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Outline
qThe simplified model

qThe multilepton anomalies
qMethodology
qThe anatomy

qA possible candidate of S
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The Simplified 
Model and 2HDM+S



The simplified Model (from Run I)

1. The starting point of the 
hypothesis is the 
existence of a boson, H, 
that contains Higgs-like 
interactions, with a 
mass in the range 250-
280 GeV

2. In order to avoid large 
quartic couplings, 
incorporate a mediator 
scalar, S, that interacts 
with the SM and Dark 
Matter.

3. Dominance of HàSh,SS 
decay over other decays
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Eur. Phys. J. C (2016) 76:580



The Decays of H
qIn the general case, H can have couplings as those 

displayed by a Higgs boson in addition to decays 
involving the intermediate scalar and Dark Matter
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H ! WW,ZZ, qq, gg, Z�, ��,��

+ H ! SS, Sh, hh

H ! h(+X), S(+X)

Diboson decayDominant decays



The 2HDM+S

6

2HDM potential,   2HDM+S potential   

Introduce singlet real 
scalar, S.

Eur. Phys. J. C (2016) 76:580

Out of considerations of simplicity, assume S to be Higgs-like. 
See backup slides for more details on model parameters.
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The model leads to 
rich phenomenology. 
Of particular interest 
are multilepton 
signatures 
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Multi-lepton final 
states

It is paramount to remark that the excesses are seen in final 
states that were predicted 2015/2016 on the basis of a 
simplified model and not the result of scan of the available 
phase-space. Additionally, the parameters of the model where 
fixed then leaving only one degree of freedom: normalization
Thus, no look-elsewhere effects in parameter or phase-space
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pp ! H ! Sh

! `
+
`
� +X

Expect di-leptons (mll<100 
GeV)  with jets and b-jets 
with rates comparable to 
that of the SM Higgs boson

Relatively large jet 
multiplicity compared 
to the SM Higgs

Relatively large jet 
multiplicity compared 
to the SM Higgs
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H

S/h

S/h

Top associated Higgs production
(Multi-lepton final states) 

h

Reduced cross-section of ttH+tH 
is compensated by di-boson, (SS, 
Sh) decay and large Br(SàWW). 
Production of same sign leptons, 
three leptons  is enhanced. 
Enhanced tH cross-section

Produces SS 2l, 3l with 
b-jets, including 3 b-jets

Explains anomalously 
large ttW+tth+4t 
cross-sections seen 
by ATLAS and CMS 

<latexit sha1_base64="Euhs0TXD47WXrgA5Etnxnp04IgI=">AAACHHicbVDLTgIxFO34xPGFunTTSExcEDKDRl2iblhikEdkCOmUAg2d6aS9oyETPsSNv+LGhca4cWHi31geCwRP0uTknHPb3uNHgmtwnB9raXlldW09tWFvbm3v7Kb39qtaxoqyCpVCqrpPNBM8ZBXgIFg9UowEvmA1v38z8msPTGkuwzsYRKwZkG7IO5wSMFIrfXrlKd7tAVFKPmLwpAmP7kpgmL0vYs+zi7OBcjlb7rXSGSfnjIEXiTslGTRFqZX+8tqSxgELgQqidcN1ImgmRAGngg1tL9YsIrRPuqxhaEgCppvJeLkhPjZKG3ekMicEPFZnJxISaD0IfJMMCPT0vDcS//MaMXQumwkPoxhYSCcPdWKBQeJRU7jNFaMgBoYQqrj5K6Y9oggF06dtSnDnV14k1XzOPc/lb88yhetpHSl0iI7QCXLRBSqgIiqhCqLoCb2gN/RuPVuv1of1OYkuWdOZA/QH1vcvjCWhoA==</latexit>

A ! tt, ZH

H ! SS, Sh

<latexit sha1_base64="UAzF8fIKKw9ni8n5gu2zkj99e44=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNgNoh6jXnKMaB6QLGF2MpsMmZ1dZnqFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dlZW19Y3NnNb+e2d3b39wsFhw8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJv6zSeujYjVI44S7ke0r0QoGEUrPVTPb7qFoltyZyDLxMtIETLUuoWvTi9macQVMkmNaXtugv6YahRM8km+kxqeUDakfd62VNGIG388O3VCTq3SI2GsbSkkM/X3xJhGxoyiwHZGFAdm0ZuK/3ntFMNrfyxUkiJXbL4oTCXBmEz/Jj2hOUM5soQyLeythA2opgxtOnkbgrf48jJplEveZal8f1Gs3GZx5OAYTuAMPLiCClShBnVg0IdneIU3RzovzrvzMW9dcbKZI/gD5/MHj4yNVA==</latexit>

H,A
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Methodology
(to avoid biases and look-else-where effects)

Based Higgs pT, hh, tth, VV in Run 1
Eur. Phys. J. C (2016) 76:580

Model defined and predictions made for 
multilepton excesses

Multi-lepton excesses in Run 1 and few 
Run 2 results available in 2017

J.Phys.G 45 (2018) 11, 115003

Model parameters fixed in 2017 with 
mH=270 GeV, mS=150 GeV,
S treated as SM Higgs-like, 

dominance of HàSh,SS

Fixed final states and phase-space 
defined by fixed model parameters. 

NO tuning, NO scanning

Update same final states with 
more data in Run 2

Study new final states where 
excesses predicted and data 
available in Run 1 and Run 2 

(e.g., SS0b, 3l0b, ZW0b)

J.Phys. G46 (2019) no.11, 115001
JHEP 1910 (2019) 157

Chin.Phys.C 44 (2020) 6, 063103
Physics Letters B 811 (2020) 135964

Eur.Phys.J.C 81 (2021) 365



BSM inputs to the fit
● The following assumptions

are made:
a. The masses of H and S are 

fixed to mH = 270 GeV and mS
= 150 GeV

b. The only significant 
production mechanisms of H
come from the t-t-H Yukawa 
coupling:
■ Gluon fusion
■ Top associated production

c. The Yukawa coupling is scaled 
away from the SM Higgs-like 
value by the free parameter βg

d. The BR of H ➝ Sh is fixed to 
100%

e. The BRs of S are Higgs-like
● Therefore, the only free 

parameter in the fits is βg
2 12



Combination of fit results (2019)
● Simultaneous fit for all 

measurements:
● To the right: (-2 log) profile 

likelihood ratio for each 
individual result and the 
combination of them all

● The significance for each 
fit is calculated as 

● Best-fit: βg
2 = 2.92 ± 0.35 

● Corresponds to 8.04σ
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Interpretation: Measure of the inability of current MC tools to 
describe multiple-lepton data and how a simplified model with 
HàSh is able to capture the effect with one parameter

JHEP 1910 (2019) 157

Excesses have been growing since,
and new have emerged (Eur.Phys.J.C 81 (2021) 365)
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Eur. Phys. J. C 80 (2020) 528

Residual  discrepancies at high mll will be fixed with 
missing NNLO QCD and NLO EW corrections

Excess at low mll remains prevalent, indicating that effects seen in 
Run 1 were not statistical fluctuations. NNLO QCD corrections do not 
fix the issue (see Mitov et al.)

Results not included in the combination
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3
Excesses in di-leptons with full-jet veto not included above

Run 2
arXiv:1909.04370

Overall, MCs do a good job 
describing data except for 
mll<100 GeV

QCD NNLO to qqàWW, NLO QCD to 
ggàWW and NLO EW corrections applied



Using fixed order computations at            and NLO multi-jet matching 
yielding similar (10%-14%) corrections to the inclusive rate  

16

S.Buddenbrock, R.Ruiz 
and B.M.
Physics Letters B 811 
(2020) 135964

The anatomy of inclusive ttW at the LHC

Detailed studies 
that include the 
decomposition 
in partonic 
channels and 
differential 
distributions 

Tension between 
data and 
predictions does 
not wane. 
For this process a 
complete NNLO 
computation is 
needed to reduce 
theory uncertainty 
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Anatomy of the multi-lepton anomalies

Final state Characteristic Dominant SM 
process Significance

l+l- + jets, b-jets
mll<100 GeV, 

dominated by 0b-
jet and 1b-jet

tt+Wt >5σ

l+l- + full-jet veto mll<100 GeV WW ~3σ

l±l± & l±l±l + b-
jets Moderate HT ttW, 4t >3σ

l±l± & l±l±l et al., 
no b-jets

In association 
with h Wh, WWW ~4.5σ 

Z(àl+l-)+l pTZ<100 GeV ZW >3σ

Anomalies cannot be explained by mismodelling of a particular 
process, e.g. ttbar production alone. In both ATLAS and CMS.
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A possible 
candidate of S 



Procedure
(avoiding “cherry picking”)

19
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Result is obtained with public results from the LHC experiments
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Abovementioned excess 
further motivates searches for 
bosons in asymmetric 𝛾𝛾bb 
configurations not performed 
before at the LHC 

Expect more than 7𝜎
significance for one 
experiment with the 
Run 2 + Run 3 data 
sets. 
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CMS, Phys. Lett. B 793 (2019) 320–347 LEP, Phys. Lett. B 565 (2003) 61–75 

Some tantalizing results around 96 GeV from LEP and CMS, not contradicted 
by ATLAS. Interesting to see what the full Run 2 data set has to say. Further 
motivates asymmetric searches HàSS’…



Outlook and Conclusions
qAnomalies in multi-lepton final states at LHC w.r.t.

current MCs are not statistical fluctuations
qThey appear in corners of the phase-space 
dominated by different processes (Wt/tt/4t, VV, ttV, Vh, WWW)

§Hard to explain with MC mismodelling 
qDiscrepancies interpreted with simplified 
model where HàSS, Sh is treated as SM 
Higgs-like and one parameter is floated

qAnalysis of 𝛾𝛾/Z𝛾 spectra in associated production 
gives global 4.8σ excess around 151 GeV
qWhen combined with multi-lepton anomalies >>5σ
qMotivates HàSS*,Shà𝛾𝛾bb searches, where 
asymmetric configurations play an important role

25
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Additional Slides
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Masses in the 2HDM+S

Mass-matrix for the CP-even scalar sector will modified with respect to 2HDM
and that needs a 3 x3 matrix (three mixing angles). Couplings are modified.
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Perform scans after fixing masses of physical 
bosons(mh1=125 GeV, mh2=140, mh3=270 GeV, mA=600 
GeV, mH±=600 GeV) in addition to the constraints 
described in arXiv:1711.07874, including the signal 
Yukawa coupling strength of βg

2=1.38±0.22 (translated 
into tan2β)
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Correlation plots for the three mixing angles and tanβ.
Blue (red) points correspond to Br(hàSM) within 10% 
(20%) of the SM h values (J.Phys. G46 (2019) no.11, 115001 )
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Results using N2HDECAY (arXiv:1612.01309) 
for one benchmark point
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Impact of NNLO QCD in WW

N
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NNLO corrections 
are small and go 
in the opposite 
direction w.r.t 
WW@NLO 

The NNLO QCD 
corrections shift 
the mll spectrum 
towards larger 
values.  

The discrepancy 
becomes larger in 
the region of 
interest with 
mll<100 GeV
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A.Denner, M.Pellen, 
arXiv:1607.05571

EW corrections are important at high pT due to Sudakov logarithms.
Effect is less than 1% for mll<100 GeV, where discrepancies are seen.

Excess



The HistFactory method

● Constructs a likelihood function from template 
histograms

● Allows for a simple implementation of systematic 
uncertainties that affect normalisation and/or 
shape

● The likelihood:

K. Cranmer, G. Lewis, L. Moneta, A. Shibata, and W. 
Verkerke, HistFactory: A tool for creating 
statistical models for use with RooFit and RooStats, 
CERN-OPEN-2012-016.

In our case, 
each “channel” 
is a different 
measurement.

Functional 
form of 
systematic 
variation with 
nuisance 
parameter αp.

The Poisson 
probability for 
the “expected” 
and “observed” 
number of 
events per bin.

Functional 
form of 
luminosity 
and its 
variations 
(not 
necessary 
for us). 35
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JHEP 1910 (2019) 157
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JHEP 1910 (2019) 157



The fitting procedure

● The RooStats workspace is made by HistFactory
● From the workspace, a profile likelihood ratio is 

calculated,

● The best-fit value of βg
2 is then calculated as the 

minimum of -2log(λ), with an error corresponding 
to a unit of deviation in this quantity from the 
best-fit point

● The significance is calculated as √(-2 log λ(0)), 
since βg

2 = 0 corresponds to the SM-only 
hypothesis

40

(here θ denotes the nuisance 
parameters)
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Impact on Higgs 
Physics

The presence of a BSM signal of the type HàSh would lead to:
q The presence of extra leptons in association with h. Affects 

the Wh measurement (Eur.Phys.J.C 81 (2021) 365)
q Distortion of Higgs pT and rapidity (under study)

No tuning of model parameters performed. Look at fixed 
corners of the phase-space fixed with parameters of 2017.
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H ! Sh

h ! ⌧
+
⌧
�
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Nominal mH=270 GeV and mS=150 GeV.
Other points for illustration purposes
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Survey of LHC results on Vh (V=W,Z) 
production (Eur.Phys.J.C 81 (2021) 365)

The BSM (HàSh) signal appears at 
low pTh and the SM signal is prevalent 
at larger pTh (no tuning of parameters)

Include those results from ATLAS and 
CMS where no requirements on pTh
(or correlated observables)  is not 
done or used in an MVA. 

Those results where the final state is 
treated more “inclusively” display 
elevated signal strengths for Wh 
production:

This represents a 3.8σ deviation from 
the SM value of 1. BSM signal 
normalization less than expected 
from multilepton excesses assuming 
Br(HàSh)=100%. Indicates that 
Br(HàSS) > Br(HàSh)
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New results from CMS in 
the measurement of Vh, 
hàWW add to the 
anomalies reported in 
Eur.Phys.J.C 81 (2021) 365

Deviation from the SM 
becomes stronger with 
pTV<150 Gev
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The Muon g-2 and 
the 2HDM+S

Chin.Phys.C 44 (2020) 6, 063103
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Consider extra degrees of freedom in the 
form of SM singlet vector-like fermions

2HDM+S potential with fixed parameters 
from multi-lepton anomalies at the LHC

Allowed fermion masses with different choices of Yukawa couplings
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The multi-lepton 
anomalies and excesses 

in astrophysics

G.Beck, E.Malwa, M.Kumar, R.Temo and B.M., 2102.10596
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AMS02, PRL 122, 041102 (2019)
Leptophilic excesses, such as positron rise in PAMELA/AMS02 
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Dark matter annihilation.
Leptons, photons and protons 
from the decays of S. 

<latexit sha1_base64="TV/UzfQPza07B5ORO3fxVNQ2CqU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaJRo9ELx4xkUcCK5kdBpgwu7OZ6ZWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMCrRjNeZkkq3Amq4FBGvo0DJW7HmNAwkbwaj25nffOLaCBU94CTmfkgHkegLRtFKj5WOFoMhUq3VmFS6xZJbducgq8TLSAky1LrFr05PsSTkETJJjWl7box+SjUKJvm00EkMjykb0QFvWxrRkBs/nV89JWdW6ZG+0rYiJHP190RKQ2MmYWA7Q4pDs+zNxP+8doL9az8VUZwgj9hiUT+RBBWZRUB6QnOGcmIJZVrYWwkbUk0Z2qAKNgRv+eVV0qiUvcuye39Rqt5kceThBE7hHDy4gircQQ3qwEDDM7zCmzN2Xpx352PRmnOymWP4A+fzBwcdkjM=</latexit>

2 ! 2

<latexit sha1_base64="rvlTKz7Ttcc/fJRF8an8KAZemwE=">AAAB9XicbVDLTgJBEOz1ifhCPXqZSEw8kV3U6JHoxSMm8khgJbPDLEyYnd3M9EoI4T+8eNAYr/6LN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBzWTZxqxmsslrFuBtRwKRSvoUDJm4nmNAokbwSD26nfeOLaiFg94CjhfkR7SoSCUbTSY7mtRa+PVOt4SM47haJbcmcgy8TLSBEyVDuFr3Y3ZmnEFTJJjWl5boL+mGoUTPJJvp0anlA2oD3eslTRiBt/PLt6Qk6t0iVhrG0pJDP198SYRsaMosB2RhT7ZtGbiv95rRTDa38sVJIiV2y+KEwlwZhMIyBdoTlDObKEMi3srYT1qaYMbVB5G4K3+PIyqZdL3mXJvb8oVm6yOHJwDCdwBh5cQQXuoAo1YKDhGV7hzRk6L8678zFvXXGymSP4A+fzBwihkjQ=</latexit>

2 ! 3
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<latexit sha1_base64="TV/UzfQPza07B5ORO3fxVNQ2CqU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaJRo9ELx4xkUcCK5kdBpgwu7OZ6ZWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMCrRjNeZkkq3Amq4FBGvo0DJW7HmNAwkbwaj25nffOLaCBU94CTmfkgHkegLRtFKj5WOFoMhUq3VmFS6xZJbducgq8TLSAky1LrFr05PsSTkETJJjWl7box+SjUKJvm00EkMjykb0QFvWxrRkBs/nV89JWdW6ZG+0rYiJHP190RKQ2MmYWA7Q4pDs+zNxP+8doL9az8VUZwgj9hiUT+RBBWZRUB6QnOGcmIJZVrYWwkbUk0Z2qAKNgRv+eVV0qiUvcuye39Rqt5kceThBE7hHDy4gircQQ3qwEDDM7zCmzN2Xpx352PRmnOymWP4A+fzBwcdkjM=</latexit>

2 ! 2

Data tend to prefer lighter DM

Small size of bands for e+ and Fermi GC 
may be due to missing systematics due to 
incomplete background modelling.

Important implications on DM searches at the LHC 
(see below)
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2 ! 2

100 hours of running 
at the MeerKat 
appears to fall into the 
sensitive to the 
predictions of the 
model.


