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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 
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• Phenomenal agreement with theory so far

• Very sophisticated calculations, e.g.      at NNLO+NNLL

Czakon, Mitov arXiv:1112.5675
ATL-PHYS-PUB-2022-034

New physics searches have generated many exclusion 
limits (huge range of models, very high limits)
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH → #νbb model B 1 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.3 TeVW′ mass
HVT Z ′ → ZH → ##/ννbb model B 0,2 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.2 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet ATLAS-CONF-2022-044898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 139 1910.04473.2 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
https://arxiv.org/abs/1112.5675
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/
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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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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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Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 
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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. 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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 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.   

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.    

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. 

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. 

! 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 anti-
matter? 
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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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

Use distinctive event shape to separate channels 
with “VBF cuts”


BUT this precisely enhances higher orders in 
pert. expansion

e.g. �yjj > 2.8, mjj > 400 GeV
<latexit sha1_base64="jw7Bxl+wM4ASUWobTHzKFdqTGNM="></latexit>
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: The spectrum of the invariant mass between the two hardest jets for

WBF and GF HJJ calculated at NLO and with HEJ. The GF component dominates at small
mj1j2

. See text for further details.

measurement by ATLAS utilised this to isolate the WBF component of Zjj, but found very
large variations in the predictions of the spectrum of mj1j2

for the GF enhanced sample where
a third jet was required, and between these predictions and data.

The reliability of the perturbative prediction for the jet veto can be jeopardised by suc-
cumbing to the temptation of using a small transverse momentum for the cut. In this study we
will investigate how the suppression of the GF component can be obtained with perturbatively
more stable cut on larger transverse momenta, but with the cut applied in a larger region of
rapidity. The di�erence in jet radiation pattern between GF and WBF is valid not just for
region in rapidity between the two hardest jets, but in the full region of colour octet exchange,
which predominantly is between the forward (jf ) and backward (jb) jet. Ref. [452] found stable
predictions for d‡/dmjf jb between shower, NLO and HEJ for a jet cut of p‹ > 40GeV. Current
analyses of LHC data frequently apply a jet veto cut 25GeV to veto QCD contributions. In this
contribution we will investigate the e�ect of applying a harder jet cut (which will reduce the
e�ect of the veto), but in a larger region of rapidity (which will increase the e�ect of the veto).

3.2 Results
The predictions for the invariant mass spectrum between the two hardest jets for the GF (ob-
tained at NLO and with HEJ) and WBF component (at NLO) of Hjj is displayed on Fig. IV.5.
The cross sections for HEJ reported here have been normalised to NLO accuracy at the level of
the inclusive cross section for Hjj. This decreases the scale variation of the results compared
to those reported in Ref. [869]. Frequently applied WBF cuts designed to enhance the WBF
component over that of GF apply a cut on the minimum invariant mass of the hardest two jets
of 400GeV. The spectrum for the GF component falls o� slightly faster for HEJ than for NLO,
which leads to di�erences for the prediction of the GF component within the WBF cuts. Pre-
dictions for the distribution in mj1j2

with similar jet cuts as those applied in the studies of Hjj
have been checked against data for Wjj [861, 871], albeit for centre-of-mass energies of 7TeV
and 8TeV. A measurement of the distribution for pure dijet, Wjj or Zjj for similar jet cuts and
parameters as those applied in Hjj would help in determining the shape at large invariant dijet
mass, and thus reduce the uncertainty in the determination of the GF component. We note that
it was found [862] for Zjj at 13TeV that the predictions for the QCD-dominated contributions
vary by more than a factor of 5 at large invariant masses.
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

Vector Boson Scattering (VBS) sensitive probe of EWSB

                          proceeds through various diagrams including

We would like to separate the EW and QCD channels, justified by 
assessing interference between the two to be small

To isolate EW component, typically apply VBS cuts of large rapidity 
and/or large invariant mass on the jets.

Very similar to

EW = O(↵4
W )

<latexit sha1_base64="tWrGHxaKOD+4TMS5b0FO8vF9/oM=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IR6qUkWtBLoSCCNyvYptDEsNlu2qW7SdjdCCUUL/4VLx4U8eqv8Oa/cdvmoK0PBh7vzTAzL0gYlcqyvo3C0vLK6lpxvbSxubW9Y+7utWWcCkxaOGax6ARIEkYj0lJUMdJJBEE8YMQJhpcT33kgQtI4ulOjhHgc9SMaUoyUlnzzIHMFh1fOGNYhvKm4iCUD5Dv3tRPfLFtVawq4SOyclEGOpm9+ub0Yp5xECjMkZde2EuVlSCiKGRmX3FSSBOEh6pOuphHiRHrZ9IUxPNZKD4ax0BUpOFV/T2SISznige7kSA3kvDcR//O6qQovvIxGSapIhGeLwpRBFcNJHrBHBcGKjTRBWFB9K8QDJBBWOrWSDsGef3mRtE+r9lnVvq2VG/U8jiI4BEegAmxwDhrgGjRBC2DwCJ7BK3gznowX4934mLUWjHxmH/yB8fkDYbiVeQ==</latexit>

QCD = O(↵2
W↵

2
s)
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pp ! Hjj
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pp ! W+W+jj
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

We want to exploit high centre-of-mass energy to search for new heavy 
particles at large invariant mass


e.g. a search for heavy right-handed neutrinos or right-handed Ws
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

The electromagnetic force is carried 
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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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neutrinos to interact with other particles 
in the SM. It is mediated by the Z and W 
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stars like our sun would never have 
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The strong force, carried by the gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 
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We want to exploit high centre-of-mass energy to search for new heavy 
particles at large invariant mass


e.g. a search for heavy right-handed neutrinos or right-handed Ws
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ATLAS arXiv:1809.11105

BUT needed to scale the MC 
background by this much

https://arxiv.org/abs/1809.11105
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 
• LO = first line,  NLO = first two lines 
• Leading logs = the ‘a’-terms:                        

• Logs arise from integrals over loop momenta in virtuals and from integrals over reals

• Our description = LO + LL + …

� = ↵2
s

�
a2(s

2/t2) + b2
�

+ ↵3
s

�
a3(s

2/t2) log(s/t) + b3(s
2/t2) + c3

�

+ ↵4
s

�
a4(s

2/t2) log2(s/t) + b4(s
2/t2) log(s/t) + ...

�

+ ...

|M2j+|2

Inclusive 2-jet cross section given by              |M2j+|2 , with
<latexit sha1_base64="DJ5EiHml4BgRqga+s6aN9AN5yc8=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSlqMuCLlxWtA9oQphMJu3QySTMTAol9E/cuFDErX/izr9x+lho64GBwzn3cs+cMONMacf5tkobm1vbO+Xdyt7+weGRfXzSUWkuCW2TlKeyF2JFORO0rZnmtJdJipOQ0244up353TGViqXiSU8y6id4IFjMCNZGCmzbY0KjqPBkglqP06Ae2FWn5syB1om7JFVYohXYX16UkjyhQhOOleq7Tqb9AkvNCKfTipcrmmEywgPaN1TghCq/mCefogujRChOpXkmx1z9vVHgRKlJEprJBOuhWvVm4n9eP9fxjV8wkeWaCrI4FOcc6RTNakARk5RoPjEEE8lMVkSGWGKiTVkVU4K7+uV10qnX3Kta46FRbd4t6yjDGZzDJbhwDU24hxa0gcAYnuEV3qzCerHerY/FaMla7pzCH1ifP6TRkwg=</latexit>Z

dPS2

<latexit sha1_base64="bj3z2z7tuD7QnRvCWLGGhmJMtzI=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEqQk1CUZdFNy4r2Ac0DybTSTtk8mBmIpTQnRt/xY0LRdz6C+78G6dtFtp64MLhnHu59x4/ZVRIw/jWlpZXVtfWSxvlza3tnV19b78tkoxj0sIJS3jXR4IwGpOWpJKRbsoJinxGOn54M/E7D4QLmsT3cpQSJ0KDmAYUI6kkTz+yEUuHyBNubp2FY2izZOCGVeFa59K1Tj29YtSMKeAiMQtSAQWanv5l9xOcRSSWmCEheqaRSidHXFLMyLhsZ4KkCIdoQHqKxigiwsmnf4zhiVL6MEi4qljCqfp7IkeREKPIV50RkkMx703E/7xeJoMrJ6dxmkkS49miIGNQJnASCuxTTrBkI0UQ5lTdCvEQcYSliq6sQjDnX14kbatmXtTqd/VK47qIowQOwTGoAhNcgga4BU3QAhg8gmfwCt60J+1Fe9c+Zq1LWjFzAP5A+/wBOQWYQA==</latexit>

↵2+k
s logk(s2/t2)

Higgs Maxwell Feb 2023                                                                                                                                                                 Jenni Smillie
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

Current

Current

Increasing

rapidity Can use this simpler structure to 

make an efficient event generator 
for arbitrary numbers of quarks/
gluons.

Applies to loop diagrams too, 
and generates leading logs in 

Fortunately, the matrix elements of these processes simplify in the High Energy limit:                      finite<latexit sha1_base64="m7PUj3+oH7aJATtMk85d0Z/tLZA=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJoaoShICxgoWxSH1JTRQ5rtMaHCeyHaQozcjCr7AwgBArn8DG3+C2GaDlSJaOzrlX1+f4MaNSWda3UVpaXlldK69XNja3tnfM3b2OjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3764nffSBC0oi3VBoTN0RDTgOKkdKSZx5KL6N3OXRUBB3KA5XWoFOD49jLWjQfQ8+sWnVrCrhI7IJUQYGmZ345gwgnIeEKMyRl37Zi5WZIKIoZyStOIkmM8D0akr6mHIVEutk0SA6PtTKAQST04wpO1d8bGQqlTENfT4ZIjeS8NxH/8/qJCi7djPI4UYTj2aEgYVCnnrQCB1QQrFiqCcKC6r9CPEICYaW7q+gS7PnIi6RzWrfP6/btWbVxVdRRBgfgCJwAG1yABrgBTdAGGDyCZ/AK3own48V4Nz5moyWj2NkHf2B8/gCnIpkZ</latexit>

sij ! 1, |pTi|

Local pieces, independent of the 
rest of the process

<latexit sha1_base64="0bi6K065eqfxldcbk0MpjAS5xs8=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU90VUY9FLx4r9Avadcmm2TY2mw1JVihL/4YXD4p49c9489+YtnvQ1gcDj/dmmJkXSs60cd1vp7Cyura+UdwsbW3v7O6V9w9aOkkVoU2S8ER1QqwpZ4I2DTOcdqSiOA45bYej26nffqJKs0Q0zFhSP8YDwSJGsLFSTwcZe5ycyaDxcB6UK27VnQEtEy8nFchRD8pfvX5C0pgKQzjWuuu50vgZVoYRTielXqqpxGSEB7RrqcAx1X42u3mCTqzSR1GibAmDZurviQzHWo/j0HbG2Az1ojcV//O6qYmu/YwJmRoqyHxRlHJkEjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnVu6x69xeV2k0eRxGO4BhOwYMrqMEd1KEJBCQ8wyu8Oanz4rw7H/PWgpPPHMIfOJ8/tGORdw==</latexit>

sij/p
2
T

High Energy limit of amplitudes also 
many theory applications…

CERN Dec 2022                                                                                                                                                                           Jenni Smillie
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Regge Scaling of AmplitudesJames D Cockburn* 
Particle Theory, University of Edinburgh 

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

What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

Regge scaling dictates the scaling of an amplitude with      for a given process<latexit sha1_base64="Unm2e2qvtP/h1ytA6R0pjAyoUIo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeCHjxWsB/QLiWbZtu02WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1grHtzO/9cS04Uo+2knCgpgMJI84JdZJTdPL+GjaK1e8qjcHXiV+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblrqpYQmhYzJgHUcliZkJsvm1U3zmlD6OlHYlLZ6rvycyEhsziUPXGRM7NMveTPzP66Q2ugkyLpPUMkkXi6JUYKvw7HXc55pRKyaOEKq5uxXTIdGEWhdQyYXgL7+8SpoXVf+qevlwWand5XEU4QRO4Rx8uIYa3EMdGkBhBM/wCm9IoRf0jj4WrQWUzxzDH6DPH+kBj14=</latexit>sij

Powers of      in the real matrix elements match powers of log in the inclusive matrix element.<latexit sha1_base64="Unm2e2qvtP/h1ytA6R0pjAyoUIo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeCHjxWsB/QLiWbZtu02WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1grHtzO/9cS04Uo+2knCgpgMJI84JdZJTdPL+GjaK1e8qjcHXiV+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblrqpYQmhYzJgHUcliZkJsvm1U3zmlD6OlHYlLZ6rvycyEhsziUPXGRM7NMveTPzP66Q2ugkyLpPUMkkXi6JUYKvw7HXc55pRKyaOEKq5uxXTIdGEWhdQyYXgL7+8SpoXVf+qevlwWand5XEU4QRO4Rx8uIYa3EMdGkBhBM/wCm9IoRf0jj4WrQWUzxzDH6DPH+kBj14=</latexit>sij

where       is the spin of that 

particle in effective t-channel

<latexit sha1_base64="gyik8ykq1rQI8GYo2oObUkZPKyg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSRS1GNBDx4r2A9oQ5lsN+3azW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dgpr6xubW8Xt0s7u3v5B+fCoZVSqKWtSJZTuhGCY4JI1kaNgnUQziEPB2uH4Zua3n5g2XMkHnCQsiGEoecQpoJW6PRDJCPoZf5z2yxWv6s3hrhI/JxWSo9Evf/UGiqYxk0gFGNP1vQSDDDRyKti01EsNS4COYci6lkqImQmy+clT98wqAzdS2pZEd67+nsggNmYSh7YzBhyZZW8m/ud1U4yug4zLJEUm6WJRlAoXlTv73x1wzSiKiSVANbe3unQEGijalEo2BH/55VXSuqj6l9Xafa1Sv83jKJITckrOiU+uSJ3ckQZpEkoUeSav5M1B58V5dz4WrQUnnzkmf+B8/gCfupF/</latexit>↵ij

LL NLL NNLL

Brower, DeTar, Weis Phys Rept. 14:257, 1974

<latexit sha1_base64="ZRCUFEPkeUCJBsALFJD/bV+D3DU="></latexit>
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

HEJ2 event generator:  https://hej.hepforge.org
Andersen, Hapola, Heil, Maier & JMS  arXiv:1902.08430

The High Energy Jets (HEJ) framework is

• exact for simple processes (2 to 2 (+X))

• accurate to leading logarithm in s/t

• constructed event-by-event

• sufficiently fast for numerical integration (up to 

30 gluons)

Extra colour-neutral bosons can be added without affecting the logarithmic accuracy

HEJ2.1 includes:

<latexit sha1_base64="sEEQDvuhlkhdvLcT9S+n9pbuUiY="></latexit>

� 2j,H+ � 2j,W (! `⌫)+ � 2j, Z/�⇤(! `¯̀)+ � 2j

Andersen, Black, Brooks, Ducloué, Heil, Maier & JMS  arXiv:2110.15692
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

Fixed-order stalled for full quark mass effects because LO = 1-loop.

LO results only for 2 and 3 jets (no NLO for 2j+) 


In HEJ, factorised structure removes complexity from increasing number of jets

Del Duca et al  hep-ph/0105129, hep-ph/0108030

Greiner et al  arXiv:1608.01195

Andersen, Cockburn, Heil, Maier & JMS  arXiv:1812.08072

Straight-forward

e.g.
 qQ ! qHQ

<latexit sha1_base64="TIVumnTCcrz28GsPK6XLYq1JMWs=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgapjpy3YhFNx02YJ9YFtKJk3b0ExmmmSEUvoXblwo4ta/ceffmGkrqOiBwOGce8k9xws5U9pxPqzExubW9k5yN7W3f3B4lD4+aaogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm9zEfuueSsUCcatnIe35eCTYkBGsjXQ3raOuDtC0Wu+nM46dz5WzbhE5dtEtFEsxKRXyZSeLXNtZIgNr1Prp9+4gIJFPhSYcK9VxnVD35lhqRjhdpLqRoiEmEzyiHUMF9qnqzZcXL9CFUQZoGEjzhEZL9fvGHPtKzXzPTPpYj9VvLxb/8jqRHpZ6cybCSFNBVh8NI45MyDg+GjBJieYzQzCRzNyKyBhLTLQpKWVK+EqK/ifNrO3mbLeez1Su13Uk4QzO4RJcuIIKVKEGDSAg4AGe4NlS1qP1Yr2uRhPWeucUfsB6+wQEPJB8</latexit>

(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j)

Figure 2: Leading-order diagrams contributing to the process gq ! gHq. Diagrams with

clock-wise fermion flow in the heavy quark loop can be obtained via charge conjugation

and are not shown.

ordering y1 ⌧ yH ⌧ y2. The forward emission of the gluon is of course completely

analogous.

In [28], it was shown that the amplitude in this limit assumes a similar factorised form

as in the pure quark case. This is also true within the HEJ formalism [34]. As an example,

the colour-averaged square of the helicity-conserving amplitude for a positive-helicity gluon

and a negative-helicity quark can therefore be written as

��Mg+q�!g+Hq�
��2 =

1

N2
C

� 1
||Sm

g+q�!g+Hq� ||2
✓

g2sKg(p
�
1 , p�a )

1

t1

◆
·
✓

1

t1t2

◆
·
✓

g2sCF

1
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◆

(2.8)

where Kg(p
�
1 , p�a ) was given in eq. (2.6). The current contraction is given by

Sm

g+q�!g+Hq� = j+µ (p1, pa)V
µ⌫

H
(q1, q2)j

�
⌫ (p2, pb) , j±µ (po, pi) = ū±(po)�µu±(pi) , (2.9)

as in eq. (2.4) for qQ ! qHQ.

2.2.2 Peripheral Higgs-boson emission

We now consider the case where we drop the strong-ordering requirement between the Higgs

boson and one of the jets. For the case where the Higgs boson is not strongly separated

from a quark, we again invoke t-channel factorisation to treat this as in the qQ ! qHQ

– 7 –

Outer Higgs more involved but calculated

Del Duca, Kilgore, Oleari, Schmidt & Zeppenfeld   hep-ph/0301013 
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https://arxiv.org/abs/hep-ph/0301013


13

Finite Quark Masses in HEJJames D Cockburn* 
Particle Theory, University of Edinburgh 

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

What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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? 

? 

? ? 

? 

? 

HEJ can include finite quark mass and loop propagator effects for any number of jets

Performed at amplitude level so we include mass effects from top quark, bottom quark 
and the interference between the two

Fixed-order matching performed to highest-available accuracy

Here use Sherpa and OpenLoops 

Highest available =             

   finite                       at LO   (     results exist, but events not available)

infinite                       at NLO 


                                            at LO

Gleisberg et al arXiv:0811.4622; Cascioli, Maierhöfer, Pozzorini arXiv:1111.5206

mt H + 2j

mQ H + 2j

H + 5j
<latexit sha1_base64="uNa/K8wa+RJyA89k0ZKyOIkjno4=">AAACE3icbZDLSgMxFIYz9VbHW9Wlm2BRRKHMVEXdFdx02YK9QGcYMpm0TZtkxiQjlNJ3cOOruHGhiFs37nwb0wuo1R8CP985h5PzhwmjSjvOp5VZWFxaXsmu2mvrG5tbue2duopTiUkNxyyWzRApwqggNU01I81EEsRDRhph/3pcb9wRqWgsbvQgIT5HHUHbFCNtUJA75oH2blMUefCwfFLsQc+zeVCdoG9izHkvyOWdgjMR/GvcmcmDmSpB7sOLYpxyIjRmSKmW6yTaHyKpKWZkZHupIgnCfdQhLWMF4kT5w8lNI3hgSATbsTRPaDihPyeGiCs14KHp5Eh31XxtDP+rtVLdvvSHVCSpJgJPF7VTBnUMxwHBiEqCNRsYg7Ck5q8Qd5FEWJsYbROCO3/yX1MvFtzTgls9y5euZnFkwR7YB0fABRegBMqgAmoAg3vwCJ7Bi/VgPVmv1tu0NWPNZnbBL1nvX4LEmrY=</latexit>

3j
<latexit sha1_base64="ijB2dr3/YxcR2fT/rhWWk7j87y4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG8FLx6r2A9oQ9lsJ+3azSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fjp/vyxV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt0Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2RC8xZeXSfOs6p1XvbuLSu06j6MIR3AMp+DBJdTgFurQAAYhPMMrvDkj58V5dz7mrQUnnzmEP3A+fwBBuo0l</latexit>

All predictions shown with                                    with indt variations by 1/2,2µF = µR = max(mH ,m12)
<latexit sha1_base64="VtHISEMU7nfmGFkWt+ZoX0FuIB8=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQQUpSBXUhFATpsop9QBPCZDpth84kYWYilpAvcOOvuHGhiFvX7vwbp20W2npguIdz7uXOPX7EqFSW9W3klpZXVtfy64WNza3tHXN3ryXDWGDSxCELRcdHkjAakKaiipFOJAjiPiNtf3Q18dv3REgaBndqHBGXo0FA+xQjpSXPLDk89q7hJZzUW10TR3DI0UNa5l79mHuJXU2PPLNoVawp4CKxM1IEGRqe+eX0QhxzEijMkJRd24qUmyChKGYkLTixJBHCIzQgXU0DxIl0k+k5KSxppQf7odAvUHCq/p5IEJdyzH3dyZEaynlvIv7ndWPVP3cTGkSxIgGeLerHDKoQTrKBPSoIVmysCcKC6r9CPEQCYaUTLOgQ7PmTF0mrWrFPKvbNabF2kcWRBwfgEJSBDc5ADdRBAzQBBo/gGbyCN+PJeDHejY9Za87IZvbBHxifPxV2mjQ=</latexit>
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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First probe the impact of higher orders in 
HEJ here temporarily without            
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Andersen, Cockburn, Heil, Maier & JMS  arXiv:1812.08072

NLO K-factors clearly not flat, very scale-dependent, all choices have problems

HEJ harder         spectrum     pH?
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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Now probe the impact of quark masses
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• Importance of finite quark mass increases with 

•Relatively small impact of     , finite      lowers predictions at large

•Therefore finite quark mass effects make VBF cuts more effective  

Andersen, Cockburn, Heil, Maier & JMS  arXiv:1812.08072
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 
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• Resummation alone reduces cross section at 
large values of 


• Finite quark mass/loop effects reduce x-section in 
VBF cuts by further 11% 

Typical VBF cut

Prediction xs after VBF cuts
Fixed order 9%

HEJ 4%

Andersen, Cockburn, Heil, Maier, JMS arXiv:1812.08072
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 
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Shape of distributions significantly changed by the all-order resummation

Andersen, Ducloué, Elrick, Nail, Maier, JMS arXiv:2107.06818

+VBS Cuts
pp ! (W ! e∫e)(W ! µ∫µ) + jets
LHC@13 TeV
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New in HEJ 2.2!

Impact on cross sections much reduced here (central scale choice) due to 
cancellation across phase space, not agreement throughout

https://arxiv.org/abs/2107.06818
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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• 8 TeV data probing out to 3 TeV already


• QCD contribution decreases at large dijet mass, but 
remains significant


• NLO+PS slightly overshoot, and increasing

W+2j study to investigate separation of QCD/EW 
contributions compared to NLO+PS (Powheg/Sherpa) 
and HEJ+EW from Powheg
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Similar for e.g. delta-y
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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? 

ATLAS arXiv:1703.04362

• Different picture when plotted versus pT as no 
systematic evolution in pT in HEJ. 


• QCD contribution no longer suppressed compared to 
EW


• Subleading corrections and NLO matching improve this 
(see later)


• Can also combine with a parton shower
Andersen, Brooks & Lönnblad  arXiv:1712.00178


Andersen, Hassan, Jaskiewicz  arXiv:2210.06898
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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Observed that particle channels which are formally 
next-to-leading log, contribute significantly at large pT

Can consistently apply resummation to all such 
channels (part of full NLL, and step towards it)

pp ! (W ! l∫) + 3j
LHC@7 TeV
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Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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Not able yet to match to NLO event-by-event, but can do 
better than a k-factor by matching bin-by-bin


We derive predictions from HEJ, truncated to NLO and 
take the ratio to full NLO for each distribution.


Final predictions are then given by 

LHC@7 TeV
anti-kt, R = 0.4, pj,? > 30 GeV, |yj| < 4.4
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Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310

<latexit sha1_base64="LQ4VZVL20VVwAoY33yocqvVWpRM="></latexit>

wHEJ2NLO = wHEJ2
wNLO

wHEJ atNLO
+ wFOW+�4j

Can check by expansion that each bin is accurate to NLO+LL
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310

• HEJ2 NLO prediction lies between the 
previous two


• Scale variation reduced — larger than NLO 
due to higher multiplicities

• At large pT values, require ≥ 4j events to 
obtain good agreement
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

Andersen, Hassan, Maier, Paltrinieri, Papaefstathiou, JMS arXiv:2210.10671

• HEJ has always resummed logarithms in the region between the outer jets in rapidity, hence always for 
processes with at least two jets


• Observed in H+2j studies, that scaling with an intermediate Higgs boson was as in QCD

• The same (Regge) scaling applies in the amplitude if the Higgs boson is external in rapidity


• Hence the same framework can be applied to H+1j

Andersen, Hapola, Maier, JMS arXiv:1706.01002
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 
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Andersen, Hassan, Maier, Paltrinieri, Papaefstathiou, JMS arXiv:2210.10671

Previous 2jet+ New 1jet+Increasing

rapidity

Black = Born/skeleton function                 Red = Range of resummation

Similar effects on distributions

CMS data arXiv:1807.03825
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 

? 

Picture Credit: Particle Fever 

? 

? 

? 

? ? 

? 

? 

What about a 100 TeV collider?  Even larger centre-of-mass energy will give even larger logs!

Higher pT cuts can control the jet rates, but impact of logs on shapes of distributions will be large

pp ! (W+ ! e+∫e) + jets
anti-kt, R = 0.4, |¥j| < 4.7
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What is the Standard Model? 
The Leptons The Quarks 

The Higgs Mechanism The Forces 

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 gluon, 
is what holds all the atomic nuclei 
together. Without it, all atoms would 
burst apart and complex beings like us 
cannot exist. 

Problems and Questions 

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.  

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.  

H 

Hurry up! 

Those mince pies have 
 really increased  

my mass... 

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.   

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.    

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. 

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. 

! 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 anti-
matter? 

You'll never  
detect me! 

Stay close! Keep together! 

Don't stray! 

I'm so lonely... 
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• Current and future data demand higher precision predictions…


• … and demand calculation of new effects


• High Energy Jets allows the description of high energy logs in a 
fully flexible framework


• High Energy Jets provides alternative way to include finite quark 
mass effects

HEJ2 event generator:     https://hej.hepforge.org
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