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Abstract

I give a short summary on scenarios with new physics scalars that could be investigated at future
ete™ colliders. I concentrate on cases where at least one of the additional scalar has a mass below
125 GeV, and discuss both models where this could be realized, as well as studies which focus on

such scenarios. This work is based on [I], and partial results were also presented in [2].



I. INTRODUCTION

In the European Strategy report [3, 4], Higgs factories were identified as one of the high
priority projects after the HL-LHC. At such machines, the properties of the Higgs particles
should be measurable to utmost precision. Furthermore, new physics scalar states could also
be produced in the mass range up to ~ 160 GeV depending on the collider process.

At LEP, a large variety of new physics models have been investigated, with a concise
summary given in [B, 6]. However, these searches, as well as more recent bounds from
direct searches for light scalars at the LHC, still leave room for new light scalar states in
many new physics models. In this short proceeding, I summarize the current status of such
searches and present new physics scenarios that still allow for such states, taking all current
constraints into account. The work presented here is based on [I], and some of the results
have additionally been presented in [2].

II. PROCESSES AT HIGGS FACTORIES

At the center-of-mass (com) energies of Higgs factories, Higgs strahlung is the dominant
production mode [7]. Leading-order predictions for Zh production at e*e™ colliders for low
mass scalars which are Standard Model (SM)-like, using Madgraph5 [§], are shown in figure
for a center-of-mass energy of 250 GeV. The VBF-type production of ete™ — hu, iy
contains contributions from Z h production, where Z — v, ,. While for lower masses VBF
production still plays a role, for higher scalar masses the dominant contribution stems from

Z h production.

III. PROJECTIONS FOR ADDITIONAL SEARCHES

The production of lighter scalars in scalar strahlung has already been investigated in
various works [9, [T0], where the latter focusses on the investigation of different detector
concepts in an ILC environment. In principle two different analysis methods exist, which
either use the pure Z recoil ("recoil method”) or take the light scalar decay into bb into
account. In [9], the sensitivity of the ILC for low-mass scalars in Z h was investigated. Figure
shows the reach of these two methods at 95 % CL limit for agreement with a background
only hypothesis, which can directly be translated into an upper bound on rescaling. The
authors validate their method by reproducing LEP results [6l [LT] for these channels prior to
applying their method to the ILC.

Along similar lines, a more recent study that uses only the recoil method and compares

different detector options has been presented in [I0]. The corresponding results are shown
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FIG. 1. Leading-order production cross sections for Z h and hv, 7, production at an e*e”

collider with a com energy of 250 GeV using Madgraphb for an SM-like scalar h. Shown is also
the contribution of Z h to vy 7y h using a factorized approach for the Z decay. Update of plot in
[1], first presented in [2].
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FIG. 2. Sensitivity predictions for an ILC with a com energy of 250 GeV from [9]. See text for
details.

in figure[3] The authors perform their analysis in a model where the coupling of the new res-
onance is rescaled by a mixing angle sin # and the results can therefore be directly compared

to the ones displayed in figure

IV. CURRENT ENHANCEMENTS AND BENCHMARK MOTIVATIONS

Recently, there has been a lot of activity in the attempt to fit the possible low-mass
excesses at LEP [6] and CMS [12] within new physics scenarios. I here mainly comment on
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FIG. 3. Upper bounds on the mixing angle for the model discussed in [10], in a comparison of

different detector concepts and using the recoil method.

the work presented in [13], where several models are fitted to these excesses that contain
singlet and doublet extensions of the SM scalar sector. The authors consider models with an
additional doublet as well as a (complex) singlet, labelled N2HDM and 2HDMS, respectively.
For both models, the authors investigate the possibility to fit the observed accesses. Out of
the parameter space fitting these excesses, they then render rate predictions for a 250 GeV
collider with a total luminosity of £ = 2ab~'. The corresponding results are shown in
figure[d In particular, it is of high interest that also other final states for the h decay, as e.g.
7t77, g9, or WTW ™ can render sizeable rates. Related work concentrating on the N2HDM
can be found in [14]. See also [15-23] for other models that can in principle comply with an

excess in this mass range.
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FIG. 4. Left: Points in the 2HDMs that agree with both CMS and LEP excess and which can be
probed at the ILC. Right: predicted rates in the 2HDMS and N2HDM at 250 GeVusing full target

luminosity.



V. CONNECTION TO ELECTROWEAK PHASE TRANSITION

Another important topic is the connection of models with extended scalar sectors with
different scenarios of electroweak phase transitions. In particular, for scenarios where the
second scalar is lighter than a SM like candidate, such states can be investigated in Higgs-
strahlung and the associated decay of h — h; h;. Due to the clean environment of a lepton
collider, these processes can be investigated down to relatively low rates.

A standard reference for such processes is [24], where the authors consider Higgs-strahlung
at a 240 GeV ete™ collider, with the Higgs subsequently decays into two light scalar states
corresponding to the above target signature. They give 95 % confidence level bounds for the
branching ratios into the decay products of the two light scalars as a function of the light
scalar masses for an integrated luminosity of [ £ = 5 ab™! following a detailed study. We
show their results for various channels in figure [f
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FIG. 5. 95 % confidence bounds on branching ratios for Higgs decay into a pair of lighter particles,
for a com energy of 240 GeVand [ £ = 5ab~!. Taken from [24].

Depending on the mass, model, and decay mode, branching ratios down to ~ 10~* can be
tested.

In simple singlet extensions it is possible to test regions in the models parameter space
which can lead to a strong first-order electroweak phase transition. There has a been a lot if
recent activity in this field recently; here we show results from [25], where in addition several
collider sensitivity projections are shown, including the bounds derived in [24]. It becomes
clear that eTe™ Higgs factories would be an ideal environment to confirm or rule out such

scenarios.
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FIG. 6. Expected bounds on Higgs production via Higgs strahlung and subsequent decay into two
light scalars, in the singlet extension scenario discussed in [25, 26]. Left: Taken from [25]. Right:
For cosf = 0 the constraints mainly stem from hjis5 — invisble searches. Depending on m; this

scenario can be tested at current or future collideer experiments.

At the LHC, searches already exist for the above process. An overview can e.g. be found
in [27], where the authors present the status of current searches for

which for such models can be read as a bound in

sin® o X BRhyos =i s xxYY-

The results are displayed in figure [7] Current bounds on the mixing angle for the 125
GeV-like state are around |sin | < 0.3 (see e.g. [28]). This means that branching ratios
BRhyys b —» x xyy down to O (10_5) can be tested. In particular the pppp final states in
the low mass region give interesting constraints on the hio5 — h; h; branching ratio down

to ~ 0.03.

See also [29] for more recent work in this context.

VI. PARAMETER SPACE FOR SOME SAMPLE MODELS

After investigating new physics signatures, we now turn to models that still allow for
such low mass scalars. This is obviously only a brief overview, and more models might exist
allong for low mass scalars accessible at Higgs factories; see e.g. [I] for more details.

The first model we discuss is a model that extends the scalar sector of the SM by two
additional fields that transform as singlets under the electroweak gauge group [30, 31]. This
model contains three CP-even neutral scalars that relate the gauge and mass eigenstates

hi23 via mixing, where one of the three scalars has to have properties complying with
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FIG. 7. Limits on the process in eqn (1], taken from [27]. This displays current constraints which
can especially be easily reinterpreted in extended scalar sector models, in particular models where
couplings are inherited via a simple mixing angle. In this figure, the lighter scalar is denoted by s,

which corresponds to h; in the notation used in this manuscript.

current measurements of the SM-like scalar, while the other two can have higher or lower
masses. A detailed discussion including all constraints can be found in [30, 3], with recent
updates on benchmark planes also presented in [32]. In figure , two cases are shown where
either one (high-low) or two (low-low) scalar masses are smaller than 125GeV. On the

y-axis, the respective mixing angle is shown. Decoupling here corresponds to sina = 0.

Another option are e.g. two Higgs doublet models, where the SM scalar sector is aug-
mented by a second doublet. In the so-called flavour-aligned scenario [33] [34], the authors
perform a scan including bounds from theory, experimental searches and constraints, as e.g.
electroweak observables, as well as B-physics. Here, the angle & parametrizes the rescaling
with respect to the Standard Model couplings to gauge bosons, with cos@ = 0 designating
the SM decoupling. The limits on the absolute value of the cosine of rescaling angle vary
between 0.05 and 0.25 [35]. In figure , we show this angle vs the different scalar masses,
reproduced from [36] E| We see that all regions for masses < 125 GeV can be populated,
with absolute value of mixing angle ranges |cos (&) | < 0.1. A more recent update of the

above scan would of course be of high interest.

1T thank V. Miralles for providing these plots.
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FIG. 8. Available parameter space in the TRSM, with one (high-low) or two (low-low) masses
lighter than 125 GeV. Left: light scalar mass and mixing angle, with sina = 0 corresponding
to complete decoupling. Right: available parameter space in the (mp,, mp,) plane, with color
coding denoting the rescaling parameter sin « for the lighter scalar hy. Within the green triangle,

hiss — hahi — hy hy hy decays are kinematically allowed. Taken from [I].
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FIG. 9. Allowed regions in the 2HDM, from a scan presented in [36].

On can also extend the scalar sector further, e.g. by adding an additional singlet in
the gauge eigenbasis. In [37], the authors consider a model where the SM scalar sector is
extended by an additional doublet as well as a real singlet. The particle content of the
model contains 3 CP even neutral scalar particles, out of which one, as before, needs to have
the properties in compliance with LHC measurements of the 125 GeV scalar. The authors
perform an extensive scan and find regions in parameter space where either one or both of
the additional scalars have masses below 125 GeV. An example of the allowed parameter
space is displayed in figure We see that in the CP-even sector there are regions within
this model that still allow for low mass scalars.

Other models that allow for low mass scalars have e.g. been presented in [38] 39)].
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FIG. 10. Mixing angle and masses of different additional scalars in the aligned 2HDM, from the
scan presented in [36]. For all additional scalars, regions exists where masses are < 125 GeV, with

absolute values of mixing angles such that |cos (&) | < 0.1. Taken from [IJ.
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FIG. 11. Scan results in the N2HDM, taken from [37]. There are regions in the models parameter

space where either one or two of the additional scalars have masses < 125 GeV.

VII. CONCLUSIONS

I very briefly discussed some aspects of searches for low mass scalars at Higgs factories,
including models that allo for such low mass states, and provided references for further
reading. In particular, novel studies exceeding the ones presented here are highly encouraged



and could be included as an input for e.g. the next European Strategy update.
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