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Low-mass Higgs searches at LEP, e+e− → Zh, h → bb
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Introduction

[LEP Higgs Combination ’06]
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Figure 10: The 95% confidence level upper bound on the ratio ξ2 = (gHZZ/gSMHZZ)
2 (see text). The dark

and light shaded bands around the median expected line correspond to the 68% and 95% probability
bands. The horizontal lines correspond to the Standard Model coupling. (a): For Higgs boson decays
predicted by the Standard Model; (b): for the Higgs boson decaying exclusively into bb̄ and (c): into
τ+τ− pairs.
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Figure 1: S2HDM parameter points passing the applied constraints in the (mh1 , µ��) plane for the type II (blue)
and the type IV (orange). The expected and observed cross section limits obtained by CMS are indicated by the
black dashed and solid lines, respectively, and the 1� and 2� uncertainty intervals are indicated by the green and
yellow bands, respectively. Overlaid in red are the expected and observed limits from ATLAS [14]. The values of
µ
ATLAS
�� , µCMS

�� and µ
ATLAS+CMS
�� and their respective uncertainties are indicated by the red, black (left plot) and

cyan (right plot) error bars at 95.4 GeV.

bands, respectively [13]. Overlaid are the expected
and observed 95% confidence-level limits on the sig-
nal strengths observed by ATLAS [14] as dashed
and solid red lines, respectively. We obtained these
limits by normalizing the expected and observed
cross-section limits reported by ATLAS with the
cross sections predicted for a SM Higgs boson at
the same mass [29] using HiggsTools [44]. The val-
ues of µ

ATLAS
�� , µ

CMS
�� and µ

ATLAS+CMS
�� and their

respective uncertainties are indicated by the red,
black (left plot) and cyan (right plot) error bars
at 95.4 GeV. One can see that both types of the
S2HDM considered here can accommodate the com-
bined observed excess. Type II can give rise to
larger predicted values of µ�� due to a suppression
of the h95 ! ⌧

+
⌧
� decay mode, see the discussion

in Ref. [26].

3.2 Di-photon vs. bb̄ vs. ⌧+⌧�
excesses

In the previous subsection we demonstrated that
both the Yukawa types II and IV can describe the
excess in the di-photon channel observed by ATLAS
and CMS. Now we turn to the question whether ad-
ditionally also the bb̄ excess observed at LEP and/or
the ⌧

+
⌧
� excess at CMS can be accommodated.

Starting with the bb̄ excess, we show in the top
row of Fig. 2 the parameter points passing the ap-
plied constraints in the (µ�� , µbb) plane. The pa-
rameter points of type II and type IV are shown in
the left and the right plot, respectively. The colors
of the points indicate the value of ��

2
125, quantify-

ing the degree of compatibility with the LHC rate
measurements of h125. The black dashed lines indi-
cate the region in which the excesses are described
at a level of 1� or better, i.e. �2

�� + �
2
bb

 2.3 (see
Eq. (5)). The corresponding gray dot-dashed lines
indicate the previous result based solely on the CMS
Run 2 data regarding the di-photon excess.

One can observe that there are points inside the
1� preferred region in the upper left and right
plots. Thus, both type II and type IV are able to
describe the increased sensitivity in the di-photon
channel, now reaching 3.1�, and the bb̄ excess si-
multaneously. At the same time the properties of
the second-lightest scalar h125 are such that the
LHC rate measurements can be accommodated at
the same �

2 level as in the SM, i.e. ��
2
125 ⇡ 0, or

better. Such points are found inside the 1� pre-
ferred region for µbb values below the central value.
At the current level of experimental precision, the
description of both excesses is therefore possible in

5

LHC: CMS + ATLAS excess in 𝛾𝛾 channel at 95 GeV, 
interpretation in 2HDM + singlet (S2HDM)

3

CMS

ATLAS

CMS + ATLAS excess in 𝛾𝛾 channel at 95 GeV:
[T. Biekötter,                   
S. Heinemeyer,                
G. W. ’23]

Example 
interpretation: 
S2HDM,          
type II and IV

Good description 
in extended Higgs 
sectors with an 
additional doublet 
and a singlet

⇒
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Summary of the experimental results

4

Road to discovery: [T. Biekötter, S.H., G. Weiglein ’23]

⇒ note the reduction of µγγ over time!

Sven Heinemeyer, SUSY 2024 (IFT, Madrid), 10.06.2024 6

[T. Biekötter,                   
S. Heinemeyer,                
G. W. ’23]

Implications for physics at an e+e− Higgs factory?

one from CMS, it is important to note that a pos-
sible signal at about 95 GeV giving rise to a rela-
tively small number of events would occur on top
of a much larger fluctuating background. There-
fore, one cannot necessarily expect that the excesses
should occur with exactly the same signal strength,
and the fact that both collaborations report their
most significant excess at precisely the same mass
value has to be seen in this context as a certain level
of coincidence. Since for the same mass value the
signals strengths µATLAS

�� and µ
CMS
�� agree with each

other within their uncertainties, we regard the two
results to be compatible with each other. It should
also be noted in this context, see Fig. 1 below, that
the upper bound observed by ATLAS at 95.4 GeV,
albeit slightly stronger than the one observed by
CMS at this mass value, lies significantly above the
signal interpretation of the CMS result that is re-
flected in µ

CMS
�� . Neglecting possible correlations we

obtain a combined signal strength of

µ
exp
�� = µ

ATLAS+CMS
�� = 0.24+0.09

�0.08 , (3)

corresponding to an excess of 3.1� at

m� ⌘ m
ATLAS+CMS
�

= 95.4 GeV . (4)

If the origin of the di-photon excesses at 95.4 GeV
is a new particle, which is the scenario that we
investigate here, the question arises whether it is
also detectable in other collider channels. In ad-
dition, the new particle could have been produced
already in small numbers in other existing searches.
In this regard, it is interesting to note that LEP re-
ported a local 2.3� excess in the e+e� ! Z(� ! bb̄)
searches [4], which would be consistent with a scalar
resonance with a mass of about 95.4 GeV and a sig-
nal strength of µ

exp
bb

= 0.117 ± 0.057 [15, 31]. In
addition to the di-photon excess, CMS observed an-
other excess compatible with a mass of 95.4 GeV
in the Higgs-boson searches utilizing di-tau final
states [11]. This excess was most pronounced at
a mass of 100 GeV with a local significance of
3.1�, but it is also well compatible with a mass of
95.4 GeV, where the local significance amounts to
2.6�, and where the corresponding signal strength
for a mass hypothesis of 95 GeV was determined to
be µexp

⌧⌧ = 1.2±0.5. ATLAS has not yet published a
search in the di-tau final state that covers the mass
range around 95 GeV.

Given that all the excesses discussed above oc-
curred at a similar mass, it is possible that they

arise from the production of a single new particle –
which would be a first sign of physics beyond the SM
(BSM) in the Higgs-boson sector. This triggered
activities in the literature regarding possible model
interpretations that could account for the various
excesses [15–27, 32–37]. The first analysis using the
CMS result based on the full Run 2 data can be
found in Ref. [26].

Since the new result from ATLAS implies that
a moderate di-photon excess at about 95 GeV has
independently been observed by two di↵erent exper-
iments, it is of interest to assess the implications of
the combined result from ATLAS and CMS on pos-
sible model interpretations. In the present paper we
focus in particular on the extension of the 2HDM
by a complex singlet (S2HDM) as a template for
a model where a mostly gauge-singlet scalar par-
ticle obtains its couplings to fermions and gauge
bosons via the mixing with the SM-like Higgs bo-
son at 125 GeV. We will demonstrate that this kind
of scenario is suitable for describing the di-photon
excess, taking into account the (in comparison to
the CMS result slightly increased) significance of
the combined result. Moreover, we will discuss the
possibility of simultaneously describing the bb̄ ex-
cess and the di-tau excess.

The paper is structured as follows. In Sect. 2.1
we briefly introduce the S2HDM and define our
notation. In Sect. 2.2 we provide a brief qualita-
tive discussion on how sizable signal rates in the
three channels in which the excesses have been ob-
served can arise. The relevant theoretical and ex-
perimental constraints on the model parameters are
briefly summarized in Sect. 2.3. We present our
main results regarding the numerical analysis of
the improved significance of the di-photon excess in
Sect. 3. The conclusions and an outlook are given
in Sect. 4.

2 A 95 GeV Higgs boson in the S2HDM

In this section we briefly summarize the scalar
sector of S2HDM and how the excesses at about
95 GeV can be accommodated in this model. We
also review the relevant experimental and theoret-
ical constraints that are applied in our numerical
analysis.
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Case 1: h95 as a CP-even BSM Higgs boson

h95 is interpreted as singlet-like CP-even state, e.g. N2HDM, 
S2HDM, NMSSM, … :                                                                     
Singlet-like state h95 mixes with h125                                                  
Significant ZZ h95 coupling, allows possible explanation of LEP 
excess                                                                                                    
Sizeable 𝛾𝛾 rate via suppression of bb h95 coupling                     
Note: SUSY interpretations of the LEP excess predict μ𝛾𝛾 ≈ 0.3!


• Direct production at an e+e− Higgs factory in Z h95 channel: 
detailed studies of the properties of h95


• Precision measurements of the couplings of h125


• Possible production of additional Higgs bosons / BSM particles 
5
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Excesses near 95 GeV at the LHC and at LEP
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Figure 2: S2HDM parameter points passing the applied constraints in the (µ�� , µbb) plane (top row) and the
(µ�� , µ⌧⌧ ) plane (bottom row) for type II (left) and type IV (right). The colors of the points indicate the value
of ��

2
125. The black dashed lines indicate the regions in which the two excesses considered in each plot are

accommodated at a level of 1� or better, i.e. �2
�� + �

2
bb  2.3 (top row) and �

2
�� + �

2
⌧⌧  2.3 (bottom row). The

corresponding gray dot-dashed lines indicate the previous result based solely on the CMS Run 2 data.

tension with cross section limits from Higgs-boson
searches at LEP for the decay of the Higgs boson
into a pair of ⌧ -leptons [4, 35]. Consequently, a
simultaneous description of the �� and the ⌧⌧ ex-
cesses is possible at best at the level of 1�. We note
here that a better description of both the di-photon
and the di-tau excess can be achieved if h95 is iden-
tified with a CP-odd state [27], because such a sce-
nario is less constrained by the limits arising from
top-quark associated production (see also Ref. [37]).

In Tab. 1 we provide details of a selection of three
benchmark points that we obtained in our param-
eter scan in the type II S2HDM. These benchmark
points feature a very good description of the di-

photon excess observed at the LHC in combination
with the bb̄ excess observed at LEP, while the ex-
cess of di-tau events observed by CMS cannot be
described in type II as discussed above. Moreover,
the benchmark points BP1 and BP3 saturate the
measured DM relic abundance, while the DM den-
sity predicted for BP2 is under-abundant, leaving
room for additional components contributing to the
observed DM relic abundance. For BP1 the DM
state � has a mass of m� = 63.3 GeV, thus an-
nihilating e�ciently via s-channel exchange of h125,
while the invisible decay h125 ! �� is still kinemat-

8

S2HDM, type II and IV: [T. Biekötter, S. Heinemeyer, G. W. ’23]

The LHC excess in the 𝛾𝛾 channel and the LEP excess in the bb 
channel can be described very well simultaneously!

⇒
1 σ ellipse for 𝝌2𝛾𝛾+bb
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7

[P. Drechsel, G. Moortgat-Pick, G. W. ’20]

Higgs factory at 250 GeV will explore a large untested region!⇒

Indirect HL-LHC 
sensitivity from 
measurements 
of the Higgs at 
125 GeV
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from

LEP 
searches

Higgs factory sensitivity:
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Prospects for coupling measurements of h125 and 
h95 at an e+e− Higgs factory

8

S2HDM, type II and IV: [T. Biekötter, S. Heinemeyer, G. W. ’23]

Precision measurements of the couplings of both h125 and h95          
High sensitivity to the realised physics scenario (Yukawa type, …)

⇒
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Figure 3: S2HDM parameter points passing the applied
constraints that predict a di-photon signal strength in the
preferred range of 0.21  µ��  0.52 in view of the excess
observed by CMS [15] in the (|ch125⌧+⌧� |, |ch125V V |) plane.
The type II and the type IV parameter points are shown
in blue and orange, respectively. The green dotted and the
magenta dashed ellipses indicate the projected experimental
precision of the coupling measurements at the HL-LHC [79]
and the ILC250 [80], respectively, with their centers located
at the SM values.

experimental projections have been obtained assuming
that the cross section measurements are according to
the predictions of the SM.

One can see that the points of both types all lie
outside of the green ellipse. For the points with the
largest deviations from the SM, the anticipated HL-
LHC precision would be su�cient to distinguish be-
tween SM-like properties of h125 and the predictions
of the S2HDM for parameter regions that are in accor-
dance with the observed di-photon excess. However,
for the S2HDM points that are closest to the SM value,
no distinction at the 2� level could be established.
Consequently, the HL-LHC will not be able to entirely
probe the S2HDM interpretation of the di-photon ex-
cess at 95 GeV based on the coupling measurements of
h125. Moreover, for many of the displayed blue and or-
ange points the expected HL-LHC precision, indicated
by the size of the green ellipse, will not be su�cient to
distinguish between a type II and a type IV interpre-
tation.

Now we compare the model predictions with the ex-
pected precision at the ILC250, indicated by the ma-
genta ellipse. One can see that under the assumption
that no modifications of the properties of h125 will be
observed even at the ILC, all parameter points would
be excluded with high experimental significance. On

the other hand, for each point in the S2HDM describ-
ing the di-photon excess, a clear deviation of the prop-
erties of h125 from the SM predictions could be estab-
lished via the coupling measurements. The ILC also
has a significantly larger potential to distinguish be-
tween a type II and a type IV scenario, although even
the ILC precision might not be su�cient to distinguish
between the types for the parameter points with the
largest values of ch125⌧

+⌧� and ch125V V . Information
about the direct production of h95 and its coupling
measurements will of course be instrumental to fur-
ther probe the S2HDM scenarios.
In our S2HDM interpretation of the di-photon ex-

cess, h95 is required to have a non-vanishing coupling
to top quarks, and thus also to gauge bosons, in order
to be the origin of this excess. Moreover, a sizable cou-
pling of h95 to the Z boson is required if this state is
also supposed to be the origin of the bb̄ excess observed
at LEP. In this case, a future lepton collider running
at 250 GeV has the capability to produce h95 in large
numbers [82, 83]. From the resulting cross-section
measurements, the couplings of h95 could be deter-
mined with a precision that is expected to greatly im-
prove on the precision achievable at the LHC.8 Thus,
if a new state at 95 GeV exists, a future e

+
e
� collider

such as the ILC is expected to be of vital importance
for the determination of the underlying model that is
realized in nature.
In order to showcase the potential of the ILC for

discriminating di↵erent models that give rise to the
state at h95, we show in Fig. 4 the parameter points
of our scans in the (|ch95⌧

+⌧� |, |ch95V V |) plane. Here,
ch95⌧

+⌧� and ch95V V are the e↵ective coe�cients for the
couplings of h95 to tau-leptons and gauge bosons, re-
spectively. These coe�cients are normalized such that
they are equal to one for a hypothetical SM Higgs bo-
son at the mass of h95. As in Fig. 3, the parameter
points of type II and type IV are shown in blue and
orange, respectively, and we only depict the parameter
points that provide a good description of the di-photon
excess observed by CMS. In addition to the theoretical
prediction of the coupling coe�cients, indicated with

8Experimental projections for Higgs coupling measurements
at the HL-LHC are only publicly available for the discovered
Higgs boson at 125 GeV. In contrast to the cleaner experimental
environment at an e

+
e
� collider, at the LHC it is not feasible to

obtain projections for the accuracy of coupling measurements for
additional Higgs bosons without detailed simulations taking into
account systematical uncertainties. Since such a dedicated simu-
lation would be beyond the scope of the present paper, we do not
attempt to provide precise quantitative estimates for the achiev-
able accuracy on the couplings of h95 at the HL-LHC. However,
a rough estimate of the precision for the signal rates in the di-
photon and di-tau channel assuming 3 ab�1 can be achieved by
a simple rescaling with the square root of the luminosity, yield-
ing a precision of about 10% for the di-photon and the di-tau
channel.
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Figure 4: S2HDM parameter points passing the applied
constraints that predict a di-photon signal strength in the
preferred range 0.21  µ��  0.52 in view of the excess
observed by CMS [15] in the (|ch95⌧+⌧� |, |ch95V V |) plane.
The type II and the type IV parameter points are shown in
blue and orange, respectively. The shaded ellipses around
the dots indicate the projected experimental precision with
which the couplings of h95 could be measured at the ILC250
with 2 ab�1 of integrated luminosity, which we evaluated
according to Ref. [33].

the dots, we also indicated the experimental precision
with which the respective couplings could be measured
at the ILC by means of the shaded ellipses around each
dot. We estimated the experimental precision of the
coupling measurements for the ILC250 with 2 ab�1 of
integrated luminosity according to the approach dis-
cussed in Ref. [33].

One can observe in Fig. 4 that the blue points and
the orange points are clearly separated from each
other. For a fixed value of the gauge-boson cou-
pling, the parameter points of type IV predict larger
couplings to tau-leptons compared to the parameter
points of type II. This is in line with the discussion in
Sect. 2.2: In type II one has ch95⌧

+⌧� = c
h95bb̄

, such
that the enhancement of the di-photon branching ra-
tio via the condition |ch95tt̄

/c
h95bb̄

| > 1 is achieved in
the regime in which ch95⌧

+⌧� is suppressed. On the
other hand, in type IV one has ch95⌧

+⌧� = ch95tt̄
, such

that the coupling to tau-leptons is less suppressed in
the regime in which the di-photon branching ratio is
enhanced.

As a consequence of the separation of the points of
the two types, combined with the high anticipated pre-
cision of the h95 coupling measurements at the ILC250,
there are no blue or orange ellipses that overlap. Thus,
the coupling measurements of h95 at the ILC would be

su�cient to distinguish between a type II or a type IV
interpretation. In combination with the experimen-
tal observation regarding h125 (see discussion above),
a lepton collider like the ILC would be able to scru-
tinize the underlying physics model that is realized in
nature.

4 Conclusions and outlook

Recently, upon the inclusion of the full Run 2 data
set and substantially refined analysis techniques, the
CMS collaboration has confirmed an excess of about
3� local significance at about 95 GeV in the low-mass
Higgs boson searches in the di-photon final state. An
excess at this mass value with similar significance had
previously been reported based on the 8 TeV Run 1
and the first-year Run 2 data set. We have investi-
gated the interpretation of this excess as a di-photon
resonance arising from the production of a Higgs bo-
son in the Two-Higgs doublet model that is extended
by a complex singlet (S2HDM). We have shown that a
good description of the excess is possible in the Yukawa
type II and IV, while being in agreement with all other
collider searches for additional Higgs bosons, the mea-
surements of the properties of the SM-like Higgs boson
at 125 GeV, and further experimental and theoretical
constraints. At the same time, the model can account
for all or a large fraction of the observed DM relic
abundance in agreement with the measurements of the
Planck satellite.

Previously, a signal strength for the di-photon excess
observed by CMS of µexp

�� = 0.6±0.2 had been obtained
utilizing the data from the first year of Run 2 and of
Run 1. This relatively high central value of the signal
strength gave rise to a preference to a type II Yukawa
structure, in which larger signal rates of the state at
95 GeV can be achieved compared to the type IV. After
the inclusion of the remaining Run 2 data and perform-
ing various improvements of the experimental analysis,
the new CMS result shows an excess with a local signif-
icance that is essentially unchanged compared to the
previous result but which yields an interpretation in
terms of a smaller central value of the signal strength
with reduced uncertainties, µexp

�� = 0.33+0.19
�0.12. We have

shown that as a result of the smaller central value of
µ
exp
�� both Yukawa types provide an equally well de-

scription of the di-photon excess in the S2HDM.

The di-photon excess observed at CMS is especially
intriguing in view of additional excesses that appeared
at approximately the same mass. An excess of events
above the SM expectation with about 2� local sig-
nificance was observed at LEP in searches for Hig-
gsstrahlung production of a scalar state that then de-
cays to a pair of bottom quarks. Moreover, CMS ob-

10
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Analysis in the Georgi-Machacek (GM) model

One doublet and two triplet fields, custodial SU(2)V symmetry 
preserved at tree level, ϱtree = 1                                                      


Higgs multiplets:                                                                                
H5, H3, two singlets: H1 (identified with h95), h (identified with h125)


h95: possible enhancement of 𝛾𝛾 rate from loop of doubly-charged 
Higgs boson


GM model with h95: all BSM Higgs bosons at the electroweak scale


Analysis below: constraints from Higgs searches and properties of 
h125 taken into account via HiggsTools (contains HiggsBounds and 
HiggsSignals) 

9

⇒

[H. Bahl et al. ’22]
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GM model, LHC and LEP excesses for h95

Simultaneous description of LHC excess in the 𝛾𝛾 channel and the 
LEP excess in the bb channel

10

(a) (b)

(c) (d)

(e) (f)

FIG. 1. Sample distributions in the µ��

H1
–µbb

H1
plane for (a) X = �� (case (i)), (c) X = �� + bb (case (ii)),

and (e) X = �� + bb+ ⌧⌧ (case (iii)), as well as in the µ��

H1
–µ⌧⌧

H1
plane for (b) case (i), (d) case (ii), and (f)

case (iii). The elliptic contours denote the 1-� bounds of the corresponding 95-GeV excess measurements.

13

⇒
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GM model with h95: quintet and triplet masses

Strong correlation between mH3 and mH5                             
Scenario with h95 implies light BSM Higgs spectrum

11

(a) (b)

FIG. 2. Sample distributions in the (a) ↵–v� and the (b) mH3–mH5 planes for case (i). In plot (a), the solid

(dashed) lines denote the XV V (Xff ) contours for X = h and X = H1 in black and purple, respectively.

In plot (b), the dashed curve denotes the contour of the coupling mass relation given by Eq. (16) in the

exact limit.

“without the H±±
5

-loop contribution”. The comparison of the results with and without the loop

contribution involving H±±
5

is shown in FIG. 3, where we plot the sample distributions in both

the mH5–µ
H1
�� and mH5–µ̃

H1
�� planes. One can clearly see that removing the H±±

5
-loop diagram

significantly lowers the 95-GeV di-photon signal strength predictions. This applies especially to

points with relatively low mH5 , as the doubly-charged Higgs boson loop contribution is larger for

lighter H±±
5

. This feature of the GM model (and some other triplet extensions such as the Type-II

seesaw model [98–101]) thus motivates the search for a relatively light doubly-charged scalar boson

in future experiments. One such search was performed by ATLAS within the context of the GM

model [102], which reported a 2.5� excess of H±±
5

at 450 GeV in the VBF production channel.

While this is far above the preferred mH5 range of our present study, it motivates further dedicated

searches for doubly-charged Higgs bosons also for smaller masses at the LHC in the future.

V. FUTURE PROSPECTS

We finish our analysis by investigating the prospects for testing the GM interpretation of the

excesses at 95 GeV. We start with an analysis of the most promising search channels at the HL-

LHC in FIG. 4. The upper left plot shows our sample with all points fulfilling �2 < �2

SM
and

16
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Impact of doubly-charged Higgs contribution on 
the 𝛾𝛾 rate of h95

Doubly-charged Higgs contribution yields significant enhancement of 
the 𝛾𝛾 rate of h95                                                                                   
Motivates LHC search for light doubly-charged Higgs

12

(a) (b)

FIG. 3. Sample distributions in the (a) mH5–µ
H1
��

and (b) mH5–µ̃
H1
��

planes for case (i).

��2

125
< 6.18 in the plane mH3–�(gg ! H3 ! ⌧⌧)5, where the black dashed line indicates the

anticipated 95% CL HL-LHC search limit for the search of Higgs bosons decaying to ⌧+⌧� [105].

It can be seen that according to the current projections for the achievable sensitivity, it will

not be possible to discover H3 in the ⌧+⌧� decay channel. Only with a substantially improved

sensitivity will this channel become accessible as a discovery mode at the HL-LHC. The upper

right and the lower plot show our sample points in the mH5–�(WZ ! H±
5

! WZ) and mH5–

�(WW ! H±±
5

! WW ) planes, respectively. No evaluation of the HL-LHC reach is available

for these search channels. However, with masses around and not too far below the WZ and WW

mass shells and cross sections above 1 fb, it may be possible to cover part of the parameter space

at the HL-LHC.

Before moving on, we comment on two types of H±±
5

searches that turn out to impose no

or incomplete constraints on the mH5 range in our samples. The first type of searches are the

ones for the process H±±
5

! `±`±. In the GM model, this process is realized through the lepton

number-violating coupling between the � and lepton fields. However, Ref. [52] shows that only

for v� . 10�4 GeV would this decay channel become comparable to the weak gauge boson decay

channels, and thus it is irrelevant for the preferred parameter space of our study. One such search

has been performed at LEP, targeting the pair production of H±±
5

[108]. The second type of

searches are the ones for H±±
5

relying on the decay to two on-shell like-sign W bosons, which

have been performed at the LHC and resulted in a stringent bound of mH5 � 200 GeV [109–112].

Therefore, it remains an open question to which extent a doubly-charged Higgs boson H±±
5

with a

5 The cross sections used in this section are all obtained from the predictions reported by the LHC Higgs Cross
Section Working Group [103, 104], using the  parameters as specified in Sec. II as coupling modifiers.

17
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Doubly-charged Higgs contribution 


included:                                            omitted:

⇒

[see S. Ashanujjaman, K. Ghosh, R. Sahu ’23]
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Production cross sections at  the HL-LHC

H3 → ττ below projected HL-LHC sensitivity, no projections so far for 
displayed charged Higgs and doubly charged Higgs channels 13

(a) (b)

(c)

FIG. 4. Sample distributions in the (a) mH3–�(gg ! H3 ! ⌧⌧), (b) mH5–�(WZ ! H±
5 ! WZ), and (c)

mH5–�(WW ! H±±
5 ! WW ) planes at the 14-TeV LHC for case (i). In (a) we further show the expected

95% CL HL-LHC exclusion bound [105].

mass below 200 GeV can be probed at the LHC. Recently, a new method was presented, targeting

this doubly-charged Higgs-boson mass scale [113]. The new search strategy focuses on H±± pair

production in the highly boosted regime, i.e., on H++H�� pairs with large pT , with one of them

decaying via a pair of same-sign W bosons to a fat jet and the other decaying via another pair of

same-sign W bosons to two adjacent same-sign leptons and two neutrinos, i.e., pmiss

T
. While the

requirement of large pT results in a significant reduction of the number of signal events, the SM

background is even further suppressed, particularly via a discrimination of the fat jet from SM

background jets. Depending on the mass of the doubly-charged Higgs boson, Ref. [113] claims to

have sensitivity to discover doubly-charged Higgs bosons with less than ⇠ 160 fb�1 of LHC data, in

the mass range between 100GeV and 200GeV. While no such search, employing all the currently

available data, has been performed so far, this indicates that the GM model interpretation of the

18

[T.-K. Chen, C.-W. Chiang, S. Heinemeyer, G. W. ’23]
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Impact of the coupling measurements of h125

Significant improvement at Higgs factory, but coupling 
measurements of h125 may remain inconclusive 14FIG. 5. Sample distribution in the hff–hV V plane for case (i) and the prospective precision at the 1�

level (indicated for the SM value) at the HL-LHC (cyan) [105] and the HL-LHC+ILC250 (magenta) [106].

FIG. 6. Sample distribution in the mH1–
2
hV V

⇥ BR(H1 ! bb) plane for case (i) and the 95% CL LEP

observed exclusion bound [6] (cyan), the 95% CL LEP expected exclusion bound [6] (magenta), and a

projection for the 95% CL ILC250 expected exclusion bound [107] (orange).

19
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h95 production at an e+e− Higgs factory

Production of h95 in GM model accessible at e+e− Higgs factory 15

FIG. 5. Sample distribution in the hff–hV V plane for case (i) and the prospective precision at the 1�

level (indicated for the SM value) at the HL-LHC (cyan) [105] and the HL-LHC+ILC250 (magenta) [106].

FIG. 6. Sample distribution in the mH1–
2
hV V

⇥ BR(H1 ! bb) plane for case (i) and the 95% CL LEP

observed exclusion bound [6] (cyan), the 95% CL LEP expected exclusion bound [6] (magenta), and a

projection for the 95% CL ILC250 expected exclusion bound [107] (orange).
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Prospects for coupling measurements of h95

Accuracies at 1−30% level at Higgs factory, will be important for 
distinction between different model realisations of h95 16

[T.-K. Chen, C.-W. Chiang, S. Heinemeyer, G. W. ’23]

⇒
FIG. 7. Sample distributions for case (i) of �H1XX/H1XX , XX = bb, ⌧⌧, gg,WW,ZZ.

excesses around ⇠ 95GeV may be testable in the upcoming LHC Runs.

Finally, we analyze the potential of future e+e� colliders to further probe the GM interpre-

tation of the 95 GeV excesses. We first present in FIG. 5 the sample distribution in the hff–

hV V plane overlaid with the anticipated precisions for the coupling measurements at the HL-LHC

(cyan dashed) [105] and combined with (hypothetical future) ILC250 measurements (magenta dot-

dashed) [106]. The ellipses in the plot are centered around the SM prediction of hff = hV V = 1.

The deviations predicted in the h couplings w.r.t. the SM predictions can be very small (see the

discussion above). Consequently, a sizable fraction of the sample points are within the 1� HL-LHC

ellipse, and only the largest deviations would yield a � 3� distinction of the GM and the SM. The

situation is substantially improved for the case where the prospective ILC250 measurements are

included. However, even including the e+e� coupling measurement a relevant part of the predicted

points lies within 2� of the SM prediction. In the final step, we analyze the capabilities of the ILC

to produce the new Higgs boson at ⇠ 95 GeV, i.e. H1, and to measure its couplings. In FIG. 6

we show the plane mH1–H1 ⇥ BR(H1 ! bb̄). The cyan (magenta) line indicates the observed

(expected) exclusion obtained at LEP [6], where the ⇠ 2� excess around 95� 98 GeV can be seen.

The dashed orange line indicates the improvements that can be expected at the ILC250 with an

integrated luminosity of 2 ab�1 according to the projection of Ref. [107] (see also Ref. [114]). The

blue points (which are a superset of the red points) show our selected sample, i.e. with �2 < �2

SM
,
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Could the GM model with h95 explain a possible 
excess at 151 GeV?

Interpretation of possible excess at 151 GeV does not work in the 
GM model with h95 17

[T.-K. Chen, C.-W. Chiang, S. Heinemeyer, G. W. ’24]

⇒

Recent claim of possible excess at 151 GeV
[S. Ashanujjaman et al. ’24][A. Crivellin et al. ’24] […]
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Possible scenario where h95 explains only the LHC excess in the 𝛾𝛾 
channel: CP-odd Higgs boson at 95 GeV    


LHC excess in the 𝛾𝛾 channel: expect sizeable coupling of h95 to top 
quarks                             


Prospects at e+e− colliders?                                                               


e+e− → t t h95, e+e− → Z h95 h95 (via intermediate h125), …                 
Need higher c.m. energy (about 500 GeV for t t h95 final state) and high 
luminosity 

18
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Case 2: h95 as a CP-odd Higgs boson
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Conclusions

CMS + ATLAS excess in 𝛾𝛾 channel at 95 GeV:                                   
well described in extended Higgs sectors with at least an additional 
doublet and a singlet; significant ZZ h95 coupling; simultaneous 
description of LEP excess possible


Higgs factory at 250 GeV: Z h95 production; coupling measurements of 
h125 and h95


Specific example: GM model; enhancement of 𝛾𝛾 rate from loop 
contribution of doubly charged Higgs boson; spectrum of light BSM 
Higgs bosons; possible HL-LHC potential in low-mass Higgs searches 
(neutral, charged, doubly-charged)


Interpretation of h95 in terms of CP-odd Higgs boson: study at Higgs 
factory would most likely require higher c.m. energies
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Backup
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Figure 6: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for
an additional Higgs boson, relative to the expected SM-like value, from the analysis of the 8
and 13 TeV data. The inner and outer bands indicate the regions containing the distribution of
limits located within ±1 and 2s, respectively, of the expectation under the background-only
hypothesis.

local (1.3s global) significance is observed for a mass hypothesis of 95.3 GeV.

8 Summary
A search for an additional, SM-like, low-mass Higgs boson decaying into two photons has been
presented. It is based upon data samples corresponding to integrated luminosities of 19.7 and
35.9 fb�1 collected at center-of-mass energies of 8 TeV in 2012 and 13 TeV in 2016, respectively.
The search is performed in a mass range between 70 and 110 GeV. The expected and observed
95% CL upper limits on the product of the production cross section and branching fraction into
two photons for an additional SM-like Higgs boson as well as the expected and observed local
p-values are presented. No significant (>3s) excess with respect to the expected number of
background events is observed. The observed upper limit on the product of the production
cross section and branching fraction for the 2012 (2016) data set ranges from 129 (161) fb to
31 (26) fb. The statistical combination of the results from the analyses of the two data sets in
the common mass range between 80 and 110 GeV yields an upper limit on the product of the
cross section and branching fraction, normalized to that for a standard model-like Higgs boson,
ranging from 0.7 to 0.2, with two notable exceptions: one in the region around the Z boson
peak, where the limit rises to 1.1, which may be due to the presence of Drell–Yan dielectron
production where electrons could be misidentified as isolated photons, and a second due to an
observed excess with respect to the standard model prediction, which is maximal for a mass
hypothesis of 95.3 GeV with a local (global) significance of 2.8 (1.3) standard deviations. More
data are required to ascertain the origin of this excess. This is the first search for new resonances

Low-mass Higgs searches at the LHC
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Excesses in searches for light additional Higgs bosons:
[CMS Collaboration ’18, 19, 22]


