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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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QCD at High Energy
• At LHC, events with large numbers of jets (e.g. 4, 5, 6) are much 

more common: many jets come with many scales 

• Stability associated with NLO fails in difficult regions of phase 
space  

• Extra power of 𝛼s compensated by large real-emission phase 
space and large logarithms - especially at 13 TeV, 100 TeV… 

• Large rapidity separations or large invariant mass enhance 
(multi-)jet production (e.g. VBF and VBS) 

Higgs boson analyses and searches for new physics put us 
right into the most difficult regions
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Vector Boson Scattering
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Vector Boson Scattering (VBS) sensitive probe of EWSB 

Example:                            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. 

This is very similar to the setup/cuts applied in  

This talk:  Describe new results of the QCD (GF) component indicating 
importance of log corrections at all orders in 

pp ! Hjj
<latexit sha1_base64="H4EYta/zGvkF2e5QxJPOVCntoEg=">AAAB8XicbVBNTwIxFHyLX4hfqEcvjcTEE9lVE/VG4oUjJi4QYUO6pQuFbrdpuyZkw7/w4kFjvPpvvPlvLLAHBSdpMpl5L30zoeRMG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNUEeqThCeqHWJNORPUN8xw2paK4jjktBWO72Z+64kqzRLxYCaSBjEeCBYxgo2VHqXsmgTV0WjUK1fcqjsHWiVeTiqQo9Erf3X7CUljKgzhWOuO50oTZFgZRjidlrqpphKTMR7QjqUCx1QH2fziKTqzSh9FibJPGDRXf29kONZ6Eod2MsZmqJe9mfif10lNdBNkTMjUUEEWH0UpRzblLD7qM0WJ4RNLMFHM3orIECtMjC2pZEvwliOvkuZF1busevdXldptXkcRTuAUzsGDa6hBHRrgAwEBz/AKb452Xpx352MxWnDynWP4A+fzB9KLkFM=</latexit>

↵s
<latexit sha1_base64="lF0D3tgtJx5h7cfaXO/Db/EhgjQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG8FLx4r2A9oQ5lsN+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwupv5rSemNI/lo5kkzI9wIHnIKRortbsokiH2dK9ccavuHGSVeDmpQI56r/zV7cc0jZg0VKDWHc9NjJ+hMpwKNi11U80SpCMcsI6lEiOm/Wx+75ScWaVPwljZkobM1d8TGUZaT6LAdkZohnrZm4n/eZ3UhDd+xmWSGibpYlGYCmJiMnue9Lli1IiJJUgVt7cSOkSF1NiISjYEb/nlVdK8qHqXVe/hqlK7zeMowgmcwjl4cA01uIc6NICCgGd4hTdn7Lw4787HorXg5DPH8AfO5w8XL4/4</latexit>

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

pp ! W+W+jj
<latexit sha1_base64="R/ugiHmuhtIw55+VUCKzSVXbSck=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIglASFdRbwYvHCvYD2lg220277WYTdjdCDf0lXjwo4tWf4s1/46bNQVsfDDzem2Fmnh9zprTjfFuFldW19Y3iZmlre2e3bO/tN1WUSEIbJOKRbPtYUc4EbWimOW3HkuLQ57Tlj28yv/VIpWKRuNeTmHohHggWMIK1kXp2OY67OkKth9OsRqOeXXGqzgxombg5qUCOes/+6vYjkoRUaMKxUh3XibWXYqkZ4XRa6iaKxpiM8YB2DBU4pMpLZ4dP0bFR+iiIpCmh0Uz9PZHiUKlJ6JvOEOuhWvQy8T+vk+jgykuZiBNNBZkvChKOzKtZCqjPJCWaTwzBRDJzKyJDLDHRJquSCcFdfHmZNM+q7nnVvbuo1K7zOIpwCEdwAi5cQg1uoQ4NIJDAM7zCm/VkvVjv1se8tWDlMwfwB9bnD1EZki4=</latexit>

EW = O(↵4
W )
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QCD = O(↵2
W↵

2
s)
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+…

Ballestrero et al  arXiv:1803.07943

https://arxiv.org/abs/1812.08072
https://arxiv.org/abs/1803.07943
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Amplitudes simplify in the high 
energy limit:Current

Current

Increasing 
rapidity

Can use this simpler structure to make 
an efficient event generator for arbitrary 
numbers of quarks/gluons.

HEJ2 event generator:     http://hej.web.cern.ch
Andersen, Hapola, Heil, Maier & JMS  arXiv:1902.08430
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Implemented for � 2j, H+ � 2j,

W (! `⌫)+ � 2j, Z(! `¯̀)+ � 2j
<latexit sha1_base64="TI3o5LSVJZM3mA6ZMRfbdHHt1iM="></latexit>

sij ! 1, p?,i finite, i, j = 1, . . . , n
<latexit sha1_base64="Pv7uI6S6AVmOJdmEkYuqGJqxEoA="></latexit>

Applies to loop diagrams too, and 
generates leading logs in ŝ/p2?

<latexit sha1_base64="qee4xl8AAeTTXQnG4kzn+4dqBLg=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU02qoN4KXjxWsB/QxrDZbtqlm82yO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzQsmZBtf9tgorq2vrG8XN0tb2zu6eXd5v6SRVhDZJwhPVCbGmnAnaBAacdqSiOA45bYej66nffqBKs0TcwVhSP8YDwSJGMBgpsMu9IYZMT05l0JNUyftaYFfcqjuDs0y8nFRQjkZgf/X6CUljKoBwrHXXcyX4GVbACKeTUi/VVGIywgPaNVTgmGo/m50+cY6N0neiRJkS4MzU3xMZjrUex6HpjDEM9aI3Ff/zuilEl37GhEyBCjJfFKXcgcSZ5uD0maIE+NgQTBQztzpkiBUmYNIqmRC8xZeXSatW9c6q3u15pX6Vx1FEh+gInSAPXaA6ukEN1EQEPaJn9IrerCfrxXq3PuatBSufOUB/YH3+AD97k/Q=</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... 

? 
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relevant real emission. Therefore, if indeed Eq. (17) had been an equality for p2i < �2, then the
regularised HEJ matrix element squared would be:

|Mreg({pi})|
2

=
1

4 (N2

C � 1)
kSf1f2!f1f2k

2

·

✓
g2 Kf1
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·
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j

�2
,

(20)

which should only be evaluated for p2

i > �2, and a simple phase-space slicing would then have
been su�cient to organise the cancellation of divergences. However, while Eq. (17) does describe
the divergence in the soft limit, it is not an exact identity. We can account for the finite di↵erence
by including an integration over

�1

titi+1

V µ(qi, qi+1)Vµ(qi, qi+1)�
4

p2

i

(21)

for p2

i < �2. Numerically, it turns out to be su�cient to account for the di↵erence and include
this integral for values of |pi| above roughly 0.2 GeV. The regulated matrix elements for HEJ
are then given by
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(22)

Since the t-channel factorised matrix elements are very fast to evaluate and the regularisation
procedure does not add any complexity (because of the simple IR structure of the t-channel
factorised matrix elements), the radiative corrections to all orders can be constructed as an
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The energy component of each jet is then finally reset to put it on-shell, and the momenta of
the incoming partons are defined by energy/momentum conservation.

This reshu✏ing of momenta is illustrated for a sample event in figure 3, which has eleven
partons in the final state, in a momentum configuration leading to four hard jets with transverse
momentum above 30 GeV, found with the anti-kt jet algorithm, as implemented in FastJet [39].
The red circles show the positions in rapidity-phi space of the partons; the radii of the circles are
proportional to the transverse energy of each parton and jet (and do not, therefore, represent
the area of each jet). The green circles indicate the jets of the original event. As expected,
they coincide with the hardest quarks/gluons. The blue circles indicate the reshu✏ed momenta
used in the matching. Note, this procedure does not change the kinematics of the actual event;
only the reweighing of the event to full tree-level accuracy is performed with matrix elements
evaluated for the slightly modified momenta. If the threshold on the transverse momenta of
jets was set very low, and the jets were finely resolved (small R-parameter), then no reshu✏ing
of momenta would be necessary. However, the full matrix elements can only be evaluated for
states of relatively low multiplicity (with MadGraph [46], we limit ourselves to matching of up
to four jets). So with a low jet matching scale, the available fixed order matrix elements for
matching would cover only a small part of the total cross section. A similar issue occurs for the
CKKW-L [6,7] or MLM [8] style matching of parton shower algorithms.

We then reweigh each event generated with the following multiplicative matching factor,
evaluated with the on-shell hard momenta as found by the described procedure:

wn�jet ⌘

���Mf1f2!f1g···gf2
⇣n

pnewJl
({pi})

o⌘���
2

���Mt,f1f2!f1g···gf2
⇣n

pnewJl
({pi})

o⌘���
2
. (27)

In this notation, we have suppressed the flavour and momentum-dependence of wn, but it is
obviously calculated on an event-by-event basis. The FKL-matched cross section is then found
as

�resum,match
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f1,f2

1X

n=2
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i=1

✓Z pi?=1
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(2⇡)3

Z
dyi
2
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ŝ2

⇥
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e
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⇥ xafA,f1(xa, Qa) x2fB,f2(xb, Qb) (2⇡)
4 �2
 

nX

i=1

pi?

!
O2j({pi}).

(28)

The impact of this matching procedure can be seen in Fig. 4, which displays the di↵erential
dijet cross section wrt. the rapidity di↵erence �yfb between the most forward/backward hard
jet, within the following set of cuts:

pj? > 60GeV |yj | < 4.5 anti� kt, R = 0.6. (29)

The matching scale is set equal to the general jet scale of 60 GeV. The red (dot-dashed) curve
is the result of the pure resummation; the blue (dashed) curve is obtained after matching of
the states arising in the resummation up to four hard jets. The correction is small throughout,
being slightly more significant at low rapidity spans.
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3.2 Matching for Non-FKL Configurations

The processes and partonic configurations which do not arise in the resummation are included
straightforwardly by adding these to the dijet rate found by the (matched) Eq. (24). For example,
we can add the remaining contribution to the exclusive dijet rate as

�non�FKL

2j =
X

f1,f2

X

ff1,ff2

2Y

i=1

✓Z pi?=1

pi?=p?min

d2pi?
(2⇡)3

Z
dyi
2

◆
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2

ŝ2
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⇥ ⇥({fi}, {pi}) xafA,f1(xa, Qa) x2fB,f2(xb, Qb) (2⇡)
4 �2
 

nX

i=1

pi?

!
O2j({pi}),

where p?min is the minimum transverse momentum required for hard jets. The function⇥({fi}, {pi})
returns one if the parton and momentum configuration is of non-FKL status. If only rapidity
ordered sets of momenta pi are generated, then one needs to also sum (or Monte Carlo sample)
over all possible assignments between momenta and the particles in the process. The generali-
sation to the three and four jet states is straightforward, and the final result for the dijet rate
is

�2j = �resum,match

2j +
X

n

�non�FKL

nj . (31)

Each component is implemented by explicit Monte Carlo sampling over phase space and an
evaluation of matrix elements. Therefore, any observable can be constructed and studied, also
after matching has been included in the formalism.

The impact of the non-FKL states is indicated on Fig. 4, where the green (solid) line is
obtained from the sum of all terms in Eq. (31). This correction is again more significant for
small rapidity spans, as we expect.

4 Logarithmic Corrections to the Scale Choice

The discussions so far have made no assumptions on the scale choice made for the evaluation
of ↵s or the pdfs. In this section we will compare the results arising for a fixed scale choice
(of e.g. the minimum jet transverse momentum), and a scale choice made event by event equal
to the maximum jet transverse momentum of the event. Finally, we will include pieces of the
next-to-leading logarithmic corrections to the BFKL kernel, which will stabilise the dependence
on the scale choice. This will then form the basis of the standard scale choice for the results
presented in Section 5.

The connection between the formalism of High Energy Jets and that of BFKL [14–16,33,47] is
that in the limit of large invariant mass between all partons (conditions relaxed for neighbouring
pairs of particles at NLL [48]), then the amplitudes underlying the BFKL formalism coincide
with those of HEJ (and with those of full QCD). The NLL corrections to the BFKL kernel
have two origins: the one-loop corrections to one-gluon emission, and the contribution from
two-gluon and quark–anti-quark-emission in quasi-multi-Regge-kinematics (i.e. not necessarily
a large invariant mass between the pair of particles). The net result of the corrections is a
sum of an expression with the same functional form as the LL kernel, multiplied by a running
coupling logarithm, and a term of a more complicated kinematic structure [18,19]. The relevant
discussion of the regularisation of the NLL corrections to the BFKL kernel was presented in
Ref. [18, 19, 41]. We repeat it here, with a notation tailored to the present application.
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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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relevant real emission. Therefore, if indeed Eq. (17) had been an equality for p2i < �2, then the
regularised HEJ matrix element squared would be:

|Mreg({pi})|
2

=
1
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(20)

which should only be evaluated for p2

i > �2, and a simple phase-space slicing would then have
been su�cient to organise the cancellation of divergences. However, while Eq. (17) does describe
the divergence in the soft limit, it is not an exact identity. We can account for the finite di↵erence
by including an integration over

�1

titi+1

V µ(qi, qi+1)Vµ(qi, qi+1)�
4

p2

i

(21)

for p2

i < �2. Numerically, it turns out to be su�cient to account for the di↵erence and include
this integral for values of |pi| above roughly 0.2 GeV. The regulated matrix elements for HEJ
are then given by

��Mreg

HEJ
({pi})

��2 = 1

4 (N2

C � 1)
kSf1f2!f1f2k

2

·

✓
g2 Kf1

1

t1

◆
·

✓
g2 Kf2

1

tn�1

◆

·

n�2Y

i=1

✓
g2CA

✓
�1

titi+1

V µ(qi, qi+1)Vµ(qi, qi+1)�
4

p2

i

✓
�
p2

i < �2
�◆◆

·

n�1Y

j=1

exp
⇥
!0(qj ,�)(yj � yj+1)

⇤
,

!0(qj ,�) = �
↵sNC

⇡
log

q2

j

�2
.

(22)

Since the t-channel factorised matrix elements are very fast to evaluate and the regularisation
procedure does not add any complexity (because of the simple IR structure of the t-channel
factorised matrix elements), the radiative corrections to all orders can be constructed as an
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The energy component of each jet is then finally reset to put it on-shell, and the momenta of
the incoming partons are defined by energy/momentum conservation.

This reshu✏ing of momenta is illustrated for a sample event in figure 3, which has eleven
partons in the final state, in a momentum configuration leading to four hard jets with transverse
momentum above 30 GeV, found with the anti-kt jet algorithm, as implemented in FastJet [39].
The red circles show the positions in rapidity-phi space of the partons; the radii of the circles are
proportional to the transverse energy of each parton and jet (and do not, therefore, represent
the area of each jet). The green circles indicate the jets of the original event. As expected,
they coincide with the hardest quarks/gluons. The blue circles indicate the reshu✏ed momenta
used in the matching. Note, this procedure does not change the kinematics of the actual event;
only the reweighing of the event to full tree-level accuracy is performed with matrix elements
evaluated for the slightly modified momenta. If the threshold on the transverse momenta of
jets was set very low, and the jets were finely resolved (small R-parameter), then no reshu✏ing
of momenta would be necessary. However, the full matrix elements can only be evaluated for
states of relatively low multiplicity (with MadGraph [46], we limit ourselves to matching of up
to four jets). So with a low jet matching scale, the available fixed order matrix elements for
matching would cover only a small part of the total cross section. A similar issue occurs for the
CKKW-L [6,7] or MLM [8] style matching of parton shower algorithms.

We then reweigh each event generated with the following multiplicative matching factor,
evaluated with the on-shell hard momenta as found by the described procedure:

wn�jet ⌘

���Mf1f2!f1g···gf2
⇣n
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({pi})

o⌘���
2

���Mt,f1f2!f1g···gf2
⇣n

pnewJl
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o⌘���
2
. (27)

In this notation, we have suppressed the flavour and momentum-dependence of wn, but it is
obviously calculated on an event-by-event basis. The FKL-matched cross section is then found
as
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The impact of this matching procedure can be seen in Fig. 4, which displays the di↵erential
dijet cross section wrt. the rapidity di↵erence �yfb between the most forward/backward hard
jet, within the following set of cuts:

pj? > 60GeV |yj | < 4.5 anti� kt, R = 0.6. (29)

The matching scale is set equal to the general jet scale of 60 GeV. The red (dot-dashed) curve
is the result of the pure resummation; the blue (dashed) curve is obtained after matching of
the states arising in the resummation up to four hard jets. The correction is small throughout,
being slightly more significant at low rapidity spans.
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3.2 Matching for Non-FKL Configurations

The processes and partonic configurations which do not arise in the resummation are included
straightforwardly by adding these to the dijet rate found by the (matched) Eq. (24). For example,
we can add the remaining contribution to the exclusive dijet rate as
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where p?min is the minimum transverse momentum required for hard jets. The function⇥({fi}, {pi})
returns one if the parton and momentum configuration is of non-FKL status. If only rapidity
ordered sets of momenta pi are generated, then one needs to also sum (or Monte Carlo sample)
over all possible assignments between momenta and the particles in the process. The generali-
sation to the three and four jet states is straightforward, and the final result for the dijet rate
is

�2j = �resum,match

2j +
X

n

�non�FKL

nj . (31)

Each component is implemented by explicit Monte Carlo sampling over phase space and an
evaluation of matrix elements. Therefore, any observable can be constructed and studied, also
after matching has been included in the formalism.

The impact of the non-FKL states is indicated on Fig. 4, where the green (solid) line is
obtained from the sum of all terms in Eq. (31). This correction is again more significant for
small rapidity spans, as we expect.

4 Logarithmic Corrections to the Scale Choice

The discussions so far have made no assumptions on the scale choice made for the evaluation
of ↵s or the pdfs. In this section we will compare the results arising for a fixed scale choice
(of e.g. the minimum jet transverse momentum), and a scale choice made event by event equal
to the maximum jet transverse momentum of the event. Finally, we will include pieces of the
next-to-leading logarithmic corrections to the BFKL kernel, which will stabilise the dependence
on the scale choice. This will then form the basis of the standard scale choice for the results
presented in Section 5.

The connection between the formalism of High Energy Jets and that of BFKL [14–16,33,47] is
that in the limit of large invariant mass between all partons (conditions relaxed for neighbouring
pairs of particles at NLL [48]), then the amplitudes underlying the BFKL formalism coincide
with those of HEJ (and with those of full QCD). The NLL corrections to the BFKL kernel
have two origins: the one-loop corrections to one-gluon emission, and the contribution from
two-gluon and quark–anti-quark-emission in quasi-multi-Regge-kinematics (i.e. not necessarily
a large invariant mass between the pair of particles). The net result of the corrections is a
sum of an expression with the same functional form as the LL kernel, multiplied by a running
coupling logarithm, and a term of a more complicated kinematic structure [18,19]. The relevant
discussion of the regularisation of the NLL corrections to the BFKL kernel was presented in
Ref. [18, 19, 41]. We repeat it here, with a notation tailored to the present application.
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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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structures they form are called 
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hadrons are protons and 
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of the quark family. It is much 
heavier than the rest of the 
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before it has a chance to create 
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! Astronomers have observed that the universe appears to be mostly made 
out of a strange substance known as dark matter. This cannot be made 
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! The SM has no explanation of gravity, but we know that gravity exists! Is 
there a way of including gravity in a particle physics framework? One idea 
is string theory.  

! The SM has many input parameters that are determined empirically and it 
provides no explanation for why those parameters should be those values. 
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They are extremely light and they 
interact only via the weak force. 
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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. 
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! The SM predicts that neutrinos are massless, but we observe that not to 
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!  In everyday life, we only ever experience a few of the members of the 
quark and lepton families, so why does nature choose to have other 
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! The SM says anti-matter and matter should have been created in 
approximately equal parts at the Big Bang. So where is all the anti-
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HEJ Beyond LL
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Example: allow a gluon emission outside 

in rapidity of a quark 

• These are included in all HEJ H+2j predictions 

• They are formally next-to-leading-log, but are still numerically significant 
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that the field should have a 
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is string theory.  
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provides no explanation for why those parameters should be those values. 
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! 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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e.g. �yjj > 2.8, mjj > 400 GeV
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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)  

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

Straight-forward 
e.g. qQ ! qHQ
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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
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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 –

External Higgs more involved but calculated 

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

Del Duca et al  hep-ph/0105129, hep-ph/0108030 
Greiner et al  arXiv:1608.01195
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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 

? 

? 

? 

? ? 

? 

? 

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 not usable) 
infinite                       at NLO  

                                                 at LO

Gleisberg et al arXiv:0811.4622; Cascioli, Maierhöfer, Pozzorini arXiv:1111.5206
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mQ H + 2j

H + 5j
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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 
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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

mb
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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... 

? 
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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  
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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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Full HEJ prediction vs “best” fixed-order
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Finite quark mass 
effects - significant 
reduction (up to 50%)

HEJ         spectrum 
much harder - 
increases sensitivity to 
loop momenta
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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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Full HEJ prediction vs “best” fixed-order
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• Resummation alone reduces cross 
section at large values 

• Also gives harder        spectrum 
which enhances finite quark mass/ 
loop effects which reduce x-
section in VBF cuts by further 11% 

Typical VBF cut
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Fixed order 9%

HEJ 4%
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• Same effect seen in effective theory (ie not induced by the finite 
quark mass effect). 

• See e.g. LHC HIGGS XS WG 2013

James 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 

? 

? 

? 

? ? 

? 

? 

Impact of VBF Cuts
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Table 32: Cross sections predicted by the individual generators for the dijet and WBF selections and the predicted
relative reduction in cross section by applying WBF selection.

Dijet selection WBF selection Effect of WBF cut
MCFM 1.73 pb 0.192 pb 0.111
HEJ 2.20 pb 0.127 pb 0.058
POWHEGBOX 2.41 pb 0.237 pb 0.098
SHERPA 2.38 pb 0.225 pb 0.094
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Fig. 74: Rapidity of the leading (left) and subleading (right) jets in the WBF selection.

SHERPA exhibits a visible shape difference for small angles, while the other approaches are more similar.
HEJ shows a slightly reduced correlation of the two hardest jets, possibly caused by a larger jet radiation
activity than in the shower-based approaches [296].

9.1.3 Outlook
The results presented here tend to open more questions than to provide answers, with differences be-
tween approaches being somewhat larger than expected. Further studies are clearly important, since the
gluon fusion background to WBF production of a Higgs boson will mostly be estimated from Monte
Carlo techniques and a Monte Carlo driven extrapolation from control to signal regions. In this respect
the apparent similarity of approaches for the inclusive selection and the visible and sometimes even large
differences in the WBF region necessitates a much better understanding of the QCD radiation pattern in
the extreme phase space region of the WBF selection. In addition to an understanding on the level of cen-
tral values, it will also be of utmost importance to gain a well-defined handle on the theory uncertainties
related to the extrapolation. This will be the subject of ongoing and further studies.

9.2 Irreducible background toH → WW∗ in exclusive 0- and 1-jets bins with MEPS@NLO
Final states involving four leptons played an important role in the discovery of the Higgs-like boson in
2012 and will continue to be crucial in the understanding of its coupling structure. By far and large, there
are two classes of final states of interest, namely those consistent with decays H → ZZ∗ yielding four
charged leptons and those related to H → WW∗ resulting in two charged leptons and two neutrinos.
They have quite different backgrounds, and for the latter, the dominant and large top-pair production and
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• The all-order high-energy logs have a greater impact within WBF cuts, 
enhanced by large         and large 

• Expect the same significant impact to be induced in VBS.  HEJ 
implementation in progress.
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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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Conclusions

https://hej.web.cern.ch

• Huge phase space for extra hard jets, and for enhancements 
of higher-order coefficients which damage convergence of 
fixed-order expansion 

• Sizable effects and implications for Higgs VBF analyses 

• HEJ allows inclusion of finite quark mass effects combined 
with all order predictions: 
Find VBF cuts more severe than fixed-order estimates 

• Expect similar large impact in VBS (work in progress) 

• Public code, documentation, sample analyses, …
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