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Outline 

 You will see many of the following analyses or similar ones 
presented at CERN and it is easy to get lost in the details and 
terminology 

 This is an introduction to the different types of analyses ATLAS/CMS 
have, what motivates them and how they are presented 

 Results are not the most up to date in all cases- but I want to just 
give you an idea of which ones exist how they are usually presented 

 This is your chance to ask basic questions about them! 

 We will cover 

 Higgs Measurements 

 Beyond Standard Model Higgs 

 SUSY Searches 

 Exotics 

 I will also try to give an idea of what is possible for future LHC 



LHC Plan 
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High Luminosity LHC 

 

250 – 300 fb-1 per year 

• 3000 fb-1 

in about 10 years 

25 ns bunch spacing  

• Large event pile-up: ~ 140 inelastic 

High Luminosity LHC 

 

250 – 300 fb-1 per year 

• 3000 fb-1 

in about 10 years 

25 ns bunch spacing  

• Large event pile-up: ~ 140 inelastic 

Run 1 

𝑆  = 7-8 TeV 
‹ 𝜇 › = 20-30 
ℒ = 25 fb -1 

BS: 50 ns 

 

Run 2 

𝑆  = 13-14 TeV 
‹ 𝜇 › ~ 40 (≤ 60) 
ℒ =300 fb -1 

BS: 25 ns 

High L 

HL-LHC 

𝑆  = 14 TeV 
‹ 𝜇 › ~ 140 (<200) 
ℒ =3000 fb -1 

BS: 25 ns 

 

 

ICHEP 

GOAL: keep similar performance in harsher 

environment than that of the current detector  

New higher granularity, more 

radiation hard Inner Tracker.  

New Trigger scheme. 

Muon/calorimeter 

electronics upgrades 

Upgrades to  

Tracking 

Trigger improvements to 

deal with higher rates 

Many more interactions for each bunch crossing in the future! Challenge to reconstruct 

objects with same accuracy. Nonetheless we assume detector will keep current performance 

due to hardware/software upgrades. Most treatment of systematics is based on Run1  

𝑆 ∶ Center of mass energy, ‹ 𝜇 › :  Average interactions per   bunch crossing, ℒ : Integrated luminosity, BS: Bunch Spacing 

‹ 𝜇 › :  Average interactions per  bunch crossing 

‹ 𝝁 › = 20-30 

‹ 𝝁 › ~ 40 (≤ 60) 

‹ 𝝁 › ~ 140 (<200) ‹ 𝝁 › ~ 55-80 

ATLAS 

Phase-0 

 
Upgrades to  

Tracking, small 

detector 

improvements 

  

ATLAS 

Phase-1 
 

Trigger 

improvements to 

deal with higher 

rates  

ATLAS 

Phase-1 
New higher 

granularity, more 

radiation hard Inner 

Tracker.  New 

Trigger scheme. 

Muon/calorimeter 

electronics upgrades  



 Got the Higgs: last piece of the Standard Model (SM) 

 Now what? SM does not explain  

We have dark energy, universe expanding at 

accelerating rate, meaning cosmological 

constant is Λ, is +ve, particle physics 
can’t explain this 

Extra dimensions soloves 

 

they could explain why the universe is 

expanding faster than expected, and why 

gravity is weaker than the other forces of 

nature. 

Some ways to solve this 

Generically, the—so far unobserved—Kaluza–

Klein resonances of the Standard Model fields 

in such a theory would appear at an energy 

scale that is directly related to the inverse size 

("compactification scale") of the extra 

dimension, 

  

heories that suggest extra dimensions predict 

that, in the same way as atoms have a low-

energy ground state and excited high-energy 

states, there would be heavier versions of 

standard particles in other dimensions. These 

heavier versions of particles – called Kaluza-

Klein states – would have exactly the same 

properties as standard particles (and so be 

visible to our detectors) but with a greater 

mass. If CMS or ATLAS were to find a Z- or W-

like particle (the Z and W bosons being 

carriers of the electroweak force) with a mass 

100 times larger for instance, this might suggest 

the presence of extra dimensions. f gravitons 

exist, it should be possible to create them at 

the LHC, but they would rapidly disappear into 

extra dimensions 

Why do the corrections to 

Higgs mass blow up at loop 

level? 

What is Dark Matter/Energy?  

Why is the  universe expanding at  

an accelerating rate? 

Why do neutrinos 

have mass? 

Why is there more 

matter than antimatter? 

Why is gravity not included, 

and why is it so weak?  

Why don’t the EM, weak and 

strong coupling constant unify? 

How to solve this? 

Some ways to solve this 

In physics, quintessence is 

a hypothetical form of dark energy postulated 

as an explanation of the observation of 

an accelerating rate of expansion of the 

universe announced in 1998. It has been 

proposed by some physicists to be a fifth 

fundamental force. Quintessence differs from 

the cosmological constant explanation of dark 

energy in that it is dynamic, that is, it changes 

over time, unlike the cosmological constant 

which always stays constant. It is suggested that 

quintessence can be either attractive or 

repulsive depending on the ratio of its kinetic 

and potential energy.  

Supersymmetry (SUSY), 

Composite Higgs 

Supersymmetry (SUSY) Grand Unified 

Theories (GUT) 

Extra dimensions (Kaluza-

Klein, ADD, ADS, ToFs), 

quantum loop gravity , 

Super Gravity (SUSY + 

GR) 

Why doesn’t QCD 

break CP symmetry? 

 For example, a generic CP violation in the 

strongly interacting sector would create 

the electric dipole moment of 

the neutron which would be comparable to 

10−18 e·m while the experimental upper bound 

is roughly one trillionth that size. 

This is a problem because at the end, there are 

natural terms in the QCD Lagrangian that are 

able to break the CP-symmetry. 

 Heirachy problem: Within the standard model, 

the mass of the Higgs gets some very large 

quantum corrections due to the presence 

of virtual particles (mostly virtual top quarks). 

 

These corrections are much larger than the 

actual mass of the Higgs. This means that 

the bare mass parameter of the Higgs in the 

standard model must be fine tunedin such a 

way that almost completely cancels the 

quantum corrections. This level of fine tuning is 

deemed unnatural by many theorists. 

Seesaw mechanism 
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Extra dimensions (Kaluza-

Klein, ADD, ADS, ToFs) 

Although some quantum gravity theories such 

as string theory try to unify gravity with the 

other fundamental forces, others such as loop 

quantum gravity make no such attempt; instead, 

they make an effort to quantize the 

gravitational field while it is kept separate from 

the other forces. 

Introduction: Open SM Questions Technicolor= composite higgs 

t 

http://home.web.cern.ch/about/experiments/cms
http://home.web.cern.ch/about/experiments/atlas
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Hypothesis
http://en.wikipedia.org/wiki/Dark_energy
http://en.wikipedia.org/wiki/Accelerating_universe
http://en.wikipedia.org/wiki/Fifth_force
http://en.wikipedia.org/wiki/Fifth_force
http://en.wikipedia.org/wiki/Cosmological_constant
http://en.wikipedia.org/wiki/Electric_dipole_moment
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Elementary_charge
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Lagrangian
http://en.wikipedia.org/wiki/Virtual_particle
http://en.wikipedia.org/wiki/Top_quark
http://en.wikipedia.org/wiki/Bare_mass
http://en.wikipedia.org/wiki/Fine-tuning
http://en.wikipedia.org/wiki/Fine-tuning
http://en.wikipedia.org/wiki/Naturalness_(physics)


We have dark energy, universe expanding at 

accelerating rate, meaning cosmological 

constant is Λ, is +ve, particle physics 
can’t explain this 

Extra dimensions soloves 

 

they could explain why the universe is 

expanding faster than expected, and why 

gravity is weaker than the other forces of 

nature. 

Some ways to solve this 

Generically, the—so far unobserved—Kaluza–

Klein resonances of the Standard Model fields 

in such a theory would appear at an energy 

scale that is directly related to the inverse size 

("compactification scale") of the extra 

dimension, 

  

heories that suggest extra dimensions predict 

that, in the same way as atoms have a low-

energy ground state and excited high-energy 

states, there would be heavier versions of 

standard particles in other dimensions. These 

heavier versions of particles – called Kaluza-

Klein states – would have exactly the same 

properties as standard particles (and so be 

visible to our detectors) but with a greater 

mass. If CMS or ATLAS were to find a Z- or W-

like particle (the Z and W bosons being 

carriers of the electroweak force) with a mass 

100 times larger for instance, this might suggest 

the presence of extra dimensions. f gravitons 

exist, it should be possible to create them at 

the LHC, but they would rapidly disappear into 

extra dimensions 

Why do the corrections to 

Higgs mass blow up at loop 

level? 

What is Dark Matter/Energy?  

Why is the  universe expanding at  

an accelerating rate? 

Why do neutrinos 

have mass? 

Why is there more 

matter than antimatter? 

Why is gravity not included, 

and why is it so weak?  

Why don’t the EM, weak and 

strong coupling constant unify? 

How to solve this? 

Some ways to solve this 

In physics, quintessence is 

a hypothetical form of dark energy postulated 

as an explanation of the observation of 

an accelerating rate of expansion of the 

universe announced in 1998. It has been 

proposed by some physicists to be a fifth 

fundamental force. Quintessence differs from 

the cosmological constant explanation of dark 

energy in that it is dynamic, that is, it changes 

over time, unlike the cosmological constant 

which always stays constant. It is suggested that 

quintessence can be either attractive or 

repulsive depending on the ratio of its kinetic 

and potential energy.  

Supersymmetry (SUSY), 

Composite Higgs 

Supersymmetry (SUSY) Grand Unified 

Theories (GUT) 

Extra dimensions (Kaluza-

Klein, ADD, ADS, ToFs), 

quantum loop gravity , 

Super Gravity (SUSY + 

GR) 

Why doesn’t QCD 

break CP symmetry? 

 For example, a generic CP violation in the 

strongly interacting sector would create 

the electric dipole moment of 

the neutron which would be comparable to 

10−18 e·m while the experimental upper bound 

is roughly one trillionth that size. 

This is a problem because at the end, there are 

natural terms in the QCD Lagrangian that are 

able to break the CP-symmetry. 

 Heirachy problem: Within the standard model, 

the mass of the Higgs gets some very large 

quantum corrections due to the presence 

of virtual particles (mostly virtual top quarks). 

 

These corrections are much larger than the 

actual mass of the Higgs. This means that 

the bare mass parameter of the Higgs in the 

standard model must be fine tunedin such a 

way that almost completely cancels the 

quantum corrections. This level of fine tuning is 

deemed unnatural by many theorists. 

Seesaw mechanism 
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Extra dimensions (Kaluza-

Klein, ADD, ADS, ToFs) 

Although some quantum gravity theories such 

as string theory try to unify gravity with the 

other fundamental forces, others such as loop 

quantum gravity make no such attempt; instead, 

they make an effort to quantize the 

gravitational field while it is kept separate from 

the other forces. 

A few ways to solve this 

Grand Unified Theories (GUT) 

Baryongenesis Axions Models 

Theories of Everything (ToF) 

(String Theory) 

Extra dimensions ,  

quantum loop gravity 

Technicolor= composite higgs 

Supersymmetry, Composite- 

Higgs, vector-like quarks 

t 

Introduction: Open SM Questions 
 Got the Higgs: last piece of the Standard Model (SM) 

 Now what? SM does not explain  

Composite higgs models 

SM fields get mass by mixing with composite 

fields:  

the more they mix the heavier they are 

Natural mechanism to suppress dangerous 

FCNC  

 Generically a 125 GeV Composite Higgs 

seems to imply the  

presence of light, sub TeV, colored fermion 

resonances 

http://home.web.cern.ch/about/experiments/cms
http://home.web.cern.ch/about/experiments/atlas
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Hypothesis
http://en.wikipedia.org/wiki/Dark_energy
http://en.wikipedia.org/wiki/Accelerating_universe
http://en.wikipedia.org/wiki/Fifth_force
http://en.wikipedia.org/wiki/Fifth_force
http://en.wikipedia.org/wiki/Cosmological_constant
http://en.wikipedia.org/wiki/Electric_dipole_moment
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Elementary_charge
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Lagrangian
http://en.wikipedia.org/wiki/Virtual_particle
http://en.wikipedia.org/wiki/Top_quark
http://en.wikipedia.org/wiki/Bare_mass
http://en.wikipedia.org/wiki/Fine-tuning
http://en.wikipedia.org/wiki/Fine-tuning
http://en.wikipedia.org/wiki/Naturalness_(physics)


Higgs Properties 



How do we differentiate between production processes?  

W/Z 

W*/Z* 

Identify  bjets 

Require 1 extra lepton in case of 

leptonic W decays, 

2 extra jets in case of hadronic W 

decays. 

Most affected by uncertainties on 

identifying Bjets, and jet track 

confirmation 

To get VH: Same sing 

on VH reduced a lot 

of ggF and VBF,  and 

SM background 

 

Opposite sign Mjj, 

wmass 

Identify jets in forward 

direction with high 

momenta/invariant mass 

Have additional 

leptons from 

leptonic W/Z 

decays 

Usually have 0 or 1 

jet central jet from 

radiation 
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Identify  bottom 

quark jets from 

information on 

displaced vertex 

gluon-gluon  

fusion (ggF) 

𝑡𝑡  fusion 

WZ Bremsstrahlung  

vector boson 

fusion (VBF) 

Higgs Production 



Higgs Production 

What does H decay to? 

For WZ 21.5%/ 

2.6/% 

W*/Z* 

57.7% for b 

6.3% to τ 

For gamma 

gamma 0.23% 

To get TTH : Identify  bjets 

To get VBF: Identify forward jets 

To get VH: Same sing 

on VH reduced a lot 

of ggF and VBF,  and 

SM background 

 

Opposite sign Mjj, 

wmass 
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H0 

ɣ 

ɣ 
𝑡𝑡 ,𝑊𝑊, 𝑍𝑍  

H0 

𝑓  

𝑓 

How do we make Higgs at LHC? 

gluon-gluon  

fusion (ggF) 

𝑡𝑡  fusion 

C

𝑡𝑡   
 

WZ Bremsstrahlung  

vector boson 

fusion (VBF) 

H0 

t/W 

ɣ 

Z 

W*/Z

* H
0 

W/Z 

Tau W, Z all prefer 

hadronic decays, but 

chart on right is log 

scale 



 ATLAS 

 H→ 𝛾𝛾, backgrounds 𝛾𝛾 (80%), 𝛾+jets and di-jets (20%) 

 Using 25 fb-1 , get,  

 Many categories targetting all production mechanisms 

 Narrow mass peak over smooth background 

 10 categries with different S/B ratios, optimized to minimize the 
expected uncertainty on the mass measurement, assuming a Higgs 
boson signal produced with the predicted SM yield, while also 
accounting for systematic uncertainties 

 Cateogires depend on location of photon, momenta of 
photons…because uncertainties different for each of these 
different photon types 

 The signal mass spectrum is modeled by the sum of a Crystal Ball, 
function for the bulk of the events, which have a narrow Gaussian 
spectrum in the peak and tails toward lower reconstructed mass, 

 Mass and mu are free params in fit 

 Small s/b needs good detector performance  

 

  → 4𝜇 /2𝜇2𝑒/ 4𝑒 

 Backgrounds ZZ*, Z+jets ttbar 

 High signal to background 2 in  signal mass window 120-130 GeV\ 

 The typical mass resolution varies from 1.6 GeV for the 4µ final 
state to 2.2 GeV for the 4e final stat 

 Multivariate techniques separate singal from ZZ background 

 The twodimensional (2D) fit to the m4` and BDTZZ∗ output 
(OBDTZZ∗ ) is chosen as the baseline because it has the smallest 
expected uncertainty among the different methods 

 Range for fit 110-140 GeV 

 

ATLAS gg ZZ mass 

http://arxiv.org/pdf/1406.3827v1.pdf 

Gamma gamma: mH = 125.98 ± 0.42(stat) ± 

0.28(syst) GeV = 125.98 ± 0.50 GeV  

The measured Higgs boson mass in the H → 

ZZ∗ → 4` decay channel obtained with the 

baseline 2D method is: mH = 124.51 ± 0.52 

(stat) ± 0.06 (syst) GeV = 124.51 ± 0.52 GeV 

CMS 

• 14/11 different categories for 
8/7 TeV targeting different 
production processes   

𝑡𝑡 fusion 

CERN-PH-EP-2014-117 

 

ATLAS 

• 10 categories split by 
𝛾 pseudorapidity, 𝛾 momentum, 
conversion status 

• Small signal to background ratio (few %), but has narrow di-photon 

mass peak (𝑚𝛾𝛾) 

• Backgrounds, 𝛾𝛾 , 𝛾 + jets, di-jets 

9 

Analysis Method: 𝐻 → 𝛾𝛾 

 CERN-PH-EP-2014-122 



 ATLAS 

 H→ 𝛾𝛾, backgrounds 𝛾𝛾 (80%), 𝛾+jets and di-jets (20%) 

 Using 25 fb-1 , get,  

 Many categories targetting all production mechanisms 

 Narrow mass peak over smooth background 

 10 categries with different S/B ratios, optimized to minimize the expected 
uncertainty on the mass measurement, assuming a Higgs boson signal 
produced with the predicted SM yield, while also accounting for systematic 
uncertainties 

 Cateogires depend on location of photon, momenta of photons…because 
uncertainties different for each of these different photon types 

 The signal mass spectrum is modeled by the sum of a Crystal Ball, function for 
the bulk of the events, which have a narrow Gaussian spectrum in the peak 
and tails toward lower reconstructed mass, 

 Mass and mu are free params in fit 

 Small s/b needs good detector performance  

 

  → 4𝜇 /2𝜇2𝑒/ 4𝑒 

 Backgrounds ZZ*, Z+jets ttbar 

 High signal to background 2 in  signal mass window 120-130 GeV\ 

 The typical mass resolution varies from 1.6 GeV for the 4µ final state to 2.2 
GeV for the 4e final stat 

 Multivariate techniques separate singal from ZZ background 

 The twodimensional (2D) fit to the m4` and BDTZZ∗ output (OBDTZZ∗ ) is 
chosen as the baseline because it has the smallest expected uncertainty 
among the different methods 

 Range for fit 110-140 GeV 

 

ATLAS gg ZZ mass 

http://arxiv.org/pdf/1406.3827v1.pdf 

Gamma gamma: mH = 125.98 ± 0.42(stat) ± 

0.28(syst) GeV = 125.98 ± 0.50 GeV  

The measured Higgs boson mass in the H → 

ZZ∗ → 4` decay channel obtained with the 

baseline 2D method is: mH = 124.51 ± 0.52 

(stat) ± 0.06 (syst) GeV = 124.51 ± 0.52 GeV 

𝑡𝑡 fusion 

 

ATLAS 

• Multivariate Boosted Decision Tree 

Method (BDT) used to separate signal 

from background  (𝐵𝐷𝑇𝑍𝑍∗  ) 

• Two dimensional fit to invariant mass of 

4 lepton system (𝑚4ℓ) and 𝐵𝐷𝑇𝑍𝑍∗  

CMS 

• Three dimensional fit to 𝑚4ℓ, event-by-

event uncertainty in 𝑚4ℓ and 𝐷𝑘𝑖𝑛 

• 𝐷𝑘𝑖𝑛 calculated from masses of the di-

lepton pairs (𝑚1 , 𝑚2) and five decay 

angles that define orientation of 

leptons 

 

CERN-PH-EP-2013-220 

Analysis Method: 𝐻 → 𝑍𝑍 

• Good signal to background ratio (~ 2), but fewer events 

• Backgrounds ZZ*, Z+jets, top production 

CERN-PH-EP-2014-122 
10 
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Combined Mass Measurement 

 𝒎𝑯 = 125.09 ± 0.21 (stat.) ± 0.11 (scale) ± 0.02 (other) ± 0.01 

(theory)  GeV 

 The compatibility of the four measurements is tested using likelihood ratio (4 

masses in numerator, common mass in denominator), and resulting 𝑝-value 

is10% 

All tests on the combined results indicate 

consistency of the different measurements 

within 1 σ, while the four Higgs boson mass 

measurements in the two channels of the two 

experiments agree within 2 σ 

C
E
R

N
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H
-E

P
/2

0
1
5
-0

7
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Combined Mass Measurement 

 Dominant systematic uncertainties are related to energy or momentum 
scale and its resolution 

 Experimental uncertainties are uncorrelated, theoretical uncertainties are 
correlated, luminosity uncertainties are partially correlated 
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 Most channels include all production modes (H →WW missing ttH, 

and H→𝑏𝑏  is VH only ).  Mostly leptonic decays considered. 

The dominant experimental systematic 

uncertainties (jet energy scale and resolution, 

and the b-tagging eciency) are expected to be 

smaller with the increased data statistics. 

Background modelling will be significantly 

improved thanks to the available statistics in 

the control regions.  Current 8 tev signal 

uncertainties on signal used.. Etmiss 

resolution and JER degraded due to higher 

pileup…higher eta tracking can fix this 

Nikolina Ilic, University of Toronto 13 

HWW 

Produced by ggF, VBF, VH 

W’s decay hadronically 67 % of time, but too much background, too 

hard 

W decay to leptons and neutrinos ~ 10% of time, search for etmiss.. 

Etmiss resolution and JER will degrade with higher pileup…higher eta 

values might fix this, used track based etmiss 

Channel will be dominated by theory systs 

Current mu 0.99+0.31 – 0.28 

Has neutrinos 

3% lumi uncert 

Produced via VBF and ttH 

H→ ττ → 2𝓁4ν / jet+ 3ν 

 

H->tautau->l+l- 4v 

H->tautau->l tauhad(jets) 3v 

ATLASbb 

– First HL-LHC projection based on current 

data analysis 

– Conservatively expect 5.9𝜎 with uncertainty 

on 𝜇 of 0.19  

– With improvements in b-tagging and an MVA 

signal selection expect  

8.8𝜎 and an uncertainty on 𝜇 of 0.14  

-important input for total width in coupling fits 

(how is it currently done now?) 

For tautau 

8 TeV analyais has ggF, VBF, VH. 8 TeV analysis is when tau goes to leps, 

tau goes to lep and had, and tau goes to 2 hads 

 

Process  Value Now 300fb-1 3000fb-1 

H→ɣɣ ∆𝜇/𝜇 20% -- <10% 

H→ZZ→ 4𝓁  ∆𝜇/𝜇 27% 15% 13% 

H→WW→ ℓνℓν ∆𝜇/𝜇 30% 17% 15% 

H→ττ→ 2𝓁 4ν  

/ 𝓁τℎ𝑎𝑑+ 3ν 

Z 4.1σ 6.9σ -- 

∆𝜇/𝜇 31% 15% -- 

H→𝑏𝑏   Z 0 3.9σ 8.8σ 

∆𝜇/𝜇 100% 25% 14% 

*assumes improved b-jet identification and multivariate analysis 

Results (a bit old now) 

Note: Channels that 

with missing 

transverse energy, 

(𝑬𝑻
𝒎𝒊𝒔𝒔), and jets, 

more difficult due to 

high pileup 

Hww uncerts 

dominated by 

theory 

For bb 

8 TeV analysis is 0,1,2 lepton, 14 TeV analysis is 1,2 lepton 

--- b/c difficult to say anything about the lepton veto 

efficiency and the trigger for such 0-lepton channel. Hard 

to trigger only on 2 bjets-b/c QCD is triggered on at 

large rate 

 on H→ɣ ɣ from current ~20% to 15%  

(ggF only) for 3000 fb-1 

Signal Strength, 𝜇 =  
𝜎 ×𝐵𝑅

𝜎 ×𝐵𝑅 𝑆𝑀
   
  Higgs-top coupling can be mearsued to bettaer than 10% Significance :  Z , excess of events 

wrt background-only hypothesis  

ATL-PHYS-PUB-2013-014,  ATL-PHYS-PUB-2014-011 , ATLAS-CONF-2013-079, CERN-PH-EP-2013-103, ATL-PHYS-PUB-2014-012 

 

 



Couplings 
 

 Production rate is proportional to coupling 
squared (𝑔2).  Parameterize deviations 
with, κ = 𝑔/𝑔𝑆𝑀 

 

 
 

 Total width, κ𝐻,  is sum of all components 
 

 If no assumption on total width,  measure 
ratio of couplings,  λ  
 

 Can determine λ to within 3-10% for 
bosons/gluons/fermions, 30% for Zɣ for 
3000fb-1 (2-3 factor improvement 
compared to 300fb-1) 

Nikolina Ilic, University of Toronto 14 

Couplings defined such that the cross section 

and partical decay width scale with the 

coupling suqred  

If no assumption on total width is made can 

measure ratio of couplings,  λ 

Cross section surpressed due to interference 

between using the current theory uncertainties 

as summarized above and assuming no theory 

uncertainties, which is the expected 

experimental limit for a mea- surement 

Hashed area est. 

contribution from 

current theory 

sys.  

For 3000 fb 

precisions range from 2% for the best determined coupling scale factor 

ratios between 

the electroweak bosons to 6-7% for the ratios involving gluons and the 

second and third generation 

fermions (3-10% including current theory uncertainties). Only the 

coupling ratio involving the very 

small loop induced Z coupling is determined at the 30% level even 

with 3000 fb 

1 

. Compared to the 

precisions at 300 fb 

1 

an improvement by a factor 2-3 is reached with 3000 fb 

1 

. 

Hashed area is contribution from 

current theory sys.  

Y plot completeness, the 

uncertainty on the 

gluon-coupling 

ratio measurement  

, which can be used as 

an indirect measurement 

of the top-coupling 

through the 

gg ! H process, is also 

shown next to the 

expected measurement 

for Y 

g 

= 

 

which uses the direct 

ttH 

process.  

 

 If we assume boson 
couplings are equal 
(κV)and fermion couplings 
are equal(κF), can measure 
possible deviations from 
Higgs boson gauge and 
Yukawa coupling sector 

 Experimental precision of 
2.5(1.5)% on κV and 7(3)% 
on κF for 300(3000) fb -1 

ATL-PHYS-PUB-2013-014 

* Note updated VHbb,  VH/ttH → ɣɣ,  VHbb, inputs have 

not been used in couplings (fix κb fixed from κτ ) 

Hashed area is 

contribution  

from current 

theory 

uncertainties 



Beyond Standard Model Higgs 



Beyond SM Higgs 

The Higgs boson was discovered in 2012 

 

Need to extend SM to address issues like 
hierarchy problem, quantum gravity, baryon 
asymmetry, dark matter/energy, neutrino 
masses 

Currently looks pretty 

SM-like: 

– JP = 0+ favoured 

– coupling strengths 

SM-like 

Minimal Supersymmetric 

Standard Model (MSSM) 

solution to “hierarchy 

problem” (mh<<mPlanck) and 

dark matter (DM) candidates 

! Other models (which may also 

solve hierarchy problem) 

include Higgs as a 

composite particle, introduction 

of an additional electroweak 

singlet to the 

doublet Higgs field of the SM, 

NMSSM etc. 

Entering a new realm of exploration: 

probing the couplings and decays rates 

of 

the observed Higgs boson whilst 

searching for additional Higgs States 

which 

could provide window into the 

underlying physics of EWSB 

The Standard Model of particle physics (SM) 

has to be extended due to unsolved problems 

like • Quantum gravity • baryon asymmetry • 

dark matter • hierarchy problem • strong CP-

problem • neutrino masses  

Look for BSM physics by 

• Looking for deviations from the SM in Higgs 
properties measurements 

• Directly searching for beyond SM objects 
– Additional Higgs bosons decaying to SM particles  

– SM Higgs decays to BSM states (eg. invisible decays) 

 16 



Beyond Standard Model Higgs Theories 

Additional Higgs Bosons 
SM Higgs  

doublet 

the S 

Additional Field 

EWS: Additional EW Singlet Model 

SM        one scaler EW singlet  

Neutral CP Even  
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Beyond Standard Model Higgs Theories 

2HDM: Two Higgs Doublet Model 

SM       another Higgs doublet  

Additional Higgs Bosons 
SM Higgs  

doublet 

CP Even  CP Odd  
Neutral 

the S 

Additional Field 

Charged 

EWS: Additional EW Singlet Model 

SM        one scaler EW singlet  

Neutral CP Even  
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Beyond Standard Model Higgs Theories 

2HDM + Singlet (complex) Model 

SM        doublet & singlet 

2HDM: Two Higgs Doublet Model 

SM       another Higgs doublet  

Additional Higgs Bosons 
SM Higgs  

doublet 

CP Even  CP Odd  
Neutral 

the S 

Neutral 
CP Even  CP Odd  

+ 2HDM      

   Higgses  

Additional Field 

Charged 

EWS: Additional EW Singlet Model 

SM        one scaler EW singlet  

Neutral CP Even  
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Higgs Triplet Model 

SM       triplet 

Beyond Standard Model Higgs Theories 

Additional EW Singlet 

Model 

Two Higgs Doublet Model 

(2HDM) 

Two Higgs Doublet + 

Singlet Model 

Higgs Triplet models 

2HDM + Singlet (complex) Model 

SM        doublet & singlet 

2HDM: Two Higgs Doublet Model 

SM       another Higgs doublet  

The simplest extension to the SM Higgs 

sector involving the addition of one scalar 

EW singlet 

field to the doublet Higgs field of the SM 

• Two CP-even Higgs bosons, where h (H) 

is the lighter 125 GeV (heavier) of the pair 

h, H, A, H±   

Neutral CP Even 

Neutral CP Odd 

Charged  

Additional Higgs Bosons 
SM Higgs  

doublet 

CP Even  CP Odd  

Double Charged 

Neutral 

the S 

Neutral 
CP Even  CP Odd  

+ 2HDM      

   Higgses  

Additional Field 

H± ± 
+ 2HDM      

   Higgses  

Charged 

EWS: Additional EW Singlet Model 

SM        one scaler EW singlet  

Neutral CP Even  
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• Models motivated by bounds on FCNC 
– Type I : fermions couple to Φ2  
– Type II : up type quarks couple to Φ2, 

down-type quarks  & charged leptons 
couple to Φ1 . Eg: MSSM 

 

• Run 1 SM Higgs results give big  
constraints on 2HDM. Data prefers 
alignment limit:  cos(𝛽 − 𝛼)  =  0  

 

7 parameters: 

𝑚ℎ,   𝑚𝐻 ,   𝑚𝐴 ,   𝑚𝐻± ,  𝑚12 ,  𝑡𝑎𝑛𝛽 ,  𝛼   

Ratio  of VEV of Φ1 and Φ2 

h & H  mixing angle 
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 EWS significantly constrained by Run 1 Higgs measurements 

2HDM: two Higgs doublets Φ1 and Φ2 

parameter of the potential, 

which is the softly breaking 

term of the  symmetry of 

the potential. 

The 2HDM possesses an 

“alignment limit” at cos( 

 ) = 0 [66] in which all 

the Higgs boson couplings 

approach their respective 

SM values. 

data are consistent with 

the alignment limit 

14 

at cos(  ) = 0, where the 

light Higgs boson couplings 

approach the SM values 

EWS already significantly 

constrained by Run 1 

Higgs measurements 

(CERN-PH-EP-2015-191 

– signal strength of heavy 

higgs mu_H> 0.12 

22nd December 2015) 

In 

the current study, the measured production 

and decay rates of the observed Higgs boson in 

the , ZZ, WW, Z, bb, , and  decay channels, 

along with results from the associated 

production of a Higgs boson with a top-quark 

pair, are used to probe the scaling of the 

couplings 

with mass. Limits are set on parameters in 

extensions of the Standard Model including 

a composite Higgs boson, an additional 

electroweak singlet, and two-Higgs-doublet 

models. 

Beyond Standard Model Higgs Theories 



 

 Simplest extension of SM that includes SUSY  

 

 Beyond tree level more than 2 parameters affect Higgs sector, 
benchmarks defined: 

 

.. 

 

A different approach is employed in the hMSSM 

scenario [20, 21] in which the measured value of mh 

can be used, with certain assumptions, to predict 

the remaining masses and couplings of the MSSM 

Higgs bosons without explicit reference to the soft 

supersymmetry-breaking parameters. The couplings 

of the MSSM heavy Higgs bosons to down-type 

fermions are enhanced with respect to the SM for 

large tan  values, resulting in increased branching 

fractions to  leptons and b-quarks  

Overlaid with the most relevant direct 

searches → indirect constraints can help to 

probe the difficult “wedge” region 

(intermediate tanβ, low mA) 

 

• In Run 1 excluded many regions 

of parameter space  
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Extract coupling scaling factors relative to SM 

(κV, κu, κd and κl) using BSM models 

Interpretation in hMSSM compliments direct 

searches: observed limit mA>380 GeV 

for 1≤ tanβ ≤ 50 

Minimal Supersymmetric SM (MSSM) 

f mA > 370 GeV in the 

“hMSSM” 

simplified Minimal 

Supersymmetric Standard 

Model. 

at significantly smaller or 

larger values of tan , the 

hMSSM model is not a 

good approximation of 

the MSSM 

The SM decoupling limit is mA 

Beyond Standard Model Higgs Theories 

At tree level 

properties of 

Higgs sector 

depend only 

on 𝑚𝐴 and  

tan𝛽 

• 𝑚ℎ,𝑚𝑜𝑑
± : 𝑚ℎ  is close to 125 GeV 

• hMSSM : measured value of 𝑚ℎ  

can be used to predict other 

masses 

𝑚𝐴 

[GeV] 

𝑡𝑎
𝑛
𝛽

 



Neutral 

Higgs to 

fermions 

A/H/h → ττ 
A/H/h → tt 

 

Neutral 

Higgs 

to di-

Higgs 

hh → 4b  

hh → WWγγ 

hh → bbγγ 

hh → bbττ 

Higgs 

to light 

res. 

h(125) → aa → 

4b 

H/h → aa → μμττ 

 

 

Higgs 

exotic 

with 

MET 

 

H → γγ+MET  

H → Z 

(𝑙𝑙)+MET 

VBF h → INV 

Zh → INV (lep) 

Vh → INV (had) 

H → γ+MET 

H→ ZZdark 

H→ INV (1 jet) 
(Dark/Hidden sector inspired: Invisible h, 

mono-h) 

13.2-15.4 fb-1 (2015+2016) 

3.2 fb-1 (2015) 

5-20.3fb-1 (RUN 1) 

mono-H (γγ+MET, 4l+MET, bb+MET 

VV → llqq and ννqq where does this one fit?? ATLAS-CONF-2016-082 – 13.2 fb 

H- > ZZ → 4l 13.2 fb .. ATLAS-CONF-2016-079  

HWW → lνlν, Search for a high-mass Higgs boson decaying to a pair of W bosons in pp collisions at √s = 13 TeV with the ATLAS detector 

/ υγ 

 

 

Neutral 

Heavy 

Higgs 

to 

bosons 

WW → lνlν  

ZZ → 4l 

ZV → llqq /ννqq  
WV→ lvqq 

X->Zγ 

A→ Zh 

H→4γ 

H → WH  

Results for all published channels 

H+ → tb (resolved, boosted, t/s-channels) 

H+ → τν (with jets/leps) 

 

 

Charge

d Higgs 

𝐻±  → τν 

𝐻±  → tb 

𝐻±±→𝑙𝑙 

Light 𝐻± → cs 

VBF 𝐻± → WZ 

Rare 

decays/ 

LVF 

h(125) →  φγ 

h(Z) → J/ψγ 
h → τμ / τe / eμ 
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Neutral 

Higgs to 

fermions 

A/H/h → ττ 
A/H/h → tt 

 

Neutral 

Higgs 

to di-

Higgs 

hh → 4b  

hh → WWγγ 

hh → bbγγ 

hh → bbττ 

 

 

Higgs 

exotic 

with 

MET 

 

H → γγ+MET  

H → Z 

(𝑙𝑙)+MET 

VBF h → INV 

Zh → INV (lep) 

Vh → INV (had) 

H → γ+MET 

H→ ZZdark 

H→ INV (1 jet) 
(Dark/Hidden sector inspired: Invisible h, 

mono-h) 

mono-H (γγ+MET, 4l+MET, bb+MET 

VV → llqq and ννqq where does this one fit?? ATLAS-CONF-2016-082 – 13.2 fb 

H- > ZZ → 4l 13.2 fb .. ATLAS-CONF-2016-079  

HWW → lνlν, Search for a high-mass Higgs boson decaying to a pair of W bosons in pp collisions at √s = 13 TeV with the ATLAS detector 

/ υγ 

 

 

Neutral 

Heavy 

Higgs 

to 

bosons 

WW → lνlν  

ZZ → 4l 

ZV → llqq /ννqq  
WV→ lvqq 

X->Zγ 

A→ Zh 

H→4γ 

H → WH  

Results for all published channels 

H+ → tb (resolved, boosted, t/s-channels) 

H+ → τν (with jets/leps) 

 

 

Charge

d Higgs 

𝐻±  → τν 

𝐻±  → tb 

𝐻±±→𝑙𝑙 

Light 𝐻± → cs 

VBF 𝐻± → WZ 
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ATLAS-CONF-2016-062 

Production of heavy resonances will manifest 

themselves as resonant structures in the 

invariant-mass 

Neutral Heavy 

Higgs to bosons 

ZV → llqq /ννqq  
WV→ lvqq 

 

Why these channels?  

Most relevant 

BSM models 

weidtha above 

15% of the heavy 

Higgs boson 

mass excluded 

by experimental 

data 

Includes b-tagged gategories 

for Z->qq (21%) of time 

based on extended RS model 

of warped extra dimensions 

where SM fields can 

propagate into bulk of extra 

dimensions (avoids 

constraints on original RS 

from limits on FCNC and 

electroweak precision tests) 

S:  CP even scaler singlet  S: 

model  - coefficient C_h 

scales the coupling of S to the 

higgs boson and c_3 scales 

coupling of S to gluon – two 

benchmark models assume 

different values of coeffcient  

(ref R. Franceschini et al., 

What is the  resonance at 750 

GeV?, JHEP 03 (2016) 144, 

arXiv: 1512.04933 [hep-ph].) 

• Is unitarisation of WW scattering at high energy ensured ONLY by SM Higgs? 

• Prominent decay is to W/Z in many BSM models 

 

• Heavy Higgs in Narrow Width Approximation (NWA): Higgs width 

smaller than experimental resolution (tests EWS, 2HDM, 

singlet+doublet) 

 

• Other BSM models tested:  Spin 1  Z’/W’, spin 2:  Kaluza-Klein graviton (𝐺𝑘𝑘∗ ) 
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ATLAS-CONF-2016-062 

Production of heavy resonances will manifest 

themselves as resonant structures in the 

invariant-mass 

Neutral Heavy 

Higgs to bosons 

ZV → llqq /ννqq  
WV→ lvqq 

 

Why these channels?  

Most relevant 

BSM models 

weidtha above 

15% of the heavy 

Higgs boson 

mass excluded 

by experimental 

data 

Includes b-tagged gategories 

for Z->qq (21%) of time 

based on extended RS model 

of warped extra dimensions 

where SM fields can 

propagate into bulk of extra 

dimensions (avoids 

constraints on original RS 

from limits on FCNC and 

electroweak precision tests) 

S:  CP even scaler singlet  S: 

model  - coefficient C_h 

scales the coupling of S to the 

higgs boson and c_3 scales 

coupling of S to gluon – two 

benchmark models assume 

different values of coeffcient  

(ref R. Franceschini et al., 

What is the  resonance at 750 

GeV?, JHEP 03 (2016) 144, 

arXiv: 1512.04933 [hep-ph].) 

• Resolved analysis at lower mass: 2 small radius jets (llqq) 

 

• Boosted analysis: when resonance mass higher than W/Z 

mass 2 jets merge into 1 big radius jet (llqq, ννqq, lvqq) 

 

• Discriminating variable: invariant/transverse mass 

boosted resolved 

• Is unitarisation of WW scattering at high energy ensured ONLY by SM Higgs? 

• Prominent decay is to W/Z in many BSM models 

 

• Heavy Higgs in Narrow Width Approximation (NWA): Higgs width 

smaller than experimental resolution (tests EWS, 2HDM, 

singlet+doublet) 

 

• Other BSM models tested:  Spin 1  Z’/W’, spin 2:  Kaluza-Klein graviton (𝐺𝑘𝑘∗ ) 
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Neutral Heavy 

Higgs to bosons 

ZV → llqq /ννqq  
WV→ lvqq 

 

ATLAS-CONF-2016-082 

ZZ → (𝑙𝑙/𝜈𝜈)(𝑞𝑞) where 𝑙 = 𝑒, 𝜇 
• ggF and VBF studied 𝑙𝑙𝑞𝑞 channel 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

                  𝑙𝑙𝑞𝑞 channel 
 𝐻𝑔𝑔𝑓  𝜎 × 𝐵𝑅 : 1.28 pb - 6.2 pb  

 𝐻𝑉𝐵𝐹    𝜎 × 𝐵𝑅: 0.6 pb - 5.2 pb 

Excluded 

Theories: heavy Higgs in NWA, 𝑍′, 𝑊 ′, 𝐺𝑘𝑘∗  

𝑙𝑙𝑞𝑞 boosted 

m(J) [GeV]  

E
ve

n
ts

/ 
5
 G

e
V
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Neutral Heavy 

Higgs to bosons 

ZV → llqq /ννqq  
WV→ lvqq 

 

ATLtwo benchmark 

scenarios, one in which c3 

is set naïve dimendioanl 

anaalysis to be 

someonthing, anotehr in 

which cupling to guons is 

unsupressed and c3 = 

something AS-CONF-2016-

082 

WW → (𝑙𝜈)(𝑞𝑞), where 𝑙 = 𝑒, 𝜇 
• Two CP even scaler singlet models 

tested predict different BRs of Higgs to 

WW/gluons  

 

S (Unsupp.) < 3000 GeV 

Theories: heavy Higgs in NWA, 𝑍′, 𝑊 ′, 𝐺𝑘𝑘∗  

ZZ → (𝑙𝑙/𝜈𝜈)(𝑞𝑞) where 𝑙 = 𝑒, 𝜇 
• ggF and VBF studied 𝑙𝑙𝑞𝑞 channel 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

                  𝑙𝑙𝑞𝑞 channel 
 𝐻𝑔𝑔𝑓  𝜎 × 𝐵𝑅 : 1.28 pb - 6.2 pb  

 𝐻𝑉𝐵𝐹    𝜎 × 𝐵𝑅: 0.6 pb - 5.2 pb 

Excluded Excluded 

𝑙𝑙𝑞𝑞 boosted 

m(J) [GeV]  

E
ve

n
ts

/ 
5
 G

e
V

 

𝑚𝑠𝑐𝑎𝑙𝑒𝑟 

[GeV]  
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Neutral 

Higgs to 

fermions 

A/H/h → ττ 
A/H/h → tt 

 

Neutral 

Higgs 

to di-

Higgs 

hh → 4b  

hh → WWγγ 

hh → bbγγ 

hh → bbττ 

 

 

Higgs 

exotic 

with 

MET 

 

H → γγ+MET  

H → Z 

(𝑙𝑙)+MET 

VBF h → INV 

Zh → INV (lep) 

Vh → INV (had) 

H → γ+MET 

H→ ZZdark 

H→ INV (1 jet) 
(Dark/Hidden sector inspired: Invisible h, 

mono-h) 

mono-H (γγ+MET, 4l+MET, bb+MET 

VV → llqq and ννqq where does this one fit?? ATLAS-CONF-2016-082 – 13.2 fb 

H- > ZZ → 4l 13.2 fb .. ATLAS-CONF-2016-079  

HWW → lνlν, Search for a high-mass Higgs boson decaying to a pair of W bosons in pp collisions at √s = 13 TeV with the ATLAS detector 

/ υγ 

 

 

Neutral 

Heavy 

Higgs 

to 

bosons 

WW → lνlν  

ZZ → 4l 

ZV → llqq /ννqq  
WV→ lvqq 

X->Zγ 

A→ Zh 

H→4γ 

H → WH  

Results for all published channels 

H+ → tb (resolved, boosted, t/s-channels) 

H+ → τν (with jets/leps) 

 

 

Charge

d Higgs 

𝐻±  → τν 

𝐻±  → tb 

𝐻±±→𝑙𝑙 

Light 𝐻± → cs 

VBF 𝐻± → WZ 
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Neutral Higgs to 

fermions 

A/H/h → ττ 
 

 

• Higgs boson decaying to 𝑏𝑏 or 𝜏𝜏and 

associated b production enhanced at high 

tan𝛽 

• In MSSM heavy Higgs boson coupling to down-type 

fermions (𝜏, 𝑏) strongly enhanced for high tan 𝛽  

 

 

 

 

 

 

 

 

 

 

• Extends previous results for mA > 350 GeV 

𝑚ℎ,𝑚𝑜𝑑
+   

𝑡𝑎𝑛𝛽 = 10  

𝐵𝑅 𝐴 → 𝑏𝑏  

𝐵𝑅 𝐴 → 𝜏𝜏  

𝐵𝑅 𝐴 → 𝑡𝑡  

𝐵𝑅(𝐴 → 𝜇𝜇) 

𝑚𝐴 [GeV]  

𝐵
𝑅

𝐴
 

Why this channel?  
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Neutral Higgs to 

fermions 

A/H/h → ττ 
 

 

• Higgs boson decaying to 𝑏𝑏 or 𝜏𝜏and 

associated b production enhanced at high 

tan𝛽 

• In MSSM heavy Higgs boson coupling to down-type 

fermions (𝜏, 𝑏) strongly enhanced for high tan 𝛽  

 

 

 

 

 

 

 

 

 

 

𝜏𝜏 → (lep/had) (had) 

• Theories:  𝑚ℎ,𝑚𝑜𝑑
± , hMMSM 

• Discriminating variable is transverse mass 

 

 
 

• 𝜎 × 𝐵𝑅 < 2.0 (2.1) pb -  0.013 (0.014 pb) for  

𝑚𝐻/𝐴 = 200 – 1200 GeV for ggF (b-associated)  

• 𝑚ℎ,𝑚𝑜𝑑
+  : tanβ>9 (50) for 𝑚𝐴 = 0.2 (1.2) TeV 

Excluded 

• Extends previous results for mA > 350 GeV 

𝑚ℎ,𝑚𝑜𝑑
+   

𝑡𝑎𝑛𝛽 = 10  

𝐵𝑅 𝐴 → 𝑏𝑏  

𝐵𝑅 𝐴 → 𝜏𝜏  

𝐵𝑅 𝐴 → 𝑡𝑡  

𝐵𝑅(𝐴 → 𝜇𝜇) 

𝑚𝐴 [GeV]  

𝑚𝐴 [GeV]  

𝑡𝑎
𝑛
𝛽

  
𝐵
𝑅

𝐴
 

𝜏ℎ𝑎𝑑𝜏ℎ𝑎𝑑  

(exp) 

𝜏𝑙𝑒𝑝 𝜏ℎ𝑎𝑑 (exp) 
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Neutral 

Higgs to 

fermions 

A/H/h → ττ 
A/H/h → tt 

 

Neutral 

Higgs 

to di-

Higgs 

hh → 4b  

hh → WWγγ 

hh → bbγγ 

hh → bbττ 

 

 

Higgs 

exotic 

with 

MET 

 

H → γγ+MET  

H → Z 

(𝑙𝑙)+MET 

VBF h → INV 

Zh → INV (lep) 

Vh → INV (had) 

H → γ+MET 

H→ ZZdark 

H→ INV (1 jet) 
(Dark/Hidden sector inspired: Invisible h, 

mono-h) 

mono-H (γγ+MET, 4l+MET, bb+MET 

VV → llqq and ννqq where does this one fit?? ATLAS-CONF-2016-082 – 13.2 fb 

H- > ZZ → 4l 13.2 fb .. ATLAS-CONF-2016-079  

HWW → lνlν, Search for a high-mass Higgs boson decaying to a pair of W bosons in pp collisions at √s = 13 TeV with the ATLAS detector 

/ υγ 

 

 

Neutral 

Heavy 

Higgs 

to 

bosons 

WW → lνlν  

ZZ → 4l 

ZV → llqq /ννqq  
WV→ lvqq 

X->Zγ 

A→ Zh 

H→4γ 

H → WH  

Results for all published channels 

H+ → tb (resolved, boosted, t/s-channels) 

H+ → τν (with jets/leps) 

 

 

Charge

d Higgs 

𝐻±  → τν 

𝐻±  → tb 

𝐻±±→𝑙𝑙 

Light 𝐻± → cs 

VBF 𝐻± → WZ 
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Neutral Higgs to  

di-Higgs 

hh → 4b  

hh → WWγγ 

SM Di-Higgs production several orders of magnitude lower than single Higgs 

production AND destructive interference among diagrams makes it smaller  

Why these channels?  

𝒕/𝒃 𝒕/𝒃 
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SM Di-Higgs production several orders of magnitude lower than single Higgs 

production AND destructive interference among diagrams makes it smaller  

Neutral Higgs to  

di-Higgs 

hh → 4b  

hh → WWγγ 

Di-Higgs production enhanced in many BSM models  

• Non resonant production: Higgs coupling to 𝑡 , 𝑏 , ℎ  
modified wrt SM values 

• Resonant production:  Replacing virtual Higgs boson 

with an intermediate heavy resonance (2HDM, 𝐺𝑘𝑘∗) 

 

 

 

Similarly, 

2HDM models [5] posit 

the existence of a heavy 

spin-0 scalar, H, that may 

decay to h pairs. 

Enhanced, 

non-resonant Higgs 

boson pair production is 

predicted by other 

models, for example 

those featuring light 

coloured scalars [6] or 

direct t ¯thh vertices [7, 

8]. where the coupling constant of tth or bbh 

scales the amplitude of the cross section 

Various BSM models with extended 

Higgs sectors predict a heavy Higgs 

boson decaying 

into a pair of SM-like Higgs bosons, such 

as Two Higgs Doublet Models (2HDM) 

[25], the minimal 

supersymmetric extension of the SM 

[26], twin Higgs models [27] and 

composite Higgs models [28, 29]. 

WWgg 

Heavy resonances, 

other than heavy 

Higgs bosons, that 

can decay into a pair 

of SM Higgs bosons, 

are 

predicted in different 

models, such as 

gravitons [30], 

radions [31] and 

stoponium [32]. 

Why these channels?  

𝒕/𝒃 𝒕/𝒃 𝒕/𝒃 
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SM Di-Higgs production several orders of magnitude lower than single Higgs 

production AND destructive interference among diagrams makes it smaller  

Neutral Higgs to  

di-Higgs 

hh → 4b  

hh → WWγγ 

BR bb WW 

bb 33% 

WW 25% 4.6% 

𝜏𝜏 7.4% 2.5% 

ZZ 3.1% 1.2% 

𝛾𝛾 0.26% 0.10

% 

Di-Higgs production enhanced in many BSM models  

• Non resonant production: Higgs coupling to 𝑡 , 𝑏 , ℎ  
modified wrt SM values 

• Resonant production:  Replacing virtual Higgs boson 

with an intermediate heavy resonance (2HDM, 𝐺𝑘𝑘∗) 

 

 

 

Similarly, 

2HDM models [5] posit 

the existence of a heavy 

spin-0 scalar, H, that may 

decay to h pairs. 

Enhanced, 

non-resonant Higgs 

boson pair production is 

predicted by other 

models, for example 

those featuring light 

coloured scalars [6] or 

direct t ¯thh vertices [7, 

8]. where the coupling constant of tth or bbh 

scales the amplitude of the cross section 

Various BSM models with extended 

Higgs sectors predict a heavy Higgs 

boson decaying 

into a pair of SM-like Higgs bosons, such 

as Two Higgs Doublet Models (2HDM) 

[25], the minimal 

supersymmetric extension of the SM 

[26], twin Higgs models [27] and 

composite Higgs models [28, 29]. 

WWgg 

Heavy resonances, 

other than heavy 

Higgs bosons, that 

can decay into a pair 

of SM Higgs bosons, 

are 

predicted in different 

models, such as 

gravitons [30], 

radions [31] and 

stoponium [32]. 

Why these channels?  

 

• hh → 4b: highest branching ratio 

• hh → WWγγ: clean signature and good di-photon 
invariant mass that gives good background rejection  

 

 

 

𝒕/𝒃 𝒕/𝒃 𝒕/𝒃 
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Neutral Higgs to  

di-Higgs 

hh → 4b  

hh → WWγγ 

WHAT SIGNAL SAMPLE 

IS GENERATED? 

SOMETHING ABOUT 

EFT?? What X to hh model 

used? One in EFT??? 

The events are generated using 

a Higgs Effective Field Theory 

(HEFT) using the MC@NLO 

metho 

Small total BR but clean 

signature from 2 

photons/1lepton, good 

resolution in diphoton 

invariant mass which gives 

good rejection of di photon 

background from 

multjet/multiphoto processes 

large branching fraction from 

h to WW [33], a clean 

signature  

hh → 4b 
• Theories : ggF non-resonant, 𝐺𝑘𝐾∗  

• Signal selected in 2D plane of jet mass 

 

 

 

Non-resonant: 𝜎 × 𝐵𝑅  < 300 fb 

for 300-3000 GeV (SM : 11.3−1.0
+0.9) 

Excluded 

𝑚
2
𝑗

𝑠𝑢
𝑏
𝑙𝑒

𝑎
𝑑
(J

) 

[G
e
V

] 
 

𝑚2𝑗
𝑙𝑒𝑎𝑑(J) [GeV]  
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Neutral Higgs to  

di-Higgs 

hh → 4b  

hh → WWγγ 

WHAT SIGNAL SAMPLE 

IS GENERATED? 

SOMETHING ABOUT 

EFT?? What X to hh model 

used? One in EFT??? 

The events are generated using 

a Higgs Effective Field Theory 

(HEFT) using the MC@NLO 

metho 

Small total BR but clean 

signature from 2 

photons/1lepton, good 

resolution in diphoton 

invariant mass which gives 

good rejection of di photon 

background from 

multjet/multiphoto processes 

large branching fraction from 

h to WW [33], a clean 

signature  

hh → 4b 
• Theories : ggF non-resonant, 𝐺𝑘𝐾∗  

• Signal selected in 2D plane of jet mass 

 

 

 

Non-resonant: 𝜎 × 𝐵𝑅  < 300 fb 

for 300-3000 GeV (SM : 11.3−1.0
+0.9) 

Excluded 

γγWW(→ lν jj) 
• Theories :  Higgs in NWA, non-resonant  

• Counting experiment in signal region 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
Excluded 

Non- resonant: 𝜎 × 𝐵𝑅  < 25.0 pb 

Resonant:  𝜎 × 𝐵𝑅  < 47.7pb -24.7 pb 

𝑚
2
𝑗

𝑠𝑢
𝑏
𝑙𝑒

𝑎
𝑑
(J

) 

[G
e
V

] 
 

𝑚2𝑗
𝑙𝑒𝑎𝑑(J) [GeV]  

𝑚𝑋[GeV]  
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Neutral 

Higgs to 

fermions 

A/H/h → ττ 
A/H/h → tt 

 

Neutral 

Higgs 

to di-

Higgs 

hh → 4b  

hh → WWγγ 

hh → bbγγ 

hh → bbττ 

 

 

Higgs 

exotic 

with 

MET 

 

H → γγ+MET  

H → Z 

(𝑙𝑙)+MET 

VBF h → INV 

Zh → INV (lep) 

Vh → INV (had) 

H → γ+MET 

H→ ZZdark 

H→ INV (1 jet) 
(Dark/Hidden sector inspired: Invisible h, 

mono-h) 

mono-H (γγ+MET, 4l+MET, bb+MET 

VV → llqq and ννqq where does this one fit?? ATLAS-CONF-2016-082 – 13.2 fb 

H- > ZZ → 4l 13.2 fb .. ATLAS-CONF-2016-079  

HWW → lνlν, Search for a high-mass Higgs boson decaying to a pair of W bosons in pp collisions at √s = 13 TeV with the ATLAS detector 

/ υγ 

 

 

Neutral 

Heavy 

Higgs 

to 

bosons 

WW → lνlν  

ZZ → 4l 

ZV → llqq /ννqq  
WV→ lvqq 

X->Zγ 

A→ Zh 

H→4γ 

H → WH  

Results for all published channels 

H+ → tb (resolved, boosted, t/s-channels) 

H+ → τν (with jets/leps) 

 

 

Charge

d Higgs 

𝐻±  → τν 

𝐻±  → tb 

𝐻±±→𝑙𝑙 

Light 𝐻± → cs 

VBF 𝐻± → WZ 

38 
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taunu 

Heavy 

Charged Higgs 

𝑯±   → τν 

𝑯±   → tb 

𝐻±± → 𝑙𝑙  Charged Higgs bosons appear in 

several non-minimal scalar sectors, 

where a second doublet [3] or 

triplets [4–8] are added to the SM 

Higgs doublet. 

In two-Higgs-doublet 

models (2HDM), the production and 

decay of the charged Higgs boson 

also depend on the parameter 

tan beta, defined as the ratio of the 

vacuum expectation values of the 

two Higgs doublets, and the mixing 

angle  between the two CP-even 

Higgs bosons 

In Type II 2HDM 𝐻± → 

tb dominates  

In 2HDM alignment limit  

(cos(𝛽 − 𝛼)  ≈ 0) 

𝐻±  → τν can reach BR 

of 10-15% at large tan𝛽  

• Charged Higgs bosons appears 
when doublet/triplet added 

 

• For 𝑚
𝐻± > (<) 𝑚𝑡𝑜𝑝 the main 

production mode of charged 
Higgs is in association with 𝑡 (𝑏) 

 

• Decay of 𝐻±  to τν (𝑡𝑏) 
dominates below (above) top 
threshold 

 

• Run 1:  𝐻± → 𝑡𝑏 analysis  excess 
of events above the background-
only hypothesis observed (2.4 𝜎 
across wide mass range) 

 

 

 

 

For m(H+/-)<mtop, 

t→bH+ production 

dominated 

● For m(H+/-)>mtop, t 

associated 

production dominated 

Why these channels?  

4-flavour scheme 5-flavour scheme 

For m(H+/-)<mtop, t→bH+ production 

dominated 

● For m(H+/-)>mtop, t associated 

production dominated 

mh 

mod+ 

tanβ= 50 

arXiv:1307.1347 

𝐵𝑅 𝐻± → 𝑡𝑏  
𝐵𝑅 𝐻± → 𝜏𝜈  
𝐵𝑅 𝐻± → 𝑐𝑠  

𝐵𝑅(𝐻± → 𝜇𝜈) 
 

𝑚ℎ,𝑚𝑜𝑑
+   

𝑡𝑎𝑛𝛽 = 10  
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τν (hadronic)  
• Theory: hMSSM 

• Discriminating variable is transverse mass 

 

 

 

 

 

 

 

 

 

 

 
 
•  𝜎 × 𝐵𝑅 < 2.0 − 0.008 𝑝𝑏 

hMSSM 

• 42 < tan 𝛽 < 60 for 𝑚𝐻±  = 200 GeV 

• 𝑚𝐻±  < 540 GeV for tan𝛽 = 60  

 

taunu 

Heavy 

Charged Higgs 

𝑯±   → τν 

𝑯±   → tb 

𝐻±± → 𝑙𝑙  

Excluded 
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τν (hadronic)  
• Theory: hMSSM 

• Discriminating variable is transverse mass 

 

 

 

 

 

 

 

 

 

 

 
 
•  𝜎 × 𝐵𝑅 < 2.0 − 0.008 𝑝𝑏 

hMSSM 

• 42 < tan 𝛽 < 60 for 𝑚𝐻±  = 200 GeV 

• 𝑚𝐻±  < 540 GeV for tan𝛽 = 60  

 

tb (𝑒/𝜇 from t decay) 

• Theory: 𝑚ℎ,𝑚𝑜𝑑
±  

• Events are categorised according to the 

multiplicity of jets and b-tagged jets 

• Multivariate techniques separate signal 

from background 

 

 

 

 

 

 
 
 
 
 

• 𝜎 × 𝐵𝑅 <1.09 -0.18  

𝑚ℎ,𝑚𝑜𝑑
−   

• 0.5 < tan𝛽 < 1.7 for 𝑚𝐻± = 300-855 GeV 

• tan𝛽 > 44 (60) for 𝑚𝐻± = 300 (366) GeV 

 

 

taunu 

Heavy 

Charged Higgs 

𝑯±   → τν 

𝑯±   → tb 

𝐻±± → 𝑙𝑙  

No big excess above 

SM 

Excluded Excluded 
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Heavy 

Charged Higgs 

𝐻±   → τν 

𝐻±   → tb 

𝑯±± → 𝒍𝒍  

Why these channels?  

• In SM events with 2 high momenta, same-

charge electrons are rare  
 

• H±± is cleanest signature for triplet models 
 

 

• H±± produced via Drell-Yann process 
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Heavy 

Charged Higgs 

𝐻±   → τν 

𝐻±   → tb 

𝑯±± → 𝒍𝒍  

ℓ±ℓ± (𝑒±𝑒±) 

• Theory : left-right symmetric (𝐻𝐿
±±, 𝐻𝑅

±±) 
 

• Require same sign electrons  > 200 GeV 

 

 

• 𝑚 of 𝐻𝑅
±± (𝐻𝐿

±±),  < 420 (570) GeV,   

Excluded 

BSM models: left-right symmetric (LRSM),  little 

Higgs, Type II seesaw, Zee-Babu  BSM models: left-right symmetric (LRSM),  little 

Higgs, Type II seesaw, Zee-Babu  (assuming 100% BR to 𝑒±𝑒±) 

𝑚 𝑒±𝑒±   

E
ve

n
ts

 
Si

gn
ifi

ca
n
ce

 

• In SM events with 2 high momenta, same-

charge electrons are rare  
 

• H±± is cleanest signature for triplet models 
 

 

• H±± produced via Drell-Yann process 
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Neutral 

Higgs to 

fermions 

A/H/h → ττ 
A/H/h → tt 

 

Neutral 

Higgs 

to di-

Higgs 

hh → 4b  

hh → WWγγ 

hh → bbγγ 

hh → bbττ 

 

 

Higgs 

exotic 

with 

MET 

 

H → γγ+MET  

H → Z 

(𝑙𝑙)+MET 

VBF h → INV 

Zh → INV (lep) 

Vh → INV (had) 

H → γ+MET 

H→ ZZdark 

H→ INV (1 jet) 
(Dark/Hidden sector inspired: Invisible h, 

mono-h) 

mono-H (γγ+MET, 4l+MET, bb+MET 

VV → llqq and ννqq where does this one fit?? ATLAS-CONF-2016-082 – 13.2 fb 

H- > ZZ → 4l 13.2 fb .. ATLAS-CONF-2016-079  

HWW → lνlν, Search for a high-mass Higgs boson decaying to a pair of W bosons in pp collisions at √s = 13 TeV with the ATLAS detector 

/ υγ 

 

 

Neutral 

Heavy 

Higgs 

to 

bosons 

WW → lνlν  

ZZ → 4l 

ZV → llqq /ννqq  
WV→ lvqq 

X->Zγ 

A→ Zh 

H→4γ 

H → WH  

Results for all published channels 

H+ → tb (resolved, boosted, t/s-channels) 

H+ → τν (with jets/leps) 

 

 

Charge

d Higgs 

𝐻±  → τν 

𝐻±  → tb 

𝐻±±→𝑙𝑙 

Light 𝐻± → cs 

VBF 𝐻± → WZ 
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Other BSM theories tested  

 Simplified models: vector mediator  Z’ emits 

Higgs, then decays to 𝜒𝜒 

Higgs exotic 

with MET 

H → γγ+MET  

H→ Z (𝒍𝒍)+MET 

 
In simplified models of DM production [5], the dark and the visible 

sectors can be coupled through a new 

massive spin-0 or spin-1 mediator. Mono-Higgs signals, a Higgs 

boson in the final state accompanied by 

DMparticles escaping detection, are a prediction of many such 

scenarios because, in general, the mediator 

couples to the SM Higgs boson. 

Dirac fermion is DM candidate, and additional vector boson Z’ as 

mediator. Vector boson mediater is common feature of many BSM 

thoeries, arises from minimal extension to the gauge structure of 

the SM 

When DM couples to SM ONLY via Z’ associated U(1)’ symmetry 

esures stability of DM 

Heavy Higgs scaler H → 𝜒𝜒ℎ, 

parametrized by effective field theory 

upper limit is 

to avoid large 

𝑡 𝑡 branching 

ratio 

e Higgs provides one of only a few “portals” 

that allow SM matter to interact with hidden-

sector matter that is not charged under the 

SM forces (e.g. [28–32]), and where the leading 

interaction can be (super-)renormalizable 

Why these channel?  

• Models with Higgs and missing transverse energy (MET or 𝐸𝑇
𝑚𝑖𝑠𝑠 ) are 

motivated by searches for Dark Matter (𝜒)   

• ZZ/ γγ final states can be measured well with relatively low backgrounds  

γγ+MET Models Z (𝒍𝒍) + MET models  

• Heavy Higgs decays to ZZ in NWA 

(encompasses EWS, 2HDM, triplet) 

 

• Production of Z and mediator that 

decays to  𝜒𝜒 

 

• Production of ZH, where H → 𝜒𝜒 
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Higgs exotic 

with MET 

H → γγ+MET  

H→ Z (𝑙𝑙)+MET 

 

In simplified models of DM production [5], the dark and the visible 

sectors can be coupled through a new 

massive spin-0 or spin-1 mediator. Mono-Higgs signals, a Higgs 

boson in the final state accompanied by 

DMparticles escaping detection, are a prediction of many such 

scenarios because, in general, the mediator 

couples to the SM Higgs boson. 

Dirac fermion is DM candidate, and additional vector boson Z’ as 

mediator. Vector boson mediater is common feature of many BSM 

thoeries, arises from minimal extension to the gauge structure of 

the SM 

When DM couples to SM ONLY via Z’ associated U(1)’ symmetry 

esures stability of DM 

H->DM onshell 

decay (DM is half 

mass of higgs) DM 

candidate is spin 0 

γγ+MET 
• Signal selected 2 or 4 categories 

defined by (𝐸𝑇
𝑚𝑖𝑠𝑠  ) significance 

and 𝑝𝑇
𝛾𝛾

  

• Significance  of 𝐸𝑇
𝑚𝑖𝑠𝑠 singificance 

is less sensitive to pileup than 
𝐸𝑇

𝑚𝑖𝑠𝑠 

 

 

 

 

 

upper limit is to avoid large 𝑡 𝑡 
branching ratio 
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heavy Higgs: 𝜎 × 𝐵𝑅 < 18.2 23.9  fb 

for 𝑚𝐷𝑀 = 50 60  GeV  

𝐸𝑇
𝑚𝑖𝑠𝑠  significance [GeV] 
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Supersymmetry (SUSY) 

Nikolina Ilic, University of Toronto 47 



SUSY Introduction  
 

 SUSY predicts SM parter particles 
(sparticles) whose spin differes by ½ 

 

 Why SUSY?  

 

minimal supersymmetric model 

(MSSM) requires a Higgs boson with 

mass below ∼135 GeV 

quired to be larger than 5 for discovery and 

larger than 1.64 for 95% CL exclusion 2 

. 

The most important sources of experimental 

systematic uncertainties are due to the energy 

resolution 

and scale uncertainty of jets, leptons and E 

miss 

T 

; b-tagging efficiency; and the pile-up. For the 

electroweak 

and third generation (strong) SUSY studies at 

14 TeV a coarse systematic uncertainty of 30% 

(10%) on 

the estimated sum of all backgrounds is 

assumed, which is consistent with the 

uncertainties found in 

published searches. The projection studies 

assume conservatively that the uncertainties 

determined for 

the 8 TeV analysis hold for the HL–LHC. 

ATL-PHYS-PUB-2014-010 

ATL-PHYS-PUB-2013-011 (stop) 

Search for  

chargino/neutralino decaying to W/Z/h 

+LSP, h goes to 2leptons or taus 

Squarks/gluinos decaying to quarks + LSP 

Bottom squark decaying to bottom quark 

+LSP 

Stop decaying to top+LSP, top decays 

hadronic and leptonic? 

Prevents Higgs mass from 

blowing up: sparticle loops 

cancel divergences 

lightest stable particle (𝜒 0) is 
candidate for dark matter 

(under R-parity) 

unifies week, strong and EM 

couplings at high energy 

 

 When SUSY  imposed on local symmetry, general relativity pops out : Supergravity 

 SUSY is needed for many versions of Theory of Everything 

Nikolina Ilic, University of Toronto 48 



SUSY herefore, scenarios where supersymmetric 

partners appear with masses not much greater 

than 1 TeV are considered the most well-

motivated by theorists 

Neutralinos and Charginos are states 

originating from the superposition of the SUSY 

partners of Higgs and electroweak gauge 

bosons 

Cross section plot is a function of the average 

mass of the pair-produced supersymmetric 

particles.  Cross secton of sbottom=stop 

ATL-PHYS-PUB-2013-011 (stop) 

Neutrulinos are:  These four states are 

mixtures of the bino and the 

neutral wino (which are the neutral 

electroweak gauginos), and the 

neutral higgsinos. Chargino: They are linear 

combinations of the charged wino and 

charged higgsinos 

Furthermore, the minimal supersymmetric 

model (MSSM) requires a 

Higgs boson with mass below ∼135 GeV 

squarks gluinos(𝑔 ) 
 

 

Search for 

 

Nikolina Ilic, University of Toronto 49 
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SUSY herefore, scenarios where supersymmetric 

partners appear with masses not much greater 

than 1 TeV are considered the most well-

motivated by theorists 

Neutralinos and Charginos are states 

originating from the superposition of the SUSY 

partners of Higgs and electroweak gauge 

bosons 

Cross section plot is a function of the average 

mass of the pair-produced supersymmetric 

particles.  Cross secton of sbottom=stop 

Neutrulinos are:  These four states are 

mixtures of the bino and the 

neutral wino (which are the neutral 

electroweak gauginos), and the 

neutral higgsinos. Chargino: They are linear 

combinations of the charged wino and 

charged higgsinos 

Furthermore, the minimal supersymmetric 

model (MSSM) requires a 

Higgs boson with mass below ∼135 GeV 

 

Search for 

 

squarks gluinos(𝑔 ) 
 

stop (𝑡 ) sbottom (𝑏 ) 
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SUSY herefore, scenarios where supersymmetric 

partners appear with masses not much greater 

than 1 TeV are considered the most well-

motivated by theorists 

Neutralinos and Charginos are states 

originating from the superposition of the SUSY 

partners of Higgs and electroweak gauge 

bosons 

Cross section plot is a function of the average 

mass of the pair-produced supersymmetric 

particles.  Cross secton of sbottom=stop 

Neutrulinos are:  These four states are 

mixtures of the bino and the 

neutral wino (which are the neutral 

electroweak gauginos), and the 

neutral higgsinos. Chargino: They are linear 

combinations of the charged wino and 

charged higgsinos 

Furthermore, the minimal supersymmetric 

model (MSSM) requires a 

Higgs boson with mass below ∼135 GeV 

gluinos(𝑔 ) 
 

squarks 

stop (𝑡 ) 

neutrolinos (𝜒 0)/charginos (𝜒 ±):  

superposition of Higgsino and Wino, Zino 

sbottom (𝑏 ) 

 

Search for 
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SUSY herefore, scenarios where supersymmetric 

partners appear with masses not much greater 

than 1 TeV are considered the most well-

motivated by theorists 

Neutralinos and Charginos are states 

originating from the superposition of the SUSY 

partners of Higgs and electroweak gauge 

bosons 

Cross section plot is a function of the average 

mass of the pair-produced supersymmetric 

particles.  Cross secton of sbottom=stop 

ATL-PHYS-PUB-2013-011 (stop) 

Neutrulinos are:  These four states are 

mixtures of the bino and the 

neutral wino (which are the neutral 

electroweak gauginos), and the 

neutral higgsinos. Chargino: They are linear 

combinations of the charged wino and 

charged higgsinos 

Furthermore, the minimal supersymmetric 

model (MSSM) requires a 

Higgs boson with mass below ∼135 GeV 

ATL-PHYS-PUB-2014-010 ATL-PHYS-PUB-2014-010 
𝝌 ±𝝌 𝟎 

Exclusion - exclude 𝜒 ±  / 𝜒 0 at 95% confidence 

level if their mass is below 840(1100) GeV 

300(3000) fb -1 

 

Discovery -  discover 𝜒 ± / 𝜒 0 at 5σ, 

if their mass is below 560 (820) at 

300(3000) fb -1 

Exclude chargino, neutronlino mass up to 840 

GeV, discover at 560 GeV. For 3000 fb: exlucde 

1.1 TeV, discover up to 820 GeV 

ATL-PHYS-PUB-2014-010 
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𝒈  Disc.  

(GeV) 

Excl.  

(GeV) 

300 fb-1 2000 2350 

3000 fb -1 2350 2950 

𝒈   

Exclusion Discovery 

Now 300fb-1 3000fb-1 300fb-1 3000fb-1 

𝑔  1400 2350 2950 2000 2350 

300fb-1 3000fb-

1 

1300 

 

1400 

 

more limit plots in BACKUP ! 
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Dark Matter (DM) Searches 

Both the ATLAS and CMS Collaborations have provided 

limits on WIMP pair production within an 

Effective Field Theory (EFT) approach [4, 5] where the 

SM-WIMP coupling is via a contact interaction. 

For the Effective Field Theory Dark 

Matter operators, ATLAS and CMS have published limits on 

the suppression scale M∗ as a function of 

Dark Matter mass Mχ [1, 2, 3, 25, 26, 27, 28, 29, 30, 31]. 

Systematic uncertainties on the signal are neglected. 

In order to separate the effect on the increase of the sensitivity due to 

higher centre-of-mass energy from the impact of accumulating more 

data, we first compare the derived limits on the suppression scale M∗ 

estimated at the 95% confidence level (CL), with a similar amount of 

data at 8 TeV and 15 TeV 

EFT: Assume contact interaction 2->2 body processes, where mediator 

mass is heavier than inveriant mass of tow DM particles.  M suppresion 

is how much DM and SM coupling is suppressed due to heavy 

mediator mass 

Assume specific values for SM-DM couplings phi< sqrt g_sm g_dm 

<4pi to allow EFT to be god approximation 

What is D5 operator?  

Interesting right after start of phase 1 

Taking into account the ultimate precision on the Standard Model 

background determination (1% total systematic error), the reach 

extends to M∗ ∼ 2200 GeV with L = 300 fb−1 

and M∗ ∼ 2600 GeV for HL-LHC for a 

5σ discovery. 

minimum validity constraint for the 

EFT is to require Qtr < Mmed, where Qtr is 

scale of interaction in this case inv mass of DM 

The EFT validity issue can be resolved by using simplified models, such 

as a Z 0 light mediator. The increased sensitivity of the search at the 14 

TeV LHC observed with the EFT approach is confirmed when 

switching to simplified models. 

The bounds on the coupling constant can be further 

mapped to the dark matter-nucleon scattering cross 

section, and can be compared with dark matter direct 

detection experiments . he relationship between the 

invisible branching fraction, the coupling constant, and 

the dark matter-nucleon scattering cross section 

depend on the spin of the dark matter particle (ie: a 

scalar, vector, or majorana-fermion) 

Through 

ZH Higgs 

Production 

The branching ratio of >23-32% (8-16%) 

is expected to be excluded at 95% 

confidence level with 300 fb-1 (3000 fb-1). 

Current exclusion is >65%. 

 

Why only through Zh higgs production? 

 

Assume 1%/5% total systematic error 
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Current monojet 

ATLAS-CONF-2012-147 

Upper limits of 

Darm matter 

nuclean 

scattering 

cross section 



Dark Matter (DM) Searches 

 

Assume SM-DM couples via contact interaction   
(mass of mediator >> invariant mass of DM) 

 

 

 

 

 

Both the ATLAS and CMS Collaborations have provided 

limits on WIMP pair production within an 

Effective Field Theory (EFT) approach [4, 5] where the 

SM-WIMP coupling is via a contact interaction. 

For the Effective Field Theory Dark 

Matter operators, ATLAS and CMS have published limits on 

the suppression scale M∗ as a function of 

Dark Matter mass Mχ [1, 2, 3, 25, 26, 27, 28, 29, 30, 31]. 

Systematic uncertainties on the signal are neglected. 

In order to separate the effect on the increase of the sensitivity due to 

higher centre-of-mass energy from the impact of accumulating more 

data, we first compare the derived limits on the suppression scale M∗ 

estimated at the 95% confidence level (CL), with a similar amount of 

data at 8 TeV and 15 TeV 

EFT: Assume contact interaction 2->2 body processes, where mediator 

mass is heavier than inveriant mass of tow DM particles.  M suppresion 

is how much DM and SM coupling is suppressed due to heavy 

mediator mass 

Assume specific values for SM-DM couplings phi< sqrt g_sm g_dm 

<4pi to allow EFT to be god approximation 

What is D5 operator?  

Interesting right after start of phase 1 

Taking into account the ultimate precision on the Standard Model 

background determination (1% total systematic error), the reach 

extends to M∗ ∼ 2200 GeV with L = 300 fb−1 

and M∗ ∼ 2600 GeV for HL-LHC for a 

5σ discovery. 

minimum validity constraint for the 

EFT is to require Qtr < Mmed, where Qtr is 

scale of interaction in this case inv mass of DM 

The EFT validity issue can be resolved by using simplified models, such 

as a Z 0 light mediator. The increased sensitivity of the search at the 14 

TeV LHC observed with the EFT approach is confirmed when 

switching to simplified models. 

𝑀∗ =
𝑀𝑚𝑒𝑑𝑖𝑎𝑡𝑜𝑟

𝑔𝑆𝑀𝑔𝐷𝑀
 

The bounds on the coupling constant can be further 

mapped to the dark matter-nucleon scattering cross 

section, and can be compared with dark matter direct 

detection experiments . he relationship between the 

invisible branching fraction, the coupling constant, and 

the dark matter-nucleon scattering cross section 

depend on the spin of the dark matter particle (ie: a 

scalar, vector, or majorana-fermion) 

Through 

ZH Higgs 

Production 

With high 

𝑝𝑇 jet 

Current exclusion is >65%. 

The branching ratio of >23-32% (8-16%) 

is expected to be excluded at 95% 

confidence level with 300 fb-1 (3000 fb-1).  
couplings of mediator 

to SM (DM) 

mediator mass 

Why only through Zh higgs production? 

 

Assume 1%/5% total systematic error 
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~No improvement for 3000fb -1 

Current monojet 

ATLAS-CONF-2012-147 

Upper limits of 

Darm matter 

nuclean 

scattering 

cross section 

more limit plots in BACKUP ! 



2Higgs Doublet Models (2HDM) 

Flavour Changing Neutral Currents (FCNC) 

Higgs particle is doublet 

which are collectively referred to as two-Higgs-doublet models 

(2HDMs). They include the minimal 

supersymmetric SM (MSSM) [7–11], axion models [12], and 

baryogenesis models [13]. 

The axion is a hypothetical elementary particle postulated 

by the Peccei–Quinn theory in 1977 to resolve the strong 

CP problem inquantum chromodynamics (QCD). If axions 

exist and have low mass within a specific range, they are of 

interest as a possible component of cold dark matter. 

In physical cosmology, baryogenesis is the generic term for 

hypothetical physical processes that produced 

anasymmetry between baryons and antibaryons in the very 

early universe, resulting in the substantial amounts of 

residualmatter that make up the universe today. 

The production of a heavy CP-odd particle A, which is part of the 

2HDM scalar sector, proceeds 

mainly through gluon-fusion or in association with b-quarks.  

There are type 1 and type 2 H2MD 

Depending on what kind of Z1 sym you impose 

Since only A production from gluon-fusion is considered in this 

note, no exclusion plots are shown for type-II 2HDMs with tan ß > 3. 

The MSSM Higgs sector is a type-II 2HDM at tree level [15].  

The decay of the A boson may occur in a variety of channels depending on 

couplings and phase space. Decays to fermions like A → tt/µµ have been 

already studied in the context of MSSM Higgs 

In general 2hdm many decays involving a boson in the final state 

become available, e.g. A → Zh, ZH, WH±, depending also on the masses 

of the other Higgs bosons. In the study described in Section 3, the A → 

Zh decay has been chosen, due to the simplicity of the final state.  

Events are 

considered as A → 

Zh → llbb candidates 

if they contain at 

least two same 

flavour, 

opposite-sign 

leptons (e or µ) and 

at least 2 b jets 

This study shows that the expected 95% confidence level 

upper limits for the cross section times 

branching ratio of a gluon-fusion produced A boson decaying 

to Zh → llbb are in the range from 5 to 

0.07 fb for the A mass range from 220 to 900 GeV and for 

3000 fb . The upper limits are 3 – 4 times 

odd Higgs boson, A, decays to A → Zh → llbb. Sensitivities to cross sections 

times branching ratios 

from 5 to 0.07 fb for an A mass in the range from 220 to 900 GeV have 

been reported for an integrated 

luminosity of 3000 fb . The results obtained are improved by a factor of 

3 to 4 with respect to the upper 

limit assuming 300 fb.  The discovery potential for heavy Higgs bosons 

decaying to a di-muon pair 
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~3 x improvement for 3000fb -1 

. The discovery potential for heavy Higgs bosons 

decaying to a di-muon pair 

has also been examined and interpretation 

examples have been shown in the context of the 

MSSM. The improvement due to an increased 

integrated luminosity from 300 to 3000 fb is 

significant, especially for large Higgs boson 

masses. Finally, a projection of the sensitivity for a 

heavy, SM-like Higgs boson with a mass in the 

range 200 – 1000 GeV decaying to four leptons 

has been presented. The expected 

exclusion in the absence of signal is about 10 – 

150 times better than that expected for a SM-

like Higgs 

boson in the same mass range for 3000 fb of 

integrated luminosity. 

 2HDM 
 Higgs has additional complex Higgs 

doublet, predict 5 Higgs particles: 
 ℎ, 𝐻±,  𝐻0, 𝐴 

 

 Models that often include 2HDM 
are Minimal SUSY,  Baryogenesis,  
Axion Models  

 

Via ggF A → 𝑍ℎ, 
        𝑍 → 𝑒𝑒 / 𝜇𝜇 

ℎ → 𝑏𝑏   

Di-Lepton:  Most Grand Unified 

Theories predict existence of 

Z′ boson.  Search for Z′ → 𝑒𝑒/ 𝜇𝜇 
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Flavour Changing Neutral Currents (FCNC) 

Higgs particle is doublet 

which are collectively referred to as two-Higgs-doublet models 

(2HDMs). They include the minimal 

supersymmetric SM (MSSM) [7–11], axion models [12], and 

baryogenesis models [13]. 

The axion is a hypothetical elementary particle postulated 

by the Peccei–Quinn theory in 1977 to resolve the strong 

CP problem inquantum chromodynamics (QCD). If axions 

exist and have low mass within a specific range, they are of 

interest as a possible component of cold dark matter. 

In physical cosmology, baryogenesis is the generic term for 

hypothetical physical processes that produced 

anasymmetry between baryons and antibaryons in the very 

early universe, resulting in the substantial amounts of 

residualmatter that make up the universe today. 

The production of a heavy CP-odd particle A, which is part of the 

2HDM scalar sector, proceeds 

mainly through gluon-fusion or in association with b-quarks.  

There are type 1 and type 2 H2MD 

Depending on what kind of Z1 sym you impose 

Since only A production from gluon-fusion is considered in this 

note, no exclusion plots are shown for type-II 2HDMs with tan ß > 3. 

The MSSM Higgs sector is a type-II 2HDM at tree level [15].  

The decay of the A boson may occur in a variety of channels depending on 

couplings and phase space. Decays to fermions like A → tt/µµ have been 

already studied in the context of MSSM Higgs 

In general 2hdm many decays involving a boson in the final state 

become available, e.g. A → Zh, ZH, WH±, depending also on the masses 

of the other Higgs bosons. In the study described in Section 3, the A → 

Zh decay has been chosen, due to the simplicity of the final state.  

Events are 

considered as A → 

Zh → llbb candidates 

if they contain at 

least two same 

flavour, 

opposite-sign 

leptons (e or µ) and 

at least 2 b jets 

This study shows that the expected 95% confidence level 

upper limits for the cross section times 

branching ratio of a gluon-fusion produced A boson decaying 

to Zh → llbb are in the range from 5 to 

0.07 fb for the A mass range from 220 to 900 GeV and for 

3000 fb . The upper limits are 3 – 4 times 

odd Higgs boson, A, decays to A → Zh → llbb. Sensitivities to cross sections 

times branching ratios 

from 5 to 0.07 fb for an A mass in the range from 220 to 900 GeV have 

been reported for an integrated 

luminosity of 3000 fb . The results obtained are improved by a factor of 

3 to 4 with respect to the upper 

limit assuming 300 fb.  The discovery potential for heavy Higgs bosons 

decaying to a di-muon pair 
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. The discovery potential for heavy Higgs bosons 

decaying to a di-muon pair 

has also been examined and interpretation 

examples have been shown in the context of the 

MSSM. The improvement due to an increased 

integrated luminosity from 300 to 3000 fb is 

significant, especially for large Higgs boson 

masses. Finally, a projection of the sensitivity for a 

heavy, SM-like Higgs boson with a mass in the 

range 200 – 1000 GeV decaying to four leptons 

has been presented. The expected 

exclusion in the absence of signal is about 10 – 

150 times better than that expected for a SM-

like Higgs 

boson in the same mass range for 3000 fb of 

integrated luminosity. 

more limit plots in BACKUP! 

Di-Lepton:  Most Grand Unified 

Theories predict existence of 

Z′ boson.  Search for Z′ → 𝑒𝑒/ 𝜇𝜇 

channel Now 3000fb-1 

t→ 𝑞𝑍 0.21% 4.1x10-5 

t→ 𝑞ɣ 3.2% 1.3x10-5 

t → 𝑐𝐻 0.83% 1.2-1.4x10-5 

  FCNC 
 In SM highly suppressed. Enhanced 

in some 2HDMs/SUSY/extra dim. 

 Exclusion in branching ratios in  

   t →qZ,       

   t →qɣ,  

   t → cH  (H → ɣɣ),  

Exclusion  on branching ratio 

surpressed 
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Vector Boson Scattering, 

Di-lepton /Di-top Resonances 
 Vector Boson Scattering (VBS) 

 Confirm that Higgs boson prevents VBS cross section from diverging  

 

 

 

 
 Parameterize new physics in terms of higher dimensional operators in Lagrangian. 

Discovery range for operators enhanced by >2 at HL-LHC (ATLAS-PHYS-PUB-2013-003) 
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ATL-PHYS-PUB-2012-005 
ATL-PHYS-PUB-2012-001 Physics LHC 

ATL-PHYS-PUB-2012-004 UPDATE 

FCNC supressed due to GIM  
the sensitivity to new high-mass resonances 

was investigated using calculations 

based on the inverse amplitude method (IAM) 

of unitarisation 

ATL-PHYS-PUB-2012-005 

ATL-PHYS-PUB-2013-006 

New physics can be parameterized in terms of 

higher-dimension operators in an effective field 

theory. Multi-boson production is modified by 

certain 

dimension-6 and dimension-8 operators 

containing the Higgs and/or gauge boson fields 

We have studied one dimension-6 operator 

and four dimension-8 operators. Their values 

for 5σ- 

significance discovery are summarised in Table 

 5. 

Comparisons of discovery potential are 

presented 

for 300 fb−1 

and 3000 fb−1 of integrated luminosity at a pp 

collision center-of-mass energy of 14 TeV. 

Comparisons of discovery potential are 

presented 

for 300 fb−1 

and 3000 fb−1 of integrated luminosity at a pp 

collision center-of-mass energy of 14 TeV. 

Study triple/quartic gauge couples to confirm if 

the 

Other mechanisms for enhancing vector boson 

scattering at high energy are possible, even 

though the existence of a Higgs boson is 

established 

scattering as well as Zγγ 

TrSensitivity to new physics is also gained 

through probing quartic 

gauge boson couplings via triboson production. 

Technicolor and Little Higgs model predict, TeV 

scale resonances, can test this 

Need 

 Search for Flavour Changing Neutral currents (FCNC) 

 In SM highly surpressed.  Enhanced in some 2HDMs/SUSY/extra dimension  

 Searches performed in t → cH, with H → gamma gamma, as well well as  t->qZ 
and t->q$\gamma$ 

 Expected limit reaches BR(t → cH) goes from current 0.83% to to 1.2-1.4 x 10-4   
at 3000fb-1  (ATLAS-PHYS-PUB-2013-12) 

 To obtain limits on branching ratios 

 (VBS) cross section in the 

longitudinal mode would violate unitarity at 

this scale. 

Multiboson production is modified by certain 

general 

dimension-6 and dimension-8 operators 

containing the Higgs and/or gauge boson fields. 

S 

Limits on BR current 3000fb-1 

t→ 𝑞𝑍 0.21% 4.1x10-5 

t→ 𝑞ɣ 3.2% 1.3x10-5 

t → 𝑐𝐻,  
𝐻 → ɣɣ 

0.83% 1.2-1.4x 10-5 

more limit plots in BACKUP! 
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Vector Boson Scattering, 

Di-lepton /Di-top Resonances 
 Vector Boson Scattering (VBS) 

 Confirm that Higgs boson prevents VBS cross section from diverging  

 

 

 

 
 Parameterize new physics in terms of higher dimensional operators in Lagrangian. 

Discovery range for operators enhanced by >2 at HL-LHC (ATLAS-PHYS-PUB-2013-003) 
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ATL-PHYS-PUB-2012-005 
ATL-PHYS-PUB-2012-001 Physics LHC 

ATL-PHYS-PUB-2012-004 UPDATE 

FCNC supressed due to GIM  
the sensitivity to new high-mass resonances 

was investigated using calculations 

based on the inverse amplitude method (IAM) 

of unitarisation 

ATL-PHYS-PUB-2012-005 

ATL-PHYS-PUB-2013-006 

New physics can be parameterized in terms of 

higher-dimension operators in an effective field 

theory. Multi-boson production is modified by 

certain 

dimension-6 and dimension-8 operators 

containing the Higgs and/or gauge boson fields 

We have studied one dimension-6 operator 

and four dimension-8 operators. Their values 

for 5σ- 

significance discovery are summarised in Table 

 5. 

Comparisons of discovery potential are 

presented 

for 300 fb−1 

and 3000 fb−1 of integrated luminosity at a pp 

collision center-of-mass energy of 14 TeV. 

Comparisons of discovery potential are 

presented 

for 300 fb−1 

and 3000 fb−1 of integrated luminosity at a pp 

collision center-of-mass energy of 14 TeV. 

Study triple/quartic gauge couples to confirm if 

the 

Other mechanisms for enhancing vector boson 

scattering at high energy are possible, even 

though the existence of a Higgs boson is 

established 

scattering as well as Zγγ 

TrSensitivity to new physics is also gained 

through probing quartic 

gauge boson couplings via triboson production. 

Technicolor and Little Higgs model predict, TeV 

scale resonances, can test this 

Need 

 Search for Flavour Changing Neutral currents (FCNC) 

 In SM highly surpressed.  Enhanced in some 2HDMs/SUSY/extra dimension  

 Searches performed in t → cH, with H → gamma gamma, as well well as  t->qZ 
and t->q$\gamma$ 

 Expected limit reaches BR(t → cH) goes from current 0.83% to to 1.2-1.4 x 10-4   
at 3000fb-1  (ATLAS-PHYS-PUB-2013-12) 

 To obtain limits on branching ratios 

 (VBS) cross section in the 

longitudinal mode would violate unitarity at 

this scale. 

Multiboson production is modified by certain 

general 

dimension-6 and dimension-8 operators 

containing the Higgs and/or gauge boson fields. 

S 

Limits on BR current 3000fb-1 

t→ 𝑞𝑍 0.21% 4.1x10-5 

t→ 𝑞ɣ 3.2% 1.3x10-5 

t → 𝑐𝐻,  
𝐻 → ɣɣ 

0.83% 1.2-1.4x 10-5 

model Now 300fb-1 3000fb-1 

𝑍𝑆𝑆𝑀
′ → 𝑒𝑒  2.79 6.5  7.8  

𝑍𝑆𝑆𝑀
′ → μμ  2.53 6.4  7.6 

𝑔κκ 2.0 4.3  6.7 

𝑍𝑡𝑜𝑝𝑐𝑜𝑙𝑜𝑟
′  1.8 3.3 5.5 

 Di-Lepton:  Most Grand Unified 
Theories predict existence of 
Z′ boson.  Search for Z′ → 𝑒𝑒/ 𝜇𝜇 

 

 Di-top:  In extra dimension & 
composite Higgs models,  Klein-Kaluza 
particles are strongly produced wide 
resonances that can decay to 𝑡𝑡 .  
 

 

 

more limit plots in BACKUP! 

ATL-PHYS-PUB-2013-003,  CERN-PH-EP-2014-053,  ATLAS-CONF-2013-052, ATLAS-CONF-2013-052 

Exclusion limits on mass in TeV 

H 
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