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The Leptons

What is the Standard Model?

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.
The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.
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All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

The Quarks

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

Keep together!

Stay close!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

The Forces
Problems and Questions

Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.
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!
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The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

…

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?

?

?

?

?

?

?
?

?

Many experiments: one theory of QCD
!

The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

Two types of challenges for QCD:
• Can it pass all these tests?
• Can we calculate well enough to see what the data is telling us?
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We now have a few persistent possible signs of new physics
The Leptons

What is the Standard Model?

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.
The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

Picture Credit: Particle Fever

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

The Quarks

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

Keep together!

Stay close!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

The Forces
Problems and Questions

Those mince pies have
really increased
my mass...

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.

Hurry up!

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

LHCb arXiv:2103.11769
<latexit sha1_base64="iKvKkkZJ7G08UOlHFYNbjtW0bmg="></latexit>

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.
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The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.
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Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
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gluon,
nuclei
would
like us
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See Zupan’s Talk

The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

?

?

?

?
Muon g-2 arXiv:2104.03281

?

?

aµ = g
<latexit sha1_base64="QvD7uyp3Wh7DFM1kMpRSG/yoW3k=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBC8GHaDqBch6MVjBPOAzRJmJ7PJkHksM71CCPkMLx4U8erXePNvnCR70MSChqKqm+6uOBXcgu9/eyura+sbm4Wt4vbO7t5+6eCwaXVmKGtQLbRpx8QywRVrAAfB2qlhRMaCteLh3dRvPTFjuVaPMEpZJElf8YRTAk4KSbcjM3yD++fVbqnsV/wZ8DIJclJGOerd0lenp2kmmQIqiLVh4KcQjYkBTgWbFDuZZSmhQ9JnoaOKSGaj8ezkCT51Sg8n2rhSgGfq74kxkdaOZOw6JYGBXfSm4n9emEFyHY25SjNgis4XJZnAoPH0f9zjhlEQI0cINdzdiumAGELBpVR0IQSLLy+TZrUSXFaCh4ty7TaPo4CO0Qk6QwG6QjV0j+qogSjS6Bm9ojcPvBfv3fuYt654+cwR+gPv8welGpAv</latexit>
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See Gerardine’s Talk

•

Both hint at greater diﬀerences between electrons and muons than in
the SM

•

Both require diﬃcult calculations of hadronic contributions

in the high q 2 -region. (a) and (b) O7 and O9,10 short distance
ce) form factors. (c) long distance charm-loop contribution which
m vacuum polarisation hc (q 2 ). The charm bubble itself is the full
ata.
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The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?

?

?
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The Leptons

The Quarks

But we definitely have many new particles
What is the Standard Model?

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.
The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

Picture Credit: Particle Fever

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Keep together!

Stay close!

Don't stray!

+
New in Aug 2021 at LHCb: Tcc
= ccud
<latexit sha1_base64="Uh1Mbs3tsfGvaq3HI7+ZNIYIlwM=">AAACA3icbVDLSgMxFM3UV62vqjvdBIsgCGVGiroRCrpwWaEvaMchcydtQzOTIckIZSi48VfcuFDErT/hzr8x03ahrQcCh3POTXKPH3OmtG1/W7ml5ZXVtfx6YWNza3unuLvXVCKRQBsguJBtnyjKWUQbmmlO27GkJPQ5bfnD68xvPVCpmIjqehRTNyT9iPUYEG0kr3hQ91KA8f0pvsIAXWGy2VVpEoy9Ysku2xPgReLMSAnNUPOKX91AQBLSSAMnSnUcO9ZuSqRmwOm40E0UjQkMSZ92DI1ISJWbTnYY42OjBLgnpDmRxhP190RKQqVGoW+SIdEDNe9l4n9eJ9G9SzdlUZxoGsH0oV7CsRY4KwQHTFLQfGQIAcnMXzEMiCSgTW0FU4Izv/IiaZ6VnfNy5a5Sqt7M6sijQ3SETpCDLlAV3aIaaiBAj+gZvaI368l6sd6tj2k0Z81m9tEfWJ8/mlyXiA==</latexit>

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

The first observed doubly-charmed tetraquark

The Forces
Problems and Questions

Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

!

!

!

!

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

?

?

?

?

?

?

?

Image Copyright CERN
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Meson-meson molecule or tightly-bound state?
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9. Quantum Chromodynamics

The Leptons

What is the Standard Model?

Baikov 2008
The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.

Davier 2014

decays
Quarks and leptons (red and &
green) are the particles
that make up everything we see in the
everyday world.
low
Q 2which
They are the building blocks
of atoms
themselves

Boito 2015
Pich 2016
Boito 2018

are the building blocks of life.

PDG 2018

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.

QQ
bound states

Mateu 2018

The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

Peset 2018
BBG06

Evaluated in many channels with many
methods with incredible level of
agreement
The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

Stay close!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

ABMP16

The Higgs Mechanism

NNPDF31

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

Those mince pies have
really increased
my mass...

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
Hurry up!
ALEPH
(j&s)
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
OPAL (j&s)
The
JADE (j&s)

idea is that there is a field that
extends over the entire universe and
different
Dissertori
(3j) particles interact with this
field in different ways. Particles with a
mass interact with it more
JADE (3j)large
strongly than particles with a small
mass,(2j)
and particles with no mass do
Verbytskyi
not interact with it at all.

e+e
jets
&
shapes

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

Kardos (EEC)
Higgs was the first one to write down
that the field should
Abbate (T)
corresponding particle,

have a
now the
'Higgs Particle', that you should be
Gehrmann
able (T)
to search for in experiments. In
2012, it was finally found and Higgs
Hoang (C)
was awarded the Nobel prize for his
work in October 2013.
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!

H

Klijnsma (tt)
CMS (tt)

gluon,
nuclei
would
like us

?

?

?

?

Some are new methods applied
to
older
?
?
data (re-analysis of HERA data)
!

!

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.

!

The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

?

?
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I'm so lonely...
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Keep together!
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Picture Credit: Particle Fever

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

in this category, removing this pre-average would not change the final result within the quoted
uncertainty.

The Quarks
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= 0.1179 ± 0.0010
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Figure 9.3: Summary of measurements of – as a function of thePDG
energyReview
scale Q. The
respective
2020
Tightest constraints currently from lattice
degree of QCD perturbation theory used in the extraction of – is indicated in brackets (NLO:

2
s (MZ )

August 2019

e 9.2: Summary of determinations of –s (MZ2 ) from the seven sub-fields discussed in the text.
ellow (light shaded) bands and dotted lines indicate the pre-average values of each sub-field.
ashed line and blue (dark shaded) band represent the final world average value of –s (MZ2 ).

PDG Review 2020
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to the pre-average for this category of

–s (MZ2 )

1000

= 0.1187 ± 0.0052. We note that, while we

s

s

See Camarda and d’Enterria’s Talks

5

next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3 LO: next-to-NNLO).
9.4.3 Deep-inelastic scattering and global PDF fits:
Studies of DIS final states have led to a number of precise determinations of –s : a combination [501]
of precision measurements at HERA, based on NLO fits to inclusive jet cross sections in neutral
current DIS at high Q2 , provides combined values of –s at different energy scales Q, as shown
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Matrix elements at high energies calculated by expansion in couplings, e.g.
The Leptons

What is the Standard Model?
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The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.

+

+

Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

The most common lepton is the
electron and we manipulate these
to produce electrical current.

4
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The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

The Quarks

+
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Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

+ ...

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Stay close!

Keep together!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

Madgraph5_aMC@NLO

Standard for LHC is Next-to-Leading-Order (NLO) for SM and BSM
Possible due to
• Automation of subtraction
• Unitarity revolution
?
• Combination with parton showers (MC@NLO, POWHEG)
Picture Credit: Particle Fever

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

You'll never
detect me!

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

Sherpa

The Forces

Problems and Questions

Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

!

!

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

?

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.

The weak force is responsible for some
! The SM has many input parameters that are determined empirically and it
radioactive decays and allows the
provides no explanation for why those parameters should be those values.
neutrinos to interact with other particlesLHC
Supersymmetry is a theory that goes some way to reducing this problem.
50
h+X gluon fusion
in the SM. It is mediated by the Z and Wpp
MSTW08 68cl
particles. If the weak force did not exist, = R = F [mH /4,mH!] The SM predicts that neutrinos are massless, but we observe that not to
stars like our sun would never haveCentral scale: = mH /2be the case.
formed.
! In everyday life, we only ever experience a few of the members of the
40
quark and lepton families, so why does nature choose to have other
members?
The strong force, carried by the gluon,
is what holds all the atomic nuclei
! The
SM says anti-matter and matter should have been created in
together. Without it, all atoms would
approximately equal parts at the Big Bang. So where is all the antiburst apart and complex beings30like us
matter?
cannot exist.
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A? few KEY processes at N3LO
First cross section, gg ! H

?

/pb

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.
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Now: full gg ! H , VBF Higgs, bb̄ ! H , Drell-Yan
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Now have specialised calculations for many processes at NNLO
(to roughly give %-level
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uncertainties), including tt̄
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Those mince pies have
really increased
my mass...

Hurry up!

pp ! tt̄ @ 13 TeV, mt = 161.6 GeV, µ = mt

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

NLO
NNLO
CMS

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

The Forces

150
The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
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50
The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.
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The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

1.0

gluon,
nuclei
would
like us

!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...
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Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

100

?

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
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The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?
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In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
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The SM predicts that neutrinos are massless, but we observe that not to
be the case.
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pp ! tt̄ @ 13 TeV, mt = 161.6 GeV, µ0 = µk /2
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Keep together!

Stay close!

Problems and Questions

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.
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Muons and tauons are much the
same
as
electrons
except
0
heavier. Although they
are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.
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Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

The most common lepton is the
electron and we manipulate these
to produce electrical current.
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The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
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Figure
6: The
invariant-mass
distribution
of the top-quark pair at NLO (red) and NNLO
Catani, Devoto,
Grazzini,
Kallweit, Mazzitelli
arXiv:2005.00557
Czakon, Mitov, Poncelet arXiv:2008.11133
(blue) in the MS scheme, and the result of the CMS measurement in Ref. [16]. The theory
pp ! around
j, pp the
! central
H + value
j, pp ! W + j, pp ! 2j, pp ! 2 + j
Light jet final
states
more
diﬃcult,
but 15-point
have scale
e.g.variations
uncertainty
bands
are obtained
by performing
µ0 of the auxiliary scales µR , µF and µm . In the left panel µ0 is fixed to mt , whereas in the
Czakon, Mitov, Poncelet arXiv:2106.05331
pp
!
3j
and very recently
first
study
of
right panel µ0 is dynamically set to µk /2 (µk is the centre of gravity of the cross section in the
k th bin of mtt̄ ). In the lower right panel the dashed lines indicate the NLO and NNLO results
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2021 with µm = mt and µR = µF = µk /2.
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Two key fronts:

The Leptons

What is the Standard Model?

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

The Quarks

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

2-loop Amplitudes

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

2021 Analytic results for:
Picture Credit: Particle Fever

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

Keep together!

Stay close!

Cancellation of Divergences

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

ud¯ ! W + bb̄, gg ! tt̄, pp ! 3j, pp ! 2 + j
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The Higgs Mechanism

The Forces

Problems and Questions

Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

!

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

Badger, Bayu Hartanto, Zoia arXiv:2102.02516
?
Badger, Chaubey, Bayu Hartanto, Marzucca arXiv:2102.13450
Abreu, Febres Cordero, Ita, Page, Sotnikov arXiv:2102.13609
?
Chawdhry, Czakon, Mitov, Poncelet arXiv:2103.04319

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

!

!

!

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.

The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?
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Antenna Subtraction
Nested soft-collinear

Emphasis now on numerical stability and
eﬃciency
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The Leptons

The Quarks

Fast development of methods to match NNLO and parton shower
What is the Standard Model?

The most common lepton is the
electron and we manipulate these
to produce electrical current.

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.
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Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.
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The electromagnetic force is carried
by the photon and is the most familiar
of the forces in 5
the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with6on-demand electricity.
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out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

uncertainties with µR , µF , Q variations
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The weak force7is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated
by the Z and W
8
particles. If the weak force did not exist,
stars like our sun would never have
formed.
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The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.

GENEVAq? , hadronised

10

!

The SM predicts that neutrinos are massless, but we observe that not to
be the case.

ATLAS data

9

10
1.2

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.
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I'm so lonely...

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?
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Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass1but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

You'll never
detect me!

First NNLO+PS
17with colour-charged
particles in final
pp ! tt̄ @ 13 TeV
state
MiNNLO

Don't stray!

MiNLO
NNLO
CMS
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ratio to MiNNLOPS

The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

10

Keep together!

Stay close!

MiNNLOPS, GENEVA, UNNLOPS

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.

Picture Credit: Particle Fever

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.
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FIG. 11: Comparison between Geneva predictions and the ATLAS data for the transverse momentum distribution
Alioli, Bauer, Broggio, Gavardi, Kallweit,
Lim, for the ⇤ observable (right).
Mazzitelli, Monni, Nason, Re, Wiesemann,
(left) and
Nagar, Napoletano, Rottoli arXiv:2102.08390
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FIG. 1.Zanderighi
Distribution
in the rapidity di↵erence between the tt̄ pair
average transverse-momentum (pT,tav ) of the top and the anti-top
and in the transverse momentum (pT,tt̄ ) of the tt̄ system. Predictio
dashed) and at NNLO (red, dashed). The blackJenni
data points
repres
Smillie
ytav and pT,tav distributions have been obtained with leptonically

Event Generators

James D Cockburn*
Particle Theory, University of Edinburgh

and identification efficiencies, and the trigger efficiencies in the simulation are corrected to match those
measured in data.

*J.D.Cockburn@ed.ac.uk
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Event Generators are central to majority of physics analyses at high energy
colliders:
signal
&
background
Table 1: Summary of generators used for simulation. The details and the corresponding references are provided in
the body of the text. The + in ++ jets represents either a , or a / boson. The calculation precision indicates the U
And they’re very successful!
order of the expansion.
The Leptons

What is the Standard Model?

Events / Bin

Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.
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Picture Credit: Particle Fever

120
100
Hurry up!

80

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.
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The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.
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The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.
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Uncertainty
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Data/Post-fit
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The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.
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Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?
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The Forces

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.

Keep together!

Data

Problems and Questions
Those mince pies have
really increased
my mass...

Stay close!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

You'll never
detect me!

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
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The most common lepton is the
electron and we manipulate these
to produce electrical current.

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
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The , (! ✓a)W + jets and /W + jets (together labelled + W + jets) processes contributing to the signature
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ng factor with the best fit function is shown in Figure 2.
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Reweighting factor

1.2

The Leptons

BUT MC uncertainties (often diﬀerences between tools)
can be substantial

What is the Standard Model?

ATLAS
s = 13
TeV, 36.1fb-1
The Standard Model (SM) is the best theory we have to

1

describe how the fundamental constituents of nature
(particles) behave.

Novosibirsk fit

Quarks and leptons (red and green) are the particles
ratio
that makeData/simulation
up everything we see
in the everyday world.
They are Z+Jet(s)
the buildingevents
blocks of atoms which themselves
are the building blocks of life.

0.8

The Quarks

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Keep together!

Stay close!

And can require large correction factors

peak = (0.24 ± 0.01) TeV
The force carriers (blue) allow for particles to interact
width
= (1.12
± 0.03)
with one another.
Without
them,TeV
the universe would be
boring.
tail = -6.2 ± 0.9

0.6

The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

0.4
Picture Credit: Particle Fever

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

4
Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez arXiv:2002.11114
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The Higgs Mechanism

Those mince pies have
really increased
my mass...

Hurry up!
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The Forces
Problems and Questions
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The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.
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The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why
jj opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

m [TeV]

!

!

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.

data and simulation for Z + jet(s) events collected in CR(e± e⌥ ) and CR(µ± µ⌥ ) as
ariant mass, with the result of the Novosibirsk fit superimposed. The fitted values
topics
of development
(driven
by
TeV,Current
and tail (unitless)
are shown.
The binning is adjusted
to minimise
statistical
1 of data.
H
experiment
needs):

•
•
•

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

!

!

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?
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The Need to go Beyond Fixed Order

James D Cockburn*
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n
↵
Parton showers for soft/coll. emissions at all s are perfect example where fixed order not enough
In general:
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The Leptons

What is the Standard Model?

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.

Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.
The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.
All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

Picture Credit: Particle Fever

The Higgs Mechanism

The Quarks

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Multiple scales
Disparate scales
Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Keep together!

Stay close!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

The Forces

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.
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!

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

?

?

0.10

?

?

?

?
?

?

<latexit sha1_base64="FQDeYTQl1xb3k1IHMb0J0sVR4+U=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSLUS90VUY9FLz1W6Be0y5JN0zY0ya5JtlCW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvjDnTxnW/nbX1jc2t7dxOfndv/+CwcHTc1FGiCG2QiEeqHWJNOZO0YZjhtB0rikXIaSscPcz81pgqzSJZN5OY+gIPJOszgo2V/C6PBqU4qF+KoHoRFIpu2Z0DrRIvI0XIUAsKX91eRBJBpSEca93x3Nj4KVaGEU6n+W6iaYzJCA9ox1KJBdV+Oj96is6t0kP9SNmSBs3V3xMpFlpPRGg7BTZDvezNxP+8TmL6d37KZJwYKsliUT/hyERolgDqMUWJ4RNLMFHM3orIECtMjM0pb0Pwll9eJc2rsndT9h6vi5X7LI4cnMIZlMCDW6hAFWrQAAJP8Ayv8OaMnRfn3flYtK452cwJ/IHz+QOa8ZFX</latexit>

log(pT /mH )
NNLL Cieri, Coradeschi, de Florian arXiv:1505.03162

0.08
0.06

NLL+LO
NNLL+NLO
N3 LL+NNLO

0.04
0.02
Ratio to NNLL+NLO

H

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.
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Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

/dp Z

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.
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Hurry up!

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.

See de Florian’s Talk

Wojciech Bizoń et al.: The transverse momentum spectrum of weak gauge boson

Problems and Questions
Those mince pies have
really increased
my mass...

Logs
Trouble

Don't stray!
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Bizoń, Gehrmann-De Ridder, Gehrmann, Glover, Huss,
Monni, Re, Rottoli, Walker arXiv:1905.05171
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A Challenge at High Centre of Mass
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Many coloured-charged, hard particles with pT, sij, ŝ
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The Leptons

Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.
The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

Picture Credit: Particle Fever

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Keep together!

Stay close!

Large logs in

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.
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You'll never
detect me!

Fortunately, the matrix elements of these processes simplify in
the High Energy limit: sij ! 1, |pT i | finite
I'm so lonely...
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Can sum up all
Jets (HEJ)

Problems and Questions
Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

Image Copyright CERN

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

!

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.

!

The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.

!

12 jets with pT > 50 GeV at CMS (13 TeV)

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The SM predicts that neutrinos are massless, but we observe that not to
be the case.

!

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

!

damage convergence of pert. expansion

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

The Forces

2
sij /pT
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2+k
↵s

log

implemented in High Energy

2
(ŝ/pT )

?

?

Andersen, JMS arXiv:0908.2786,
0910.5113
?

?

k

?

?

?

?

dæ/dm12 [fb/GeV]

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
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HEJ mt,b
HEJ eÆ.
mt
eÆ.
eÆ.
dæLO
· dæNLO
/dæLO

10°2

10°3

Simpler form allows inclusion of quark masses in Higgs couplings to
arbitrary multiplicity (fixed order, H+3j LO)

pp ! (h ! ∞∞)jj
LHC@13 TeV
anti ° kt, R = 0.4, pj,? > 30 GeV, |yj | < 4.4

Cuts to study HW W couplings in Hjj (VBF) require large rapidity and mjj
This exactly enhances the logs!
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ratio to HEJ mt,b

What is the Standard Model?

The Quarks
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High Energy Logs

100

10°1

Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

10°3 pp ! (W ! l∫)+ ∏ 2j

Picture Credit: Particle Fever

Hurry up!

1.0

Ongoing work to combine log treatment with NLO and PS
Essential for large pT
The Quarks
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Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Keep together!

Stay close!

At large values of pT in this dijet sample, contribution from
4j, 5j, … components numerically significant
Don't stray!
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You'll never
detect me!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

LHC@7 TeV
anti-kt, R = 0.4, pj,? > 30 GeV, |yj | < 4.4

The Forces

[fb/GeV]

Ratio to Data

1.5

Those mince pies have
really increased
my mass...

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

10

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.

10°2

°4

The Leptons

HEJ1
HEJ2 NLO
The most common lepton is the
Wjj
NLO
electron and we manipulate these
The Standard Model (SM)
is the
best theory we have to
to produce electrical current.
describe how the fundamental constituents of nature
(particles) behave.
Data from ATLAS : 1409.8639

What is the Standard Model?

Problems and Questions

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

100

200

300

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
j,?
formed.

400
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p
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!

!

600

!

LO + LL
NLO + LL
NLO

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.

700

The SM predicts that neutrinos are massless, but we observe that not to
be the case.

(leading jet) [GeV]

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?

Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310
H
!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

?

?

?

?

?

?
?

?

Impact of logs enhanced again with increase to 13 TeV, and
much more at 100 TeV
Increased min jet pT controls cross section, but tails fall
much less steeply

dæ
dmjj

dæ(W !l∫)+∏2j /dp1,? [fb/GeV]

*J.D.Cockburn@ed.ac.uk
www.thephdguide.wordpress.com

105
13TeV 30GeV
100TeV 30GeV
100TeV 60GeV
100TeV 80GeV

104

103

pp ! (W + ! e+ ∫e ) + jets
anti-kt, R = 0.4, |¥j | < 4.7

102

101

100

10°1
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(3)

prescription does no satisfy eq. (5.10) since it considers all 4FS contribution Bij while

and very significant
Scale uncertainties reduced low enough that other sources of error become
(5,3)

The Leptons
The Quarks
ignoring (i.e.
e↵ectively setting to zero) the
5FS counterpart pieces ⌘bi

What is the Standard Model?

(5,3)

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Those mince pies have
really increased
my mass...

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

S [TeV]
7
8
13
14
27
100

Hurry up!

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Forces

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Keep together!

Stay close!
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The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

The Higgs Mechanism

(5,3)

, ⌘ib

⌘ib̄ contributing to Aij . As a consequence, it seems that for this particular process the
FONLL-B prescription does not give a reliable estimate of the value of the cross section at
O(↵s3 ). This underlines the need to include the N3 LO 5FS prediction.

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.

Picture Credit: Particle Fever
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[pb]
0.172
0.222
0.535
0.604
1.68
9.21

(scale) [%]

(pp ! Hbb̄)
Don't stray!

(↵S + PDF) [%]
± 9.05
± 9.02
± 8.37
± 8.31
± 7.59
± 6.68

+2.50The top quark is the black sheep
2.63of the quark family. It is much
than the rest of the
+2.64heavier
quarks and so will often decay
it has a chance to create
3.01before
a hadron or meson.
+2.52
4.11
+2.67
4.31
+2.57
5.92
Problems and Questions
+3.26
9.38

You'll never
detect me!

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

I'm so lonely...

(PDF-TH) [%]
±3.85
±3.54
±2.49
±2.36
±1.22
±1.00

(mb ) [%]
+1.44
0.95
+1.44
0.95
+1.44
0.95
+1.44
0.95
+1.44
0.95
+1.44
0.95

Duhr,
Hirschi, Mistlberger
Table
3:Dulat,
FONLL-C
(N3 LO 5FSarXiv:2004.04752
matched ?
to NLO 4FS) predictions for the bb̄H cross
? associated ?uncertainties.
section at di↵erent collider energies and
!

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.

?

Within pdf fits, experimental errors now low enough that
? sources of error become very significant
? other
Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

!

The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.

In tab. 3 we present results for the matched cross section for various representative
collider energies. We estimate the uncertainty due to the truncation of the perturbative
?
?
series by varying the factorisation and renormalisation scales independently up and down
by a factor around the central values (µF , µR ) = ((mH +2mb )/4, mH ) within the constraint
of eq. (4.2). This choice for the central scales was discussed in section 4. Furthermore, we
quote the PDF and strong coupling uncertainty (↵S + PDF), the PDF theory uncertainty
(PDF-TH) and the bottom quark mass uncertainty (mb ) that we asses based on the
five-flavour cross section as outlined in section 4.
!

!

The SM predicts that neutrinos are massless, but we observe that not to
be the case.

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?

H W/Z pT data from LHC causes issues in standard fits: exp error ~0.1%, th. error ~1%
E.g.
The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

Inclusion of theory errors is subtle, but important
p
n
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Conclusion

Harland-Lang, Thorne arXiv:1811.08434
Ball, Pearson arXiv:2105.05114

Nuclear eﬀects also important

In this paper we have performed a detailed phenomenological study of Higgs production in
bottom quark fusion. In a first part of the paper we have focused on the N3 LO cross section
in the 5FS. We described the structure of the analytic partonic coefficient function for this
15
cross section as well as for the matching contribution
˜ (4 5) and include it in electronically

+EW
Jenni Smillie

PID capabilities are included.

In Ref. [26]
a full fit using the EIC pseudodata for the inclusive (s) and the c
New PDF
Input
cross-section (s
) has found a significant impact on the reduction of the

James D Cockburn*
Particle Theory, University of Edinburgh

charm

uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, w
the blue band is the original EPPS16* fit, the green band incorporates s ps
13
lattice
E.g. Xiangdong Ji arXiv:1305.1539
charm
data and the orange one adds also s
. A similar dedicated study using
charm was done in [96]. In the right pa
reweighting
with
structure
function
F
Mature enough to compare with2Astate-of-the-art global
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [
fits shown by the red band. The charm pseudodata substantially reduces the u
tainty at x > 0.1, providing sensitivity to the presence of a gluonic EMC e
Comparing the red band (only charm pseudodata) with the results of Fig
Opportunities
for
approaches
to
improve
each
other
one can see that the high-x region can be equally studied considering inclus
(alsocharm
nPDFs,
TMDs,It GPDs)
pseudodata.
is by combining both observables that a striking redu
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measuremen
be complemented by jet studies that have already shown promising constra
? for gluons in p+Pb collisions [793].
power
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The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members? 0.4
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The SM says anti-matter and matter should have been created in
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FIG. 7 Summary
of the lattice calculation
isovector unpolarized (top), helicity (middle) and transversity (bottom) with
2020 PDFLattice
Review ofarXiv:2006.08636
3
LP and ETMC isovector quark (left column) and antiquark (right column) taken from (Alexandrou et al., 2019d, 2018b,c;
Bhat et al., 2020; Chen et al., 2018b; Lin et al., 2018b; Liu et al., 2018), JLab/W&M valence unpolarized distribution results
from (Joó et al., 2020), and global fits from (Accardi et al., 2016a; Alekhin et al., 2017; Ball et al., 2017) (unpolarized), (Ethier
et al., 2017; de Florian et al., 2009; Nocera et al., 2014) (helicity), and (Benel et al., 2020; Lin et al., 2018c; Radici and
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Polarised PDFs
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Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.
The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.

Gluon spin

The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.
All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

Angular
momenta

The most common lepton is the
electron and we manipulate these
to produce electrical current.

G + LQ+G

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.

The Quarks

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

You'll never
detect me!

Where does the proton spin come from?

Keep together!

Stay close!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...
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FIG. 17. Split of the unpolarized transverse momentum and pseudorapidity
for s = 63.
h` hdistributions
p
Achannels
Access to the polarised gluon pdf via
LL =as described
in the text.
++
++
FIG. 9. Splits of the spin asymmetry as functions of the jet transverse momentum
channels.
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+ d + +intodpartonic
d
Picture Credit: Particle Fever
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The Forces

Problems and Questions

Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

!

!

!

!

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

?

?

?

?

?

?
?

?

Projected stat errors
lower than pdf errors
can constrain

Boughezal, Petriello, Xing arXiv:1806.07311
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FIG.j 18. Spin asymmetry
as a function of jet transverse momentum (left panel) and jet pseudorapid
j
FIG. 10. Spin asymmetry as a function p
of ⌘ with
the
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p
>
20
GeV.
T
Jenni
17GeV. The
s = 63.2
resolved photon contribution is shown separately in the upper
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Double Parton Scattering (DPS)
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The Quarks

DPS: one collision contains two separate hard scatters
E.g. Evidence of impact in J/𝜓 data from LHCb
The most common lepton is the
electron and we manipulate these
to produce electrical current.

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.

Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.

Keep together!

Stay close!
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Don't stray!

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

Picture Credit: Particle Fever

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

You'll never
detect me!

DPS
SPS:
SPS:
SPS:
SPS:

12

“A fit to the diﬀerential cross sections using simple DPS plus SPS models
indicates a significant DPS contribution.”
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.
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I'm so lonely...
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The Forces
Problems and Questions
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Hurry up!

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.
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Invariant mass of boson pair
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SPS
SPS + DPS

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is

there3a way of including gravity in a particle physics framework? One idea
10
is string theory.
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!
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The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the
4 case.
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In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
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The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?
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Ratio

Ratio

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

H
10

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
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In the limited h-acceptance of ALICE, the ridge structure is not flat in Dh suggesting that jet-like correlations (non-flow) could contribute, implying that they would impact the ridge-yield extraction. We stress
James D Cockburn*
Theory, University
Edinburgh
that the Particle
models
usedoffor
comparisons also contain such a non-flow effect, but differences in jet-like correlations between data and MC models could influence the interpretation. To account for the related
uncertainty, the variation of the yield with Dh between 1.5 and 1.8, which should be an upper limit of the
Unexpected result from the LHC is the observation of flow-like eﬀects in p-p collisions
residual jet-like contamination, is used as a systematic uncertainty of the ridge yield. The estimated upper
limit of the uncertainty is 25.9% for the 1.0 < pT < 1.5 GeV/c range, 18.8% for the 1.5 < pT < 2.0
Low pT and multi-particle
at range,
ALICE,
CMS
GeV/c range, correlation
18.9% for the measurements
1.0 < pT < 2.0 GeV/c
andATLAS
negligible&for
pT >all
2.0well-described
GeV/c. This
fluid dynamics uncertainty is considered only for the measured ridge yields.
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The Leptons
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The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

Picture Credit: Particle Fever

The Higgs Mechanism

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

ALICE, pp s = 13 TeV
0−100% V0M
1 < pThe Forces
< 2 GeV/c

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

/dΔ η dΔ ϕ)
pair

The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

(1/N trig) (d2N

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.
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in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.
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The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.
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gluon,
nuclei
would
like us
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ALICE, pp s = 13 TeV
0−0.1% V0M
1<p
< 2 GeV/c
T,trig(assoc)

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?

?

The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.

The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

1

Δϕ 2

(rad1 0
.)
−1

0
−1

Δη

?

?

In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?

3

?

?

The SM predicts that neutrinos are massless, but we observe that not to
be the case.

by

I'm so lonely...

Problems and Questions

T,trig(assoc)

Those mince pies have
really increased
my mass...

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

You'll never
detect me!

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

Keep together!

Stay close!

/dΔ η dΔ ϕ)

Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

The most common lepton is the
electron and we manipulate these
to produce electrical current.

?0.495
0.49

?

pair

The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.

The Quarks

?
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What is the Standard Model?
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Figure 1: Two-particle correlation functions as functions of Dh and Dj in minimum-bias events (0–100%, left)
ALICE arXiv:2101.03110
and high-multiplicity (0–0.1%, right). Note that the near-side jet peaks exceed the chosen range of the z-axis. The
It’sofimportant
to remember
can
still be caught by surprise!
intervals
pT, trig and pT, assoc
are 1 < pT < 2 that
GeV/cwe
in both
cases.
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•

The Leptons

What is the Standard Model?

The Quarks

We still have a lot to learn from the LHC! At least 15 more years of data, integrated luminosity x 20!
The Standard Model (SM) is the best theory we have to
describe how the fundamental constituents of nature
(particles) behave.
Quarks and leptons (red and green) are the particles
that make up everything we see in the everyday world.
They are the building blocks of atoms which themselves
are the building blocks of life.

•

The most common lepton is the
electron and we manipulate these
to produce electrical current.

Quarks are gregarious objects
and prefer to stick together in
clusters of two or three. The
structures they form are called
mesons
and
hadrons
respectively. The most familiar
hadrons are protons and
neutrons, the constituents of all
atomic nuclei.

Muons and tauons are much the
same
as
electrons
except
heavier. Although they are
unstable and will decay into
lighter particles, muons can live
long enough to be detected by
experiments such as those at the
LHC.

Keep together!

Stay close!

Tantalising programme of diﬀerent experiments to come
The force carriers (blue) allow for particles to interact
with one another. Without them, the universe would be
boring.
The Higgs particle (black) was only recently discovered
at the Large Hadron Collider (LHC). It is responsible for
giving other particles mass.

•

You'll never
detect me!

Don't stray!

The top quark is the black sheep
of the quark family. It is much
heavier than the rest of the
quarks and so will often decay
before it has a chance to create
a hadron or meson.

I'm so lonely...

Experimental precision is pushing theory to the limit… and we’re responding!
Picture Credit: Particle Fever

All the quarks and leptons also have anti-matter cousins,
which have exactly the same mass but opposite charge.
For example, the electron carries a negative electric
charge and it has an anti-matter counterpart called the
positron which carries positive electric charge.

The Higgs Mechanism

Neutrinos
are
the
oddest
members of the lepton family.
They are extremely light and they
interact only via the weak force.
This makes them very hard to
detect and study.

The Forces
Problems and Questions

Those mince pies have
really increased
my mass...

Hurry up!

The particles in the SM have a wide
range of masses. Physicists began to
wonder why this should be the case
and in the 1960s, Peter Higgs among
others came up with a theory that
might explain the origin of mass.
The idea is that there is a field that
extends over the entire universe and
different particles interact with this
field in different ways. Particles with a
large mass interact with it more
strongly than particles with a small
mass, and particles with no mass do
not interact with it at all.

H

Higgs was the first one to write down
that the field should have a
corresponding particle, now the
'Higgs Particle', that you should be
able to search for in experiments. In
2012, it was finally found and Higgs
was awarded the Nobel prize for his
work in October 2013.

The electromagnetic force is carried
by the photon and is the most familiar
of the forces in the SM. This force is the
reason why opposite electric charges
and magnetic poles attract each other.
By exploiting this force, we live in a
world today with on-demand electricity.

The weak force is responsible for some
radioactive decays and allows the
neutrinos to interact with other particles
in the SM. It is mediated by the Z and W
particles. If the weak force did not exist,
stars like our sun would never have
formed.
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!

!

!

The strong force, carried by the
is what holds all the atomic
together. Without it, all atoms
burst apart and complex beings
cannot exist.

gluon,
nuclei
would
like us

!

Astronomers have observed that the universe appears to be mostly made
out of a strange substance known as dark matter. This cannot be made
of SM particles, so what is it?
The SM has no explanation of gravity, but we know that gravity exists! Is
there a way of including gravity in a particle physics framework? One idea
is string theory.
The SM has many input parameters that are determined empirically and it
provides no explanation for why those parameters should be those values.
Supersymmetry is a theory that goes some way to reducing this problem.
The SM predicts that neutrinos are massless, but we observe that not to
be the case.
In everyday life, we only ever experience a few of the members of the
quark and lepton families, so why does nature choose to have other
members?
The SM says anti-matter and matter should have been created in
approximately equal parts at the Big Bang. So where is all the antimatter?

?
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?

?

?

?
?

?

Exciting times ahead!
LFC21 10 Sept 2021

20

Jenni Smillie

