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Abstract

The particle discovered in the Higgs boson searches at the LHC with a mass of
about 125 GeV is compatible within the present uncertainties with the Higgs boson
predicted in the Standard Model (SM), but it could also be identified with one of the
neutral Higgs bosons in a variety of Beyond the SM (BSM) theories with an extended
Higgs sector. The possibility that an additional Higgs boson (or even more than one)
could be lighter than the state that has been detected at 125 GeV occurs generically
in many BSM models and has some support from slight excesses that were observed
above the background expectations in Higgs searches at LEP and at the LHC. The
couplings between additional Higgs fields and the electroweak gauge bosons in BSM
theories could be probed by model-independent Higgs searches at lepton colliders. We
present a generator-level extrapolation of the limits obtained at LEP to the case of
a future e+e− collider, both for the search where the light Higgs boson decays into a
pair of bottom quarks and for the decay-mode-independent search utilising the recoil
method. We find that at the ILC with a centre-of-mass energy of 250 GeV, an integrated
luminosity of 500 fb−1 and polarised beams, the sensitivity to a light Higgs boson with
reduced couplings to gauge bosons is improved by more than an order of magnitude
compared to the LEP limits and goes much beyond the projected indirect sensitivity
of the HL-LHC with 3000 fb−1 from the rate measurements of the detected state at
125 GeV.
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1 Introduction
The properties of the Higgs boson that was discovered in 2012 are in agreement with the
predictions of the Standard Model (SM) within the current experimental accuracy, but they
are also compatible with a wide variety of extensions of or alternatives to the SM. Extended
Higgs sectors predict the existence of additional Higgs bosons, which could be heavier but
also lighter than the observed state at 125 GeV. The coupling of the SM Higgs boson to the
gauge bosons W and Z is such that terms with a bad high-energy behaviour in longitudinal
vector-boson scattering exactly cancel with each other. As a consequence, in an extended
Higgs sector comprising the SM-like state at 125 GeV and additional Higgs bosons the
couplings of the additional neutral Higgs bosons to W and Z, gφiV V , are expected to be
small. This implies that additional heavy neutral Higgs bosons may not be detectable via
the search channels φi → ZZ,W+W− and that for an additional light Higgs boson (or more
than one) gφV V may be so small that such a light Higgs boson would have escaped the limits
from the Higgs searches at LEP [1,2] (see also Ref. [3]) and the Tevatron [4].

The case of an extended Higgs sector containing a SM-like state that can be identified
with the observed Higgs signal and further Higgs bosons of which at least one is lighter
than 125 GeV can be realised, for instance, in a general two-Higgs-doublet model1 (2HDM),
and it occurs generically in extensions with a light singlet such as the Next-to-Minimal
Supersymmetric extension of the SM (NMSSM), see e.g. Refs. [7–9], or the N2HDM, a
2HDM with an additional real Higgs singlet, see e.g. Ref. [10]. It should be noted that
extensions of the SM with a singlet-dominated state in the mass range around or just below
100 GeV are also of interest in view of the observed local excesses around 96 GeV at the
2–3 σ level in both the searches at LEP in the e+e− → Zφ, φ → bb̄ channel [1, 2] and at
CMS in the φ→ γγ searches [11] (the CMS result is compatible [12] with the results of the
corresponding searches at ATLAS [13]). Possible interpretations have been discussed e.g. in
the NMSSM [9,14,15], an inflation-inspired µNMSSM [16,17] and the N2HDM [10].

Specifically, the neutral Higgs bosons φi of extended Higgs sectors consisting of any
number of doublets and singlets fulfill the sum rule at lowest order that the squared couplings
to gauge bosons of all φi add up to the squared coupling of the SM Higgs boson to gauge
bosons, ∑

i

(gφiV V )2 = (gSM
HV V )2, where V ∈ {W,Z}. (1)

Accordingly, this sum rule is valid for a wide class of models, including all the examples
of Beyond the Standard Model (BSM) theories with an extended Higgs sector mentioned
above. The sum rule receives corrections at the loop level, but these amount to effects that
are typically at the per cent level. This pattern of extended Higgs sectors implies on the
one hand that the couplings of the observed state at 125 GeV should be measured with the
highest possible precision in order to maximise the sensitivity for establishing a deviation
from the SM values, and on the other hand it provides a strong motivation to search for
additional Higgs bosons with couplings to gauge bosons that are significantly suppressed
compared to the case of a SM-like Higgs boson with the same mass. As far as the search for
light additional Higgs bosons is concerned, the mass region between about 60 GeV (since for

1See e.g. Refs. [5,6] for recent discussions of the viability of such a scenario in the Minimal Supersymmetric
extension of the SM (MSSM).
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2mφ > 125 GeV the decay of the Higgs boson at 125 GeV, h(125), into a pair of the additional
Higgs bosons, h(125)→ φφ, is kinematically closed) and 100 GeV appears to be particularly
promising, as this mass range is only mildly constrained by the existing limits from the Higgs
searches at LEP and the φ→ γγ searches at the LHC (and as discussed above, in both types
of these searches an interesting excess above the background expectation has been reported).

In the current paper we study the sensitivity of searches at the ILC in its first stage of√
s = 250 GeV centre-of-mass energy for light additional Higgs bosons with masses below

the one of the observed signal at 125 GeV. Due to the clean environment and consequently a
very favourable signal-to-background ratio for the prospective integrated luminosity, the low
beamstahlung, the precise knowledge of the beam energy and the availability of polarised
beams, the ILC has a high physics potential in the direct search for such light additional Higgs
bosons. We perform a generator-level extrapolation of the limits obtained at LEP to the
ILC case, both for the search for the φ→ bb̄ final state and for the decay-mode independent
recoil technique (the latter was pioneered at LEP by the OPAL collaboration [3] and forms
the basis for the total cross-section measurement for Zh(125) production at future e+e−

colliders).
The two main production processes for a neutral Higgs boson at the ILC are Higgs-

strahlung (e+e− → (H/φ)Z), dominant at lower masses and lower collider energies, and
WW -fusion (e+e− → (Hφ)νν̄), dominant at higher Higgs masses and higher collider en-
ergies. In the current study, we therefore focus on the Higgs-strahlung process, for which
we investigate the φ → bb̄ channel as well as the recoil method, where only the leptonic
Z-boson decays are utilised for the reconstruction of the final state (in our study we have
concentrated on the Z → µ+µ− decay). We first validate our approach with the LEP results
and then perform an extrapolation to the case of the ILC. The present paper builds up on
a preliminary study that was carried out in Ref. [18], see also Ref. [19].

The paper is organised as follows. The adopted statistical method is described in Sect. 2.
In Sect. 3 the method is validated with the results obtained at LEP, and in Sect. 4 the
sensitivity of the ILC searches for light Higgs bosons is discussed. Our conclusions are given
in Sec. 5.

2 Description of the applied methods
We consider the “Higgs-strahlung” process

Z
e

e

Z

H/φ

(2)

where for our generator-level analysis we focus on the Z-boson decay into muons, Z → µ+µ−,
and treat the cases where either the decay of the scalar H/φ→ bb̄ is reconstructed,

e+ + e− → Z + (H/φ)→ b+ b̄+ µ− + µ+, (3)

or only the information from the leptonic Z-boson decay is used. For the scalar either the
SM Higgs boson H is considered or a light Higgs boson φ with a reduced coupling to gauge
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bosons compared to the case of a SM-like Higgs boson with the same mass.
Concerning the statistical treatment we follow the prescription that was outlined for S95

in Refs. [1, 20], using a simplified approach, see also [21]. We have generated event samples
corresponding to the two hypotheses “all events are generated by the background only” or
“all events are generated by the background plus a hypothetical signal”. This has been done
by comparing the events for the full e+e− → 4 fermion process for the considered mass value
of the assumed signal, taking into account all interference contributions, with the events for
the full e+e− → 4 fermion process for the case where the mass value of the assumed signal
is beyond the kinematic reach of the collider. The quantity

S95 = σ̂

σref
= n̂

n
(4)

gives an upper limit σ̂ on a cross section that is compatible with the “background only”
hypothesis at the 95% confidence level, normalised to a reference cross section σref , or equiv-
alently on the ratio of the allowed signal rate n̂, normalised to the reference signal rate n. As
reference process we use in Eq. (3) the case of the SM Higgs boson at the considered mass
value. Accordingly, Eq. (4) can be interpreted as the ratio between the squared couplings of
the scalars φ and H to the Z-boson,

S95 =̂
∣∣∣∣∣ g

2
φZZ

g2
HZZ

∣∣∣∣∣ , (5)

for each mass value.
We have generated event samples for the process

e+ + e− → b+ b̄+ µ− + µ+ (6)

with the Monte Carlo generator Whizard-2.4.1 [22, 23], which we apply for both signal
processes and their reference values (with and without reconstruction of the H/φ → bb̄
decay) as well as for the corresponding backgrounds (a simple cut has been applied to control
backgrounds with photon radiation). Since we generate the full e+e− → 4 fermion process,
the corresponding signal and background events are not generated separately. The obtained
events are classified by either the invariant mass of the quark system or the recoil mass of
the lepton system for this analysis. The signal rate in the i-th bin (we use a width of 1 GeV
for the mass bins) is determined by the difference of the event rates for the background plus
signal (sbi) and the background only hypotheses (bi), and the signal rate si is obtained by
sbi − bi. Negative rates for signal events are cut, si = max (0, sbi − bi).

We assume that the number of potential signal events di in each of the i bins are dis-
tributed according to a Poisson distribution with the expected values bi for the “background
only” and si+bi for the “background plus signal” hypotheses, respectively. The test statistic

Q = Ls+b
Lb

= e−n
∏

bins i

(si + bi)di

(bi)di
(7)

orders the outcome of test experiments according to their “signal likeness”. While the ex-
pectation values of the Poisson distributions have to be determined a priori, the numbers of
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potential signal events di have to be determined experimentally. For this work we consider
only simulated events, and thus di = si. The logarithm of the test-statistic yields the weights
for the number of potential signal events per bin as

wi = log
(

1 + si
bi

)
. (8)

This definition requires the presence of at least one background event per considered bin. In
order to accommodate this, we choose the luminosity for the simulation large enough that at
least one event can be found in each bin, i.e. bi ≥ 1, and scale the luminosity afterwards with
a factor c to the desired value. The weights wi are not affected by the scaling procedure.

With the weight factors of Eq. (8), the scaling factor S95 given in Eq. (4) can be ex-
pressed [20] as

S95 = n̂

n
= K · σsb
〈X〉s

= 1.96 · σsb
〈X〉s

, (9)

where K denotes the number of standard deviations for the required significance: for S95
the value of K = 1.96 is used, corresponding to a confidence level (C.L.) of 5% for the signal
hypothesis. The variance σsb is given by σ2

sb = ∑
bins iw

2
i (si + bi), and 〈X〉s = ∑

bins iwisi.

3 Validation of the methods with results from LEP I
and LEP II

In order to validate the described method we apply it in a first step to the search in the
φ → bb̄ channel and compare with the results obtained by the LEP combination [1, 2].
Furthermore, in a second step, we validate our approach for the case of the search via the
recoil method by comparing with the results obtained by the OPAL collaboration in their
Higgs analysis employing the recoil method [3].

We simulated the process e+ + e− → b + b̄ + µ+ + µ− with the SM implementation
of Whizard 2.4.1 [22, 23]. This process contains for the signal events the Higgs-strahlung
process where the produced Higgs boson decays into bb̄ and the Z boson decays into µ+µ−.
As described above, for simplicity we restrict to the bb̄µ+µ− final state, i.e. we do not perform
a separate analysis for the bb̄e+e− final state and for our analysis via the recoil method we
also do not simulate additional decay modes of the Higgs boson. As explained above, our
“background only” and “background plus signal” hypotheses are generated by appropriately
adapting the mass of the implemented SM-like Higgs boson, i.e. for the “background only”
hypothesis the mass mφ of the scalar is chosen beyond the kinematic accessibility of the LEP
experiments.

For LEP I we consider the integrated luminosity of the four experiments at the centre-of-
mass energy of 91.2 GeV. For LEP II we use for the comparison the integrated luminosity that
the four LEP experiments recorded in a particular year and assign it to the highest energy
that was achieved during that year, with the exception of the last year of LEP running. For
the latter we use the energy of 206 GeV [24], where the bulk of the luminosity was recorded
during that year. The luminosity per experiment that we have used in our comparison is
given for the different LEP energy stages in Tab. 1. The number of events that we actually
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generated for our simulation is in fact 400 times higher than the LEP luminosity in order to
facilitate the determinaton of the weight factors wi, see Eq. (8), and to reduce the statistical
error. The results were then scaled down to the appropriate luminosities as described above.

Table 1: The integrated luminosities per experiment,
∫

dtL, at the different stages of the
LEP centre-of-mass energies,

√
s, that are used for the comparison with the LEP results (see

text).
√
s/GeV 91.2 172 184 189 202 206∫
dtL/pb−1 208.44 24.7 73.4 199.7 253 233.4

In our generator-level analysis we do not take into account hadronisation effects of the
b-quarks and we also do not simulate detector effects. This simplification leads to an over-
optimistic estimate for the signal efficiencies and thus for the observed signal rates. Since for
the searches making use of the φ → bb̄ final state the signal efficiencies have not explicitly
been given for the LEP experiments [21], we introduce a scale factor multiplying the lumi-
nosity that we use for the comparison with the LEP 1 results and we also allow for such a
factor for the comparison of the LEP 2 results. While our over-optimistic treatment of the
signal efficiencies implies the need to scale down our effective luminosities, we also need to
appropriately scale them up to account for the fact that we have simulated only events for
the Z → µ+µ− final state, whereas the LEP analyses also incorporate the other decay modes
of the Z boson. Both effects can be combined into a single scale factor. We introduce such
a factor, cbb, for the φ→ bb̄ analyses both at LEP 1 and LEP 2. The corresponding factors
for the recoil method analyses at LEP 1 and LEP 2 are denoted as crecoil. Specifically, we
obtain the effective luminosities Leff for our comparison as

Lbb
eff = cbb · L, Lrecoil

eff = crecoil ε · L, (10)

where L is the luminosity derived from the values given in Tab. 1. The scaling factors cbb,
crecoil depend on the parameters of the experiment and the analysis. We have determined
those factors from a comparison with the LEP-combined results for S95 in the case of the
φ→ bb̄ analyses and with the OPAL results for the case of the recoil method analyses. The
four approximate scaling factors, rounded to integer values, that we have obtained in this
way are listed in Tab. 2.

Table 2: Luminosity scaling factors cbb and crecoil derived via comparison with the S95 results
for the LEP 1 (91.2 GeV) and LEP 2 (> 91.2 GeV) energy stages from the LEP combination
for the analysis using the φ→ bb̄ final state and from the OPAL results for the recoil method
analysis.

√
s/GeV 91.2 > 91.2

φ→ bb̄ cbb = 12 cbb = 4
recoil method crecoil = 4 crecoil = 1

Obviously such a simple scaling factor can only roughly approximate an actual exper-
imental analysis. For the case of the φ → bb̄ analysis the scaling factor for incorporating
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besides the Z → µ+µ− final state also the events for the other Z decay modes would roughly
correspond to an increase of the effective luminosity by a factor of 30 for an ideal detec-
tor. Assuming for simplicity a median signal efficiency of 50% for the signal rates leads
to the conclusion that the coefficients cbb in Tab. 2 should not be larger than ≈ 15. The
comparison with the listed results for cbb shows that the value that we obtained for the
LEP 1 case (91.2 GeV) is rather close to the expectation for this idealised case. For the
LEP 2 case (> 91.2 GeV), on the other hand, the detector effects play a larger role, and our
generator-level extrapolation corresponds to a more optimistic estimate in comparison with
the analysis incorporating a realistic treatment of the backgrounds and the experimental
efficiencies. Tab. 2 shows that for the recoil method the required correction factors crecoil
are smaller. This is expected from the facts that the OPAL analysis only made use of the
decay modes Z → µ+µ−, e+e−, that for this analysis explicit signal efficiencies ε have been
published, which we have taken into account in Eq. (10), and that generally the detector
effects are expected to be less important for the recoil analysis as it only relies on a leptonic
final state.

3.1 Comparison with LEP data using the H/φ decay mode
In order to compare our analysis for the search using the H/φ decay mode with the LEP
data, we use the event samples for the process e+ + e− → b + b̄ + µ+ + µ− and employ the
information from the reconstruction of the bb̄ system for the identification of the samples
for “background only”, bi, and “background plus signal”, bi + si. The information from
the µ+µ− system is only used for validating that the signal events are compatible with
the production of a Higgs boson together with a Z boson. A challenging region for this
analysis is where the scalar mass mφ is close to MZ , since the presence of a large number of
background events close to the Z-boson mass MZ weakens the limit on S95; in this region we
fit the expected background events to emulate a more detailed analysis: we extrapolate the
expected background events in an interval around MZ and fit these points with a third-order
polynomial to obtain the number of events in the bins around MZ as the value of the fit
function at the central mass of each bin.

The result using our method for approximately reconstructing the expected LEP limit
is shown in Fig. 1 in comparison with the expected limit that was published by the LEP
collaborations. As explained above, our method makes use of the two scaling factors cbb
given in Tab. 2. The comparison in Fig. 1 shows that with those two factors as input our
method reproduces very well not only the normalisation of the expected LEP limit but also
its shape as a function of mφ.

3.2 Comparison with OPAL data using the recoil method
The OPAL collaboration also used the recoil method for analysing the data, i.e. exploiting
the recoil of H,φ from the Z-boson and analysing the Z decay only. This method has the
great advantage of being completely independent of the H,φ decay modes.

The OPAL analysis used the decay modes Z → µ+µ−, e+e− [3]. We restrict our analysis
to the decay mode Z → µ+µ− only, but extrapolate in a second step the luminosity taken
by OPAL to the full LEP luminosity, see Tab. 1. We include only bins close to MZ (interval
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Figure 1: The expected limit from LEP for the analyses using the φ→ bb̄ decay information
is compared with our method for approximately reconstructing the expected limit for S95
from the process e+e− → Z(H/φ)→ µ+µ−bb̄. Our approximate result makes use of the two
scaling factors cbb given in Tab. 2.

[84 GeV, 98 GeV]), so that the weighted mean of the central masses of the bins is in a small
interval around MZ ∑N

i=1 dimi∑N
j=1 dj

∈ [91.1 GeV, 91.3 GeV] (11)

with the number of events di in the i-th of N bins with the central mass mi.
The events from the µ-lepton pairs are ordered by their total energy Ei into bins, and

for each bin we calculated the respective recoil mass m(rec)
i ,

m
(rec)
i =

√
s+M2

Z − 2Ei
√
s, (12)

to obtain the event rates for background, bi ≡ bi(m(rec)
i ), and signal, si ≡ si(m(rec)

i ).
Since the OPAL collaboration published the signal efficiency of their analysis in Ref. [3],

we could make use of this information to estimate a mean signal efficiency of ε = 30% for
our approach and obtained in this way the effective luminosity Leff according to Eq. (10).
The obtained values for the two scaling factors crecoil(

√
s) are given in Tab. 2.

Our approximate reconstruction of the expected limit for S95 from the recoil method
analysis is compared with the expected limit published by the OPAL collaboration in Fig.2,
showing overall a good agreement. We furthermore display our result where the luminosity
has been extrapolated to the full LEP luminosity.
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Figure 2: The expected limit from OPAL based on the recoil method is compared with our
method for approximately reconstructing the expected limit for S95, which makes use of the
two scaling factors crecoil given in Tab. 2. Also shown is our result where the luminosity has
been extrapolated to the full LEP luminosity.

4 Discovery potential at the ILC for a light Higgs bo-
son

After having validated our method with the existing results from the analyses at LEP data,
we are now in a position to apply this method in order to derive the expected limits for
the ILC at

√
s = 250 GeV for the two types of analyses making use of the φ → bb̄ decay

information and employing the recoil method. For our ILC analysis we use the two scaling
factors cbb and crecoil that we determined for LEP 2 as given in Tab. 2. Concerning the ILC
we assume a beam polarisation of Pe− = −80% for the electron beam and Pe+ = +30% for
the positron beam, corresponding to the baseline design [25]. At the ILC with

√
s = 250 GeV

a total luminosity of L = 2000 fb−1 is expected to be collected within 15 years [26]. For our
study, however, we exploit only the polarisation configuration (−80%,+30%) and assume
the rather modest luminosity of 500 fb−1.

In Fig. 3 we show our results for the S95 projections at the ILC for the analysis making
use of the decay φ → bb̄ decay and and for the recoil method, where only the information
from Z → µ+µ− has been used [19] (the expected limits do not take into account the impact
of the Higgs signal at 125 GeV). These results are compared with the observed limit from
the φ→ bb̄ search at LEP [1]. As one can see from Fig. 3, the projected ILC limits yield an
improvement of more than a factor of 10 in S95 for the mass range between about 60 GeV
and 100 GeV compared to the existing limits from LEP already for the moderate luminosity
of L = 500 fb−1 at

√
s = 250 GeV.2

2For one of the two types of analyses addressed in our paper, namely the analysis using the recoil method,
meanwhile an ILC study has been performed with full ILD detector simulation [28,29]. The results obtained
in Ref. [28, 29] are in good qualitative agreement (in view of the more complete treatment of backgrounds
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Fi g ur e 3:  Pr oj e cti o ns f or t h e e x p e ct e d li mits o n S 9 5 at t h e I L C [ 1 9]  wit h
√

s = 2 5 0  G e V,
L = 5 0 0 f b − 1 a n d p ol aris e d b e a ms ( P e − = − 8 0 % a n d P e + =  + 3 0 %) f or t h e a n al ysis usi n g
t h e d e c a y φ → b b̄ a n d f or t h e r e c oil  m et h o d a n al ysis, b as e d o nl y o n t h e r e c oil fr o m t h e Z
b os o n t h at is r e c o nstr u ct e d fr o m t h e Z → µ + µ − d e c a y.  T h e i m p a ct of t h e  Hi g gs si g n al at
1 2 5  G e V is n ot s h o w n.  T h e I L C pr oj e cti o ns ar e c o m p ar e d  wit h t h e o bs er v e d li mit at  L E P
fr o m t h e φ → b b̄ s e ar c h es [ 1].  T h e s oli d h ori z o nt al li n es d e n ot e t h e i n dir e ct s e nsiti viti es at
t h e  H L- L H C a n d t h e I L C  wit h

√
s = 2 5 0  G e V fr o m t h e pr oj e cti o n f or t h e a c c ur a ci es o n t h e

c o u pli n gs of t h e o bs er v e d  Hi g gs b os o n at 1 2 5  G e V [ 2 7] (s e e t e xt).

F or c o m p aris o n, i n  Fi g. 3 als o t h e i n dir e ct s e nsiti vit y at t h e  H L- L H C fr o m t h e pr oj e cti o n
f or t h e a c c ur a ci es o n t h e c o u pli n gs of t h e o bs er v e d  Hi g gs b os o n at 1 2 5  G e V [ 2 7] is i n di c at e d. It
c orr es p o n ds t o t h e ar e a of t h e pl ot a b o v e t h e s oli d h ori z o nt al bl a c k li n e l a b ell e d as “ H L- L H C ”.
T h e r at e  m e as ur e m e nts of t h e st at e at 1 2 5  G e V pr o vi d e a n i n dir e ct s e nsiti vit y t o t h e s q u ar e d
c o u pli n g ( g φ Z Z ) 2 of a n a d diti o n al li g ht ( or h e a v y)  Hi g gs b os o n φ u n d er t h e ass u m pti o n t h at
t h e s u m r ul e of  E q. ( 1) is v ali d.  T h e pr oj e ct e d a c c ur a c y o n t h e c o u pli n g of t h e  Hi g gs b os o n
at 1 2 5  G e V, h ( 1 2 5), t o Z b os o ns,  ∆ g h ( 1 2 5 ) Z Z , tr a nsl at es u n d er t his ass u m pti o n i nt o a n u p p er
b o u n d o n t h e s q u ar e d c o u pli n g of t h e li g ht  Hi g gs b os o n a c c or di n g t o

(g φ Z Z ) 2

(g S M
H Z Z ) 2

≤ 1 − 1 − ∆ g h ( 1 2 5 ) Z Z

2
( 1 3)

ari si n g fr o m e v e nt s i n v ol vi n g p h ot o n s)  wit h t h e c ur v e i n  Fi g. 3 s h o wi n g o ur pr oj e cti o n f or t h e I L C b a s e d o n
t h e r e c oil  m et h o d.
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up to higher-order corrections to the sum rule. The indirect sensitivity achievable at the
HL-LHC that is indicated in Fig. 3 is based on the projection for the 2σ accuracy of the
gh(125)ZZ coupling from Tab. 4 of Ref. [27], where an integrated luminosity of 3000 fb−1 was
assumed. While the indirect sensitivity at the HL-LHC exceeds the observed limit from LEP
for mφ

>∼ 85 GeV, Fig. 3 clearly demonstrates that the sensitivity of the direct search at the
ILC will much surpass the indirect sensitivity at the HL-LHC even for the ultimate accuracy
reachable at the HL-LHC.

The indirect sensitivity of the ILC with
√
s = 250 GeV from the rate measurements of the

state at 125 GeV, where as for the HL-LHC we have used the projections listed in Tab. 4 of
Ref. [27], is indicated in Fig. 3 as the area above the solid horizontal black line that is labelled
as “ILC”. Fig. 3 shows that this indirect sensitivity at the ILC would be similar to the direct
reach via the recoil method, which could provide important complementary information for
determining the nature of a possible excess in the direct searches for additional light Higgs
bosons at the ILC. It should be noted that the sensitivity of the direct ILC searches for
additional Higgs bosons making use of the φ → bb̄ decay mode will significantly improve
even on the indirect sensitivity of the ILC based on its high-precision measurement of the
coupling of h(125) to Z bosons.

5 Conclusions
In this paper we have pointed out that the ILC at

√
s = 250 GeV has a large physics

potential in the direct search for additional light Higgs bosons. Such a light Higgs boson
would be expected to have a heavily suppressed coupling to gauge bosons as compared to a
SM-like Higgs boson at the same mass, which could therefore be below the existing limits
from LEP. Via those direct searches the ILC would probe favoured parameter regions of
various extensions of the SM, which have recently received considerable attention also in
view of the excess over the background expectation that has been reported for the φ → γγ
searches at CMS in the vicinity of a long-standing excess in the LEP Higgs searches.

We have performed a generator-level study for searches via the Higgs-strahlung process
at a future e+e− collider for both the analysis type using the φ→ bb̄ decay and for the decay-
mode independent search via the recoil method. In a first step we have validated our approach
with the existing results for the search in the φ → bb̄ channel, from the LEP combination,
and for the search utilising the recoil method, from the OPAL collaboration. We determined
normalisation factors for the effective luminosities that we employ to approximately account
for signal efficiencies and detector effects. We demonstrated that with this input our method
reproduces the expected limits from LEP and OPAL for the two types of analyses very well.

After this validation we applied our method for deriving the expected limits for the ILC
at
√
s = 250 GeV for both types of analyses. We used the normalisation factors cbb and

crecoil that we determined for LEP 2 but assumed as ILC conditions a centre-of-mass energy
of 250 GeV, beam polarisation of Pe− = −80% for the electron beam and Pe+ = +30% for
the positron beam and used as a very conservative approach the rather modest luminosity
of 500 fb−1. Our results show that the ILC at

√
s = 250 GeV will improve the LEP limits

in the sensitivity to a light Higgs boson with reduced couplings to gauge bosons for the
most interesting mass range between about 60 GeV and 100 GeV by more than an order of
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magnitude. This sensitivity of the direct search for additional light Higgs bosons at the ILC
will go much beyond the indirect sensitivity of the HL-LHC from the rate measurements
of the detected state at 125 GeV even for the projected ultimate accuracy reachable at the
HL-LHC with 3000 fb−1. It is interesting to note in this context that the indirect sensitivity
of the ILC with

√
s = 250 GeV from the rate measurements of the state at 125 GeV is

similar to the direct search reach of the ILC via the recoil method, while the direct searches
for additional light Higgs bosons at the ILC utilising the φ → bb̄ decay will significantly
improve even on the ultimate indirect ILC sensitivity.

The physics potential for the direct searches at the ILC with
√
s = 250 GeV discussed in

this paper complements and significantly enhances the ILC physics progmamme for precision
measurements in the Higgs and the electroweak sector.
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