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In the last decades, the Standard Model (SM) of particle physics has been extensively tested and
confirmed, with the announced discovery of the Higgs boson in 2012 being the last missing puzzle piece.
Even though since then the search for new particles and interactions has been further intensified, the
experiments ATLAS and CMS at the Large Hadron Collider (LHC) at CERN did not find evidence for the
direct production of a new state. However, in recent years, deviations between LHC data and SM
predictions in multiple observables involving two or more leptons (electrons or muons) have emerged, the
so-called “multilepton anomalies,” pointing towards the existence of a beyond the SM Higgs boson S.
While from these measurements its mass cannot be exactly determined, it is estimated to lay in the range
between 130 and 160 GeV. Motivated by this observation, we perform a search for signatures of S, by
using existing CMS and ATLAS analyses. Combining channels involving the associate productions of
SM gauge bosons (yy and Zy), we find that a simplified model with a new scalar with mg = 151.5 GeV is
preferred over the SM hypothesis by 4.36¢ (3.90) locally (globally). On the face of it, this provides a good
indication for the existence of a new scalar resonance S decaying into photons, in association with
missing energy, and allows for a connection to the long-standing problem of dark matter. Furthermore,
because S is always produced together with other particles, we postulate the existence of a second new
(heavier) Higgs boson H that decays into S and propose novel searches to discover this particle, which
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can be performed by ATLAS and CMS.
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I. INTRODUCTION

The SM of particle physics describes very successfully
the fundamental constituents of matter and their inter-
actions. It has been extensively tested and verified
experimentally [1-3] within the last decades with the
discovery of the Brout-Englert-Higgs boson (/) [4-7] at
the LHC [8,9] being the last missing puzzle piece.
Furthermore, measurements so far indicate that this
125 GeV boson has properties compatible with those
predicted by the SM [10,11]. However, this does not
exclude the existence of additional scalar bosons as long
as their role in the breaking of the SM gauge symmetry is
sufficiently small. In fact, the searches for new particles,
including additional Higgs bosons, have been intensified
since the Higgs discovery. However, the LHC experiments

Published by the American Physical Society
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ATLAS and CMS did not observe the direct (resonant)
production of a new particle.

Nonetheless, in recent years the so-called “multi-lepton
anomalies” emerged as deviations from the SM predictions
in several analyses with multilepton (electrons and their
heavier version the muons) final states [12—15]. These
intriguing indications for new physics (NP) are statistically
most compelling in nonresonant dileptons (i.e., lepton not
originating from the direct decay of a new particle). These
signatures can be explained by the decay of a neutral scalar
H (a new Higgs boson) into a lighter new Higgs boson §
and the SM Higgs boson [16,17], i.e., H - Sh, SS.

The explanation of the multilepton anomalies requires
the mass of S to be between 130 and 160 GeV [12].
Fortunately, this mass range is covered in the CMS and
ATLAS searches for the SM Higgs boson. Therefore,
the published analyses of diphoton, Zy and bb resonances
[18-25] can be used to search for a signal of S. Importantly,
it is possible to combine the information from these
channels without specifying an explicit model, such that
the only assumption is the existence of a scalar particle S
which is produced in association with other particles.

In this article, we present a combined fit to the available
data to search, briefly discuss the implications of the
different signals for the properties of S and suggest new
searches for H to verify our hypothesis.

II. ANALYSIS AND RESULTS

For our analysis, we use the sidebands of the SM Higgs
analysis of ATLAS and CMS presented in Refs. [18-25],
which cover (implicitly) also the search for other Higgs-like
resonances. In fact, depending on the specific channel,
searches range up to 180 GeV. However, since some
searches only reach 160 GeV, we will use the region
between 140 GeV (to avoid overlap with SM Higgs signals)
and 155 GeV as the use of a sideband background fit further
reduces the range within one can search for a resonance.
Note that this coincides with the mass range motivated by
the multilepton anomalies.

Let us summarize the CMS and ATLAS searches used in
our analysis:

S(Z(£t¢7)y) + ¢€: mg is reconstructed from the invari-
ant mass of the Zy pair, and S is assumed to be produced in
association with one additional lepton (other than the
leptons originating from the decays of the Z). The data
are extracted from Fig. 5 in Ref. [24].

S(yy) + EI.: In these channels, mg is reconstructed
from the invariant mass of yy, and S is produced in
association with ET. . The data are taken from Fig. 6 in

miss*®

Ref. [22] and Fig. 3 in Ref. [23]."

'Note that the excess observed in this channel dominantly
originates from the ATLAS analysis as ATLAS used 4 times more
luminosity as CMS and the cuts used by ATLAS turn out to be
more optimal for this search than the ones of CMS.

S(bb) + ET.: mg is reconstructed from the invariant
mass of bb, and S is produced in association with ET.
originating from the decay of § to invisible final
states.” The data are taken from Fig. 5 in Ref. [25].

S(yy) + b jets: mg decays to two photons and is
produced in association with b quarks (which, in the
2HDM+S model, could originate from S but also from &
if H — Sh is non-negligible). The data are obtained from
Fig. 2 (top-right) in Ref. [20] and Fig. 2 in Ref. [21].

S(yy) + V(W,Z): S decays to two photons and is
produced in association with a W or a Z boson. The
corresponding data are given in Fig. 15 bottom-left in
Ref. [18] and Figs. 9(c) and 9(d) in Ref. [19].

S(yy) inclusive: Here myg is reconstructed from the
invariant mass of the photon pair while the search is
quasi-inclusive; however, vector boson fusion, W, and Z
as well as top quark associated production are excluded.
Note that there is no veto on missing energy, but that this
channel covers only a very tiny phase space of the quasi-
inclusive final search. (see Fig. 15 top-left in Ref. [18] and
Fig. 9(a) in Ref. [19]).

The summary of the values for the resolutions as well as
the product of acceptance times efficiency for the different
channels is given in Table I.

To search for a signal in each category, we add to the
background the function in Eq. (2) a double-sided-crystal-
ball function,

—12/2 :
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Here, N is a normalization parameter, t = (m — mg)/ocp
with o the width of the Gaussian part of the function, m is
the invariant mass of the distribution, and mg the mass of
the new resonance we are interested in (which is the same
for all channels). apq(anign) is the point where the
Gaussian becomes a power law on the low (high) mass
side, and we set a4y = Qpigh = 1.5. Noy (Mpign) is the
exponent of this power law and nyqy, (ngign) i set to 5 (9).
The fit results are quite insensitive to the specific choice of
1 ow (Oigh) OF 7y oy (Mpign)- As we assume that the physical
width of § is much smaller than the detector resolution of
the respective channels, ocp is thus determined by the
detector resolution: o = 1.5 GeV for the diphoton and
Zy channel, and o5 = 14 GeV for the bb channel.

’It should be mentioned that there is a small overlap between
this category and the SM channel 77/. However, the pollution of
the former by the latter is very small (about 1%).
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TABLE 1.
channels given in the ATLAS and CMS analyses.

Acceptance times efficiency and resolution for the invariant mass distribution of S in the different

Channel Collaboration (category)

(Acceptance x efficiency) in %

Resolution

S(=Z(-»¢t¢7)y)+¢  CMS, electron (muon)

S(— bb) + ET. | ATLAS (qq — ZH — IJI/b_B)
ATLAS (g9 — ZH — vwbb)
CMS (High—Eiss)
ATLAS (High—E's®)

S(= 7r) + Efs”

miss

S(= yy) + b-jet ATLAS

CMS

S(=yy)+W, Z CMS
ATLAS

S — yy (inclusive) CMS
ATLAS

18-24 (25-31) [24] 2.31-4.01 (1.94-3.89) [26]

1.9 [25]

35 [25] 13.86 [27]
42.6 [23] 1.60-3.17 [28]
38.7 [29] 1.22-2.61 [19]

42 [30] 1.42-2.31 [19]
40-44 28] 1.64-2.33 [31]

79 [31] 2.03-2.80 [31]
21.4 [30] 1.64-2.61 [19]

79 [31] 1.47-3.08 [31]
21.77 [32] 1.22-2.37 [19]

*This analysis was originally preformed in the context of a Z’ model with pp — Z’' — h + MET. We recasted it
in the framework of our simplified model with pp — H — SS*.

For each category discussed above, we model the
background via a function,

fm; b {a}) = (1= m)?(m)cotaiostm, 2)

where ag; and b are free parameters (different for each
category), and m is the invariant mass of the distribution,
e.g., the diphoton mass. This corresponds to the back-
ground-only hypothesis and the goodness of the corre-
sponding fit results in the p-value of the SM. The choice of
the functional form to model the background is not
important for our study, as illustrated by the spurious
signals in Fig. 1. For simulating the inclusive diphoton
channel, as shown in the top panel, the different functional
forms behave very similarly. Within the range of
145-155 GeV, the absolute spurious signal is about 50
events, which corresponds to ~20% of the statistical
uncertainty in this channel. Note that all other channels
in this study contain much smaller data statistics. For
example, for the ET. = channel requiring ET, . > 90 GeV,
as shown in the bottom panel, the spurious signal is about
one event and accounts therefore for about 10% of the data
uncertainty. Moreover, the different choices of the func-
tional form show compatible curves.

For any given final state (category), the relative
contribution of sub-categories to the total signal strength
is taken to be proportional to the observed excess in each
spectrum. For some of the spectra, this is obtained by a
Ng/(Ng+ Ng) or In(1 + Ng/Np) reweighting, where N
is the number of SM Higgs events in the subcategory in
the original analysis, and N is the number of background
events under the Higgs boson peak. The spectra are then
unweighted using a constant factor N?, i oviea/Noeighieas
where Nf’un)weighted is the number of SM Higgs boson

(125)GeV signal evens obtained in the CMS or ATLAS
analyses. The simultaneous fit of mg using all channels
therefore takes into account the different integrated
luminosity in each analysis. This is then implemented
into the likelihood ratio formalism, relying on the soft-
ware used as well for the discovery of the SM Higgs
boson [10,11].

Table II shows the extracted total cross section for the
(quasi-inclusive) diphoton analysis, the limit on the total
4¢ cross section (not included in the signal analysis), and
the fiducial cross sections (the cross section after includ-
ing experimental cuts) for all other associated production
channels. We define the signal yield as Y =¢-o0g- L,
where oy is the total or fiducial cross section, depending
on the analysis, the (channel dependent) luminosity L,
and the efficiency e, which parametrizes analysis-specific
selection criteria and the geometric acceptance of the
detector. In Refs. [19,24], acceptance times efficiency is
~30%. We can roughly estimate the acceptance to be
~50%, corresponding to an efficiency of ~60%, and
therefore, the total cross section to be ~2 times the
fiducial one.

The spectra of the channels in which the excesses are
most significant are shown in Fig. 2 and the combination of
all channels in Fig. 3, excluding the bb channel due
insufficient resolution. Note that the background curves
here do not exactly correspond to the SM hypothesis but
rather to the background function of the combined fit to
data (see the Appendix for fits showing both the original
background obtained within the SM hypothesis and the
refitted one, including a NP resonance). For improved
visualization, each plot combines the spectra from ATLAS
and CMS (if available) for the same final states by using a
signal over background (Ng/Np) reweighting, such that Ng
is the number of signal at the peak (£3 GeV) of the crystal
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FIG. 1. Top: spurious signal events from a toy MC simulating
of inclusive diphoton analysis. Bottom: spurious signal events
from a toy MC simulation of the ET,  category with a threshold
on ET. ~ about 90 GeV. The different functional forms are
compared, where dijet 1 corresponds to Eq. (2). Dijet O represents
the functional form of Eq. (2) with @; = 0, and dijet 2 is obtained
from dijet 1 by adding an additional log” term. Exp 2 stands for
the second-order polynomial of the exponential function. Bern 4
is the fourth order Bernstein function [33].

ball function used to model the resonance and Ny are the
corresponding background events within this range.’

We observe that the di-photon final states, in particular in
channels with associated E;Tniss’ contribute most to the
excess. Furthermore, while there is a preference for a
decay of S to Zy and bb, the significance for the latter
(1.20) is quite small. We remark that the limits on the total
cross section in the four-lepton final states (extracted from
Refs. [34,35]) show no hint for S — ZZ. Note that the
results are quite independent of the production mechanism
of the diphoton resonance S, but that extractions of the total

The combination includes a rescaling of the luminosity and
adjusting the efficiencies as well as the resolutions for ATLAS
and CMS in case analyses of the same final state. This
information is available in papers from both collaborations.

TABLE II. Extracted cross sections in units of fb for each final
state considered (see main text for details). The observed and
expected limits on the cross sections (at 95% confidence level)
are provided. For the second and the last category, total cross
sections are quoted while for the associate production channels,
fiducial ones are given. The S — 47 channel is not included in the
fit but rather used as a constraint.

Cross

section  Observed Expected
Channel [fb] limit limit
S(yy) 6.6 £3.2 14.5 8.7
S(ry) + ET. s > 90 GeV 0.63+0.20  0.98 0.33
Styy)+V = jj 042 +0.42 1.20 0.86
S(yy) + b-jets 0.12+0.12 0.33 0.24
S(¢¢y)+V - tvor ¢ 1.3+0.7 2.8 1.7
S(bb)+ 150 < ET\ <250 GeV  0.90+0.79 2.2 1.6
S(4¢) 0+£0.15 0.28 0.33

cross sections from the fiducial ones would be model
dependent, especially in the case of EL. = searches. The
total cross section can be estimated from the fiducial one by
using the acceptance and efficiencies of the various
channels in Refs. [22,23]. As these quantities vary by
~50%, our total signal cross section should be about a
factor ~2 times the fiducial one. Here, we implicitly assume
that the signal is generated together with E ., and that the
latter is within the cuts that were applied in the analysis.

Let us now consider a simplified model in which § is
pair produced by the decays of H with a mass around
270 GeV (as suggested by the multilepton anomalies) via
pp — H — SS*. We remark that the process H — Sh(*) is
possible in principle, but we will disregard it for now. The
properties of S can be determined approximately from the
relative signal strengths of the considered channels: it
should decay to photons, to a lesser extent to Zy, and it
should decay into invisible final states to produce missing
energy. S can further decay to W bosons and bottom quarks
with relevant branching ratios which is consistent with the
assumptions that the couplings of S to SM particles are
induced via the mixing with A; i.e., that S is SM-like.
However, as yy is only generated at the loop-level, e.g., by
vectorlike fermions (see, e.g., Refs. [36-39]), it is reason-
able to assume the corresponding width is modified by
virtual new particles, which do not significantly affect
S — WW or S — bb. Therefore, we assume that H is
produced (predominantly via gluon fusion) with a cross
section oy and decays to approximately 100% into SS*.
The scalar S, with a mass of =151 GeV, decays into
diphotons with a small branching ratio Br(S — yy) =
€ < 1. In addition, it has a sizable branching ratio to
WW and bb, as fixed by the requirement that it is SM-like
and otherwise, decays into invisible final states y with
Br(S = yy) = x =1 —Br(S - WW) = Br(S — bb).

In this setup, the signal strengths for each channel can be
calculated as a function of two parameters, namely the total

115031-4



ACCUMULATING EVIDENCE FOR THE ASSOCIATED ... PHYS. REV. D 108, 115031 (2023)

F T T T T T ] r T T T T T ]
60 N/N ; Weighted 14— N¢/N g Weighted —
o T 7 c ]
> s S(vy) +E E - 12 S(ly) 3
© F — Signal ] o [ — Signal ]
[0} o — Background 7 G 10 — Background —
o 40 — Sum — o F — Sum ]
o F ] o 8 —
~ C 1 ~ - -
2 5 E 2 4k B
S F ] S ]
Q 20 3 o ]
w C ] iN) -
10 . =
o 20F )]
X 158 X
o 10F [] oM
© g* [ [ P ® 04 o ©
i MK *e° i B8
O g5 o -
130 135 140 145 150 155 160 130 135 140 145 150 155 160
mg [GeV] mg [GeV]

T T T T
Ng/N, Weighted NgIN, Weighted

S(yy)+V 16) S(vy)+b

— Signal 14 — Signal

— Background — Background
—— Sum 12 — Sum

=)
L L N L L

Events /2.0 GeV
Events / 2.0 GeV
S

w“&“"”l”'l”'l' LLRNRRRN AR RRRN RARN L)
e

L 8
‘C 6
oF - 4
L ] 2
B 1 1 1 PR e e =t W ]
2 E
D 0 LR SU BN
S _osf ] L te ¢ E £ =2
3k i 8 3 -
130 135 140 145 150 155 160 130 135 140 145 150 155 160
mg [GeV] mg [GeV]

FIG. 2. Fits to the spectra of the different categories extracted from Refs. [18-25] (see text for details) obtained from a combination of
CMS and ATLAS analyses. The given numbers of events are reweighted by the ratio of signal over background at 151 GeV for each
channel.

—_—
N¢/N g Weighted

250 3
C All S(vyy, lly) ]
104 L L T > C Sianal .
103 E— All channels © 200~ :Bagckground E
102 g Diphoton only COD E — Sum E
o 150F -
~ 4
(7] - 7]
c 100\_._\%‘&;
g —~
a® L

>

L 2
L 2
[ 2
|

o
o
L A L LA R | TTTT | TT

|
o
W
L 4
|

Data-Bkg

PRI B SR PRI I

| | | L )
144 146 148 150 152 154 1 Ti0 745 150 165 160
mg [GeV] mg [GeV]

L

8C . 1 |
10440 142

w
o
—_
w
(]

FIG. 3. Left: the combined local p-value as a function of mg using inputs from Refs. [18-25] (see text). Right: the combination of fits
to all the categories from Refs. [18-25] (see text). The data points are Ng/Njp weighted.

115031-5



ANDREAS CRIVELLIN et al.

PHYS. REV. D 108, 115031 (2023)

diphoton cross section oy - € and the total cross section to
invisible. Thus, we have 2 degrees of freedom and a
simultaneous fit. Then, the maximal local significance
for a resonance is 4.30 based on 2 degrees of freedom
at mg = 151.5 GeV, where it varies by 0.66 when shifting
the mass by 1 GeV. Taking into account the look-else-
where effect due to the mass scan between 140 to 155 GeV,
the significance is reduced to 3.9¢ with a trial factor 5. The
trial factor is obtained using the scan range divided by twice
of the resolution 1.5 GeV.*

III. ASYMMETRIC DI-HIGGS SEARCHES

The signatures we are discussing in this article, as well as
the multilepton anomalies, can be explained by the decay of
a neutral scalar H into a lighter one S and the SM Higgs
boson [16,17],1.e., H — Sh, SS, as realized, e.g., within the
2HDM + § model (also called N2HDM) [41-46].

In order to verify or falsify the hypothesis of sizable
S — bb or H — Sh rates, one could search for H — §S —
yybb and H — Sh — yybb final states. These are very
promising signatures as they have the highest sensitivity
for di-Higgs searches due to a good balance between the
diphoton triggering efficiency, the triggering of the invari-
ant mass spectra [54,55].

We illustrate this for H — SS — yybb. Assuming my =
270 GeV, the dominant branching ratio being H — SS*
forces one of the singlet scalars to be off shell.® This type of
resonant yybb searches have not been performed by the
LHC experiments. Here, two corners of the phase-space are
devised to study asymmetric configurations: m,, € (145,
155) GeV and m,j; € (70, 120) GeV to isolate H — S(—
vy)S*(— bb); m,, €(90,120) GeV and m,; € (120,
160) GeV to isolate H — S(— bb)S*(— yy). To predict
the resulting signatures, we perform a Monte Carlo sim-
ulation of pp collisions at the LHC. The events corre-
sponding to the signal and SM backgrounds are generated
using MadGraph5 [56] with the NNPDF3.0 parton distribution
functions [57]. The UFO model files required for the
MadGraph analysis have been obtained from FeynRules [58]
after a proper implementation of the model. Following this

“The spurious signal effect could degrade the significance by at
most ~0.2. Note that we that there is a 2.30 (local) excess
reported by ATLAS in the search for fully hadronic final
states [40] that can be interpreted as S — VV with VV —
hadrons. This excess was not included in our fit since the
spectrum was not given in a form usable for our analysis.

*Interestingly, the model can explain anomalies in astro-
physics (the positron excess of AMS-02 [47] and the excess
in gamma-ray fluxes from the Galactic Center measured by
Fermi-LAT [48]) if it is supplemented by a dark matter candidate
[49,50]. Furthermore, it can be easily extended [51] to account for
the 4.2¢ anomaly g — 2 of the muon [52,53].

®We notice that in other possible decay channels like H — Sh
and H — hh the daughter particles are on shell, which offers
different search strategies in the final states.
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FIG. 4. Expected yield of signal and background yybb events
for 500 fb~! of integrated luminosity with one experiment at the
LHC. The upper and lower graphs correspond to the H — S(—
v7)S*(— bb) and H — S(— bb)S*(— yy) searches, respectively.

parton-level analysis, the parton showering and hadroniza-
tion are performed using PYTHIA [59]. We use DELPHES(v3)
[60] for the corresponding detector level simulation after
the showering/hadronization. The jet construction at this
level has been performed using Fastet [61], which involves
the anti-K jet algorithm with radius R = 0.5, transverse
momentum p7 > 20 GeV and pseudorapidity |n| < 2.5.
Photons are required to have p; > 20 GeV and || < 2.5.

Figure 4 shows the expected signal and background
yields in yybb final state for one LHC experiment and
500 fb~! of integrated luminosity. The first configuration
displays significantly better signal-to-background rates
due to the excellent diphoton invariant mass resolution.
Here, the benchmark signal cross section o(pp - H —
SS* — yybb) = 2 fb is assumed, which includes the two
configurations. The background includes the contribution
from yy in association with c¢ and light quarks. The b-jet
tagging efficiency for py =30 GeV is assumed to be
68%. In this setup, a combined significance of over 7¢
could be achieved per LHC experiment for 500 fb~! of
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integrated luminosity, assuming the current best fit to
data is confirmed.

IV. CONCLUSIONS AND OUTLOOK

In this article, we present evidence for an excess in the
associate production that may provide evidence of a new
Higgs particle S (consistent with the assumption that it is
produced from the decay of a heavier boson H) with a mass
mg = 151.5 GeV by combining the CMS and ATLAS
sidebands (130 GeV and 160 GeV) of searches for the SM
Higgs boson. Including all channels involving photons,
Z bosons, light quarks, b-quarks, and/or missing energy, we
find a global significance of 3.9¢ (locally 4.36) for S.

While the hints that this new scalar is decaying into
photons (and to a lesser extent into the Zy) are significant,
its decay to, or production together with, bottom quarks is
preferred but still optional. To test the decay channel
S — bb, we suggest performing asymmetric searches for
the final state yybl_a, 777 bb, which also allows an assess-
ment of the branching ratio Br[H — Sh]. Furthermore, such
signals could be related to the LEP/CMS excess in
associate bb production and point towards a boson ' at
~96 GeV that could lead to H — S")S’. Furthermore, in
Fig. 3, one can see a slight surplus of events around
138 GeV which motivates further investigation. In fact,
fitting this with an additional crystal ball function would
increase the significance of the 151 GeV excess even
further. Together, this might point towards a whole undis-
covered scalar sector.

Interestingly, as the LEP experiments reported a mild
excess (2.30) in the search for a scalar boson (S’) [62] using
the process eTe™ — Zh(— bb) at 98 GeV for the invariant
bb mass, asymmetric yybb final states could also originate
from the decay H — SS'. This is further supported by the
CMS result reporting similar excesses with run 1 data and

35.9 fb~! of run 2 data [63], with a local significance of
2.80 at 95.3 GeV. In this context, it should be noted that
searches with asymmetric configurations of H — t77~bb
are also substantiated.

Our analysis potentially opens up new directions in
particle physics. First of all, a mass of § of 151 GeV is
motivated by the multilepton anomalies and therefore, can
obviously be related to them. However, due to the absence
of a signal in § — ZZ*, an alternative mechanism for the
lepton production, such as § — NN, where N has the
quantum numbers of a right-handed neutrino, is possible.
In such a setup, i.e., the 2HDM + § extended with right-
handed neutrinos, the anomalous muon g —2 could be
explained via a chiral enhancement [64-66] and in case of
a nonminimal flavour structure, also the intriguing indi-
cations for NP in b — s£ "¢~ (above the 7o level [67-71])
could be explained [72-75]. Furthermore, as S is produced
in association with missing energy, this opens new
avenues for possible solutions to the outstanding problem
of dark matter.
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APPENDIX: DETAILS ON THE
INDIVIDUAL FITS

Figure 5 shows individual fits to ATLAS and CMS data
for six different categories. The background obtained
within the SM, the SM Higgs signal and the NP signal
with the refitted background are shown.
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FIG. 5. Diagrams showing the fit to background obtained within the SM, the SM Higgs signal, and the NP signal with the refitted
background for six different categories. The data displayed the last three plots correspond to a weighted sum (see Refs. [18-20] for
further details).
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