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Abstract. In this presentation an account of the multi-lepton (electrons and muons) anomalies
at the LHC is given. These include the excess production of opposite sign leptons with and
without b-quarks, including a corner of the phase-space with a full hadronic jet veto; same sign
leptons with and without b-quarks; three leptons with and without b-quarks, including also the
presence of a Z. Excesses emerge in corners of the phase space where a range of SM processes
dominate, indicating that the potential mismodeling of a particular SM process is unlikely
to explain them. A procedure is implemented that avoids parameter tuning or scanning the
phase-space in order to nullify potential look-else-where effects or selection biases. The internal
consistency of these anomalies and their interpretation in the framework of a simplified model
are presented. Motivated by the multi-lepton anomalies, a search for narrow resonances with
S → γγ, Zγ in association with light jets, b-jets or missing transverse energy is performed. The
maximum local (global) significance is achieved for mS = 151.5 GeV with 5.1σ (4.8σ), which is
obtained by letting branching ratios of S float. Those can be constrained by combining with
the multi-lepton excesses, where the combined significance is greater than 5σ.

1. Introduction
The discovery of a Higgs boson (h) [1, 2, 3, 4] at the Large Hadron Collider (LHC) by ATLAS [5]
and CMS [6] has opened a new chapter in particle physics. Measurements of its properties so
far indicate that this 125 GeV boson is compatible with those predicted by the Standard Model
(SM) [7, 8]. However, this does not exclude the possible existence of additional scalar bosons as
long as the mixing with the SM Higgs is sufficiently small.

One of the implications of a 2HDM+S model, where S is a scalar SM singlet, is the production
of multiple-leptons through the decay chain H → Sh, SS [9], where H is the heavy CP-even
scalar and h is the SM Higgs boson. Excesses in multi-lepton final states were reported in
Ref. [10].1 In order to further explore results with more data and new final states while avoiding
biases and look-else-where effects, the parameters of the model were fixed in 2017 according to
Refs. [9, 10]. This includes setting the scalar masses to mH = 270 GeV, mS = 150 GeV, treating
S as a SM Higgs-like scalar and assuming the dominance of the decays H → Sh, SS. Excesses in
opposite sign di-leptons, same-sign di-leptons, and three leptons, with and without the presence

1 Here we use ”anomalies” and ”excesses” interchangeably. These are defined as deviations in the data from
predictions by the SM after taking into account experimental and theoretical uncertainties.
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of b-tagged hadronic jets were reported in Ref. [11, 12]. Interestingly, the model can explain
anomalies in astro-physics (the positron excess of AMS-02 [13] and the excess in gamma-ray
fluxes from the galactic centre measured by Fermi-LAT [14]) if it is supplemented by a Dark
Matter candidate [15] and can be easily extended to account for g − 2 of the muon [16] (for a
review of anomalies see Ref. [17]).

2. The simplified model
Here, we succinctly describe the model used to describe the multi-lepton anomalies observed
in the LHC data and with which to interpret the above mentioned excesses in astrophysics.
The formalism is comprised of a model of fundamental interactions interfaced with a model of
cosmic-ray fluxes that emerge from DM annihilation. The potential for a two Higgs-doublet
model with an additional real singlet field ΦS (2HDM+S) is given as in Ref. [9]:
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The fields Φ1, Φ2 in the potential are the SU(2)L Higgs doublets. The first three lines in Eq. 1
are the contributions of the real 2HDM potential. The terms of the last line are contributions
of the singlet field ΦS . To prevent the tree-level flavour changing neutral currents we consider
a Z2 symmetry which can be softly broken by the term m2

12 6= 0. After the minimisation of the
potential and Electro-Weak symmetry breaking, the scalar sector is populated with three CP
even scalars h,H and S, one CP odd scalar A and charged scalar H±. For more details of this
model and associated interactions’ Lagrangians and parameter space we refer to Refs. [9, 18].
Further, we consider interactions of S with three types of DM candidates χr, χd and χv with
spins 0, 1/2 and 1, respectively:
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where gχi and Mχi are the coupling strengths of DMs with the singlet real scalar S and masses
of DM, respectively.

3. Anatomy of the multilepton anomalies
We give a succinct description of the different final states and corners of the phase-space that are
affected by the anomalies. As discussed in the introduction the anomalies are reasonably well
captured by a 2HDM+S model. Here, H is predominantly produced through gluon-gluon fusion
and decays mostly into H → SS, Sh with a total cross-section in the rage 10-25 pb [11]. Due to
the relative large Yukawa coupling to top quarks needed to achieve the above mentioned direct
production cross-section, the production of H in association with a single top-quark. These
production mechanisms together with the dominance of H → SS, Sh over other decays, where
S behaves like a SM Higgs-like boson, lead to the a number of final states that can be classified
into several groups of final states. Three are the groups of final states where the the excesses
are statistically compelling: opposite sign (OS) leptons (` = e, µ); same sign (SS) and three
leptons (3`) in association with b-quarks; SS and 3` without b-quarks. In the sections below a
brief description of the final states is given with emphasis on the emergence of new excesses in
addition to those reported in Refs. [10, 11, 12], when appropriate. The new excesses reported
here are not the result of scanning the phase-space, but the result of looking at pre-defined final
states and corners of the phase-space, as predicted by the model described above.
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Table 1. Summary of the status of the multi-lepton anomalies at the LHC, where ` = e, µ.
Final state Characteristics SM backgrounds Significance
`+`−+b-jets
`+`−+jet veto
`±`±, 3` + b-jets
`±`±, 3`, nb = 0
Z(→ ``)`, nb = 0

m`` < 100 GeV, low b-jet mult.
m`` < 100 GeV
Moderate HT

In association with h
pTZ < 100 GeV

tt,Wt
W+W−

ttW±, tttt
W±h, (WWW )

ZW±

> 5σ
≈ 3σ
> 3σ
4.2σ
> 3σ

3.1. Opposite sign di-leptons
The production chain pp → H → SS, Sh → `+`− + X, is the most copiously multi-lepton
final state. Using the benchmark parameter space in Ref. [18], the dominant of the singlet
are S → W+W−, bb. This will lead to OS leptons with without b-quarks. The most salient
characteristics of the final states are such that the di-lepton invariant mass m`` < 100 GeV
where the bulk of the signal is produced with low b-jet multiplicity, nb < 2 [11]. The dominant
SM background in events with b-jets is tt + Wt. The b-jet and light-quark of the signal is
significantly different from that of top-quark related production mechanisms. As a matter of
fact, excesses are seen when applying a full jet veto, top-quark backgrounds become suppressed
and where the dominant backgrounds is non-resonant W+W− production [10, 19, 20].2 A review
of the NLO and EW corrections to the relevant processes can be found in Refs. [11, 20], where
to date the m`` spectra at low masses remains unexplained by MC tools. A measurement of
the differential distributions in OS events with b-jets with Run 2 data further corroborates the
inability of current MC tools to describe the m`` distribution [22]. A summary of deviations for
this class of excesses is given in Table 1.

3.2. SS and 3` with b-quarks
The associated production of H with top quarks lead to the anomalous production of SS and
3` in association with b-quarks with moderate scalar sum of leptons and jets, HT . The elevated
ttW± cross-section measured by the ATLAS and CMS experiments can be accommodated by
the above mentioned model [11, 23]. Based on a number of excesses involving Z bosons, in
Ref. [18] it was suggested that the CP -odd scalar of the 2HDM+S model could be as heavy
as mA ≈ 500 GeV, where the two leading decays would be A → tt, ZH. The cross-section
for the associated production pp → ttA with A → tt would correspond to ≈ 10 fb. This is
consistent with the elevated tttt cross-section reported by ATLAS and CMS [24, 25, 26]. The
combined significance of the excesses related to the cross-section measurements of ttW± and
tttt surpass 3σ, as detailed in Table 1. The ATLAS collaboration has reported a small excess in
the production of four leptons with a same flavor OS pair consistent with a Z boson, where the
four-lepton invariant mass, m4` < 400 GeV [27]. This excess can also be accommodated by the
production of A→ ZH.

3.3. SS and 3` without b-quarks
The production chain pp→ H → SS, Sh can give rise to SS and 3` events, where b-jet activity
would be depleted compared to production mechanism considered in Sec. 3.2. The potential
impact on the measurement of the production of the SM Higgs boson in association with a W

2 The CMS experiment presented the comparison of the yields in the data to a MC [21]. The MC does not
describe simultaneously the di-lepton invariant mass and transverse momentum. As such, for the purposes of this
study this data set is inconclusive, where we encourage the CMS experiment to provide differential measurements
similar to those performed by ATLAS in Ref. [19].
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Figure 1. Combination of fits to all the categories in the γγ and Zγ spectra (see text). The
data points are S/B weighted.

boson and other measurements in the context discussed here was reported in Ref. [28]. A survey
of available measurements of the signal yield of the Wh production was performed in Ref. [12]. A
deviation of 3.8σ with respect to the Wh yield in the SM in corners of the phase-space predicted
by the simplified model. The CMS experiment has recently reported the signal strength of
the V h, V = Z,W± production with the h → W+W− decay for low and high V transverse
momentum [29]. The signal strength for V h with the V transverse momentum, pTV < 150 GeV,
where the BSM signal is concentrated, is 2.65−

+0
0
.
.
69
64. In addition CMS has also reported a large

signal strength in the third di-jet bin optimised for Wh in the search for the h → Zγ decay of
µ = 12.3−

+3
3
.
.
7
5 [30]. This brings the combination to µ = 2.43± 0.34, or a 4.2σ effect. In order to

reconcile observed excesses in Secs. 3.1 and 3.2 with the ones described here, it is necessary to
assume the dominance of the H → SS decay over H → Sh [12]. Another important prediction
of the simplified model is the elevated WWW cross-section. The ATLAS experiment reports a
signal strength of 1.66±0.28 [31].3 The latter includes the Wh→WWW ∗ production, hence it
is not added to the combination due to partial double counting. Another final state of interest
is the production of ZW± events where Z transverse momentum, pTZ < 100 GeV with depleted
b-jet activity. Excesses were reported in Ref. [11]. The CMS experiment has recently reported an
important excess in events with 3` in association with one and two jets used for the measurement
of Zh, h→ W+W− production, where ZW± is the dominant background [29]. As the analysis
of the excess in the context of the simplified model described here is in progress, the significance
of this excess is not added to the combination reported in Table 1.

4. Candidate of Singlet Scalar
The multi-lepton anomalies described here seem to be relatively well accommodated by
2HDM+S model with a sizeable direct production of H → SS, Sh. This motivates the search

3 CMS [32] pursues a different approach compared to the more inclusive selection performed by ATLAS. For
instance, the requirement that the azimuthal separation between the vector of the three leptons and the missing
transverse energy be greater than 2.5 rad and other requirements suppress the contribution from the BSM signal
considered here.
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Figure 2. The combined local p-value (right) as a function of mS using inputs described in
Ref. [33].

for narrow resonances pertaining to S → γγ, Zγ in association with light jets, b-jets or missing
transverse energy. A survey of all publicly available data is performed [33] in the mass range
motivated by the multi-lepton anomalies, in particular the di-lepton invariant mass spectra of
the excesses. The region of interest is in the range 130 < mS < 160 GeV. Figure 1 displays the
signal to background weighted combination of the mass spectra, where the red curve displays
the combined fit. The signal normalisation in each of the categories is allowed to float. Figure 2
shows the local p-value distribution in the range 140-155 GeV. The upper and lower bounds of the
search are determined by the availability of data reported by the experiments. The lowest local
p-value is achieved for mS = 151.5 GeV corresponding to 5.1σ. Taking into account the look-
else-where effect the global significance in the range 140-155 GeV is 4.8σ. The above mentioned
local significance is obtained by letting branching ratios of S float. Those can be constrained by
combining with the multi-lepton excesses, where the combined significance is greater than 5σ.

Searches for H → SS(∗), Sh→ γγbb, τ+τ−bb in asymmetric configurations, not performed by
the experiments before, are well motivated [33]. Each experiment with the combined Run 2 and
Run 3 data sets could achieve a 7σ effect with the H → SS(∗)γγbb search [33].

The current results on the production of hh → γγbb, τ+τ−bb do not exclude the expected
cross-section for H → Sh. This is motivated by the fact that Br(S → bb, τ+τ−) � Br(h →
bb, τ+τ−) and that the mass resolution is better than the mass difference between h and S.
Similarly, the limits set by CMS on H → Sh→ bb, τ+τ− [34] are not strong enough to exclude
the production rate of H → Sh as determined from Ref. [12].

Interestingly, as the LEP experiments reported a mild excess (2.3σ) in the search for a
scalar boson (S′) [35] using the process e+e− → Zh(→ bb) at 98 GeV for the invariant bb
mass, asymmetric γγbb 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−1

of Run 2 data [34], with a local significance of 2.8σ at 95.3 GeV. In this context searches for
H → S(′)(→ γγ, bb̄)S(→ invisible) are well motivated.

5. Conclusions
This proceedings provide an update of the multi-lepton anomalies at the LHC since Ref. [11],
where new data and final states and corner of the phase-space predicted by the 2HDM+S model
display excesses with respect to the SM. A summary of the multi-lepton anomalies is given in
Table 1. Motivated by the fact that the H → SS, Sh decay describes reasonably well the multi-
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lepton anomalies a search for narrow resonances with S → γγ, Zγ in association with light jets,
b-jets or missing transverse energy is performed. The maximum local (global) significance is
achieved for mS = 151.5 GeV with 5.1σ (4.8σ), which is obtained by letting branching ratios
of S float. Those can be constrained by combining with the multi-lepton excesses, where the
combined significance is greater than 5σ.
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