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The Standard Model Lagrangian
�2

gauge sector

flavour sector

Higgs sector 



Higgs couples to all fermions and bosons
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Coupling to fermionsCoupling to bosons
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Defined by the Lagrangian

Typically what we think 

about when we talk about 
the Higgs mechanism

Depends on the 
fermion mass


Also called 
Yukawa couplings



The Large Hadron Collider (LHC)
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ATLAS Cavern 

#CMS#is#a#large#compact#fast5electronics#detector#(80#M#channels,#40#MHz),#
#embedded#in#a#4#T#magne?c#field,#precise#3D#event#reconstruc?on.#

#

#High5efficiency#(pT,#MET,#event#mul?plicity)#low5latency#trigger#system############
#brings#the#20#MHz#collision#rate#down#to#800#Hz,#almost#insensi?ve#to#PU.#

#

#Aker#3#years#of#opera?on,#efficiency#of#all#subdetectors#above#96%.#
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Two general 
purpose detectors

ATLAS
CMS



ATLAS and CMS detectors
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CMS

ATLAS



Detecting elementary particles
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?
Crowning of half a century of theoretical 

developments and Higgs Hunt ? 

Nobel prize in 2013 for Higgs 
and Englert 
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Discovery Channels: H→γγ and H→ZZ→4l
• The Higgs boson discovery relies on the diphoton 

and ZZ decay modes

• Does not mean that we’ve established the coupling 
to quarks
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HIG-18-001ATLAS-CONF-2018-028

Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/


Reminder: The Standard Model
�9

Higgs couples to all particles with mass (i.e. all except gluons and photons)

Question: How did we observe the H→ɣɣ decay?



Coupling vs Mass
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The Higgs boson at the LHC.

Higgs boson production
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The Higgs Boson at the LHC
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Production 

The Higgs boson at the LHC.

Higgs boson production
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Higgs Boson Decays

• H→bb: 58 %

• H→WW*: 21%

• H→τ+τ-: 6.3%

• H→ZZ*: 2.6%

• H→γγ: 0.2%
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5 main channels at the LHC

Decay branching fractions for 
mH = 125 GeV
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Top Quark
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Already done? 
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The Higgs boson at the LHC.

Higgs boson production
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The Higgs boson at the LHC.
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ggF was the production mode used for the Higgs discovery

But … we can’t see inside the loops
Could contain some new particle other than the top quark
With ttH production, we can observe the top quark directly



ttH
• Tiny cross-section of 0.5 pb (100x smaller than ggF)

• Need to combine information from multiple top and Higgs decays

• Group these into four analyses according to the Higgs decays: γγ, ZZ, bb, 
multilepton*

• Top quarks decay to a W boson and b quark

• All channels include at least two b-jets from the top decay (+ 2W’s)

• Busy final states!
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*Mostly WW + ττ
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ttH(γγ)
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PLB784 (2018) 173

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/


Analysis Overview

• Select events with two photons 
and at least one b-jet

• Define two channels

• Leptonic: at least one lepton

• Hadronic: no leptons

• Train a BDT in each channel and 
define 7 categories using the BDT

• Fit diphoton mass in each 
category

• Background estimation from data 
sidebands
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Channel Definition 
• BDTs are trained using ttH signal and 

background from data control regions

• Mostly kinematic variables for jets and 
photons (pT, η, φ) also b-tagging, MET

• Define 3 categories for the leptonic 
channel and 4 categories for the 
hadronic channel
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Event Yields
• Number of events in data in each analysis category in mass window 

containing 90% of expected signal
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Results
• Peak in diphoton mass distribution at 

125 GeV

• A fit over the seven categories yields 
36±12 ttH(γγ) events

• μ = 1.4+0.5-0.4

• Total background includes other Higgs 
production mechanisms

• 50% sensitivity improvement compared 
to the previous ATLAS publication with 
the same luminosity (largely due to 
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Reminder: p-value in the Higgs Discovery

• Local p-value vs mH

• Dotted line is expected p-value for a SM Higgs with that mass

• Warning: “Look-elsewhere” effect

• When asking how likely something is, need to take into account how 
many places you’ve looked
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ttH(multilepton)
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PRD97 (2018) 072003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/


Observation of ttH Production
�23

SM
ttHσ/ttHσ

1− 0 1 2 3 4

Total Stat. Syst. SMATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs

             Total       Stat.    Syst.

Combined   )
0.19

0.21
  ± 0.18 , ±   ( 0.26

0.28  ±  1.32 

H (ZZ)tt < 1.77 at 68% CL

)γγH (tt   )0.17
0.23  ±  , 0.38

0.42  ±   ( 0.42
0.48  ±  1.39 

H (multilepton)tt   )0.27
0.30  ±  , 0.29

0.30  ±   ( 0.40
0.42  ±  1.56 

)bH (btt  0.53 )±  , 0.28
0.29  ±   ( 0.60

0.61  ±  0.79 

PLB 784 (2018) 173
PRL 120 231801

Observed significance: 6.3σ
Expected significance: 5.1σ

Htt
µ

1− 0 1 2 3 4 5 6 7

Combined

13 TeV

7+8 TeV

)bH(btt

)-τ+τH(tt

)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed
 syst)⊕ (stat σ1±

 (syst)σ1±
 syst)⊕ (stat σ2±

Observed significance: 5.2σ
Expected significance: 4.2σ

https://arxiv.org/abs/1806.00425
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Bottom Quarks
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H→bb
• Largest branching ratio (58%), large backgrounds

• Production modes studied VBF,  VH, ttH, (ggF)

• ggF is swamped by large QCD dijet 
production

• Most powerful channel is VH (V=W, Z)

• Three channels

• 0-lepton: Z(νν)H(bb)

• 1-lepton: W(lν)H(b)

• 2-lepton: Z(ll)H(bb)

• Events contain two b-jets and 0-2 leptons
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Backgrounds
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Signal Extraction
�27HIGG-2018-04

• Lepton or MET triggers

• Two b-jets

• Boosted decision tree (BDT) to extract Higgs from large V+jets and tt 
backgrounds 

• Complex profile likelihood fit to extract signal and constrain backgrounds
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Boosted Decision Trees
�28

http://tmva.sourceforge.net/docu/TMVAUsersGuide.pdf

http://tmva.sourceforge.net/docu/TMVAUsersGuide.pdf


BDT construction
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Systematic uncertainties
�30

background 
normalisation

background 
shape

signal 
scale

Source of uncertainty �µ

Total 0.259
Statistical 0.161
Systematic 0.203

Experimental uncertainties

Jets 0.035
Emiss

T 0.014
Leptons 0.009

b-tagging
b-jets 0.061
c-jets 0.042
light-flavour jets 0.009
extrapolation 0.008

Pile-up 0.007
Luminosity 0.023

Theoretical and modelling uncertainties

Signal 0.094

Floating normalisations 0.035
Z + jets 0.055
W + jets 0.060
tt 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005

MC statistical 0.070



Seeing the H→bb
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Observation of H→bb
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Charm Quarks
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Higgs coupling to charm quarks
• We’ve observed the coupling of the Higgs 

to third generation quarks only

• Rich flavour structure

• Can we probe the second generation 
quark coupling using charm?

• Crucial element

• Efficient charm tagging

• Problem charm looks like both bottom and 
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c-tag: 40%

b-reg: 4x a

https://doi.org/10.1103/PhysRevLett.120.211802


Higgs coupling to charm quarks
• Analogous but simplified strategy to VH(bb)

• Only used 2-lepton; fit dijet invariant mass instead of BDT

• Obtain limit of ~100x SM with 36 fb-1

• Strongest direct limit on charm

• Project to HL-LHC: ~6 x SM: need improved analysis
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Summary Higgs-quark interactions
• Top quark

• ggF: “top loop”

• Higgs produced in association with 
a pair of top quarks

• Bottom quark
• Higgs decay to bottom quarks

• Large backgrounds: best 
production channel is when its 
produced in association with a 
vector boson

• Charm quark
• Analog of bottom (change the 

decay)

• Indirect: use J/ψγ
• Potentially some ideas for strange 

(not covered here)
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Conclusion

• The discovery of the Higgs boson has opened up a new field of studying the 
properties of the Higgs and its interaction with particles

• This past year has been an exciting year as we’ve observed the Higgs 
interacting with top and bottom quarks

• We’ve also done preliminary studies into probing its interaction with charm

• So far, the Higgs is consistent with predictions from the Standard Model, but 
there’s more to be probed and more data coming from the LHC 
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