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 Standard Model of particle physics in a nutshell
● The Standard Model (SM) describes the elementary constituents of nature, and the fundamental 

forces with which those particles interact with each other
● Over time and through many experiments, the Standard Model has become one of the most 

extensively tested theories in physics
● After the discovery of the Higgs boson in 2012, the particle content of the SM is finally complete

● Principles of the Standard Model:
○ Unitarity (probabilities are limited to unity)
○ Renormalizability (ensures finite predictions)
○ Gauge principle  (introduction of interactions)

■ Symmetries:
● Lorentz (and Poincaré) symmetry
● CPT symmetry
● Three gauge symmetries:

SU(3)C ⊗ SU(2)L ⊗ U(1)Y

However, the Standard Model leaves some questions 
unanswered 



Physics at the LHC

● Use LHC and its experiments to find answers to these open questions

● Today’s lecture will highlight a few aspects of the physics programme of 
the LHC experiments 

● Content:
○ Experimental setup 
○ W & Z boson studies 
○ Higgs boson studies 
○ Top quark studies
○ Flavour-physics
○ Direct searches for new physics
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W boson mass measurements Experimental setup
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The Large Hadron Collider

● Instantaneous luminosity

● Integrated luminosity 

● CoM energy: 5



The ATLAS Detector
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The CMS Detector



The LHCb Detector



Particle identification

● Hadronic particle shower 
○ Cone shaped jets build from 

calorimeter clusters or tracks
● Muons

○ Combined tracks from Inner 
Detector and Spectrometer

● Electrons
○ Inner Detector (ID) track
○ Energy clusters in calorimeter 

system
● Taus

○ Jets with either 1 or 3 ID tracks
●   Neutrinos

○ Pass through the detector 
without leaving any trace. 

○ Estimated from energy balance:



W boson mass measurements W & Z boson studies at the LHC 
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W/Z + jets production at the LHC

W + jets 

Z + jets 

11



  Charge asymmetry in W boson production 
● Parton distribution functions (PDFs) of u and d quarks in the proton 

differ (mainly due to the fact that protons contain two valence u quarks 
and one valence d quark) 
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W boson production

13From: https://arxiv.org/abs/1603.09222

● W boson candidate events are selected 
by requiring: 
○ Exactly one identified electron or muon
○ MET > 25 GeV
○ mT > 50 GeV

● Roughly 20% of all selected events 
stemm from background processes:
○ Most dominant contributions:

■ Multijets (10%)
■ Z → ℓℓ (5%)

https://arxiv.org/abs/1603.09222
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W/Z production cross sections

W & Z boson production cross section measurements are sensitive to the PDF sets
→ Can constrain them 

From: https://arxiv.org/abs/1603.09222

https://arxiv.org/abs/1603.09222


     WZ production cross section measurements



Same-sign WW boson pair production

𝜎 BR(W±W±→ ℓ±ℓ±) = 3.98 ± 0.37 (stat) ± 0.25 (syst) fb

From https://arxiv.org/pdf/2005.01173.pdf

● Insights into the mechanism of electroweak (EW) 
symmetry breaking can be achieved via vector boson 
scattering (VBS) processes
○ Via studies of vector boson self interaction

● Sensitive to anomalous quartic gauge couplings (aQGC)
● Same-sign W±W± channel is promising due to small 

background yields from SM processes

https://arxiv.org/pdf/2005.01173.pdf


W boson mass measurements Higgs boson studies at the LHC 
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 The Higgs boson: Last puzzle piece of the SM

● Higgs-potential:

● Vacuum expectation value

● Particles acquire mass via coupling to Higgs field  
(spontaneous symmetry breaking) 
○ Postulated in 1964
○ Higgs boson (excitation of the Higgs field) was 

finally discovered in 2012
○ Spin: 0



Higgs boson production at the LHC

● All main production modes are probed at the LHC
20



Interplay between theory and experiment 
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● Experimental results depend strongly on the precision of theoretical predictions !!! 



         Di-Higgs boson production at the LHC

● Probing the Di-Higgs production modes will further our 
understanding of the SM 
○ Parameter of interests:

■ Self-coupling κλ 
■ Quartic VVHH coupling κ2V

○ Probing the self-coupling of the Higgs boson allows us to 
verify the form of the Higgs potential

○ Sensitive to contribution from BSM physics 22



Higgs boson decay

● Some channels with low BRs have a clean signature in the detector 
○ e.g. H →  ZZ and H → yy 
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(Precision) measurements of Higgs boson properties

● So far all measurements of the Higgs boson properties 
are consistent with the SM
○ Spin and CP state of the Higgs-boson are determined 

probing angular distribution of decay products
■ ATLAS data hints very strongly to a SpinCP state of 0+ 
■ Alternative models are rejected with a CL of more 

than 99.9%
● Higgs-boson mass measured by ATLAS and CMS:   

mH = 125.09 ± 0.21(stat) ± 0.11(syst) GeV
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(Precision) measurements of Higgs boson properties

● So far all measurements of the Higgs boson properties 
are consistent with the SM
○ Spin and CP state of the Higgs-boson are determined 

probing angular distribution of decay products
■ ATLAS data hints very strongly to a SpinCP state of 0+ 
■ Alternative models are rejected with a CL of more 

than 99.9%
● Higgs-boson mass measured by ATLAS and CMS:     

mH = 125.09 ± 0.21(stat) ± 0.11(syst) GeV 
● With the large statistics of the full Run-II data set, we 

can probe differential distributions with high precision
○ Makes the Higgs boson to a tool to search for new 

physics
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H →  ZZ* → ℓℓℓℓ
● H→ ZZ* → ℓℓℓℓ events  provide a clean signature in the detector and thus have relative low 

background contributions
○ Good channel to measure properties of the  Higgs boson precisely 
○ Analyses are based on finding two pairs of isolated leptons with same flavor and 

opposite electric charges 
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H → ZZ* → ℓℓℓℓ
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VH  H → bb
● ggF H → bb has a large σ × BR, but can not be separated 

from huge dijet backgrounds and is difficult to trigger
○ Instead, probe H→ bb in Higgs-Strahlungs 

events (bb-pair is produced in addition to 
charged leptons)

● Observation of H → bb decays and VH production 
mode in 2018
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pp → ZH → ννbb
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VH  H → cc
● Study of Yukawa coupling of the Higgs boson to 2nd generation quarks is challenging 

at hadron colliders, due to small branching fractions and  large backgrounds
● Charm tagging is crucial for eventual H → cc observation 
● Upper limit on σ(pp → ZH)×B(H → cc) at the 95% CL:

○ Observed: 2.7 pb  (104 times the SM predictions)
○ Expected:  3.9  +2.1/−1.1 pb

30Taken from https://arxiv.org/pdf/1802.04329.pdf

https://arxiv.org/pdf/1802.04329.pdf


VH  H → cc

31Taken from https://inspirehep.net/files/8f40463278676edecdd49e0d89fb861e

https://inspirehep.net/files/8f40463278676edecdd49e0d89fb861e


Combinations
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W boson mass measurements Top quark studies at the LHC 
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The top quark
● Predicted in 1973 by Kobayashi and Maskawa 
● Weak-isospin partner of the b-quark.
● Charge: +2/3 e
● Spin: 1⁄2
● The by far heaviest elementary particle: 

○ mt = 172.7 ± 0.5 GeV
● Coupling to the Higgs boson: yt ≈ 1
● No bound states:

→ Top quark decays as a quasi free particle
→ Spin information and polarisation are accessible

since spin decorrelation time (∼10−21 s) is much larger than  the 
hadronisation time  (∼10−23 s) 
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Top quark production at the LHC

● Single top quarks: 

● Top quark pairs:

15% 85%

t-channel s-channel Wt-channel





Top-quark mass measurements
● Measurement of the top quark mass in the lepton+jets channel:

○ Exploiting a three-dimensional template technique
■ Fitting mtop, mW, Rbq (heavy to light-flavour momentum ratio)

○ Use likelihood approach to reconstruct events 
■ Reject combinatorial background using a BDT

○ Fit yields:



Top-quark mass measurements

● Systematic uncertainties in mtop given 
together with the statistical and systematic 
uncertainties in GeV 

○ For the standard and BDT selections.
○ For comparison, results corresponding 

to √s=7 TeV are also listed.
 

● Dominant uncertainties:
○ Jet energy scale
○ b-tagging

Taken from: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/

→ top-quark mass can be measured with 
high precision 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/


Top-quark pairs as standard candles

● Top-quark pair events (in particular dilepton 
decays) lead to a clear signatures in the detector  
○ Purities of > 90%  can easily be reached

● Use top-quark pair events to calibrate e.g. b-tagging 
or top/W tagging algorithms 
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W boson mass measurements Flavour-physics at the LHC 
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Lepton flavour universality tests

41

● In the SM couplings of gauge bosons to leptons 
are independent of lepton flavour 
○ Branching fractions differ only by phase 

space and helicity-suppressed contributions
● LHCb is performing LFU tests in B hadron decays:

→ Any significant deviation would be a 
smoking gun for New Physics.

Taken from: https://indico.cern.ch/event/976688/attachments/2213706/3748404/RK_CernSeminar_Tue23rdMar2021.pdf

https://indico.cern.ch/event/976688/attachments/2213706/3748404/RK_CernSeminar_Tue23rdMar2021.pdf
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Lepton flavour universality tests
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→ Evidence of LFU violation at 3.1σ
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Pentaquarks

43Taken from: https://home.cern/news/news/physics/lhcb-experiment-discovers-new-pentaquark

Illustration of the possible layout of the quarks in a 
pentaquark particle such as those discovered at 
LHCb. The five quarks might be assembled into a 
meson (one quark and one antiquark) and a baryon 
(three quarks), weakly bound together

The five quarks might be tightly bonded

Pentaquarks = hadrons composed of four 
quarks and one antiquark
Observation of pentaquark states by LHCb in 
2015 and 2019

https://home.cern/news/news/physics/lhcb-experiment-discovers-new-pentaquark
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Pentaquarks

44Taken from: https://arxiv.org/pdf/1507.03414.pdf

● The prospect of hadrons with more than the minimal quark content (qq or qqq) was 
proposed by Gell-Mann in 1964 [1] and Zweig [2]

○ Followed by a quantitative model for two quarks plus two antiquarks (Tetraquarks) [3]. 
○ The idea was expanded [4] to include hadrons composed of four quarks plus one antiquark

● Large yields of Λ0
b → J/ψ K−p decays are available at LHCb

○ Expected to be dominated by Λ∗ → K− p
○ It could also have exotic decays via: Λb

0 → K-  PC
+

● PC
+  mainly decays via: PC

+  → J/ψ p  

https://arxiv.org/pdf/1507.03414.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0031916364920013?via%3Dihub
https://cds.cern.ch/record/352337/files/CERN-TH-401.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.267
https://www.sciencedirect.com/science/article/abs/pii/0550321378904170?via%3Dihub


W boson mass measurements Direct searches for new physics

45



                     Supersymmetry (SUSY)
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           Search for Supersymmetry (SUSY)

● Search for stop quark pair production

● Search for multi-jet final state 
incl. large amount of missing ET

Probe phase space regions sensitive 
to contributions from SUSY signal 



Search for Supersymmetry (SUSY)

● Search for stop quark pair production
Exclude stop masses up to ~ 1300 GeV 
for neutralino masses below 400 GeV





Direct Search for heavy Resonances

● Most searches for resonances in ATLAS and CMS follow the same principle:
○ Perform (quasi) model-independent search for a bump in a smoothly falling 

mass spectrum

50

● Interpretations in generic frameworks:
○ Two Higgs Doublet Model (2HDM) 
○ Higgs Triplet models 
○ Heavy Vector Triplet (HVT) models
○ RS Extra-dimensional models 



Direct Search for heavy Resonances
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Probe observables sensitive to 
contribution from signal process        Search for A → ZH → ℓℓbb

Search for H → γγ



      Direct Search for heavy Resonances
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In the absence of a signal:
● Derive model dependent exclusion 

contours 
● Set “model independent” limits on 

the production cross section times 
branching ratio

       Search for A → ZH → ℓℓbb

Search for H → γγ





Concluding remarks

● The standard Model of particle physics leaves some questions unanswered 
○ Use LHC experiments to find answer to these questions 

● LHC experiments have a diverse physics programme
○ SM high precision measurements (W, Z, top-quark)
○ Higgs boson property measurements 
○ Searches for BSM physics (SUSY, heavy vector bosons, exrta-dimensions, …) 
○ Flavour-physics 
○ …. 

● New round of data-taking with increased center-of-mass energy to be started. 
○ Exciting times ahead of us !!!


