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BEYOND THE STANDARD MODEL
‣ Discover of a 125 GeV particle compatible with the SM Higgs boson hypothesis 

‣ Use this new particle to explore/expand our knowledge 

‣ Few models out of many: 

Electroweak Singlet (EWS):  
Additional singlet, resulting 
in 2 CP-even bosons. 

Observed 
h(125)
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MSSM Consideration from Run1
‣ Many searches were performed in run-1, with 7 and 8 TeV centre-of-mass energy 

at the LHC, but physics beyond the Standard Model has not yet been observed.  
‣ Much parameter space is excluded, but there is still room for high mass Higgs to 

be found 

‣ Coupling HVV ∝ cos(β - α) < 0.1 from h125 couplings 

‣ Fermionic channels are interesting in this configuration  
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102HDM Type II

 (8 TeV)-1 19.7 fb≤ (7 TeV) + -1 5.1 fb≤CMS Preliminary q∆

Observed 95% CL

Expected 95% CL

SM Best fit

ATLAS: JHEP11(2015)206 
CMS: CMS-PAS-HIG-16-007 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/
http://cds.cern.ch/record/2142432?ln=en
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MSSM Consideration from Run1
‣ In the limit  cos(β - α) = 0 (decoupled SUSY sector) 

‣ gHττ and gHbb ∝ tanβ  => useful for large tanβ; 

‣ gHtt ∝ (tanβ)-1 => useful for low tanβ; 

‣ gH±τ ∝ tanβ => high tanβ; 

‣ gH±q ∝ [c1*tanβ*md + c2*(tanβ)-1 * mu] => low/high tanβ; 

ATLAS: JHEP11(2015)206 
CMS: CMS-PAS-HIG-16-007 
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BSM SEARCHES IN THIS PRESENTATION

‣ Di-Higgs: 
‣ H→hh→bbγγ (13 TeV)  
‣ H→hh→bbττ (13 TeV)  
‣ H→hh→bbWW (13 TeV) 
‣ H→hh→bbbb (13 TeV)

‣ Charged Higgs: 
‣ H±→τν (13 TeV)  
‣ H±→tb (8 TeV)  
‣ φ±±φ±±→lllν/4l (8 TeV) 

‣ Neutral Higgs: 
‣ Fermionic decay: 
‣ H→ττ (13 TeV) 
‣ H→bb, H→μμ (8TeV) 

‣ Bosonic Decay 
‣ H→ZZ (13TeV) 
‣ H→WW (13 TeV)

‣ Higgs-to-Higgs: 
‣ H→2a (8 TeV)  
‣ H→ZA (13 TeV)  
‣ A→Zh(125) (13 TeV)

BEYOND STANDARD 
MODEL SEARCHES
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Neutral Higgs
FERMIONIC DECAYS
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‣ Predicts the existence of two Higgs doublet 
fields 

‣ 5 Higgs bosons: a CP-odd neutral scalar A, 2 
charged scalars H±, and two CP-even neutral 
scalar particles h and H 

‣ h, A, and H, referred to as φ 
‣ Production mechanism: associate produced (AP) 

and gluon fusion (GF). 
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Search for H/A→μμ
6 4 Event selection

Table 2: Event selection: the criteria listed in the upper part of the table are common to the C1
and C2 categories, that are then mutually exclusive.

Common selection
Single muon trigger pT > 24 GeV + isolation + |h| < 2.1

Event primary vertex |zPV| < 24 cm
Muon selection 2 opposite-charged muons,

pT > 24 GeV, |h| < 2.1,
track quality cuts,

|dxy| < 0.02 cm, |dz| < 0.1 cm,
angular matching with trigger,

isolation
Emiss

T Emiss
T < 35 GeV

Category C1
b tag 1 or 2 b-tagged jets,

pjet
T > 20 GeV, |hjet| < 2.4

Category C2
No b tag Events with no b-tagged jets

superimposed. For illustration, the expected distribution for signal processes is also shown for
mA = 150 GeV and tan b = 30. Studies performed using the simulation show that the Emiss

T dis-
tribution for signal events does not vary significantly for different mA and tan b assumptions,
and indicate that the selection Emiss

T < 35 GeV provides highest sensitivity for signal at both
centre-of-mass energies.

The reconstructed jets are required to have transverse momenta pjet
T > 20 GeV within the range

|h| < 2.4. A multivariate analysis technique is used to remove jets from pileup interactions [51].
Tagging of b quarks in jets relies on the combined secondary-vertex discriminator [52], based on
the reconstruction of the secondary vertex from weakly decaying b hadrons. The discriminant
bdisc is constructed from tracks and secondary vertex information, and helps to distinguish jets
containing b, c, or light-flavour hadrons. Jets with an associated bdisc > 0.679 are considered to
be b tagged. This value represents a good compromise between efficiency to tag b jets in signal
events from AP (⇡80%) and mistagging probability for light-quark jets (⇡1%). Figure 3 shows
the distribution of bdisc in events that satisfy the selection Emiss

T < 35 GeV, for the data collected
in the two beam energies. For each event, the largest value of bdisc is selected. The distribution
of signal events from the AP process for mA = 150 GeV and tan b = 30 is superimposed. Jets
originated from b quark fragmentation tend to be emitted more forward in signal events than
for tt, thus resulting in a lower observed b-jet multiplicity. For this reason the tt background is
further suppressed by rejecting events with more than two b-tagged jets, without significantly
affecting the selection efficiency for signal.

The events are split into two mutually-exclusive categories. The first category (C1) contains
events with at least one jet identified as originated from b-quark fragmentation (b tagged), and
provides highest sensitivity to AP production channel. Events that do not contain b-tagged
jets are assigned to category 2 (C2), and provide sensitivity to GF production. The dimuon
invariant mass distributions for the C1 and C2 categories are shown in Fig. 4 for data and
simulated events for both centre-of-mass energies. The distributions expected for MSSM Higgs
bosons with mA = 150 GeV and tan b = 30, derived from the mmod+

h scenario are also given
for comparison. A double peak structure around 125 and 150 GeV appears in the C2 category,
due to the h boson and A+H bosons, respectively. The lower peak is not visible in C1, as the h

CMS: Phys. Lett. B 752 (2016) 221

http://dx.doi.org/10.1016/j.physletb.2015.11.042
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‣ φ produced in association with at least one b quark and decay to bb 
‣ final states characterised by at least three b-tagged jets 
‣ Events selected by specialised triggers that identify b jets already at the online level  
‣  searches for a peak in the invariant mass distribution of the two b jets with the highest 

pT values

C.CAPUTO - P. FRANCAVILLA 12

Search for H/A→bb CMS: J. High Energy Phys. 11 (2015) 071

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-017/index.html
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H→ττ provides sensitivity in MSSM at high tanβ, and in 2HDM at the alignment 
limit. Analysis targets two channels with different τ decay modes.

C.CAPUTO - P. FRANCAVILLA 13

ATLAS:CERN-PH-EP-2016-061 Search for H/A→ττ

τhad τhad Event Selection 
‣ Single τhad trigger  
‣ 2 τhad with OS charge  
‣ Δφ(τhad,1, τhad,2 ) > 2.7  

τlep τhad Event Selection 
‣ Single lepton triggers 
‣ 1 τ and 1 OS e/μ and Δφ(τ, e/μ ) > 2.4 
‣ MT(e/μ, MET) < 40 GeV or > 150 GeV  
‣ In e-channel: mvis < 80 and > 110 GeV 

‣ Final discriminant:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-061/
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‣ ττ decay shows a good sensitivity wrt to the bb channel 
‣ Exclusion limits for 13TeV are already competitive with the run-1 limits

C.CAPUTO - P. FRANCAVILLA 14

Search for H/A - Results

hMSSMCMS bb decay

ATLAS ττ decay 

ATLAS:CERN-PH-EP-2016-061 
CMS: J. High Energy Phys. 11 (2015) 071 

CMS μμ decay

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-061/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-017/index.html
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Neutral Higgs
BOSONIC DECAYS
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‣ Di Boson are a good probe for Singlet (+Doublet) Models
C.CAPUTO - P. FRANCAVILLA 16

Search for H→VV- Results
Bosonic Decay 
‣ H→ZZ (13TeV) 
‣ H→WW (13 TeV) 
See Higgs Exotic talk

in terms of tan� and MA if the constraint Mh =125 GeV is used. We have adapted the

constraints from these analyses to the hMSSM case and the resulting excluded domain in

the [tan�,MA] plane is shown in purple in Fig. 12. It covers the very low tan� region,

tan� <⇠ 2, for the mass range between MA ⇡ 270 GeV (which implies MH >⇠ 250 GeV for

these low tan� values) and MA ⇡ 330 GeV, i.e. slightly before the 2mt threshold.

Similarly to the previous channel, the A ! hZ mode has only been considered in the

context of two Higgs doublet models [37] and not in the MSSM. A CMS analysis considered

the final state bb̄`+`� with the ⇡ 20 fb�1 collected in 2012 at 8 TeV [27]. A search of both

the A ! hZ and H ! hh channels has been performed by CMS again in the multi-lepton

and eventually photon finale states [72]. The impact of the 95%CL exclusion limits of these

studies, when interpreted in the context of the hMSSM, is illustrated by the yellow area

of Fig. 12. The ranges tan� <⇠ 3 and MA ⇡ 230–350 GeV should be in principle excluded

with the present data.

4.3 Summary of the constraints at 8 TeV and projections for 14 TeV

Wrapping up the discussion up to this point, the impact on the [MA, tan�] plane of the

searches in the fermionic Higgs decays H/A ! ⌧⌧ and H± ! ⌧⌫ and in the bosonic ones

H ! WW,ZZ, hh and A ! Zh performed by the ATLAS and CMS collaborations atp
s = 7+8 TeV with up to ⇡ 25 fb�1 data are combined in Fig. 13. The outcome is very

impressive. The high tan� >⇠ 10 is entirely excluded for MA <⇠ 500 GeV by the ⌧⌧ searches.

The range tan� <⇠ 4 is excluded for MA <⇠ 250 GeV by the H ! WW,ZZ channels. For

tan� <⇠ 2, the excluded domain extends to MA <⇠ 350 GeV when the channels H ! hh

and A ! hZ are considered. The entire low MA region, MA <⇠ 140 GeV, is excluded by

the H+ ! ⌧⌫ search for any value of tan�. An additional portion of this low MA area is

excluded by the A ! ⌧⌧ search for low tan� values.
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Figure 13: The combined constraints in the [tan�,MA] plane of the hMSSM from searches at the
LHC for the heavier H,A and H± bosons decaying into either fermionic or bosonic final states. All
the searches performed at c.m. energies up to

p
s = 8 TeV and 25 fb�1 data are included.
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Figure 14: Projections for the LHC with
p
s = 14 TeV and 300 fb�1 data for the 2� sensitivity in

the hMSSM [tan�,MA] plane from the search for A/H± states in their fermionic decays (left) and
A/H states in their bosonic decays (right). The same color code as at

p
s=8 TeV has been used

and, for the fermionic channels, we add a constraint from the H+ ! tb mode depicted in dark blue.
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Figure 15: Projections for the LHC with
p
s = 14 TeV and 300 fb�1 data for the 2� sensitivity

in the hMSSM [tan�,MA] plane when the searches for the A/H/H± states in their fermionic and
bosonic decays are combined.

Nevertheless, there will remain an area of the hMSSM parameter space, at tan� <⇠ 4

and masses above MA ⇡ 400 GeV to name it, which will not be accessible by the channels

that have been considered so far in the search of the heavier H/A and H± states. To probe

this area, the high luminosity option of the LHC with L = 3 ab�1 data or a higher energy

pp collider, such as the presently discussed Fcc–pp at
p
s ⇡ 100 TeV will be necessary.

However, as it was discussed in many instances in this paper, this virgin area is the ideal

territory to perform searches in the gg ! H/A ! tt̄ channel to which we turn our attention

now.

– 34 –

‣ Run1 DiBoson searches are interesting to give complementary infos to 
low/int region in tan B in the mass range 2mW 2mt 

‣ Run2 projections show a limited improvement of the covered phase 
space. 
‣ Other channels and h125 couplings will cover a larger PS including the 

one covered by DiBoson
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‣ Minimal extension of the Higgs sector obtained by adding an electroweak 
singlet to the “SM doublet” 

‣ Two observable states: h1 and h2 
‣ No hypothesis made on the origin of the singlet

C.CAPUTO - P. FRANCAVILLA 17

Search for H→VV- Results

‣ No dependence on the Higgs 
masses!Implies rescaling of the 
SM cross section and width for 
h2 wrt SM 

‣ Grey line indirect limit by SM 
signal strength (mu) 

‣ Bnew to account for new decay 
mode for h2 (H) 

‣ For example h2 -> h1h1 (Di 
Higgs Searches)
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Di-Higgs
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Search for H→hh - Run1 Results
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CMS 
Run1 Results Superposition 

‣ Results for mX > 1TeV

ATLAS 
Run1 Results Combination: 

2b2γ, 2b2τ, 4b e 2γ2W

‣ H→hh could arise in many models and can be use to search for BSM 
‣ Many final states covered during Run1

ATLAS: Phys. Rev. D 92, 092004 (2015) 
CMS:  Twiki

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004
https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG
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Search for H→hh→bbττ
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CMS: CMS-PAS-HIG-16-013

Search for three channel: 
‣ τhadτμ, τhadτe and τhadτhad  
‣ Exactly two OS objects 
‣ 2 b-tagged jets  
‣ Final mass variable mH constructed using a 

kinematic fit. 
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Figure 1: Distributions of the four-body mass reconstructed with the kinematic fit after ap-
plying the event selections. The plots are shown for (a) µth, (b) eth, and (c) thth final states.
Points with error bars represent the data and shaded histograms represent the backgrounds.
The black, red, and blue unshaded histograms are the signal expectations for mH = 300 GeV,
mH = 450 GeV, and mH = 800 GeV. The signal expectations are plotted for a value of
s(pp ! H) · BR(H ! hh) of 10 pb. Event yields in each bin are divided by the bin width. Ex-
pected background contributions are shown for the values of nuisance parameters (systematic
uncertainties) obtained after fitting the signal plus background hypothesis to the data. Signal
and background histograms are not stacked.

9 Summary291

A search for resonant Higgs boson pair production in the bbtt final state with a collected lu-292

minosity of 2.7fb �1 at
p

s = 13 TeV is presented. The search is performed using the three most293

sensitive decay channels of the taus, eth, µth, thth, where th indicates a tau decaying hadroni-294

cally. No excess over the SM background prediction is observed and model independent upper295

limits on the values of the cross section times branching ratio are derived.296
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Figure 1: Distributions of the four-body mass reconstructed with the kinematic fit after ap-
plying the event selections. The plots are shown for (a) µth, (b) eth, and (c) thth final states.
Points with error bars represent the data and shaded histograms represent the backgrounds.
The black, red, and blue unshaded histograms are the signal expectations for mH = 300 GeV,
mH = 450 GeV, and mH = 800 GeV. The signal expectations are plotted for a value of
s(pp ! H) · BR(H ! hh) of 10 pb. Event yields in each bin are divided by the bin width. Ex-
pected background contributions are shown for the values of nuisance parameters (systematic
uncertainties) obtained after fitting the signal plus background hypothesis to the data. Signal
and background histograms are not stacked.
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A search for resonant Higgs boson pair production in the bbtt final state with a collected lu-292

minosity of 2.7fb �1 at
p

s = 13 TeV is presented. The search is performed using the three most293

sensitive decay channels of the taus, eth, µth, thth, where th indicates a tau decaying hadroni-294

cally. No excess over the SM background prediction is observed and model independent upper295

limits on the values of the cross section times branching ratio are derived.296

http://cds.cern.ch/record/2139315?ln=en
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Search for H→hh→bbWW
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Signal extraction: 
‣ Four different regions: 
‣ High-BDT-score, Low-BDT-

score 
‣ 95 GeV < mjj < 135 GeV , 

mjj <95 GeV  && mjj > 135 
GeV.

Mass range form 260 GeV to 900 GeV
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Search for H→hh→bbbb

C.CAPUTO - P. FRANCAVILLA 22

ATLAS: ATLAS-CONF-2016-017 
CMS: CMS-PAS-HIG-16-002

Search strategy: 
‣ two main kinematic regions:  

‣ low-mass region (LMR) from 260 GeV to 400 GeV ( |mH − 115 GeV| < 34 GeV for each 
candidate Higgs boson) 

‣ medium mass region (MMR) from 400 GeV to 1200 GeV (∆R between the jets within 
the dijet system is smaller than 1.5.) 

‣ Boosted region above 1200 GeV 
‣ 4 b-tagged jets 

‣ bb pairs done using: 
‣ Signal Region for χ<1 (1.6) 

Mass range form 260 GeV to 3000 GeV

 (GeV)X m
200 400 600 800 1000 1200

)) 
(fb

)
b

) H
(b

b
H

(b
→

 X
) B

R
(X

→
(p

p
σ 

210

310

410

510

Expected Upper Limit
σ 1 ±Expected 
σ 2 ±Expected 

Observed Upper Limit
=0.1PlKK-Graviton, kL=35, k/M

 (13 TeV)-12.3 fb

CMS
Preliminary

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-017/
http://cds.cern.ch/record/2141024?ln=en
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Search for H→hh→bbγγ
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ATLAS: ATLAS-CONF-2016-004

Event Selection  
‣ 2γ within 105 < mγγ < 160 GeV 
‣ 2 central jets within 95 < mjj < 135 GeV  
‣ 2 (0) b-tag as SR (CR) at 85% efficiency bb 4-momenta scaled by 

mh/mbb  
‣ |mγγ – mh| < 2σ(mγγ) 
‣ Mbbγγ within window of 95% signal efficiency  

Mass range form 275 GeV to 400 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-004/
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Charged Higgs
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‣ H± dominantly produced in association with a top quark.  
‣ H±→τν decay channel represents a clean signature and substantial 

BR (~10%) in several MSSM benchmarks. 
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ATLAS:CERN-PH-EP-2016-056 
CMS: JHEP 11 (2015) 018 

final discriminant variable

Search for H±→τν

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-11/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-023/index.html
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‣ Predicted in models with extended Higgs Sector:  
‣ H± dominantly produced in association with a top quark.  
‣ H±→tb is a dominant decay mode for heavy H±. 
‣ Coupling with quark cover low/high tanβ
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Search for H±→tb
ATLAS:CERN-PH-EP-2015-290  
CMS: JHEP 11 (2015) 018 

http://arxiv.org/abs/1512.03704
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-023/index.html
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Search for H± - Results ATLAS:CERN-PH-EP-2016-056 

‣ Run1 H±→τν  and H±→τb combination able to exclude low and high tan b 
region in mH± Vs tan B plane 

‣ First Run2 result in H±→τν already extend the Run1 excluded region

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-11/
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‣ Models that introduce a triplet predict a new pair of bosons: H±± 

‣ Model that attempt to expand the SM and accommodate neutrino masses

C.CAPUTO - P. FRANCAVILLA 28

Higgs Triplets: Search for H±± CMS-PAS-HIG-14-039 

Pair Produced Associated 
Production

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-039/index.html
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What if light Scalars?
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‣ In a 2HDM+S model (NMSSM), there 
are 2 singlet states:  

‣ CP-odd scalar a 
‣ CP-evens  

‣ BR(h→BSM) < 0.34, so the decay to 2a 
can be sizeable.

C.CAPUTO - P. FRANCAVILLA 30

Search for h(125)→2a
• In	a	2HDM+S	model,	there	are	2	

singlet	states:	
– CP-odd	scalar	a		
– CP-even	s		
!

• BR(hàBSM)	<	0.34,	so	the	decay	to	
2a	can	be	sizeable.	
!

• Recent	results	from	CMS	for	
hà2aà2b2μ		and	hà2aà2μ2τ!

6

2HDM+S:	Search	for	h(125)	à2a

Current	channels	include:	
	 hà2aà2b2μ	(CMS-PAS-HIG-14-041)	

hà2aà4μ	(CMS:Phys.	Lett.	B	752	(2016)	221)	
hà2aà2μ2τ	(CMS-PAS-HIG-15-011,	ATLAS:Phys.	Rev.	D92	(2015)	052002)	
hà2aà4τ	(CMS-PAS-HIG-14-022,	CMS:JHEP	01	(2016)	079)	
hà2aà4γ	(ATLAS:CERN-PH-EP-2015-187)

Summary	plot	of	μ/τ	channels

‣ 8TeV analysis:  

‣ h→2a→2b2μ (CMS-PAS-HIG-14-041) 
‣ h→2a→4μ (CMS:Phys. Lett. B 752 (2016) 221) 
‣ h→2a→2μ2τ (CMS-PAS-HIG-15-011, ATLAS:Phys. Rev. D92 (2015) 052002)  
‣ h→2a→4τ (CMS-PAS-HIG-14-022, CMS:JHEP 01 (2016) 079)

 CMS: CMS-PAS-HIG-15-011 
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‣ In a 2HDM+S model 
(NMSSM), there are 2 
singlet states:  

‣ CP-odd scalar a 
‣ CP-evens
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Search for h/H→2a→γγγγ ATLAS: :CERN-PH-EP-2015-187
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Conclusions
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Summary

‣Discover of a 125 GeV  starting point for Higgs BSM searches 
‣No evidence of BSM in Run1 searches for extended Higgs sector  
‣Direct searches and constraint from h125 couplings already 

exclude a part of mA tanβ space  
‣ Run2 Searches in good shape 
‣  Results with 2015 Dataset already competitive, in some cases, 

with Run1 results 
‣ 2016 will be an exiting year for BSM Searches!!



PP@LHC- PISA - 17-05-2016C.CAPUTO - P. FRANCAVILLA

Discussion
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PROJECTIONS

14 TeV - 300 fb-1

1502.05653

Run 1

Run1 searches already 
covering the majority of the 
phase space for mA<2mtop

A/H->ττ will cover alone good part of the 
phase space
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PROJECTIONS

14 TeV - 300 fb-1

1502.05653

Run 1

Run1 searches already 
covering the majority of the 
phase space for mA<2mtop

A/H->ττ will cover alone good part of the 
phase space

tt(?)



PP@LHC- PISA - 17-05-2016C.CAPUTO - P. FRANCAVILLA 38

A/H->TTBAR?

tttt searches

1504.04630v1 

‣  The ATLAS and CMS performed searches for Spin1 heavy states decaying into tt¯ 
pairs 

‣ More complicated Higgs situation: Interference with QCD tt production. 

‣ Any chance? 

‣ Other production mechanisms?  

‣ tttt (mH=700 GeV, tanβ=1 -> 5 fb)?
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X(750 GEV) IN NMSSM 1602.07691v2
1602.00949

Spin0

Spin0 - CP odd

ΔR=2ma/pT -> ma<0.1-10 GeV

neutral spin 0 in NMSSM:  
3 CP even h1,h2,h3, 2 CP odd A a

‣ Can we (ATLAS/CMS) distinguish them from single photons? 

‣ Run1 ATLAS H->aa->γγγγ: 

‣ Limits for 10<ma<440 GeV, mH<900 GeV 

‣ Other channels? 

‣ X(750)->aa->4μ?  

‣ a->2e? 
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Backup
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Search for H/A→bb- Results CMS: J. High Energy Phys. 11 (2015) 071

mhmax mhmod+ mhmod-- 

‣ Expected and observed upper limits at 95% CL for the MSSM parameter 
tanβ Vs mA in the mhmax,mhmod+, mhmod—, light-stop, and light-stau 
benchmark scenarios with μ=μ=+200 GeV

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-017/index.html
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‣ Expected and observed upper limits at 95% CL for the MSSM parameter 
tanβ Vs mA in the mhmax,mhmod+, mhmod—, light-stop, and light-stau 
benchmark scenarios with μ=μ=+200 GeV
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MSSM: Search for H/A→bb CMS: J. High Energy Phys. 11 (2015) 071

light-stop light-stau

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-017/index.html
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Search for H/A - Results CMS: J. High Energy Phys. 11 (2015) 071

mhmax
mhmod-- 

light Stoplight Stau

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-017/index.html


PP@LHC- PISA - 17-05-2016

Search for H→ZZ→llνν
Searching for an additional scalar boson, as predicted in EWS/2HDM.  

The search is for a narrow resonance of mH = 300-1000 GeV (ATLAS) or 200-1500 
GeV (CMS) 
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ATLAS: ATLAS-CONF-2016-012 
CMS: CMS-PAS-HIG-16-001 

‣ search is for2 leptons (e or μ) and high 
ETmiss  

‣ Final Discriminant: 

Background 
‣ ZZ/WZ: From simulation,WZ scaled 

using data-driven methods (ATLAS)  
‣ Others: Predicted using data-driven 

methods.  
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-012/
http://cds.cern.ch/record/2140099?ln=en
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Search for H→ZZ→llνν
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ATLAS: ATLAS-CONF-2016-012 
CMS: CMS-PAS-HIG-16-001 

CMS Selections 
‣ 2 same flavor, opposite sign charge leptons 
‣ ETmiss > 125 GeV and Δφ(nearest jet, ETmiss) > 0.5  
‣ No b-tagged jets   
Signal Regions 
‣ VBF: ≥ 2 jets with |Δη| > 4 and m > 500 GeV  
‣ ≥ 1 jets: at least 1 jet, fails VBF 
‣ = 0 jets: No jets. 

ATLAS Selections 
‣ 2 same flavor, opposite sign charge leptons 
‣ 76<mll <106 GeV and ETmiss >120 GeV  
‣ ΔRll < 1.8 and Δφ(Z, ETmiss) > 2.7  
‣ Fractional pT difference > 0.4 
‣ Δφ(jet (pT > 100 GeV), ETmiss) > 0.4  
‣ ZPT/MT < 0.7 and no b-jet 
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http://cds.cern.ch/record/2140099?ln=en
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Search for H→ZZ→4l
The 4l final state gives a clean signature with low background, predicted in EWS 
and 2HDM.  
The search is for a resonance of mH = 140 (200)-1000 GeV for CMS (ATLAS). 
Selections are the one used in h(125) 4l search.
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ATLAS: ATLAS-CONF-2015-059  
CMS: CMS-PAS-HIG-15-004 
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Figure 8: (top) Upper limits at the 95% CL on the gg! X ! ZZ ! 4` cross section s, including
four-lepton branching fraction, as a function of mX, shown for several values of GX. Bottom:
Exclusion limits at the 95% CL in the mH � tan b plane for the benchmark 2HDM scenario with
Type I (left) and Type II (right) couplings.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-059/
http://cds.cern.ch/record/2139978?ln=en
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Search for H→ZZ→llνν
Searching for an additional scalar boson, as predicted in EWS/2HDM.  

The search is for a narrow resonance of mH = 300-1000 GeV (ATLAS) or 200-1500 
GeV (CMS) 
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ATLAS: ATLAS-CONF-2016-012 
CMS: CMS-PAS-HIG-16-001 

‣ search is for2 leptons (e or μ) and high 
ETmiss  

‣ Final Discriminant: 

Background 
‣ ZZ/WZ: From simulation,WZ scaled 

using data-driven methods (ATLAS)  
‣ Others: Predicted using data-driven 

methods.  
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VBF Categorisation

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-012/
http://cds.cern.ch/record/2140099?ln=en
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Search for H→ZZ→llqq
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ATLAS: ATLAS-CONF-2016-016 

Merged Analysis 
‣ 2 same flavor leptons  
‣ 1 large-R jet (pT > 200 GeV) consistent with Z decay  
‣ pT(ll) > 0.3 mll 
Resolved Analysis 
‣ 2 same flavor leptons  
‣ 2 Small-R jets consistent with Z decay 
‣ √[pT2(ll) + pT2(jj)]/mlljj > 0.5 
‣ Two categories: 2 and <2 b-tagged jets 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-016/
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H → WW → lνlν analysis 
‣ The zero- and one-jet sensitive to gluon-gluon fusion 

(ggF)  
‣ two jet category used for vector boson fusion (VBF) 
‣ Different-flavour lepton pairs are considered.  
‣ Discriminating variable: transverse mass (mT)

Search for H→WW
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ATLAS: ATLAS-CONF-2016-021

H → WW → lνqq analysis  
‣ qq final state is reconstructed as one single 

large jet (“J”)  
‣ Discriminating variable: invariant mass, mlνJ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-021/
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Search for H→VV - Results
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ATLAS: ATLAS-CONF-2016-021
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Figure 8: (top) Upper limits at the 95% CL on the gg! X ! ZZ ! 4` cross section s, including
four-lepton branching fraction, as a function of mX, shown for several values of GX. Bottom:
Exclusion limits at the 95% CL in the mH � tan b plane for the benchmark 2HDM scenario with
Type I (left) and Type II (right) couplings.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-021/
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Search for H→VV - Results

H→ZZ→4l Results have also been interpreted Type-I and Type-II (Backup) 2HDM 
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CMS: CMS-PAS-HIG-15-004 
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Figure 8: (top) Upper limits at the 95% CL on the gg! X ! ZZ ! 4` cross section s, including
four-lepton branching fraction, as a function of mX, shown for several values of GX. Bottom:
Exclusion limits at the 95% CL in the mH � tan b plane for the benchmark 2HDM scenario with
Type I (left) and Type II (right) couplings.

http://cds.cern.ch/record/2139978?ln=en
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Search for H→ZZ→llνν
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ATLAS: ATLAS-CONF-2016-012 
CMS: CMS-PAS-HIG-16-001 

ATLAS 95% CL Limit on the Gluon 
Fusion production cross section

CMS 95% CL Limit on the VBF 
production cross section
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-012/
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Search for H→ZZ→llqq
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ATLAS: ATLAS-CONF-2016-016 

Observed and expected 95% CL upper limits on the production cross section, 
combining the merged and resolved analyses.

Narrow Width Large Width

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-016/
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Search for H→WW
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ATLAS: ATLAS-CONF-2016-021

Observed and expected 95% CL upper limits on the production cross section, 
combining lνlν and lνqq.

Narrow Width Large Width

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-021/
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Search for H→VV - Results

H→ZZ→4l Results have also been interpreted Type-II 2HDM 
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CMS: CMS-PAS-HIG-15-004 
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Figure 8: (top) Upper limits at the 95% CL on the gg! X ! ZZ ! 4` cross section s, including
four-lepton branching fraction, as a function of mX, shown for several values of GX. Bottom:
Exclusion limits at the 95% CL in the mH � tan b plane for the benchmark 2HDM scenario with
Type I (left) and Type II (right) couplings.

http://cds.cern.ch/record/2139978?ln=en
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CP odd Higgs
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Search for H→ZA, Z→ll and A→bb
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CMS: CMS-PAS-HIG-16-010 

Motivated by 2HDM with twisted custodial 
symmetry, which gives a heavier scalar H and a 
lighter pseudoscalar A boson.  
Analysis Strategy 
‣ A signal region (S) is defined for each mA-mH 

hypothesis in the plane of mbb-mllbb  
‣ The final limit is calculated from the single bin of S.  

Limits for three mH hypotheses, as a function of mA.  
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Search for A→Zh, h→bb
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ATLAS: ATLAS-CONF-2016-015

‣ Targeting A→Zh→ννbb/llbb  
‣ Makes use of categories:  
‣ 0/2-leptons  
‣ pTZ < or > 500 GeV (defining the 

resolved/ T  
‣ boosted transition) 
‣ 1/2 b-tagged jets 

‣ Final discriminant: 
‣ 2- lepton invariant mllbb for  
‣ 0-lepton:   

Searching for an additional pseudoscalar boson, as predicted in 2HDM. 
The search is for a narrow resonance of mH = 200-2000 GeV.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-015/
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Search for A→Zh, h→bb
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ATLAS: ATLAS-CONF-2016-015

Limits	on	ggF	and	b-associated	production	from	simultaneous	
binned-likelihood	fit	for	signal	and	control	regions.

30

Search	for	AàZh(125),	hàbb

Limits on ggF and b-associated production from simultaneous binned-
likelihood fit for signal and control regions.  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-015/
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H → WW → lνlν analysis 
‣ The zero- and one-jet sensitive to gluon-gluon fusion (ggF)  
‣ two jet category used for vector boson fusion (VBF) 
‣ Different-flavour lepton pairs are considered.  
‣ Discriminating variable: transverse mass (mT)

Search for H→WW

C.CAPUTO - P. FRANCAVILLA 60

ATLAS: ATLAS-CONF-2016-021

H → WW → lνqq analysis  
‣ qq final state is reconstructed as one single 

large jet (“J”)  
‣ Discriminating variable: invariant mass, mlνJ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-021/
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‣ φ produced in association with at least one b quark and decay to bb 
‣ final states characterised by at least three b-tagged jets 
‣ Events selected by specialised triggers that identify b jets already at the online level  
‣  searches for a peak in the invariant mass distribution of the two b jets with the highest 

pT values: 
‣ 2 jets |η| ≤ 1.65, pT> 80 (70) GeV 
‣ third jet  |η| ≤ 2.2, pT> 20 GeV 
‣ jet1 and jet2  |∆η12| ≤ 1.4 
‣ minimal pairwise separation of ∆R > 1 
‣ CSV discriminator and ΣMSV,j flavor-sensitive quantity
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Search for H/A→bb CMS: J. High Energy Phys. 11 (2015) 071

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-017/index.html
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‣ 2 hadronic τhad and 2 jets 
‣ 80<mττ <140GeV and 80<mjj <170GeV  
‣ mhh calculated using a kinematic fit  
‣ Backgrounds  
‣ Multi-jet: Data-driven methods 
‣ Z/γ∗ →τhadτhad: Embedding of μμ data events  
‣ Others: Simulation  

‣ Fit to three regions with 0, 1, or 2 b-tagged jets. 
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Scalar Resonance: Search for H→hh→bbττ
ATLAS: Phys. Rev. D 92, 092004 (2015)  
CMS: CMS-PAS-HIG-15-013

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-013/index.html
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Search for H→hh→bbWW
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CMS: CMS-PAS-HIG-16-011

Search strategy: 
‣ dilepton triggers  
‣ two oppositely charged leptons (e+e−, µ+µ−, e±µ∓) 
‣ 2 b-tagged jets  
‣ BDT: mll, ∆Rll, ∆Rjj, ∆φll,jj,pTll, pTjj, min(∆Rj,l) and MT(ll,MET) 
‣ Two BDT trained for mH<450 GeV and for mH>450 GeV 
‣ tt, Drell-Yann, single top production, SM Higgs as background 
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‣ H± dominantly produced in association 
with a top quark.  

‣ H±→τν decay channel represents a clean 
signature and substantial BR (~10%) in 
several MSSM benchmarks. 
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ATLAS:CERN-PH-EP-2016-056 
CMS: JHEP 11 (2015) 018 

Event Selection 
‣ ETmiss trigger 
‣ ≥3 jets including ≥1 b-tagged jet  
‣ 1 τ and no e or μ 
‣ ETmiss > 150 GeV 
‣ mT > 50 GeV 
Backgrounds:  
‣ Jet → τ fakes (multi-jet: data-driven) 
‣ Events with true τ (tt, W+jets: from MC, 

validated in CR) 
‣ Events with lepton → τ fakes (top, V+jets, 

diboson: Shape from MC, norm. from data. 
~5% of background.) 

final discriminant variable

Search for H±→τν

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-11/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-023/index.html
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h→2a→2b2μ: 
2 b-jets, 2μ, ETmiss significance < 6 
| Mbbμμ - 125 | < 25 GeV 
Fit the signal and background: 
‣ Signal: Weighted sum of Voigt 

profile and Crystal ball 
‣ Background: Polynomial 

functions, fit to mμμ in data
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2HDM+S: Search for h(125)→2a
CMS-PAS-HIG-14-041 
CMS-PAS-HIG-15-011  

h→2a→2b2τ: 
5 finale states considered: μμτeτe, μμτμτe, μμτhadτe, 
μμτhadτμ, μμτhadτhad  
| Mττμμ - 125 | < 25 GeV 
(Mμμ - Mττ)/Mμμ  < 0.8 
| Mviseeμμ - 125 | > 15 GeV 
Fit of the signal ad background: 
Irreducible backgrounds from MC, reducible from data-
driven methods

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-14-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-011/index.html

