distribution of the raw and corrected mass of the tau candidate pair for MS = 110 GeV

Hadronic events (two tagged jets)
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Analysis

Kinematic distributions

Distribution of the reconstructed Z boson and scalar masses for MS = 50 GeV

Hadronic signal events
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Analysis

Kinematic distributions

Distribution of the reconstructed Z boson and scalar masses for MS = 80 GeV

Hadronic signal events
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Analysis

Kinematic distributions

Distribution of the reconstructed Z boson and scalar masses for MS = 110 GeV

Hadronic signal events
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Analysis

Signal event selection see backup slides for list of BDT input variables

Example of BDT response distribution for signal and background events, for MS = 50 GeV

Hadronic events
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Signal normalized to σ(e+e− → Z S) · BR(S → ττ)/σSM = 1%
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Results

Two analysis scenarios

Tight selection:
events with two tau candidates (leptons or jets with tau-tag) and two quark jets (no tau-tag)

Loose selection:
events with one or two tau candidates and two or three quark jets, respectively
(for one tau candidate, jet with the lowest invariant mass is taken as a second candidate!)

Limit setting approach

Cut on the BDT classifier response was optimized for signal significance assuming:

σ(e+e− → Z S) · BR(S → ττ)/σSM(MS) = 1%

95% CL cross section limit was then calculated as the signal cross section corresponding to
the significance of 1.64 (with the fixed BDT response cut)
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Results

Significance Combined data, polarisation not taken into account!

Signal significance after optimized BDT response cut (assuming signal at 1% level)

Tight selection Loose selection

Loose selection results in higher significance
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Results

Cross section limits Combined data, polarisation not taken into account!

Cross section limits with BDT response cut (optimized for 1% signal level)
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Results

Cross section limits

Cross section limits for σ(e+e− → Z S) · BR(S → ττ)
compared with decay independent limits on σ/σSM from earlier studies

Targeted analysis results
in order of magnitude
increase in sensitivity...

Possible gain in discovery
reach depends on the BR!
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Results

Cross section limits

Cross section limits for σ(e+e− → Z S) · BR(S → ττ)
compared with allowed scenarios in different models
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Conclusions
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Conclusions

BSM scenarios with light scalars still not excluded by existing data
Sizable production cross sections for new scalars can coincide with non-standard decay...

Light scalar decays to tau pairs seem a challenging scenario
and a good testing ground for different detector concepts and analysis methods

Fast simulation study indicates high sensitivity to the considered signal

Order of magnitude limit improvement already with the very simple limit setting approach
Should improve further when properly combining results from different event samples
(beam polarisations and decay channels).

Detector response modeling in DELPHES is very simplified (eg. tau tagging)
Comparison with full simulation needed to confirm the results...

Other decay channels of the light scalar still to be explored !
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Detector response modeling in DELPHES is very simplified (eg. tau tagging)
Comparison with full simulation needed to confirm the results...

Other decay channels of the light scalar still to be explored !
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Thank you!
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Backup slides

ILC running scenario

The unique feature of the ILC is the possibility of having both electron and positron beams
polarised! This is crucial for many precision measurements as well as BSM searches.

Four independent measurements instead of one:

increase accuracy of precision measurements

more input to global fits and analyses

remove ambiguity in many BSM studies

reduce sensitivity to systematic effects

Integrated luminosity planned with different polarisation settings [fb−1]

H-20 sgn(P(e−),P(e+)) Total√
s (−,+) (+,−) (−,−) (+,+)

250 GeV 900 900 100 100 2000
350 GeV 135 45 10 10 200
500 GeV 1600 1600 400 400 4000 arXiv:1903.01629
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Backup slides

Signal event selection

Selection based on BDT classifier trained with following input variables:

measured di-tau mass (before correction)

corrected di-tau mass (scalar candidate mass)

measured di-jet mass (Z boson mass)

recoil mass calculated from Z boson four-momentum

total event energy (after tau energy correction)

jet clustering parameter y34

polar angle of the Z boson emission

decay angles in the scalar rest frame

azimuthal distance between two tau candidates

A.F.Żarnecki (University of Warsaw) Light scalars at Higgs factory ECFA’2023 11.10.2023 21 / 21



Backup slides

BDT selection

Selection results for hadronic events (loose selection), signal hypothesis with MS = 50 GeV.
Combined 2 ab−1 of data, polarisation not taken into account.

Sample Npres NBDT εBDT [%]

Signal 3404 823 24

qqττ 113990 725 0.64

qqll 263320 70.9 0.027

qqqq 1851500 1370 0.074

qqτν 2509100 52.7 0.0021

qqlν 1381200 125 0.0091

Total 6119200 2347 Sig = 14.6

Npres - events expected after preselection, NBDT - after optimized BDT response cut
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Backup slides

BDT selection

Selection results for semi-leptonic events (loose selection), for signal with MS = 50 GeV.
Combined 2 ab−1 of data, polarisation not taken into account.

Sample Npres NBDT εBDT [%]

Signal 3079 999 32

qqττ 69160 860 1.2

qqll 359900 152 0.042

qqqq 2213 15.1 0.68

qqτν 1337700 79.1 0.0059

qqlν 9366300 43.1 0.00046

Total 11135300 1149 Sig = 21.6

Npres - events expected after preselection, NBDT - after optimized BDT response cut
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