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q Compatibility with Run II data 
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q Multi-lepton signatures 
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Bottom-up approach: 
 What if? 

q Initially were interested in 
investigating the Higgs 
boson transverse 
momentum  

q What if the Higgs boson is  
produced in association 
with something else… 

q What can we fill the blob 
with? 

g

g h

?

3 



The Lagrangian 

4	

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.  

5 

Used effective 
coupling 



Higgs boson pT Spectra 

6	

MH=300 GeV 

H->hxx 



Results incorporated in the fit 
Category Experiment Result 

 
Higgs pT spectra 

ATLAS h ➝ 𝛾𝛾 and h ➝ ZZ 

CMS h ➝ 𝛾𝛾 and h ➝ ZZ 

 
Di-Higgs resonance  

searches 

ATLAS Limits on H ➝ hh ➝ bb𝜏𝜏, 𝛾𝛾WW, 𝛾𝛾bb, 
and bbbb 

CMS Limits on H ➝ hh ➝ bb𝜏𝜏, 𝛾𝛾bb, and multi-
lepton 

 
Top associated  

Higgs production 

ATLAS Limits on h ➝ 𝛾𝛾 
Measurements on h ➝ bb, and multi-lepton 

CMS Measurements on h ➝ 𝛾𝛾, h ➝ bb, and 
multi-lepton 

 
Decays to weak  
vector bosons 

ATLAS Limits on H ➝ ZZ and WW 

CMS Limits on H ➝ ZZ and WW 
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8 
Satisfactory goodness of the global fit, including Higgs pT 



In terms of significance 
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12 pp Collisions @ 7 TeV and 8 TeV

σ1

σ2

σ3

q To see how significant the 
result is, we use a test 
statistic: 𝜒SM

2 - 𝜒BSM
2 

q This gives an 
improvement on the null 
hypothesis (the Standard 
Model) in units of sigma 

q For one degree of 
freedom, the best fit point 
has a 3 sigma 
improvement. This does 
not mean evidence yet. 
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The combined result 

q Combining all of the 
results produces a best fit 
at  mH = 272 GeV 

q The errors are +12 GeV 
and -9 GeV, which are one 
sigma deviations from the 
best fit point 

 

q At this point: 
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28

29

30

31

32
pp Collisions @ 7 TeV and 8 TeV

 GeV9−
12+ = 272 HBest fit: m

 H→pp 

)HtH + t(t t→pp 

χχ h→H 
 hh→H 

 VV→H 
 hh→H 

χχ h→H 
 hh→H 

BR (H ➝ hh) BR (H ➝ VV) BR (H ➝ h𝜒𝜒) 𝛽g 

0.030 ± 0.037 0.082 ± 0.059 0.89 ± 0.096 1.5 ± 0.6 10 
Close to one degree of 
freedom, 𝛽g 
   

Interpret this as Hàh+X 
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Formulation of the 
Hypothesis 

arXiv:1506.00612 
arXiv:1603.01208 
arXiv:1606.01674 



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: 

12 

Also decays to SM 



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  

13	

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 



The Lagrangian 

14	
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 (see below). 
 



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 

15	

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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Compatibility with 
the Run II data  

1.  hh limits 
2.  VV spectrum 
3.  tthàNleptons search 
4.  Impact on measured Higgs boson cross-sections 
5.  Higgs boson PT spectrum  
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(before Moriond 2017) 

Current data, including recent results, still miss sensitive 
channels such as γγbb. Weak sensitivity to Hàhh cross-
section. New data will be important to determine Hàhh. 

�(pp ! H ! hh) ⇡ 600 fb
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Inclusive VBF VBF 
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CMS-PAS-HIG-2016-41 

Excess of ~20 events 
in the range 252-272 
corresponding to 2.5σ 
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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 potentially large 
Br(S->WW). Production of same 
sign leptons, three leptons  is 
enhanced 

S, h ! WW, ⌧⌧, ZZ

Can explain µ~2 
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ATLAS-CONF-2016-058 

S, h ! WW, ⌧⌧ ZZ

! l±l±, 3l +X
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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.  
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Contamination of HàSh in Higgs measurements 
Tables show the expected rate of signal events for 36.1 fb-1 at 13 TeV for 
both SM and HàSh processes, assuming mH=270 GeV. Have adopted cuts 
documented in most recent ATLAS notes. Output uses Delphes simulation 

Vh(àbb), no contamination 
Contamination on VBF, Vh with 
hàγγ. Contamination depends on 
the treatment of S. 



Vh(àbb)  
q Topology of final state is well defined in the 

Standard Model 
q Large MVH without large jet activity and other 
features 

q Three results are available 
q CMS Run 1, 1310.3687, μ=1±0.5 

q ATLAS Run 1, 1409.612, μ=0.5±0.4 

q ATLAS Run 2, CONF-2016-91, μ=0.2±0.5 

 
q Expect combined CMS+ATLAS sensitivity for 

2015+2016 of about 4.5σ. This final state needs 
to be observed with Run 2 data set if no 
significant deviations from the SM exist 

26	

µ = 0.57± 0.26



Impact on measurement of hàWWàll 
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Because the contamination from 
additional Higgs boson production 
from HàSh comes with additional jets 
(or leptons) measurement of signal 
strengths depends on the decay. 
In particular: 

Work in 
progress with 
IHEP, Beijing 

µ��,ZZ
Inclusive

µWW
0j,1j

> 1

Contamination 

Minimum 
contamination 

The survival probability of the HàSh against a jet veto is model 
dependent. Here we assume S to be a Higgs-like scalar, for which the 
survival probability for 0j and 1j is ~10% (assuming Br(Sàχχ)=0). 

µ��,ZZ
Inclusive = 1.087± 0.084 µWW

0j,1j = 0.78± 0.136
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Assume dominance of HàSh. With 𝛽g
2~2, cross-section at 13 TeV is ~20 pb 

Over-measurement the tthàNlepton and undermeasurement of Vh(àbb) and 
hàWWàll are a prediction of the model. 

C
ontam

ination from
 H

à
S

h  

tthàNlepton searches (SS,3l,4l+b-jets) 

µ = 1.92± 0.38

Inclusive fiducial cross-section (γγ, ZZà4l) 
Contamination from HàSh is 35%   

Vh(àbb) and hàWW->ll 
Final states with jet and lepton vetoes 

µ = 0.71± 0.12

The tension between the upper and lower measurements is 3σ. 
Below we are going to assume that the “true” rate of the SM (SM’) 
is given by the channels with no contamination (i.e. 0.71) 

µ = 1.087± 0.084
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Higgs pT 
Run II 

13.3 fb-1 

Normalizing the 
SM as described 
the previous 
slide. Results 
correspond to a 
fit to the four 
distributions 
simultaneously. 
ATLAS hàγγ 
corresponds to 
13.3 fb-1, while 
the rest to the 
entire 2015-2016 
set. Obtain: 
 
 
out of which the 
choice of 
normalization 
explains 2.6 

�2
SM 0 � �2

BSM = 3.35�
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Additional 
predictions: 

Leptonic signatures 
at the LHC 

arXiv:1603.01208 
arXiv:1606.01674 
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The hypothesis 
leads to rich 
phenomenology 
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Production of three same sign leptons 

H

S/h

S/h

t(t)H ! 6W +X

! l±l±l± +X
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Production of three same sign leptons 
mH = 275 GeV
mH = 300 GeV
pp → tt̄H(→ SS, Sh)
3 same-sign leptons
√
s = 13 TeV

mS = 150 GeV
a1 = 1
BR(S → χχ) = 0.5
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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 ~1.5 fb of fiducial cross-section 
pTl > 10 GeV

|⌘l| < 2.5
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It is very important to check if the production of 3 leptons, 
as predicted by the model is not excluded by the existing 
data. Below is the transverse mass (parton level, no detector 
smearing applied) after the application of requirements of 
leptons outlined in ATLAS-CONF-2016-043 

H ! SS
H ! Sh

mH = 300GeV

mS = 140GeV

H ! SS, Sh ! 3l +X
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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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CMS has recently released paper with Run I ZW results. The 
MTZ distribution is not shown. The transverse momentum of 
the Z boson is shown. Run II results (https://arxiv.org/abs/1607.06943) 
contain  2.3 fb-1 only. 
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Opposite sign di-lepton production  

Relatively 
broad 
spectrum   

Distribution 
peaks at 2-3, 
where top 
backgrounds 
dominate. About  
10% of events 
with < 2j 

H ! Sh

gg ! H
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Significances do not include systematics. In principle the systematics 
related to the extrapolation from mll>110 GeV to mll<100 GeV could 
comparable to the size of the overall excess observed. 



Outlook at Conclusions 
q A number of features of the Run I data triggered the 

development of a model that includes a scalar boson with 
the mass in the range 250-300 GeV, H,  and a mediator, S, 
with dominance of HàSh decay 
q Predict different levels of contamination in Higgs measurements 

§  Maximum in tthàNl searchers, minimum in Wh(àbb), HàWWàll where jet (and 
lepton) vetoes are applied 

q Including Run II data observe the following features, 
compatible with the model: 
1.  Overshoot rate of tthàNl and undershoot of Wh(àbb), HàWWàll w.r.t. 

to SM with 3σ tension 

2.  Run II HàZZà4l search displays 2σ (ATLAS), 2.5σ (CMS) in the region 
of 250-270 GeV 

3.  When normalizing the SM to the combined  from Wh(àbb), HàWWàll 
measurements can describe inclusive Higgs pT spectrum with a 
3.35σ with respect to this assumption 

q The production of 4W leading to 4l is a striking signature 
q Experimental data with 2 and 3 leptons cannot exclude the production 
of 4W, as predicted here 45 
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Additional Slides 



Event Generation 

47	

Generated complete Gauge invariant set of diagrams. 
Suppressed hXX and hhXX couplings to study diagram below 

Effective Hgg 
coupling with 
same structure as 
in the SM Quartic (effective) HhXX 

coupling. This diagram 
generates distortion of h pT 
spectrum with kinematically 
constrained production of 
DM 

H
DM 
Candidate 

SM Higgs 
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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). 49 
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CMS-PAS-HIG-16-016 

Room for invisible decays of the Higgs is narrowing down. 
Seems reasonable to introduce a mediator S. 

h ! ��



Calculating 𝜒2  

q Two types of 
results: 
q Measurements 

 

q Limits 
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Inputs: Higgs decays to 
weak vector bosons 
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Inputs: Di-Higgs searches 
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Inputs: Top associated Higgs 
production  

54 



Step-by-step 
results 

q The global 𝜒2 was 
calculated as a 
function of mH and 
by marginalising 𝛽g 

q pT spectra 

q H ➝ VV decays 

q H ➝ hh decays 

q These results are 
not significant on 
their own 
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Higgs pT 

H ➝ VV  H ➝ hh 
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H

S/h

S/h

S, h ! WW, ⌧⌧ ZZ

! l±l±, 3l +X

Top associated Higgs production  
(Run II) 
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A simplified model 
(cont.) 

q The following parameters are considered: 
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mh < mS < mH �mh

Br(S ! ��)

�(H!SS)
�(H!Sh)
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H

Z,W⌥

Z,W±

Analysis truncated at 300 GeV 



61 

CMS-PAS-HIG-16-023 

Search for high mass 
Higgs to WW with fully 
leptonic decays using 
2015 data 

H

Z,W⌥

Z,W±


