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The Standard Model

• Although the SM has many input 
parameters, it is very predictive


• Survived many experimental tests 
over a wide energy range


• With the discovery of the Higgs 
boson, it is fair to say that it is a 
good effective theory no matter 
what happens next
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The Standard Model 
24 elementary matter particles 

3 forces  
 26 parameters 



The Higgs boson in the Standard Model
• Local gauge invariance forbids 

explicit mass terms in the Lagrangian – 
but experimentally both gauge bosons 
and fermions have mass


• Introduce a new field with a very 
specific potential that keeps the full 
Lagrangian invariant but makes the 
vacuum not invariant
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F. Englert and R. Brout, PRL 13 (1964) 321, P.W. Higgs, PRL 13 (1964) 508, G. Guralnik, C. Hagen, and T.W.B. Kibble, PRL 13 (1964) 585.
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1.3.2 µ2 < 0: Introducing a particle with imaginary mass ?
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The situation with µ2 < 0 looks strange since at first glance it
would appear to describe a particle � with an imaginary mass.
However, if we take a closer look at the potential, we see that it
does not make sense to interpret the particle spectrum using the
field � since perturbation theory around � = 0 will not converge
(not a stable minimum) as the vacuum is located at:
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As before, to investigate the particle spectrum in the theory, we have to look at small
perturbations around this minimum. To do this it is more natural to introduce a field ⌘
(simply a shift of the � field) that is centered at the vacuum: ⌘ = �� v.

Rewriting the Lagrangian in terms of ⌘

Expressing the Lagrangian in terms of the shifted field ⌘ is done by replacing � by ⌘+ v in
the original Lagrangian from equation (2):
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where we used µ2 = ��v2 from equation (3). Although the Lagrangian is still symmetric
in �, the perturbations around the minimum are not symmetric in ⌘, i.e. V(�⌘) 6= V(⌘).
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4
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From section 1.2 we see that this describes the kinematics for a massive scalar particle:
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• Higgs mechanism predicts existence 
of a new, neutral boson: the Higgs 
boson

• SM parameters: mass (μ or mH) and 

vacuum expectation value, v

µ2 < 0



Standard Model Lagrangian 4

T. Gutierrez

http://nuclear.ucdavis.edu/~tgutierr/files/stmL1.html
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This talk
• Briefly introduce the LHC and the ATLAS and CMS detectors

• Select a few key Standard Model particles (W, Z, top and Higgs)

• Highlight key ATLAS and CMS results


• See how this has improved our understand of the Standard Model
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Selected particles

“Tools”

Disclaimer 
Will typically present 
either CMS or ATLAS 
results in each case 
chosen at random
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accelerators



The Large Hadron Collider and the 
ATLAS and CMS Detectors
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The Large Hadron Collider (LHC) 9

43

Large Ion Collider Experiment (ALICE) [8], which will study the properties of lead-lead collisions,

and the Large Hadron Collider Beauty Experiment (LHCb) [29], an experiment designed to study

physics using bottom quarks, are located at Point 2 and Point 8, respectively. Two of the remaining

points contain equipment used for beam cleaning (Points 3 and 7); Point 4 contains radio-frequency

cavities; and Point 6 is the location of the beam dump.

Point 5

CMS
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Point 8

ATLAS
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SPS
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Point 3.3

Point 3.2

Point 4

ALICE

LHC-B

Figure 4.1: Schematic diagram of the Large Hadron Collider (LHC) [79]. The eight possible proton
crossing points are labelled as Points 1-8. The buildings for the four large LHC experiments: ATLAS
(Point 1), ALICE (Point 2), CMS (Point 5) and LHCb (Point 8) are coloured.

Each of the two beams, which travel in opposite directions around the ring, contain protons.

Therefore the two beams need independent magnet systems, because the particles in the beams

have the same charge3. The 3.7 m diameter of curved sections of the tunnel is not large enough to

contain two completely separate rings, therefore a twin-bore magnet system was designed in which
3This is in contrast to the Tevatron collider at Fermilab, which collides protons with antiprotons. As the par-

ticles have opposite charge and move in the opposite direction, both beams require a magnetic field with the same
orientation. A di�erent choice was made for the LHC to avoid the technical challenges in producing and storing
antiprotons.



Side note: Cross-sections and luminosity 10

N = L⇥ �

Number of events Integrated Luminosity Cross-section

Cross-sections are measured in 
barns:  1 barn = 10−28 m2 (100 

fm2)

Range at the LHC: mb to fb

Already ~12 fb-1 of 2017 data!

https://en.wikipedia.org/wiki/Barn_(unit)#Etymology
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The General Purpose Detectors 12

ATLAS CMS

Weight 
(tons) Length (m) Height (m)

ATLAS 7000 45 21

CMS 12500 25 15



#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%.#

8"

ATLAS Cavern 

The Detectors 13

ATLAS CMS

Weight 
(tons) Length (m) Height (m)

ATLAS 7000 45 21

CMS 12500 25 15



A Large Toroidal ApparatuS (ATLAS) 14
http://atlas.cern/



The Compact Muon Solenoid (CMS) 15
https://cms.cern/detector



Something new: CMS Pixel Upgrade
• CMS pixel detector was completely 

replaced during the 2016-2017 shut-
down


• Additional pixel layer

• 3→4 barrel layers (smaller radius)

• 2→3 end-cap disks


• e.g. 50% improvement in d0 resolution

16
CMS Pixel TDR

16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

=0 =1.0=0.5 =1.5
=2.0

=2.5

=2.5

=2.0
=1.5=1.0=0.5=0

50.0 cm

Upgrade

Current

Outer rings

Inner rings

Current

Upgrade
4 barrel layers

3 barrel layers

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

Old

Old

New

New

New CMS pixel detector 

https://cds.cern.ch/record/1481838?ln=en
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The Z boson

• Discovered in 1983 at the SPS at CERN

• Carrier of the weak force

• Reconstruct from a pair of leptons of the 

same flavour but with opposite charge 
typically with pT > 20 GeV


• One of the easiest processes to identify

• Almost background free


• Widely used for lepton calibration

• Highly accurate tests of the Standard 

Model

18

60 80 100 120

Ev
en

ts
 / 

1.
0 

G
eV

0.2

0.4

0.6

0.8

1.0

310×

data
µµ→Z

CMS

 = 8 TeVs,  -1L = 18.2 pb

) [GeV]-µ+µM(
60 80 100 120

χ

-5
0
5

SMP-12-011

60 80 100 120

Ev
en

ts
 / 

1.
0 

G
eV

100

200

300

400

500

600

700

data
ee→Z

CMS

 = 8 TeVs,  -1L = 18.2 pb

) [GeV]-e+M(e
60 80 100 120

χ
-5
0
5

Z→μμ

Z→ee

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-12-011/index.html


Z Boson Properties 19
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SMP-14-012 
STDM-2014-10

Measure Z boson angular distributions to probe QCD dynamics

Precise 
measurement of 

the pT distribution

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-10/


The W boson

• Also discovered in 1983 at the 
CERN SPS


• Other weak force mediator

• Most precise measurements 

reconstruct W boson from decay to 
a lepton and a neutrino


• Cannot reconstruct the full mass 
because the neutrino is only 
detected indirectly (missing energy)


• Backgrounds from multijet (fake 
lepton) and top quarks 

20
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The W Mass

• Precision measurement of W mass tests 
consistency of Standard Model


• Extremely challenging measurement at a 
hadron collider


• Template fit to distributions sensitive to 
the W mass


• Requires careful calibration and detailed 
understanding of reconstructed objects


• mW = 80370 ± 19 MeV
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Observation of WW scattering
• In the SM without the Higgs, the cross-section for WW scattering was 

predicted to diverge at high energies

• One component of the “no lose theorem” which argued that the LHC 

had to find something

• Exactly two leptons of the same charge and two jets with a rapidity gap

• Counting experiment in 6 categories by lepton flavour

• Observed (expected) significance is 5.5 (5.7)σ
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More than one: Diboson Results 23



Massive Triboson ?

• Currently only a limit from 
ATLAS on WWWW coupling
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The Top Quark

• The heaviest particle in the Standard 
Model with a Yukawa (Higgs) coupling 
of ~1


• Discovered at the Tevatron, but large 
production rate at the LHC allows its 
properties to be studied in detail


• Typically study ttbar production

• Each top decays to a W-boson and a 

b-quark

• Either leptonic or hadronic W decay


• Production cross-section measured to 
4%

• Consistent with theoretical 

predictions
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The Top Mass
• Another key parameter of the Standard Model

• Measured using analogous techniques to the W mass measurement, 

but more challenging as it requires both leptons and jets

• Theory interpretation is challenging


• Measured top mass ≠ theoretical pole mass
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Single top production 28
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Top and other particles

• Probe the production of the top together 
with other particles


• Measurement of ttW and ttZ cross-
sections:


• Measurement of ttγ cross-section

• 139±7(stat.)±17(syst.) fb
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The Higgs Boson

• Predictions date from the 1960s

• Discovered at CERN by ATLAS 

and CMS in 2012

• Only known elementary scalar

• Particle associated with the 

Higgs mechanism which 
provides elementary particles 
with their mass
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H0 J = 0

In the following H
0 refers to the signal that has been discovered in

the Higgs searches. Whereas the observed signal is labeled as a spin

0 particle and is called a Higgs Boson, the detailed properties of H
0

and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons (H± and H
±±)”, respectively.

H0 MASSH0 MASSH0 MASSH0 MASS
VALUE (GeV) DOCUMENT ID TECN COMMENT

125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11 1,2 AAD 15B LHC pp, 7, 8 TeV
• • • We do not use the following data for averages, fits, limits, etc. • • •

125.07±0.25±0.14 2 AAD 15B LHC pp, 7, 8 TeV, γγ

125.15±0.37±0.15 2 AAD 15B LHC pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.02±0.43±0.27 AAD 15B ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.04 AAD 15B ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.59±0.42±0.17 AAD 15B CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
125.36±0.37±0.18 1,3 AAD 14W ATLS pp, 7, 8 TeV
125.98±0.42±0.28 3 AAD 14W ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.06 3 AAD 14W ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.6 ±0.4 ±0.2 4 CHATRCHYAN14AA CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
122 ±7 5 CHATRCHYAN14K CMS pp, 7, 8 TeV, τ τ
124.70±0.31±0.15 6 KHACHATRY...14P CMS pp, 7, 8 TeV, γγ

125.5 ±0.2 +0.5
−0.6

1,7 AAD 13AK ATLS pp, 7, 8 TeV

126.8 ±0.2 ±0.7 7 AAD 13AK ATLS pp, 7, 8 TeV, γγ

124.3 +0.6
−0.5

+0.5
−0.3

7 AAD 13AK ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.8 ±0.4 ±0.4 1,8 CHATRCHYAN13J CMS pp, 7, 8 TeV

126.2 ±0.6 ±0.2 8 CHATRCHYAN13J CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.0 ±0.4 ±0.4 1,9 AAD 12AI ATLS pp, 7, 8 TeV
125.3 ±0.4 ±0.5 1,10 CHATRCHYAN12N CMS pp, 7, 8 TeV

1Combined value from γγ and Z Z∗ → 4ℓ final states.
2ATLAS and CMS data are fitted simultaneously.
3AAD 14W use 4.5 fb−1 of pp collisions at Ecm = 7 TeV and 20.3 fb−1 at 8 TeV.
4CHATRCHYAN 14AA use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

5CHATRCHYAN 14K use 4.9 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

6KHACHATRYAN 14P use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.
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Coupling to fermionsCoupling to bosons
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Massive gauge boson?
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The"two"Main"discovery"Chanels"

H → γγ,

H → 4e$

Very"simple"channels,"with"excellent"mass"resoluFon"(unambiguous"signatures)"

The"Golden"chanel"over"a"large"
range"in"mass"

An"excellent"chanel"for"a"Higgs"
boson"near"125"GeV""

ns ~ 500 ns ~ 20!30
Inclusive"approximate"number"of"selected"signal"events"

The"two"Main"discovery"Chanels"

H → γγ,

H → 4e$

Very"simple"channels,"with"excellent"mass"resoluFon"(unambiguous"signatures)"

The"Golden"chanel"over"a"large"
range"in"mass"

An"excellent"chanel"for"a"Higgs"
boson"near"125"GeV""

ns ~ 500 ns ~ 20!30
Inclusive"approximate"number"of"selected"signal"events"

An excellent channel 
for mH = 125 GeV

Golden channel over a 
wide mass range

Simple channels with excellent mass resolution

Also 4μ, 2e2μ
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4 July 2012

Movie link

https://twiki.cern.ch/twiki/pub/AtlasPublic/HiggsPublicResults//Hgg-FixedScale-Short2.gif


What do we know about the Higgs?

• Measure basic properties

• Mass and width 
• Production rate

• Spin and parity (only elementary scalar):

• Measure decays 
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H0 J = 0

In the following H
0 refers to the signal that has been discovered in

the Higgs searches. Whereas the observed signal is labeled as a spin

0 particle and is called a Higgs Boson, the detailed properties of H
0

and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons (H± and H
±±)”, respectively.

H0 MASSH0 MASSH0 MASSH0 MASS
VALUE (GeV) DOCUMENT ID TECN COMMENT

125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11125.09±0.21±0.11 1,2 AAD 15B LHC pp, 7, 8 TeV
• • • We do not use the following data for averages, fits, limits, etc. • • •

125.07±0.25±0.14 2 AAD 15B LHC pp, 7, 8 TeV, γγ

125.15±0.37±0.15 2 AAD 15B LHC pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.02±0.43±0.27 AAD 15B ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.04 AAD 15B ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.59±0.42±0.17 AAD 15B CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
125.36±0.37±0.18 1,3 AAD 14W ATLS pp, 7, 8 TeV
125.98±0.42±0.28 3 AAD 14W ATLS pp, 7, 8 TeV, γγ

124.51±0.52±0.06 3 AAD 14W ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.6 ±0.4 ±0.2 4 CHATRCHYAN14AA CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
122 ±7 5 CHATRCHYAN14K CMS pp, 7, 8 TeV, τ τ
124.70±0.31±0.15 6 KHACHATRY...14P CMS pp, 7, 8 TeV, γγ

125.5 ±0.2 +0.5
−0.6

1,7 AAD 13AK ATLS pp, 7, 8 TeV

126.8 ±0.2 ±0.7 7 AAD 13AK ATLS pp, 7, 8 TeV, γγ

124.3 +0.6
−0.5

+0.5
−0.3

7 AAD 13AK ATLS pp, 7, 8 TeV, Z Z∗ → 4ℓ

125.8 ±0.4 ±0.4 1,8 CHATRCHYAN13J CMS pp, 7, 8 TeV

126.2 ±0.6 ±0.2 8 CHATRCHYAN13J CMS pp, 7, 8 TeV, Z Z∗ → 4ℓ
126.0 ±0.4 ±0.4 1,9 AAD 12AI ATLS pp, 7, 8 TeV
125.3 ±0.4 ±0.5 1,10 CHATRCHYAN12N CMS pp, 7, 8 TeV

1Combined value from γγ and Z Z∗ → 4ℓ final states.
2ATLAS and CMS data are fitted simultaneously.
3AAD 14W use 4.5 fb−1 of pp collisions at Ecm = 7 TeV and 20.3 fb−1 at 8 TeV.
4CHATRCHYAN 14AA use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

5CHATRCHYAN 14K use 4.9 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

6KHACHATRYAN 14P use 5.1 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1 at
Ecm = 8 TeV.

HTTP://PDG.LBL.GOV Page 1 Created: 10/6/2015 12:32
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Higgs Mass Measurement

• Final Run-1: 125.09 ± 0.24 GeV

• CMS Run-2: 125.26 ± 0.21 GeV

• ATLAS Run-2: 124.98 ± 0.28 GeV
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HIGG-2014-14, ATLAS-CONF-2017-046, HIG-16-041
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Higgs Mass Implications
• Measured final SM parameter !

• Good consistency with mW and mtop

• mH = 125 GeV 


• A bit too heavy for supersymmetry, but 
not so heavy as to exclude 
supersymmetry


• Perhaps a bit lighter than the mass 
needed for the Standard Model validity 
to Planck scale (modulo theory 
assumptions)


• mH = 125 GeV → our universe may lie on 
the boundary between instability and 
stability


• No need to panic: metastability means that 
the universe is unlikely to end tomorrow

• But intriguing, nonetheless
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Vacuum Stability: λ(Λ) ≥ 0 Degrassi et al, 1205.6497

102 104 106 108 1010 1012 1014 1016 1018 1020
!0.04

!0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale Μ in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
Λ
!Μ
"

Mh $ 125 GeV
3Σ bands in

Mt $ 173.1 & 0.7 GeV
Αs!MZ" $ 0.1184 & 0.0007

Mt $ 171.0 GeV

Αs!MZ" $ 0.1163

Αs!MZ" $ 0.1205

Mt $ 175.3 GeV

115 120 125 130 135
108

1010

1012

1014

1016

1018

Higgs mass Mh in GeV

In
st
ab
ili
ty
sc
al
e
in
G
eV

1Σ band in
Mt $ 173.1 & 0.7 GeV
Αs!MZ" $ 0.1184 & 0.0007

Λ = M
Planck

MH > (129.4± 1.8) GeV [129.4 ± 5.6]

Alekhin et al, 1207.0980

Assumes SM valid all the way up to Λ ≤ M
Planck

Higgs Physics A. Pich – LHCP 2013 8

 [GeV] tm
165 170 175 180 185

 [G
eV

]
W

m

80.25

80.3

80.35

80.4

80.45

80.5 ATLAS  0.019 GeV± = 80.370 Wm
 0.70 GeV± = 172.84 tm
 0.24 GeV± = 125.09 Hm

t and mW68/95% CL of m

68/95% CL of Electroweak
t and mW Fit w/o m

 (Eur. Phys. J. C 74 (2014) 3046)

axXiv:1205.6497

https://arxiv.org/pdf/1205.6497.pdf


Spin/Parity

• Only elementary particle with spin-0 
• Spin and parity determine angular distributions of decay products


• Use γγ, ZZ and WW

• Don’t forget, though, that the γγ observation implies


• Does not originate from spin 1 : Landau-Yang theorem

• Charge conjugation is +1 (assuming C and P separately conserved) 

• WW/ZZ channels disfavour CP odd hypothesis (can occur through 

loops)
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Higgs Width
• Direct measurements of the Higgs width are limited by the detector 

resolution to a few GeV (SM: a few MeV)

• Can do much better with indirect measurements using the ratio of the 

off-shell to on-shell cross-section

• Currently constraint width to a few tens of GeV

• But: brings in model assumptions

42Phys. Rev. D88 (2013) 054024 
arXiv:1311.3589, HIG-16-033 

https://arxiv.org/pdf/1206.4803.pdf
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Figure 12: Best fit results for the production signal strengths for the combination of ATLAS and CMS data. Also
shown are the results from each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
The measurements of the global signal strength µ are also shown.
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Figure 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data (the results
for µµµ are reported in Table 13). Also shown are the results from each experiment. The error bars indicate the
1� (thick lines) and 2� (thin lines) intervals.
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Production Decay

Two independent fits: assume SM for the other

JHEP08(2016)045

http://link.springer.com/article/10.1007/JHEP08(2016)045
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [129].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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Generally good 
agreement with SM

Assumptions: 
No contributions to width 
from BSM particles (no 
decay to BSM particles)


No contributions to loops 
from BSM particles

W

W

H
22%

κw

Results for fermions 
are much weaker than 

for bosons
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Observation of H→ττ

• CMS paper last week as first single experiment observation of the 
H→ττ (ATLAS+CMS observation in Run-1 combination)


• Only channel so far to directly observed the coupling to fermions

• Two channels (by τ decay): lepton-hadron, hadron-hadron

• Exploit both gluon-gluon fusion and VBF production

• Key elements: reconstructing the Higgs mass despite the presence of 

neutrinos and accurately estimating the Z→ττ background 
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Figure 19: Combined observed and predicted mtt distributions. The leftpane includes the VBF
category of the µth, eth and eµ channels, and the rightpane includes all other channels that
make use of mtt instead of mvis for the signal strength fit. The binning reflects the one used in
the 2D distributions, and does not allow merging of the two figures. The normalization of the
predicted background distributions corresponds to the result of the global fit, while the signal
is normalized to its best fit signal strength. The mass distributions for a constant range of the
second dimension of the signal distributions are weighted according to S/(S + B), where S
and B are computed, respectively, as the signal or background contribution in the mass distri-
bution excluding the first and last bins. The “Others” background contribution includes events
from diboson, tt, and single top quark production, as well as Higgs boson decay to a pair of
W bosons and Z bosons decaying to a pair of light leptons. The background uncertainty band
accounts for all sources of background uncertainty, systematic as well as statistical, after the
global fit. The inset shows the corresponding difference between the observed data and ex-
pected background distributions, together with the signal expectation. The signal yield is not
affected by the reweighting.

(Spain); Swiss Funding Agencies (Switzerland); MST (Taipei); ThEPCenter, IPST, STAR, and
NSTDA (Thailand); TUBITAK and TAEK (Turkey); NASU and SFFR (Ukraine); STFC (United
Kingdom); DOE and NSF (USA).

Individuals have received support from the Marie-Curie program and the European Research
Council and Horizon 2020 Grant, contract No. 675440 (European Union); the Leventis Foun-
dation; the A. P. Sloan Foundation; the Alexander von Humboldt Foundation; the Belgian Fed-
eral Science Policy Office; the Fonds pour la Formation à la Recherche dans l’Industrie et dans
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Evidence for H→bb
• H→bb is the most common decay 

(58%) but, due to the large 
backgrounds, it is very challenging


• Recent result from ATLAS provides the 
evidence for H→bb with an observed 
(expected) significance of 3.5σ (3.0σ)


• Use associated production with a W 
and Z boson

• Leptonic decays provide trigger

• Strongly reduce backgrounds


• Cross-check by measuring VZ 
production with Z→bb with an 
observed (expected) significance of 
5.8σ (5.3σ)


• CMS combination of Run1+Run2 of 
4.8σ
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Novel High pT H→bb Search

• Select events with a large radius jet with pT > 450 GeV

• Typically accompanied by a jet radiated off the Higgs


• Validate with Z→bb observation (5.1σ)

• Early days for the Higgs: observed (expected) significance of 1.5σ (0.7σ)
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H→μμ

• So far, we’ve focussed on coupling of 
the Higgs to third generation fermions


• Structure of the fermionic sector is far 
from trivial !


• H→μμ will soon provide us with a 
means to probe the coupling of the 
Higgs to the second generation


• Higgs is easily identifiable via the two 
muons, but there is a background 
many orders of magnitude larger than 
the Higgs from Z→μμ decays


• Current limit is 2.8 (2.9) x the SM

• Will become very interesting with 

more data!
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Figure 16: Observed (solid line) and expected (dashed line) negative log-likelihood scan of BBSM, shown for the
combination of ATLAS and CMS when allowing additional BSM contributions to the Higgs boson width. The
results are shown for the parameterisation with the assumptions that |V |  1 and BBSM � 0 in Fig. 15. All
the other parameters of interest from the list in the legend are also varied in the minimisation procedure. The red
horizontal line at 3.84 indicates the log-likelihood variation corresponding to the 95% CL upper limit, as discussed
in Section 3.2.

6.2. Parameterisation assuming SM structure of the loops and no BSM decays

In this section it is assumed that there are no new particles in the loops entering ggF production and
H ! �� decay. This assumption is supported by the measurements of the e↵ective coupling modifiers
g and �, which are consistent with the SM predictions. The cross section for ggF production and the
branching fraction for the H ! �� decay are expressed in terms of the coupling modifiers of the SM
particles in the loops, as indicated in Table 4. This leads to a parameterisation with six free coupling
modifiers: W , Z , t, ⌧, b, and µ; the results of the H ! µµ analysis are included for this specific case.
In this more constrained fit, it is also assumed that BBSM = 0.

Figure 18 and Table 18 show the results of the fit for the combination of ATLAS and CMS, and separately
for each experiment. Compared to the results from the fitted decay signal strengths (Table 13) or the global
signal strength µ = 1.09 ± 0.11 (Section 5.1), this fit yields values of the coupling modifiers lower than
those predicted by the SM. This is a consequence of the low value of b, as measured by the combination
of ATLAS and CMS and by each experiment. A low value of b decreases the total Higgs boson width
through the dominant �bb partial decay width, and, as a consequence, the measured values of all the
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Constraints on rate of decays to particles that we cannot see

Binv < 0.34 
(0.39) (95% CL)
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [128] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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Good agreement 
but check the y-

axis carefully

Overall conclusion: 
Generally very good 
agreement with the 

SM 
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Thins we don’t know about the Higgs
• Direct evidence for the Higgs-top Yukawa coupling

• Other rare Higgs decays, e.g. lepton flavour violation

• Confirm the Higgs self-interaction (HH production)

• Study the Higgs potential


• Evolution from the early universe

• Phase transition ? Connection to electroweak baryogengesis
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False vacuum

Real vacuum

Beginning of 
Higgs 

physics
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Already a wealth of 
SM measurements 
from the LHC data

The SM is holding up 
very well to our tests, 

but only 2% of the 
total expected 

dataset


