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The Simplified 
Model and 2HDM+S 

arXiv:1506.00612 
arXiv:1603.01208 
arXiv:1606.01674 
arXiv:1706.02477 
arXiv:1706.06659 
arXiv:1709.09419 
arXiv:1711.07874 
asXiv:1809.06344  



The Hypothesis 
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 250-295 GeV 

2.  In order to avoid large quartic couplings and to 
incorporate a mediator with Dark Matter a real 
scalar, S, is introduced. S interacts with the SM: 
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Also decays to SM 



The Decays of H 
q In 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 

5	

H ! WW,ZZ, qq, gg, Z�, ��,��

+ H ! SS, Sh, hh

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

Diboson decay Dominant decays 



The 2HDM+S 
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2HDM potential,    2HDM+S potential    

Introduce singlet real 
scalar, S. 

arXiv:1606.01674 

Out of considerations of simplicity, assume S to be Higgs-like, 
which is not too far fetched (see below) 
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The model leads to 
rich 
phenomenology. Of 
particular interest 
are multilepton 
signatures  
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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. 

  

arXiv:1809.06344  
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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 
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Multi-lepton final 
states 
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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 



Simple selection: 
One DFOS lepton pair 
At least 1 b-tagged jet 

 
We fix the normalisation 
of the SM by scaling it to 
the data in the region mll 
> 110 GeV 

Scale factor: 0.984 
A normalisation systematic 
of 2% is applied 
The fit is done to the region 
below  
110 GeV 

Fit results: 
βg

2 = 4.09 ± 1.37  
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Recent results from 
ATLAS with di-leptons 
with Run II display same 
tendency as Run I 



Fit results: ATLAS-CONF-2018-027 

Simple selection: 
One DFOS lepton pair 
At least 1 b-tagged jet 

Normalisation systematic: 
~6.2% 
Shape systematic: 

Discrepancy of SM prediction, 
particularly at high ΔΦ 
Choose SM prediction that best 
describes data (aMC@NLO) ➝ 
systematic is percentage 
deviation away from mean SM 
prediction 
Varies between 1% and 2.6% 

Fit results: 
βg

2 = 5.36 ± 1.31  

17 
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CMS-TOP-17-018; CERN-EP-2018-074 
●  Poor modeling of POWHEG + Pythia8 distribution is improved through reweighting 
●  We fix the normalisation of the SM by scaling it to the data in the region  

mll > 110 GeV 
○  A normalisation systematic of 3% is applied to all but DY 
○  DY systematic = 6.8%. 3% systematic on mll shape in top  
○  The fit is done to the region below 110 GeV 

●  Fit results: 
○  βg

2 = 2.79 ± 0.52  
○  Fit is extremely well constrained 

arXiv:1805.07399 

Used conservative assumption that ll+2b-jet final state is perfectly described by 
the SM. The discrepancy comes from events with Nb<2. Impact on hàWWàll? 
 

Tt+Wt is 
corrected 
(see above) 

Bulk of signal 
comes from 
Nb<2 Theory systematics still preliminary 
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Are these 
discrepancies due 
to mismodelling of  
Wt/tt processes? 

Discrepancies in similar mll range 
also seems to appear in events with a 
full jet (b-jet) veto with Run I data (in 
the context of the WW cross-section 
measurement. Potential impact on 
hàWWàll analysis where the WW is 
normalized with relatively low mll 
(factors of 1.1-1.2, different from high 
masses) 
 

arXiv:1711.07874  
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H

S/h

S/h

Top associated Higgs production 
(Multi-lepton final state)s  

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 
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Larger rate of 3b-
jets in SS and 3l 
events 



SS leptons: CMS-PAS-HIG-17-005 
●  CMS search for single 

top + Higgs production: 
○  At least 2 SS leptons 
○  At least 1 b-tagged jet 

●  The full analysis uses a 
BDT, so we compare to 
pre-selection plots 

●  Difficulty in estimating 
the probability of HF 
decay leptons to fake 
signal leptons 

○  Not enough information in 
paper 

●  Fit results: 
○  βg

2 = 1.41 ± 0.80 
○  Weak measurement due to 

lack of statistics and large 
systematics 

22 



Fit results: CMS-PAS-HIG-17-005 
 

23 



SS ll+b-jets: JHEP 10 (2015) 150  

●  Final state search 
topology: 

○  2 or 3 leptons (must be 
a same-sign pair) 

○  At least 2 untagged 
jets 

○  ET
miss > 40 GeV, HT > 

400 GeV (binned into 
different signal regions) 

●  Systematic uncertainty is 
large: 

○  In the fit, treated as a 
single normalisation 
uncertainty correlated 
over all SRs 

●  Fit results: 
○  βg

2 = 6.51 ± 2.99  
○  This is relatively high 

compared to other fit 
results 24 

SR Key: 
● 1 b-tagged jet:   SRs 0, 3, 4 
● 2 b-tagged jets:   SRs 1, 5, 6 
● ≥ 3 b-tagged jets: SRs 2, 7 



SS ll+ b-jets: ATLAS-EXOT-2016-16 

●  Run 2 version of SS 
+ b-jet search: 

○  At least 2 SS leptons 
○  At least 1 b-tagged jet 
○  Large ET

miss and HT 
●  Fit to inclusive SR 

distributions 
(auxiliary figures) 

●  Shows the strength 
of the model to fit 
the 3 b-jet excesses 

●  Fit results: 
○  βg

2 = 2.22 ± 1.19 

25 



SS ll + b-jets: ATLAS-EXOT-2016-16 
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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 27 



Combination of fit results 
●  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 = 2.80 ± 0.35  

●  Corresponds to 7.64σ 
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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 

mH = 270GeV

mS = 150GeV
<latexit sha1_base64="ojvMp434f57nGTUbD9Z9wFHXJo4=">AAACFHicbZA9SwNBEIb34leMX1FLm8MgCEq4C0psAkELLRVNDOTCsbeZJEt2747dOTEc+RE2/hUbC0VsLez8N25iCk18YeHhnRlm5w1iwTU6zpeVmZtfWFzKLudWVtfWN/KbW3UdJYpBjUUiUo2AahA8hBpyFNCIFVAZCLgN+mej+u0dKM2j8AYHMbQk7Ya8wxlFY/n5A+lfVEplxzv0EO4xPYf60PNy0r+uuMdTrp8vOEVnLHsW3AkUyESXfv7Ta0cskRAiE1TrpuvE2EqpQs4EDHNeoiGmrE+70DQYUgm6lY6PGtp7xmnbnUiZF6I9dn9PpFRqPZCB6ZQUe3q6NjL/qzUT7Jy0Uh7GCULIfhZ1EmFjZI8SsttcAUMxMECZ4uavNutRRRmaHHMmBHf65Fmol4qu4aujQvV0EkeW7JBdsk9cUiZVckEuSY0w8kCeyAt5tR6tZ+vNev9pzViTmW3yR9bHNw4ynPU=</latexit><latexit sha1_base64="ojvMp434f57nGTUbD9Z9wFHXJo4=">AAACFHicbZA9SwNBEIb34leMX1FLm8MgCEq4C0psAkELLRVNDOTCsbeZJEt2747dOTEc+RE2/hUbC0VsLez8N25iCk18YeHhnRlm5w1iwTU6zpeVmZtfWFzKLudWVtfWN/KbW3UdJYpBjUUiUo2AahA8hBpyFNCIFVAZCLgN+mej+u0dKM2j8AYHMbQk7Ya8wxlFY/n5A+lfVEplxzv0EO4xPYf60PNy0r+uuMdTrp8vOEVnLHsW3AkUyESXfv7Ta0cskRAiE1TrpuvE2EqpQs4EDHNeoiGmrE+70DQYUgm6lY6PGtp7xmnbnUiZF6I9dn9PpFRqPZCB6ZQUe3q6NjL/qzUT7Jy0Uh7GCULIfhZ1EmFjZI8SsttcAUMxMECZ4uavNutRRRmaHHMmBHf65Fmol4qu4aujQvV0EkeW7JBdsk9cUiZVckEuSY0w8kCeyAt5tR6tZ+vNev9pzViTmW3yR9bHNw4ynPU=</latexit><latexit sha1_base64="ojvMp434f57nGTUbD9Z9wFHXJo4=">AAACFHicbZA9SwNBEIb34leMX1FLm8MgCEq4C0psAkELLRVNDOTCsbeZJEt2747dOTEc+RE2/hUbC0VsLez8N25iCk18YeHhnRlm5w1iwTU6zpeVmZtfWFzKLudWVtfWN/KbW3UdJYpBjUUiUo2AahA8hBpyFNCIFVAZCLgN+mej+u0dKM2j8AYHMbQk7Ya8wxlFY/n5A+lfVEplxzv0EO4xPYf60PNy0r+uuMdTrp8vOEVnLHsW3AkUyESXfv7Ta0cskRAiE1TrpuvE2EqpQs4EDHNeoiGmrE+70DQYUgm6lY6PGtp7xmnbnUiZF6I9dn9PpFRqPZCB6ZQUe3q6NjL/qzUT7Jy0Uh7GCULIfhZ1EmFjZI8SsttcAUMxMECZ4uavNutRRRmaHHMmBHf65Fmol4qu4aujQvV0EkeW7JBdsk9cUiZVckEuSY0w8kCeyAt5tR6tZ+vNev9pzViTmW3yR9bHNw4ynPU=</latexit><latexit sha1_base64="ojvMp434f57nGTUbD9Z9wFHXJo4=">AAACFHicbZA9SwNBEIb34leMX1FLm8MgCEq4C0psAkELLRVNDOTCsbeZJEt2747dOTEc+RE2/hUbC0VsLez8N25iCk18YeHhnRlm5w1iwTU6zpeVmZtfWFzKLudWVtfWN/KbW3UdJYpBjUUiUo2AahA8hBpyFNCIFVAZCLgN+mej+u0dKM2j8AYHMbQk7Ya8wxlFY/n5A+lfVEplxzv0EO4xPYf60PNy0r+uuMdTrp8vOEVnLHsW3AkUyESXfv7Ta0cskRAiE1TrpuvE2EqpQs4EDHNeoiGmrE+70DQYUgm6lY6PGtp7xmnbnUiZF6I9dn9PpFRqPZCB6ZQUe3q6NjL/qzUT7Jy0Uh7GCULIfhZ1EmFjZI8SsttcAUMxMECZ4uavNutRRRmaHHMmBHf65Fmol4qu4aujQvV0EkeW7JBdsk9cUiZVckEuSY0w8kCeyAt5tR6tZ+vNev9pzViTmW3yR9bHNw4ynPU=</latexit>
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CMS PAS SMP-18-002 
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Systematics 
that will 
directly 
affect the 
shape 
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3l with Zàll (ZW cross-section) 

arXiv:1711.07874  

Systematics that will directly affect the shape 
stand at few % 

ATLAS-CONF-2018-034 
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Outlook and Conclusions 
q Discrepancies in multi-lepton final states with 

current MC tools are strong 
q While significance is dominated by OS di-lepton final 
states, discrepancies appear in SS ll and 3l 
q They appear in corners of the phase-space 
dominated by different processes: Wt/tt, WW, ZW 

q Discrepancies interpreted with simplified model where 
HàSh, S is treated as SM Higgs-like and one parameter 
is floated: strength of H Yukawa coupling top quarks 

q Simplified model is embedded into a 2HDM+S model 
q Model is now good shape for use by experiments to 
explore the multi-lepton discrepancies 
q N2HDECAY package is now available as well 

q Run 2 will provide four times the data set 
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Additional Slides 



The Lagrangian 

34	

Introduce H and X fields with the 
interactions listed below 

arXiv:1506.00612 
arXiv:1603.01208 
arXiv:1606.01674 



Main decay modes of H 

H

Z,W⌥

Z,W±

H

h

h

H

h

�

�Decay to single Higgs and 
a dark matter (DM) 
candidate 
•  DM is assumed scalar for 

simplicity  
•  This was our strategy, 

but we can infer different 
physics in the blob 

Decay to double 
Higgs pair.  

Decay to vector 
boson pairs.  

35 

Used effective 
coupling 



The intermediate scalar, S 
q Dark Matter is introduced in the form of a scalar and 

the decay Hàh\chi\chi via effective quartic couplings  

36	

q Due to gauge invariance we encounter an awkward 
situation where a three body decay may be larger or 
comparable to a two body decay. This can be naturally 
explained by introducing an intermediate real scalar S  

Also decays to SM 
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Results using N2HDECAY (arXiv:1612.01309) 
for one benchmark point 
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The data reported with Run I and Run II by ATLAS 
overshoots the MC with MT<200 GeV. The 4W prediction is 
not excluded with the current results.  
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Impact on h boson measurements 

q The most prominent feature pertains to additional 
production mechanism (i.e. HàSh) of h with large jet 
activity (from Sàjets, model dependency). Expect 
distortion of the pT spectrum, as well.  

40 

q At this point we are 
studying the contamination 
of the HàSh production 
mechanism on 
measurement with hadronic 
final states: h+≥2j, VBF,  
V(àjj)h, Vh(àbb) (not 
discussed here) h signal 
strengths 
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�(H) = 10 pb
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Limits on h(àγγ)+MET 

43 

ATLAS, arXiv:1706.03948  
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Br(S ! ��) < 50%

ATLAS, arXiv:1706.03948  



Enhancement of tH production 
q In experiment, top associated Higgs production 

is measured as a sum of single top and double 
top cross sections 

q In the SM, we find that 𝜎th ≪ 𝜎tth  

 
q For the heavy scalar considered here, cV ≪ cF 
q We expect a sizeable cross section to come 

from top associated heavy scalar production 
(𝜎tH ≃ 𝜎ttH) 

M. Farina, C. Grojean, F. Maltoni, E. Salvioni and A. Thamm, JHEP 1305, 022 (2013). 45 
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Fit results: ATLAS-EXOT-2013-16 
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ATLAS-CONF-2018-004 

Top control sample with exactly two leptons, one b-jet and no more jets. Expect strong 
relative enhancement of Wt w.r.t. tt. MC studies in progress. 

Results not included in combination as events 
are already included in top spin analysis  



Wt/tt studies 
q To understand structure in the transverse mass 

spectrum reported in the previous slide, have been 
trying to understand theoretical uncertainties with 
state-of-the-art MCs. This includes 
q DR vs DS schemes of double counting removal 
q PDF studies 
q Scale uncertainties 
q Pythia versus Herwig (in progress) PS 
q Using 2b4l, which contains the complete set of WWbb 
diagrams (in progress) 
q Need to incorporate the MC@NLO MC (in progress) 
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CMS PAS SMP-18-002 
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Phys. Rev. D 93 (2016) 
052007 

MC@NLO 3.41 
HERWIG 6.520  
CTEQ6M 

MC@NLO 4.06 
Herwig 6.520 
CT10 

Phys. Rev. Lett. 114 (2015) 
142001 

The distortion of the Δφll spectrum is al 
ready present in Run 1, although 
statistically less compelling than in Run 
2 for obvious reasons 
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pT ` > 25GeV

pTb > 25GeV

Nbjet � 1

Eur. Phys. J. C 77 (2017) 804 

Discrepancy in 
ATLAS is localized at 
small values of mll 
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Some MC describe mll, but fail the b-jet kinematics 
Correct Powheg to describe mll distribution (see below) 

CMS PAS TOP-17-014 Event selection with exactly two leptons (e,µ), 
mll>20 GeV and at least 2b-jets 
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CMS PAS TOP-17-014, https://cds.cern.ch/record/2621975/files/TOP-17-014-pas.pdf 

None of the MCs studied is able to describe simultaneously the kinematics of top decay 
products. MT of the dilepton and MET system is not shown 



SS ll+b-jets: JHEP 10 (2015) 150  
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SS ll + b-jets: ATLAS-EXOT-2016-16 
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Compatibility with Higgs data 

q Signal strength from fiducial cross-sections with di-
photons and hàZZ*à4l and HàWWàll with Run 2 
results stands at 1.15±0.06(exp), which would lead 
to βg

2≈1. This would have some tension with the 
result of βg

2 = 2.80 ± 0.35 obtained above. 
q Within the 2HDM+S this can be resolved by either 

considering HàSS decays or allowing mH<mS+mh. 
The latter leads to HàS*h,Sh*, resolving the 
tension. 
q Recent results from ATLAS using HàSSà4Wà4l 
decays rule out mH>280 GeV decaying to SS (on-shell) 
q This leaves the option where mH<mS+mh to be 
investigated as it is not excluded with the current limits 
and requires re-optimization.  
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The GAMBIT collaboration, arXiv:1809.02097 

Study of multi-leptons, 
where largest excess 
comes from the ATAS 
recursive jigsaw search 
with three leptons  
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ATLAS, arXiv:1806.02293 
(Zàll)+l’ with mT>100 GeV 



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 60 



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). 
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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 
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(here θ denotes the nuisance 
parameters) 



Measurements considered in the fit 
●  Results sensitive to the production of multiple 

leptons in association with jets, including b-
tagged jets 
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Report number Description 
ATLAS-EXOT-2013-16 ATLAS Run 1 search for 2 or 3 same-sign leptons with 

multiple b-tagged jets (with a VLQ interpretation) 

ATLAS-TOPQ-2015-02 ATLAS Run 1 differential distributions for top pair 
production 

ATLAS-EXOT-2016-16 ATLAS Run 2 search for 2 or 3 same-sign leptons with 
multiple b-tagged jets 

CMS-PAS-HIG-17-005 CMS Run 2 search for 2 or 3 same-sign leptons with 
multiple b-tagged jets 

CMS-TOP-17-018 CMS Run 2 single top production cross section 
measurement 

ATLAS-CONF-2018-027 ATLAS Run 2 spin correlations for top pair production 


