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This presentation is not a complete survey of LHC data 
Views expressed here are of the authors only  
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The Simplified 
Model and 2HDM+S 

arXiv:1506.00612 
arXiv:1603.01208 
arXiv:1606.01674 
arXiv:1608.03466 
arXiv:1702.03426 
arXiv:1706.02477 
arXiv:1706.06659 
arXiv:1709.09419 
arXiv:1711.07874  



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 Lagrangian 
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Note that some of the effective quartic couplings shown earlier appear here as trilinear. 
What was formerly a three body decay is now a two body decay. 
 

Can be embedded into 
2HDM+S (N2HDM) 
See also M.Muhlleitner et al. 
arXiv:1612.01309  
arXiv:1708.01578  
 
 



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, 
leading to strong reduction of free parameters 



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 
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H ! WW,ZZ, qq, gg, Z�, ��,��

+ H ! SS, Sh, hh

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

Diboson decay Dominant decays 
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In a simplified model treat S as Higgs-like  
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The model leads to 
rich phenomenology. 
Of particular interest 
are multilepton 
signatures  
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Impact on SM-like h 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.  
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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 

arXiv:1706.06659 
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�(H) = 10 pb

arXiv:1706.06659 
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With the following inputs from Run I and Run II: 

and assuming HàSh, with S being SM-like, one gets: 

~3σ tension 
driven by 
Run I results 

µ��,ZZ
fid = 1.068± 0.0745(exp)

µh+2j(ggF+2j) = 1.99± 0.29

µWW
0j,1j = 0.9± 0.14

µV BF = 1.22± 0.19

µII
V h,V!jj = 2.04± 1.1

�2
g = 1.4± 0.4

µh = 0.79± 0.12

To be updated with 
new results from 
the LHC 

Symptoms in Higgs data: 
1.  More jets 
2.  Presence of soft Ws 
3.  Elevated tth->Nl 
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Compatibility with 
Multilepton data  
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H

S/h

S/h

Top associated Higgs production 
(Multilepton final state)  

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 

S, h ! WW, ⌧⌧, ZZ
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This table includes all data 
before Moriond QCD 2017 
There CMS reported 
µ=1.5±0.5, resulting in: 

Table with signal strength w.r.t 
the SM in the search for tth 
with multiple leptons 

µ = 1.92± 0.38

Very important to see results 
with the complete Run 2 data 
set. 
 
Need insight into the kinematics 
of the leptons and jet activity of 
these events.  

New results do not change picture 
(see below) 
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The production 
with SS+3l with 3 
or more b-jets is 
a very important 
prediction of the 
simplified model 

Relevant 
kinematic 
distributions 
for SS and 3 or 
more leptons 
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Study of SS di-lepton and 3 or 
more leptons with at least one 
b-jet 
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What appears as a ~1σ discrepancy in terms of µtth, is 
coupled with a 3.1σ effect in the distributions studied. Is 
µtth the measure of the compatibility of the data with the 
SM? Combined with the rest of µtth results leads to an 
effect of 3.8σ in available multi-lep + b-jet data. 
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A prediction:  
HàSh,hhàl+l-+jets+MET 
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pp ! H ! Sh

! `+`� +X

Expect di-leptons (mll<100 
GeV)  with jets and b-jets 

mS = 150GeV
<latexit sha1_base64="TFT/j4hmb+4i+PeGVmfSHTS+kuM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgQcquKHoRih70WNF+QHcp2XS2DU2yS5IVytK/4cWDIl79M978N6btHrT1wcDjvRlm5oUJZ9q47rdTWFpeWV0rrpc2Nre2d8q7e00dp4pCg8Y8Vu2QaOBMQsMww6GdKCAi5NAKhzcTv/UESrNYPppRAoEgfckiRomxki+6D1feueuf3EKzW664VXcKvEi8nFRQjnq3/OX3YpoKkIZyonXHcxMTZEQZRjmMS36qISF0SPrQsVQSATrIpjeP8ZFVejiKlS1p8FT9PZERofVIhLZTEDPQ895E/M/rpCa6DDImk9SApLNFUcqxifEkANxjCqjhI0sIVczeiumAKEKNjalkQ/DmX14kzdOq51a9+7NK7TqPo4gO0CE6Rh66QDV0h+qogShK0DN6RW9O6rw4787HrLXg5DP76A+czx8ikJBu</latexit><latexit sha1_base64="TFT/j4hmb+4i+PeGVmfSHTS+kuM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgQcquKHoRih70WNF+QHcp2XS2DU2yS5IVytK/4cWDIl79M978N6btHrT1wcDjvRlm5oUJZ9q47rdTWFpeWV0rrpc2Nre2d8q7e00dp4pCg8Y8Vu2QaOBMQsMww6GdKCAi5NAKhzcTv/UESrNYPppRAoEgfckiRomxki+6D1feueuf3EKzW664VXcKvEi8nFRQjnq3/OX3YpoKkIZyonXHcxMTZEQZRjmMS36qISF0SPrQsVQSATrIpjeP8ZFVejiKlS1p8FT9PZERofVIhLZTEDPQ895E/M/rpCa6DDImk9SApLNFUcqxifEkANxjCqjhI0sIVczeiumAKEKNjalkQ/DmX14kzdOq51a9+7NK7TqPo4gO0CE6Rh66QDV0h+qogShK0DN6RW9O6rw4787HrLXg5DP76A+czx8ikJBu</latexit><latexit sha1_base64="TFT/j4hmb+4i+PeGVmfSHTS+kuM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgQcquKHoRih70WNF+QHcp2XS2DU2yS5IVytK/4cWDIl79M978N6btHrT1wcDjvRlm5oUJZ9q47rdTWFpeWV0rrpc2Nre2d8q7e00dp4pCg8Y8Vu2QaOBMQsMww6GdKCAi5NAKhzcTv/UESrNYPppRAoEgfckiRomxki+6D1feueuf3EKzW664VXcKvEi8nFRQjnq3/OX3YpoKkIZyonXHcxMTZEQZRjmMS36qISF0SPrQsVQSATrIpjeP8ZFVejiKlS1p8FT9PZERofVIhLZTEDPQ895E/M/rpCa6DDImk9SApLNFUcqxifEkANxjCqjhI0sIVczeiumAKEKNjalkQ/DmX14kzdOq51a9+7NK7TqPo4gO0CE6Rh66QDV0h+qogShK0DN6RW9O6rw4787HrLXg5DP76A+czx8ikJBu</latexit><latexit sha1_base64="TFT/j4hmb+4i+PeGVmfSHTS+kuM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgQcquKHoRih70WNF+QHcp2XS2DU2yS5IVytK/4cWDIl79M978N6btHrT1wcDjvRlm5oUJZ9q47rdTWFpeWV0rrpc2Nre2d8q7e00dp4pCg8Y8Vu2QaOBMQsMww6GdKCAi5NAKhzcTv/UESrNYPppRAoEgfckiRomxki+6D1feueuf3EKzW664VXcKvEi8nFRQjnq3/OX3YpoKkIZyonXHcxMTZEQZRjmMS36qISF0SPrQsVQSATrIpjeP8ZFVejiKlS1p8FT9PZERofVIhLZTEDPQ895E/M/rpCa6DDImk9SApLNFUcqxifEkANxjCqjhI0sIVczeiumAKEKNjalkQ/DmX14kzdOq51a9+7NK7TqPo4gO0CE6Rh66QDV0h+qogShK0DN6RW9O6rw4787HrLXg5DP76A+czx8ikJBu</latexit>

The lower MH the 
greater the relative 
contribution from b-
quark final states  
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pT ` > 25GeV

pTb > 25GeV

Nbjet � 1

ATLAS-CONF-2017-044 
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Normalize MC to data 
with mll>110 GeV. 
Take into account 
difference between 
POWHEG and MC@NLO 
in shape of mll  

Performed scan floating mS (mH=270 GeV), for mll<100 GeV 
Best fit 150±5 GeV. arXiv:1711.07874  
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Systematic excess in di-lepton data with predicted rate. 
Assuming simplified model, 3.2𝝈 excess 
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Interpretation of data with mH=270 GeV and mS=150 GeV 
(ggàHàSh) 

arXiv:1711.07874  

Data set Extracted βg
2  

Higgs boson signal strengths, h+jets… βg
2 = 1.38±0.32 

Leptons + b-jets βg
2 = 1.69±0.54 

Dileptons + jets βg
2 = 1.22±0.38 

�2
g = 1.38± 0.22

Where the absence of BSM signal would correspond to  
βg

2=0. This strong deviation from 0 does not include the 
analysis of the hh, VV and other deviations in the data. 
This is to come (paper in preparation). 
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ATLAS-CONF-2018-004 First l+l- + MET+ b-jet results in Run II 

Top control sample with exactly two leptons, one b-jet and no more jets. Expect relative 
enhancement of Wt w.r.t. tt. Currently studying effect of Wt/tt interferences. 

Control sample 
for hàWWàll 
analysis 

Normalize SM to 
mT≥200 GeV 
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Impact on e+e- collisions 
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Coupling of the SM-like h boson to VV 

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. 

  
(hV V ) < SM (hV V )

<latexit sha1_base64="lMBwWAK1Y6MQzgNCjIuq13Kg9D8=">AAACBXicbZBPS8MwGMZT/875r+pRD8EhzMtoRdCDh6EXL8JE1w22UtIs3cLSNCSpMMouXvwqXjwo4tXv4M1vY9b1oJsPBH487/vy5n1CwajSjvNtLSwuLa+sltbK6xubW9v2zq6nklRi0sQJS2Q7RIowyklTU81IW0iC4pCRVji8mtRbD0QqmvB7PRLEj1Gf04hipI0V2AfdIRICVQeed3wx5SC7uxnnRmBXnJqTC86DW0AFFGoE9le3l+A0JlxjhpTquI7QfoakppiRcbmbKiIQHqI+6RjkKCbKz/IrxvDIOD0YJdI8rmHu/p7IUKzUKA5NZ4z0QM3WJuZ/tU6qo3M/o1ykmnA8XRSlDOoETiKBPSoJ1mxkAGFJzV8hHiCJsDbBlU0I7uzJ8+Cd1Fyn5t6eVuqXRRwlsA8OQRW44AzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wR9bnD/cWl5I=</latexit><latexit sha1_base64="lMBwWAK1Y6MQzgNCjIuq13Kg9D8=">AAACBXicbZBPS8MwGMZT/875r+pRD8EhzMtoRdCDh6EXL8JE1w22UtIs3cLSNCSpMMouXvwqXjwo4tXv4M1vY9b1oJsPBH487/vy5n1CwajSjvNtLSwuLa+sltbK6xubW9v2zq6nklRi0sQJS2Q7RIowyklTU81IW0iC4pCRVji8mtRbD0QqmvB7PRLEj1Gf04hipI0V2AfdIRICVQeed3wx5SC7uxnnRmBXnJqTC86DW0AFFGoE9le3l+A0JlxjhpTquI7QfoakppiRcbmbKiIQHqI+6RjkKCbKz/IrxvDIOD0YJdI8rmHu/p7IUKzUKA5NZ4z0QM3WJuZ/tU6qo3M/o1ykmnA8XRSlDOoETiKBPSoJ1mxkAGFJzV8hHiCJsDbBlU0I7uzJ8+Cd1Fyn5t6eVuqXRRwlsA8OQRW44AzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wR9bnD/cWl5I=</latexit><latexit sha1_base64="lMBwWAK1Y6MQzgNCjIuq13Kg9D8=">AAACBXicbZBPS8MwGMZT/875r+pRD8EhzMtoRdCDh6EXL8JE1w22UtIs3cLSNCSpMMouXvwqXjwo4tXv4M1vY9b1oJsPBH487/vy5n1CwajSjvNtLSwuLa+sltbK6xubW9v2zq6nklRi0sQJS2Q7RIowyklTU81IW0iC4pCRVji8mtRbD0QqmvB7PRLEj1Gf04hipI0V2AfdIRICVQeed3wx5SC7uxnnRmBXnJqTC86DW0AFFGoE9le3l+A0JlxjhpTquI7QfoakppiRcbmbKiIQHqI+6RjkKCbKz/IrxvDIOD0YJdI8rmHu/p7IUKzUKA5NZ4z0QM3WJuZ/tU6qo3M/o1ykmnA8XRSlDOoETiKBPSoJ1mxkAGFJzV8hHiCJsDbBlU0I7uzJ8+Cd1Fyn5t6eVuqXRRwlsA8OQRW44AzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wR9bnD/cWl5I=</latexit><latexit sha1_base64="lMBwWAK1Y6MQzgNCjIuq13Kg9D8=">AAACBXicbZBPS8MwGMZT/875r+pRD8EhzMtoRdCDh6EXL8JE1w22UtIs3cLSNCSpMMouXvwqXjwo4tXv4M1vY9b1oJsPBH487/vy5n1CwajSjvNtLSwuLa+sltbK6xubW9v2zq6nklRi0sQJS2Q7RIowyklTU81IW0iC4pCRVji8mtRbD0QqmvB7PRLEj1Gf04hipI0V2AfdIRICVQeed3wx5SC7uxnnRmBXnJqTC86DW0AFFGoE9le3l+A0JlxjhpTquI7QfoakppiRcbmbKiIQHqI+6RjkKCbKz/IrxvDIOD0YJdI8rmHu/p7IUKzUKA5NZ4z0QM3WJuZ/tU6qo3M/o1ykmnA8XRSlDOoETiKBPSoJ1mxkAGFJzV8hHiCJsDbBlU0I7uzJ8+Cd1Fyn5t6eVuqXRRwlsA8OQRW44AzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wR9bnD/cWl5I=</latexit>

M.Kumar et al. in preparation  
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2(SV V ) = 0.1 · 2
SM (hV V )
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Mass of S 

Cross-section of S through s-channel e+e-à Z*àZh 

�(e+e� ! Zh) ⇡ 200 fb
p
s = 250GeV
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2(SV V ) = 0.1 · 2
SM (hV V )
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Mass of S 

Cross-section of S through t-channel e+e-àννh 

�(e+e� ! ⌫⌫h) ⇡ 23 fb
p
s = 250GeV
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Outlook and Conclusions 
q A simplified model that introduces two scalars, 

H and S is introduced. This simplified model is 
embedded into a 2HDM+S structure 

q Phenomenology of 2HDM+S becomes more 
complex with respect to a plain 2HDM 

q Of particular relevance is the anomalous 
production of multiple leptons, which can also 
be produced in association with b-jets 

q Started to look at the impact on e+e- 
q The coupling of the SM-like h to VV is reduced, 
which can be probed in e+e- collisions 
q Given current constraints from the LHC, a 
Higgs-like scalar, S, has sufficiently large cross-
section in e+e- with a CME around 250 GeV. 
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Additional Slides 
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H

S/h

S/h

S, h ! WWWW,WWZZ,ZZ

! 4l +X

Production of 4 isolated leptons 
Coming predominantly from production of 4W 

Features: 
1.  Low backgrounds -> excellent S/B 
2.  Clean signature with fake leptons under control 
3.  Unique signature of the hypothesis 
4.  Sensitive to the mass of H 
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The production of 4W from a resonance is a unique 
signature leading to the production of 4 isolated charged 
leptons and missing energy. The LHC experiments have 
not reported on this signature to date 

Predict ~1 fb of fiducial cross-section 
pTl > 10 GeV

|⌘l| < 2.5
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mH = 275 GeV
mH = 300 GeV
pp → H → SS, Sh
√
s = 13 TeV

mS = 150 GeV
a1 = 1
BR(S → χχ) = 0.5
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Impact of extended tensor 
structure of SWW is small 
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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). 37 



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  

38	

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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