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The CMS collaboration has recently reported the results of a low-mass Higgs-boson search in the di-
photon final state based on the full Run 2 data set with refined analysis techniques. The new results
show an excess of events at a mass of about 95 GeV with a local significance of 2.9, confirming a
previously reported excess at about the same mass and similar significance based on the first-year Run 2
plus Run 1 data. The observed excess is compatible with the limits obtained in the corresponding ATLAS
searches. In this work, we discuss the di-photon excess and show that it can be interpreted as the lightest
Higgs boson in the Two-Higgs doublet model that is extended by a complex singlet (S2HDM) of Yukawa
types Il and IV. We show that the second-lightest Higgs boson is in good agreement with the current LHC
Higgs-boson measurements of the state at 125 GeV, and that the full scalar sector is compatible with all
theoretical and experimental constraints. Furthermore, we discuss the di-photon excess in conjunction
with an excess in the bb final state observed at LEP and an excess observed by CMS in the di-tau final
state, which were found at comparable masses with local significances of about 20 and 30, respectively.
We find that the bb excess can be well described together with the di-photon excess in both types of the
S2HDM. However, the di-tau excess can only be accommodated at the level of 10 in type IV. We also
comment on the compatibility with supersymmetric scenarios and other extended Higgs sectors, and we
discuss how the potential signal can be further analyzed at the LHC and at future e*e~ colliders.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction this decay mode constituted one of the two discovery channels

of the Higgs boson at 125 GeV. CMS has performed searches for

In the year 2012 the ATLAS and CMS collaborations discovered
a new particle [1,2]. Within the current experimental and the-
oretical uncertainties the properties of the observed particle are
consistent with the predictions for the Higgs boson of the Standard
Model (SM) with a mass of approximately 125 GeV [3,4], but they
are also compatible with many scenarios of physics beyond the SM
(BSM). While the minimal scalar sector of the SM features only one
physical scalar particle, BSM physics often gives rise to extended
Higgs sectors in which additional scalar particles are present. Ac-
cordingly, one of the primary objectives of the LHC is the search
for additional Higgs bosons, which is of crucial importance for ex-
ploring the underlying physics of electroweak symmetry breaking.

Searches for Higgs bosons below 125 GeV have been performed
at LEP [5-7], the Tevatron [8] and the LHC [9-15]. Among them,
searches for di-photon resonances are particularly intriguing, as
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scalar di-photon resonances at 8 TeV and 13 TeV. Results based on
the 8 TeV data and the first year of Run 2 data at 13 TeV, cor-
responding to an integrated luminosity of 19.7fb~! and 35.9fb™',
respectively, showed a local excess of 2.8 at 95.3 GeV [9,10]. This
excess, which is present in both the 8 TeV and the 13 TeV data
set, received considerable attention already soon after it was made
public, see e.g. Refs. [16-26].

Recently, CMS published the result based on their full Run 2
data set and with substantially refined analysis techniques. This
new analysis confirmed the excess of di-photon events at about
95 GeV [15]. By combining the data from the first, second, and
third years of Run 2, which were collected at 13 TeV and cor-
respond to integrated luminosities of 36.3fb~!, 41.5fb~' and
54.4fb~1, respectively, CMS finds an excess with a local signifi-
cance of 2.90 at a mass of 95.4 GeV. This “di-photon excess” can
be described by a scalar resonance with a signal strength of [27]

exp oP(gg—>¢—>yy)

- =0.337019. (1)
T oM(gg— H—yy) o2
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Here oM denotes the cross section for a hypothetical SM Higgs
boson at the same mass. In comparison to the previously reported
results that were based just on the Run 1 and the first-year Run 2
data [10], the inclusion of the data collected in the second and
third year of Run 2 and the refined analysis techniques yield a lo-
cal significance of the excess that is almost unchanged, while the

central value of the signal strength M;X}I,J in Eq. (1) is substantially

smaller than the value M;Xyp = 0.6 £+ 0.2 extracted from the previ-
ous results [10].

Regarding the interpretation of the new result from CMS it
is important to note that the updated analysis not only consid-
ered more data, but in comparison to Ref. [10] it also improves
the background suppression of misidentified Z — eTe~ Drell-Yan
events, and it includes further event classes requiring the presence
of additional jets. Since a possible signal at about 95 GeV giving
rise to a relatively small number of events would occur on top of
a fluctuating background, one cannot necessarily rely on the naive
expectation that the significance of an excess caused by a statis-
tical fluctuation should be reduced by the inclusion of more data
while it should be increased in case of an actual signal. In fact,
even in the latter case the excess of events observed in the differ-
ent data sets and evaluated at a fixed mass value would still be
expected to fluctuate. From our point of view the fact that the in-
clusion of the additional data sets and the improvements in the
analysis have led to an excess of events at approximately the same
mass as previously reported with a statistical significance that has
not been reduced strengthens the motivation for exploring a pos-
sible BSM origin of the observed results.

ATLAS reported results of searches in the di-photon final state
below 125 GeV using 80 fb~! of Run 2 data in 2018 [12]. The
ATLAS search found only a mild excess of about 1o local signifi-
cance at masses around 95 GeV. However, the cross section limits
obtained in the ATLAS analysis are substantially weaker than the
corresponding CMS limits, even in the mass range where CMS re-
ported the excess [28], and the excess observed in CMS is therefore
compatible with the ATLAS limits.

If the origin of the di-photon excesses at 95 GeV is a new par-
ticle, the question arises whether it is also detectable in other
collider channels, and whether additional indications for this new
particle might have already occurred in other existing searches.
Notably, LEP reported a local 2.30 excess in the ete” > Z(H —
bb) searches [6], which would be consistent with a scalar parti-
cle with a mass of about 95 GeV.' This “bb excess” corresponds
to a signal strength of w,P = 0.117 4+ 0.057 [16,29]. Moreover,
CMS observed another excess compatible with a mass of 95 GeV
in the Higgs-boson searches utilizing di-tau final states [13]. This
excess was most pronounced at a mass of 100 GeV with a local
significance of 3.10, but it is also well compatible with a mass
of 95 GeV, where the local significance amounts to 2.6 ¢. For this
“di-tau excess”, the best-fit signal strength for a mass hypothesis
of 95 GeV was determined to be u$i? =1.240.5. It is noteworthy
that, to date, ATLAS has not published a search in the di-tau final
state that covers the mass range around 95 GeV.

Given that the excesses observed by CMS and LEP occurred at
a similar mass, the intriguing question arises whether the excesses
in the three different channels might arise from the production of
a single new particle. This triggered activities in the literature re-
garding possible model interpretations that could account for the
various excesses while also satisfying all other measurements re-
lated to the Higgs sector. Models in which the previously observed
two excesses in the di-photon and the bb final states can be de-
scribed simultaneously (with the CMS excess based only on the

1 Due to the bb final state the mass resolution is significantly worse compared to
the resolution of searches in the di-photon final state.
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Run 1 and first year Run 2 data) were reviewed in Refs. [28,30]. In
Ref. [23] those two excesses were studied in the Two-Higgs dou-
blet model (2HDM) with an additional real singlet (N2HDM), with
several follow-up analyses [31-33], while in Refs. [34,35] also the
more recently observed excess in the di-tau searches was taken
into account.

Since the new result obtained by CMS confirmed the previously
observed di-photon excess at about 95 GeV but resulted in a sig-
nificant change in the required signal rate 5, it is of interest to
assess the implications of the new result on possible model inter-
pretations. In the present paper we focus in particular on the ex-
tension of the 2HDM by a complex singlet (S2HDM) as a template
for a model where a mostly gauge-singlet scalar particle obtains
its couplings to fermions and gauge bosons via the mixing with
the SM-like Higgs boson at 125 GeV. We will demonstrate that
this kind of scenario is suitable for describing the di-photon ex-
cess. In this context we will in particular investigate the impact of
the reduced central value of the signal strength of ,LL;X)E =0.33[15]
compared to the result of ,U,;XJE = 0.6 that was obtained based on
the previous analysis [10]. Moreover, we will discuss the possibility
of simultaneously describing the bb excess and the di-tau excess.
We will further discuss possible ways in which the presented sce-
nario could be confirmed or excluded experimentally in the near
future.

The paper is structured as follows. In Sect. 2.1 we introduce
the S2HDM and define our notation. In Sect. 2.2 we qualitatively
discuss how sizable signal rates in the three channels in which the
excesses have been observed can arise. The relevant theoretical and
experimental constraints on the model parameters are discussed
in Sect. 2.3. We present our numerical results and discuss their
implications in Sect. 3, including an analysis of future experimental
prospects. The conclusions and an outlook are given in Sect. 4.

2. A 95 GeV Higgs boson in the S2ZHDM

In this section we briefly summarize the scalar sector of S2HDM
and how the excesses at 95 GeV can be accommodated in this
model. We also discuss the relevant experimental and theoretical
constraints that we apply in our numerical analysis.

2.1. Model definitions

In the SM the Higgs sector contains a single SU(2) doublet
®¢. The S2HDM extends the SM by a second Higgs doublet field
®; and an additional complex gauge-singlet field ®s [31,36]. The
richer structure of the scalar sector is motivated for instance by
the possibility of a first-order electroweak phase transition [37],
and the related phenomenology, including electroweak baryogen-
esis, or the presence of a stochastic primordial gravitational-wave
background. From a more theoretical perspective, the presence of
a second Higgs doublet field arises in several extensions of the SM
that address the hierarchy problem in the context of supersym-
metry [38] or compositeness [39], and in many models addressing
the strong CP problem of QCD [40]. Due to the presence of the
complex scalar singlet field, the S2HDM can accommodate a dark-
matter candidate in the form of pseudo-Nambu-Goldstone (pNG)
dark matter [41]. As will be discussed below, among the vari-
ous proposed WIMP dark-matter candidates, pNG dark matter is
in particular motivated in view of the existing limits from dark-
matter direct-detection experiments [42-44].

The vacuum state of the S2HDM is characterized by non-zero
vacuum expectation values (vev) v1 and v; for the neutral CP-even
components of the Higgs doublets fields ®; and ®,, respectively.
The presence of these vevs leads to the spontaneous breaking of
the electroweak symmetry. As in the usual 2HDM, one defines the
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parameter tan f = v/vq, where v + v3 = v2 ~ (246 GeV)? corre-
sponds to the SM vev squared. In addition, the real component of
the singlet field has the non-zero vev vs, which breaks a global
U(1) symmetry under which only &g is charged. If this symmetry
was exact initially, the imaginary component of ®s would act as a
massless Goldstone boson. Therefore, one introduces a soft break-
ing via a bilinear term —mf( (d% + h.c.), which gives rise to a mass
my for the imaginary component of ®g, which then plays the role
of the pNG dark-matter state.

Neglecting possible sources of CP violation, as we do through-
out this paper, the physical scalar spectrum of the S2HDM consists
of three CP-even Higgs bosons hy 7 3 with masses my, ,, that are
mixed states composed of the neutral real components of &1 ;
and the real component of ®s. The imaginary component of &g
does not mix with other states and results in a stable scalar dark-
matter particle which is labelled x in the following. Moreover, as
in the CP-conserving 2HDM, the scalar spectrum contains a pair
of charged Higgs bosons H* and a CP-odd Higgs boson A with
masses my+ and mgy, respectively.

For the presence of two Higgs doublets, the most general gauge
invariant Yukawa sector gives rise to flavour-changing neutral cur-
rents (FCNC) at the tree-level. These are, however, strongly con-
strained experimentally. In order to avoid FCNC at the tree-level,
we impose an additional Z, symmetry under which one of the
doublet fields changes the sign, which is only softly-broken via a
term of the form fmfz(dﬂ ®; + h.c.). This symmetry can be ex-
tended to the fermion sector such that either ®; or ®;, (but not
both) couples to either the charged leptons ¢, the up-type quarks
u or the down-type quarks d. There are four different possibili-
ties to assign conserved charges for the three kinds of fermions,
giving rise to the four Yukawa types I, II, IIl (lepton-specific) and
IV (flipped) that are known from the Z;-symmetric 2HDM (see
e.g. Ref. [45]).

For the Yukawa types Il and IV, & is coupled to down-type
quarks and @, is coupled to up-type quarks. In this case an in-
dependent modification of the couplings of the Higgs bosons h;
to bottom quarks and top quarks is possible. These two types are
therefore of particular interest regarding the prediction of a suffi-
ciently large di-photon signal rate [23].

2.2. Interpretation of the excesses

In the following discussion, the lightest of the three CP-even
Higgs bosons of the S2HDM h; serves as the possible particle state
at 95 GeV, also denoted hgs from here on. We furthermore assume
that the second lightest Higgs boson, hy = hy25, corresponds to the
state discovered at about 125 GeV. The key aspect of the signal in-
terpretation presented here is that hgs obtains its couplings to the
fermions and gauge bosons as a result of the mixing with the CP-
even components of the two doublets. In order to comply with the
constraints from the Higgs-boson searches at LEP in the mass re-
gion of about 95 GeV and the LHC cross section measurements for
the detected state at 125 GeV, the state hgs must have couplings
to gauge-bosons that are reduced by roughly one order of mag-
nitude as compared to the couplings of a SM Higgs boson of the
same mass. As a consequence, in the S2HDM interpretation hgs is
dominantly singlet-like.

Despite the predominant singlet-like character of hgs, sizable
decay rates into di-photon pairs can be achieved via a suppres-
sion of the otherwise dominating decay into b-quark pairs (see
also Ref. [46]). At the same time, no such suppression should oc-
cur for the coupling to top quarks, whose loop contribution gives
rise to the decay into photons (and also governs the production
process via gluon fusion). As a result, large signal rates uy, can
occur in the S2HDM if Chost/Chgspp| > 1. where the coupling coef-
ficients cjy. 7 and Chgspp are the couplings of hgs to the respective
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quark normalized to the couplings of a hypothetical SM Higgs
boson of the same mass. It becomes apparent that the Yukawa
types I and III, for which cpy 7 = Chosbb applies, do not feature the
conditions for a sufficiently large di-photon branching ratio in ac-
cordance with the CMS excess. On the other hand, in type II and
type IV the two coupling coefficients can be modified indepen-
dently. This can potentially enhance the di-photon branching ratio
by up to an order of magnitude [23,34], such that sizable values of
Myy can be accommodated even for a relatively small mixing with
the detected Higgs boson at 125 GeV (and thus suppressed cross
sections).”

Since larger values of (), can be achieved in type II and IV
compared to type I and type IIl as discussed above, we will fo-
cus on the type II and the type IV in the following. Between
these two types, an important difference arises from the fact that
Chgst+1~ = Chgsbis holds in type II, whereas the corresponding rela-
tion in type IV is Cpgsr+7- = Cpgy- Accordingly, in the parameter
regions of type Il where the di-photon signal rate is enhanced as a
consequence of the suppression of its coupling to b-quark pairs the
coupling of hgs to tau-leptons is simultaneously suppressed. Hence,
type Il is not expected to yield sizable signal rates in the T+t~ de-
cay channel if the di-photon excess is accommodated. On the other
hand, given that ¢, ; should be unsuppressed for a description of
the di-photon excess, type IV can give rise to a simultaneous de-
scription of the CMS di-tau excess [34].

2.3. Constraints

The parameter space that is relevant for a possible descrip-
tion of the excesses at 95 GeV is subject to various theoretical and
experimental constraints. We will briefly discuss the relevant con-
straints in the following.

Theoretical constraints that we apply in our analysis ensure
that the perturbative treatment of the scalar sector of the S2HDM
is valid. To this end, we demand that the eigenvalues of the
scalar 2 x 2 scattering matrix in the high-energy limit are smaller
than 8, giving rise to the so-called tree-level perturbative unitar-
ity constraints [31]. In addition, using the approach described in
Ref. [31] we apply a condition on the stability of the electroweak
vacuum (see Sect. 2.1) by requiring that the tree-level scalar po-
tential is bounded from below, and that the electroweak vacuum
corresponds to the global minimum of the potential.

Moreover, the parameters of the S2HDM are constrained by
various experimental results. With regards to the collider phe-
nomenology, we check whether the parameter points are in agree-
ment with the cross section limits from collider searches for BSM
Higgs bosons by making use of the public code HiggsBounds
v.6 [47-51] (as part of the new code HiggsTools [51]). A pa-
rameter point is rejected if the signal rate of one of the Higgs
bosons in the most sensitive search channel (based on the ex-
pected limits) is larger than the experimentally observed limit at
the 95% confidence level.

In order to ensure that the properties of hqiys are in agree-
ment with the measured signal rates from the LHC, we make use
of the public code HiggsSignals v.3 [51-54] (as part of the
new code HiggsTools [51]). This code performs a x?2 fit to a
large dataset of LHC cross section measurements in the different
channels in which the SM-like Higgs boson was observed. As a
requirement for accepting or rejecting a parameter point, we use
the condition X7, < x&y 125 + 6.18, where 7 is the fit value

2 An additional, although not as significant, enhancement of Hyy can occur if
Chyset and Cp, p carry a relative minus sign. This relative sign gives rise to construc-
tive interference effects in the loop-induced couplings of hgs to gluons and photons,
hence enhancing both the production and the decay rate in the gg — hgs — yy
channel.
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of the S2HDM parameter point under consideration, and XSZMJZS =
146.15 is the fit result assuming a Higgs boson at 125 GeV that be-
haves according to the predictions of the SM. In two-dimensional
parameter planes the above condition ensures that the selected
S2HDM parameter points are not disfavoured by more than 2o
in comparison to the SM regarding the properties of hyys.

Both HiggsBounds and HiggsSignals require as input the
cross sections and the branching ratios of the scalar state for the
considered parameter point. The cross sections were derived inter-
nally in HiggsBounds from the effective couplings coefficients.
For the computation of the branching ratios, we applied the library
N2HDECAY [55,56], which we modified to account for decays of
the Higgs bosons into pairs of the DM state y [31].

Indirect experimental constraints on the Higgs sector can be ob-
tained from flavour-physics observables and from electroweak pre-
cision observables. Lacking precise theoretical predictions for the
different flavour observables in the S2HDM, we apply conservative
lower limits of tan 8 > 1.5 and my+ > 600 GeV in our S2HDM pa-
rameter scans in type II and type IV to ensure agreement with the
flavour-physics constraints [57]. With regards to the electroweak
precision observables, we apply constraints in terms of the oblique
parameters S, T and U which we computed according to Ref. [58]
at the one-loop level. We required that the predicted values of the
oblique parameters are in agreement with the fit result of Ref. [57]
within a confidence level of 202

As a consequence of the presence of the stable scalar state y,
further constraints on the S2HDM parameter space arise from the
measurements of the dark-matter relic abundance of the universe.
Assuming the freezout mechanism for the production of x in the
early universe, we applied the Planck measurement of today’s relic
abundance of h?Q = 0.119 [60] as an upper limit, thus avoiding
overproduction of dark matter. The theoretical predictions for the
relic abundance of y were obtained by making use of the public
code micrOMEGAs [61].

Given its nature as a pNG boson of the softly-broken global
U(1) symmetry, the cross sections for the scattering of x on nuclei
are highly suppressed in the limit of small momentum transfer
as relevant for dark-matter direct detection experiments [41]. As
a result, it has been shown that even including loop corrections
the current direct detection constraints are of minor importance in
the S2HDM [62]. We nevertheless applied the currently strongest
spin-independent cross section limits for the scattering of x on
nucleons obtained by the LZ collaboration [44], where we used the
one-loop predictions of the scattering cross sections as computed
in Ref. [62].4

We finally note that the DM constraints that are imposed in
our analysis could also be evaded entirely assuming that the U(1)
symmetry acting on ®s is gauged [63]. In this case the imaginary
component of ®s in general is not stable. In an effective field the-
ory framework, the decay is described by higher-dimensional op-
erators that are suppressed by powers of the U(1)-breaking scale.
Depending on the size of this scale, the lifetime of x could be
comparable or larger than the age of the universe, in which case
x can still be a viable candidate for (decaying) DM, or x could be
short-lived and thus would not contribute to the DM relic abun-

3 The fit result of the oblique parameters was obtained before the recent CDF
measurement of My [59], which showed a significant upward deviation with re-
spect to the SM prediction. We demonstrated in Ref. [35] that a larger value for the
W -boson mass, even as large as the central value of the CDF measurement, can be
accommodated in a 2HDM that is extended by a singlet if there are sizable mass
splittings between the heavy BSM Higgs bosons h3, A and H*, while in addition
the excesses at 95 GeV can be accommodated in the same way as presented here.

4 Dark-matter indirect detection experiments can so far only probe a very limited
mass window of m, once the experimental upper limit on the relic abundance is
applied [31]. Thus, we do not consider additional constraints from indirect-detection
experiments.
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dance. In the latter case, the constraints from the measured DM
relic abundance and DM direct detection experiments do not apply,
but on the other hand in this case the model looses the attractive
feature of providing a pNG DM state. The most studied model real-
izations of this kind assume that the U(1) corresponds to a gauged
U(1), [64] or U(1)g_; [65-67] symmetry, where L and B stand
for lepton number and baryon number, respectively, such that ®g
carries lepton number and can in particular decay into neutrinos.
Another possibility is a hidden U(1)p symmetry in the dark sec-
tor, where the kinetic mixing between the U(1)p and U(1)y gauge
fields is responsible for the decay of x [68]. In any case, our con-
clusions regarding the description of the excesses at 95 GeV do not
rely on the application of the DM constraints, see also the discus-
sion below.

3. Numerical discussion

In order to address the question whether a description of the
CMS di-photon excess can be realized in the S2HDM, possibly in
combination with the excesses in the bb and the di-tau final states,
we performed a parameter scan in the Yukawa types Il and IV of
the S2HDM. We investigated the theoretical predictions in com-
parison to the experimental results for the observed excesses near
95 GeV, ensuring at the same time that the properties of the Higgs
boson at 125 GeV are in good agreement with the most up-to-
date LHC signal rate measurements. To this end, we implemented
a genetic algorithm (using the python package DEAP [69]) that
minimizes a loss function constructed from X1225 (obtained using
HiggsSignals) and the three contributions x7,,, X2, and x2
quantifying the compatibility with the excesses at 95 GeV, where
we define the latter as

exp 2

2 _ (yy.tT.bb _H’yy,tt,bb) 5

ny,fr,bb_ AP P . (2)
( 'uyy,n',bb)

Here the experimental central values and the uncertainties were
stated in Sect. 1, and (i, ¢ pp are the theoretically predicted val-

ues. Since u)e,xyp has asymmetric uncertainties, we define X}%y in

such a way that the lower uncertainty is used if 11y, < M;Xyp, and
the upper uncertainty is used if (ty,, > Mf,x]f . To obtain the pre-
dictions for py), and w7, we used HiggsTools to derive the
gluon-fusion cross section of the state at 95 GeV via a re-scaling
of the SM predictions as a function of ¢y, and ¢, ;. To com-
pute pp, We approximated the cross section ratio as o /osy =
cﬁgsvv. The branching ratios of hgs were obtained with the help
of N2HDECAY (see also the discussion in Sect. 2.3).

The set of parameter points obtained by the minimization of
the loss function was then confronted with the constraints dis-
cussed in Sect. 2.3. Parameter points that did not pass the applied
constraints were rejected. For the generation of the S2HDM pa-
rameter points and the application of the constraints, we used the
program s2hdmTools [31,62], which features interfaces to Hig-
gsBounds, HiggsSignals, micrOMEGAs and N2HDECAY.

We chose the values of the free parameters in our scan as
follows. The mass of hgs was varied in the region in which the di-
photon excess is most pronounced, i.e. 94 GeV < my,; < 97 GeV.
The mass of the second-lightest Higgs boson was set to mp,,, =
125.09 GeV, and the third heavier Higgs boson, denoted H in the
following, was scanned freely up to an upper limit of my =1 TeV.
The same upper limit was chosen for the masses of the DM state
X, the CP-odd Higgs boson A, and the charged Higgs bosons H™,
where for the latter additionally the lower limit my+ > 600 GeV
was applied arising from the flavour constraints. Moreover, we var-
ied tan B in the range 1.5 <tang < 10, and for the singlet vev we
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Fig. 1. S2HDM parameter points passing the applied constraints in the (my, (1))
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 10 and 20 uncertainty intervals are indicated by the
green and yellow bands, respectively. The value of 3} and its uncertainty is shown
with the magenta error bar at the mass value at which the excess is most pro-
nounced.

chose 40 GeV < vs < 2 TeV. Finally, the scan range of the param-
eter m%z was determined by the condition 400 GeV < M <1 TeV,
where M2 =m?,/(sin 8 cos B).

3.1. Description of the di-photon excess

In Fig. 1 we show the predictions for (,, for the S2HDM pa-
rameter points that are in agreement with the applied constraints.
The type Il parameter points are shown in blue, and the param-
eter points of type IV are shown in orange. The expected and
observed cross section limits obtained by CMS are indicated by
the black dashed and solid lines, respectively, and the 10 and
20 uncertainty intervals are indicated by the green and yellow
bands, respectively [15]. The value of /L?,X)E’ and its uncertainty is
shown with the magenta error bar at the mass value at which the
excess is most pronounced. One can see that both types of the
S2HDM considered here can accommodate the observed excess. As
expected from the discussion in Sect. 2.2, type II can give rise to
larger predicted values of 1y, due to the additional suppression
of the hgs — t+7~ decay mode. The points featuring the largest
values of 1, in type II are seen to exceed the observed limit of
the new CMS analysis (which is not applied as a constraint via
HiggsBounds in this plot). On the other hand, both type II and
type IV give rise to predictions for u,, that are very well com-
patible with the new experimental value of M;Xyp obtained by CMS
after the inclusion of the second- and third-year Run 2 data.’

3.2. Combined description of the excesses

We demonstrated in the previous section that both the Yukawa
types II and IV can describe the excess in the di-photon channel
observed by CMS. Now we turn to the question whether addition-
ally also the bb excess observed at LEP and the T+t~ excess at
CMS can be accommodated.

5 As discussed above, in type I and type IIl no significant enhancement of the

di-photon branching ratio of hgs is possible, and one finds (1)) ~ fpy < cﬁgsvv.

exp . 2 ~
Thus, 1y -values close to ), require values of Chiys Vv ~1

significant tension with the coupling measurements of hizs.

5 .
= Chosvv that are in
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Starting with the bb excess, we show in the top row of
Fig. 2 the parameter points passing the applied constraints in the
(yy pp) plane. The parameter points of type II and type IV are
shown in left and the right plot, respectively. The colours of the
points indicate the value of A X1225 showing the compatibility with
the LHC rate measurements of hi»5. The black dashed lines indicate
the region in which the excesses are described at a level of 10 or
better, i.e. x)%y +szb < 2.3 (see Eq. (2)). The shape of these lines is
asymmetrical due to the asymmetrical uncertainties of 3} used
in the definition of x;,, in Eq. (2).

One can see that we find points inside the 1o preferred region
in the upper left and right plots. Thus, both type II and type IV
are able to describe the di-photon excess and the bb excess simul-
taneously. At the same time the properties of the second-lightest
scalar hiys are such that the LHC rate measurements can be ac-
commodated at the same x2 level as in the SM, i.e. AX1225 ~ 0,
or even marginally better, i.e. A X1225 < 0. At the current level of
experimental precision, the description of both excesses is there-
fore possible in combination with the presence of a Higgs boson at
125 GeV that would so far be indistinguishable from a SM Higgs
boson.

Turning to the di-tau excess, we show in the bottom row of
Fig. 2 the parameter points passing the applied constraints in the
(Hyy, Mr7) plane. As before, the colours of the points indicate the
values of A)(]zzs, and the black dashed lines indicate the region in
which the di-photon excess and the di-tau excess are described at
a level of 10 or better, ie. x;, + x7; <2.3.

In the lower left plot, showing the parameter points of the scan
in type I, one can see that there are no points within or close
to the black line. This finding is in agreement with the discussion
in Sect. 2.2. It is also qualitatively unchanged as compared to the

results of Ref. [34], where ;13 = 0.6+0.2 was used: the new and

somewhat lower experimental central value of 113 has no impact
on the (non-)compatibility of the yy and the T+t~ excesses in
Yukawa type II

The lower right plot shows the parameter points passing the
applied constraints from the scan in type IV. One can observe that
the values of . overall increase with increasing value of 1y, .
The parameter points that predict the largest values for the sig-
nal rates reach the lower edge of the black line that indicates the
preferred region regarding the two excesses. However, even these
points lie substantially below the central value of uS<. A simulta-
neous description of both excesses at 95 GeV observed by CMS is
therefore possible only at the level of 10 at best. Although larger
values of ., are theoretically possible in type IV [34], the ap-
plication of cross-section limits from Higgs-boson searches exclude
such parameter points. These constraints arise in particular from
recent searches performed by CMS for the production of a Higgs
boson in association with a top-quark pair or in association with a
Z boson, with subsequent decay into tau pairs [70].

Constraints on the interpretation of the di-tau excess as an
additional Higgs boson were also derived from cross-section mea-
surements of the Higgs boson at 125 GeV. In particular, Ref. [71]
investigated the sensitivity of the ATLAS measurement assuming
the production of hiys in association with a top-quark pair and
subsequent decay into di-tau pairs [72].5 The ATLAS analysis con-
sidered an invariant di-tau mass in the range between 50 GeV and
200 GeV and is based on the full Run 2 data set. We emphasize,

6 In Ref. [73] the invariant-mass spectra of the hips — WW?* decay channel
measured by ATLAS [74] and CMS [75] were considered. However, the decay of
hgs — W W™ is highly off-shell, suppressing the corresponding branching ratio by
orders of magnitude compared to the one of hiys. As a result, there is no sensitivity
in this decay channel to the presence of hgs according to our model interpretation
of the excesses.
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Fig.2. S2HDM parameter points passing the applied constraints in the (i), upp) plane (top row) and the (i1, tt77) plane (bottom row) for type II (left) and type IV (right).
The colours of the points indicate the value of A X1225- The black dashed lines indicate the regions in which the two excesses considered in each plot are accommodated at a

level of 10 or better, ie. x2, + xZ <2.3 (top row) and xZ, + xZ; <2.3 (bottom row).

however, that the constraints extracted in Ref. [71] are affected by
the lack of publicly available information on the correlations be-
tween the different mass bins.

In summary, the S2HDM type II can simultaneously describe
the CMS di-photon excess and the bb excess observed at LEP,
whereas no significant contribution to the signal strength of the
CMS di-tau excess is generated. In type IV, in addition also a
contribution to the di-tau signal strength can occur, although the
largest possible signal rates of about w.; = 0.5 are somewhat be-
low the experimentally preferred range of uS¥ =1.240.5.

Our results in the S2HDM can be generalised to other extended
Higgs sectors containing at least a second Higgs doublet and at
least one scalar singlet. Our analysis indicates that the conclusions
in various models that have previously been considered as an ex-
planation for the di-photon excess are expected to be affected by
the modified value of ,u;X}E’. This applies in particular to super-
symmetric extensions of the SM, which were shown to be able to
accommodate a signal at about 95 GeV with a signal strength that
in most cases was predicted to be at the lower end of the previous
Wyp-range [20,22,25,32,76-78]. Requiring also agreement with the
LEP excess resulted in (ty, ~ 0.3 [22,32,77], which turns out to be
in very good agreement with the updated result from CMS.

3.3. Prospects at future colliders

We finally discuss how future collider experiments will shed
light on the possible presence of a Higgs boson below 125 GeV as

considered here. In the S2HDM the mixing between the singlet-like
state at 95 GeV and the SM-like state at 125 GeV determines the
strengths of the couplings of hgs to fermions and gauge bosons.
Thus, in addition to directly searching for hgs, a complementary —
although more model-dependent - strategy consists in the search
for modifications of the cross sections of hiys compared to the
ones of a SM Higgs boson. We start with discussing this approach
in the following.

Currently, the experimental precision of the observed couplings
of hiy5 is at the level of ten to twenty percent [3,4]. During the
high-luminosity phase of the LHC (HL-LHC), the experimental pre-
cision of these couplings is expected to be reduced to the level of a
few percent [79].” A future ete~ collider with sufficient energy to
produce hqys5 could further improve the experimental precision to
the sub-percent level. As an example, we will consider in the fol-
lowing the expected precision of the International Linear Collider
(ILC) operating at a centre-of-mass energy of 250 GeV and collect-
ing 2 ab™! of integrated luminosity [80]. We note that here and in
the following the specific example of the projections for the ILC is
meant to showcase the potential impact of the coupling measure-
ments at a future eTe~ collider. In fact, very similar results would
be obtained considering the other proposals for a “Higgs factory”
operating at about 250 GeV, such as CLIC, CEPC or the FCC-ee [81].

7 Here it is assumed that no undetected decay mode of hy,5 into BSM particles is
present.
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Fig. 3. S2HDM parameter points passing the applied constraints that predict a di-
photon signal strength in the preferred range of 0.21 < 155, <0.52 in view of the
excess observed by CMS [15] in the (|ch,57+2- |, [Chypsvv ) Plane. The type Il and the
type IV parameter points are shown in blue and orange, respectively. The green dot-
ted 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 centres located at the SM values.

In Fig. 3 we show the parameter points passing the applied
constraints of the scan in type II (blue) and in type IV (orange)
that provide a good description of the di-photon excess, i.e. 0.21 <
Myy <0.52, in the (|cp,5c+7-1s[Ch,svv ) plane. Here cpporto-
and cp,svy are the effective coefficients of the coupling of hios
to tau-leptons and the gauge bosons V = Z, W, respectively. These
coefficients are normalized such that they are equal to one in the
SM. Centred at the SM prediction, we also indicate with the green
dotted ellipse the expected precision on the coupling coefficients
after the HL-LHC will have collected 3000 fb~! of integrated lumi-
nosity. Finally, the magenta dashed ellipse indicates the expected
experimental precision after a combination of the HL-LHC data and
the ILC data collected at /s = 250 GeV (ILC250) with an integrated
luminosity of 2 ab™!. We note that these 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 sufficient to dis-
tinguish between SM-like properties of hi25 and the predictions of
the S2HDM for parameter regions that are in accordance with the
observed di-photon excess. However, for the S2HDM points that
are closest to the SM value, no distinction at the 2o level could
be established. Consequently, the HL-LHC will not be able to en-
tirely probe the S2HDM interpretation of the di-photon excess at
95 GeV based on the coupling measurements of hiys. Moreover,
for many of the displayed blue and orange points the expected
HL-LHC precision, indicated by the size of the green ellipse, will
not be sufficient to distinguish between a type II and a type IV
interpretation.

Now we compare the model predictions with the expected pre-
cision at the ILC250, indicated by the magenta ellipse. One can see
that under the assumption that no modifications of the proper-
ties of hiy5 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 describing the di-photon
excess, a clear deviation of the properties of hqy5 from the SM pre-
dictions could be established via the coupling measurements. The
ILC also has a significantly larger potential to distinguish between
a type Il and a type IV scenario, although even the ILC precision
might not be sufficient to distinguish between the types for the
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Fig. 4. S2HDM parameter points passing the applied constraints that predict a di-
photon signal strength in the preferred range 0.21 < 1), < 0.52 in view of the
excess observed by CMS [15] in the (|Chgs7+7- I IChesvv |) Plane. The type Il 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 hgs could be measured at the ILC250 with 2 ab™' of integrated
luminosity, which we evaluated according to Ref. [33].

parameter points with the largest values of ¢y, ¢+~ and cp vy .
Information about the direct production of hgs and its coupling
measurements will of course be instrumental to further probe the
S2HDM scenarios.

In our S2HDM interpretation of the di-photon excess, hgs is re-
quired to have a non-vanishing coupling to top quarks, and thus
also to gauge bosons, in order to be the origin of this excess. More-
over, a sizable coupling of hgs to the Z boson is required if this
state is also supposed to be the origin of the bb excess observed at
LEP. In this case, a future lepton collider running at 250 GeV has
the capability to produce hgs in large numbers [82,83]. From the
resulting cross-section measurements, the couplings of hgs could
be determined with a precision that is expected to greatly improve
on the precision achievable at the LHC.® 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
different models that give rise to the state at hgs, we show in Fig. 4
the parameter points of our scans in the (|Cpgsr+c-1, [Chosvv])
plane. Here, cpyr+7- and cpe vy are the effective coefficients for
the couplings of hgs to tau-leptons and gauge bosons, respectively.
These coefficients are normalized such that they are equal to one
for a hypothetical SM Higgs boson at the mass of hgs. As in Fig. 3,
the parameter points of type Il 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

8 Experimental 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 ad-
ditional Higgs bosons without detailed simulations taking into account systematical
uncertainties. Since such a dedicated simulation would be beyond the scope of the
present paper, we do not attempt to provide precise quantitative estimates for the
achievable accuracy on the couplings of hgs at the HL-LHC. However, a rough es-
timate of the precision for the signal rates in the di-photon and di-tau channel
assuming 3 ab™! can be achieved by a simple rescaling with the square root of
the luminosity, yielding a precision of about 10% for the di-photon and the di-tau
channel.
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coefficients, indicated with the dots, we also indicated the exper-
imental 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 mea-
surements for the ILC250 with 2 ab™! of integrated luminosity
according to the approach discussed 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 coupling, the parameter points of type IV pre-
dict 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 cpg,r+.- = Chgs bip» such that the enhancement of
the di-photon branching ratio via the condition |cpq. s /Ch ppl > 1
is achieved in the regime in which ¢jg ;+.- is suppressed. On the
other hand, in type IV one has ¢y ¢+~ = Cpyge, SUCh that the cou-
pling 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 precision of the hgs
coupling measurements at the ILC250, there are no blue or orange
ellipses that overlap. Thus, the coupling measurements of hgs at
the ILC would be sufficient to distinguish between a type Il or a
type IV interpretation. In combination with the experimental ob-
servation regarding hiys (see discussion above), a lepton collider
like the ILC would be able to scrutinize 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 3o local significance at about
95 GeV in the low-mass Higgs boson searches in the di-photon fi-
nal 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 investigated the interpretation of this
excess as a di-photon resonance arising from the production of a
Higgs boson in the Two-Higgs doublet model that is extended by
a complex singlet (S2HDM). We have shown that a good descrip-
tion 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 measurements 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 Mf,xyp =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 Il Yukawa structure, in which larger signal rates of the state at
95 GeV can be achieved compared to the type IV. After the inclu-
sion of the remaining Run 2 data and performing various improve-
ments of the experimental analysis, the new CMS result shows an
excess with a local significance that is essentially unchanged com-
pared to the previous result but which yields an interpretation in
terms of a smaller central value of the signal strength with reduced

uncertainties, ,uf,x,? = 0.33f8:£. We have shown that as a result of

the smaller central value of M;Xyp both Yukawa types provide an
equally well description of the di-photon excess in the S2HDM.
The di-photon excess observed at CMS is especially intrigu-
ing in view of additional excesses that appeared at approximately
the same mass. An excess of events above the SM expectation
with about 2o local significance was observed at LEP in searches
for Higgsstrahlung production of a scalar state that then decays
to a pair of bottom quarks. Moreover, CMS observed an excess
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with about 30 local significance consistent with a mass of about
95 GeV in searches for the production of a Higgs boson via gluon
fusion and subsequent decay into tau pairs.

We have demonstrated that the S2HDM type II can simultane-
ously describe the CMS di-photon excess and the bb excess ob-
served at LEP, whereas no significant signal for the CMS di-tau
excess is possible in this model. In the S2HDM type IV, on the
other hand, in addition also a sizable signal strength in the di-tau
channel can occur. However, even in type IV the maximally reach-
able signal rates are smaller than the signal strengths that would
be required to describe the di-tau excess at the level of 10.

Our analysis in the S2HDM serves as an example study from
which more general conclusions valid for a wider class of exten-
sions of the SM can be drawn. Notably, supersymmetric extensions
were previously shown to be able to accommodate a di-photon sig-
nal at about 95 GeV that turns out to be in good agreement with
the updated experimental value of M;X)l,) .

In the near future, the possible presence of a Higgs boson at
95 GeV can be directly tested by the eagerly awaited results from
the corresponding ATLAS searches in the di-photon and the di-tau
final states covering the mass region below 125 GeV and utiliz-
ing the full Run 2 data. Further into the future, the scenarios
discussed here will be tested in a twofold way at future Runs of
the (HL)-LHC, where the direct searches for hgs and the coupling
measurements of hqys will benefit in particular from a significant
increase of statistics. Nevertheless, we have shown that the experi-
mental precision of the coupling measurements of the Higgs boson
at 125 GeV might not be sufficient to exclude the S2ZHDM interpre-
tation of the excesses at 95 GeV, or conversely confirm a deviation
from the SM predictions.

Going beyond the (HL-)LHC projections, we have discussed the
experimental prospects at a future ete~ collider, considering as
an example the ILC operating at 250 GeV with an integrated lu-
minosity of 2 ab™!. At the ILC250, the couplings of hizs could
be determined in an effectively model independent way at sub-
percent level precision. Assuming that no deviations from the SM
predictions would be observed, the measurements of the couplings
of hi25 would significantly disfavour the S2HDM interpretation of
the excess at 95 GeV. Conversely, a clear deviation from the SM
predictions will be established if the coupling measurements of
h125 will be according to the predictions of any S2HDM parameter
point describing the excess.

Although the possible state at 95 GeV has suppressed couplings
compared to his, the ILC could produce hgs in large numbers if
it has a sufficiently large coupling to Z bosons. We have shown
that the clean environment of an ete™ collider would allow for
a determination of the couplings of hgs at percent-level precision.
As such, we demonstrated that the ILC, in contrast to the HL-LHC,
could distinguish between a type Il and a type IV description of
the excesses.
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