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Abstract

In this brief Snowmass White Paper for the Theory Frontier, we argue that there

have been important recent developments in the algorithms used to generate a simu-

lated parton shower and that further progress can be achieved in the coming decade.

A much more detailed exposition can be found in a corresponding White Paper of the

Energy Frontier.
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1 Introduction

Parton shower event generators have proven to be very important since their introduction
in the 1980s [1–3]. Discussion of these tools and of their importance for the planning and
interpretation of experiments is included in a White Paper of the Energy Frontier. In this
White Paper for the Theory Frontier, we outline important developments in the algorithms
used to generate a simulated parton shower.

These algorithms are based on a detailed understanding of the structure of the QCD. In
recent years there has been substantial work to translate our knowledge of this structure into
practical computer algorithms. This work is closely related to developments in extending
perturbative calculations of important hard processes to higher perturbative order. The
work is also closely related to work to rearrange QCD perturbation theory for processes that
contain large logarithms in their perturbative expansion.

2 Mini-review of parton showers

Parton shower event generators for hadron collisions, for example Herwig [4], Pythia
[5], and Sherpa [6], perform calculations of cross sections according to an approximation to
the standard model or its possible extensions.

The main ideas behind parton shower event generators were developed in the 1980s
[1–3]. There has been extensive development of the algorithms since then [7–16], leading
to programs that are quite sophisticated [4–6, 17–23]. Reviews of the field can be found
in [24, 25].

One can view a parton shower algorithm as beginning with the theorem [26] that allows
us to write a cross section for an infrared safe observable as a convolution of a hard scattering
factor with parton distribution functions. Then the parton shower fills in more detail by using
the renormalization group, using the insight that the scattering process appears differently
depending on the hardness scale at which one examines it. The parton shower develops
with decreasing values of a scale parameter that measures the hardness of interactions.∗ At
the hardest scale, the scale of the hard interaction, there are just a few partons. Then, as
the hardness scale at which we examine the process decreases, these partons split, making
more partons in a parton shower. Thus, with respect to initial state partons, the shower
evolution starts from the hard interaction and moves backward in time to softer initial state
interactions. With respect to final state partons, shower evolution moves forward in time.
At any stage, a certain amount of structure has emerged, while softer structure remains
unresolved.

The parton shower uses functions called splitting functions that represent the probability
for partons to split at a scale µ2 that is smaller than the scales of splittings that have come
before. Thus the splitting functions represent the infrared singularity structure of QCD. At
the current frontier of algorithm development, the splitting functions are evaluated at first
order in an expansion in the strong coupling αs(µ

2). Although we speak of cross sections and

∗Herwig, however rearranges the ordering of splittings in its default parton shower so that larger angle

splittings come first.
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probabilities in explaining the parton shower, we must remember that QCD is a quantum
theory, so that we need to properly include quantum interference. This is especially relevant
with respect to color and spin, which are intrinsically quantum variables.

As the resolution scale µ2 becomes smaller than a scale µ2
f of order 1 GeV2, αs(µ

2) is not
small enough to justify the use of perturbation theory to describe the development of the
shower. A parton shower event generator aims to generate complete events, so it is necessary
to turn to a model of physics at scales smaller than µ2

f . This model produces hadrons from
the partons produced in the perturbative part of the shower.

In the following sections, we turn to some of the topics of recent and future development
in parton shower event generators.

3 Matching and merging

A parton shower is initiated by a hard scattering process, say gg → Higgs. If the hard
scattering is calculated at lowest order, then the result is conceptually simple: the parton
shower provides an approximated version of higher order corrections. However, if we want
to use a hard process calculated at, say, NLO, then we need to subtract the approximated
NLO corrections generated by the shower. The current state of the art for matching is the
matching of NNLO QCD fixed-order computations with parton showers (NNLOPS). Match-
ing techniques beyond NLO necessarily require accounting for different jet multiplicities. For
instance, a NNLOPS result for gg → Higgs production must be NNLO accurate for inclusive
Higgs production, but also NLO accurate for gg → Higgs + jet, and LO accurate for gg →

Higgs + 2 jets. There has been a large amount of work on matching in recent years and
work is ongoing [27–64].

We may also want to consider together two different processes, each calculated at beyond
lowest order (for instance gg → Higgs and gg → Higgs + jet). Then each hard process can
initiate a parton shower. Evidently, there is a certain amount of ambiguity in exactly how
these processes should be combined. Again, there has been a large amount of work on this
in recent years and work is ongoing [30, 32, 35, 36, 38, 39, 41–44, 48–50, 65–67].

4 Quantum interference and dipoles

Parton shower algorithms need to respect quantum mechanics. That is, one should
consider the evolution of the quantum amplitude. One of the earliest shower algorithms, the
one in Herwig, was invented to do just this in an approximate way. Most modern parton
showers are of the “dipole” sort, so that one includes (with approximations) emissions from
both members of the dipole, including the interference between emission from one member
of a dipole and emission from the other. In this way, it is the quantum amplitudes that
evolve.

In the description of gluon emission in a dipole shower, emission from parton l interferes
with emission from emission from a dipole partner parton k. In one way of arranging this
in an algorithm, usually denoted an antenna shower, the whole l-k dipole is considered as a
unit [23]. More commonly, in a partitioned dipole shower, the emission process is partitioned
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into two parts [5,6,21,68,69]. When the emitted gluon is closer to being collinear with parton
l, it is that parton that is treated as being the emitter in the treatment of momentum sharing
in the emission. An important challenge in current research is to improve the approximations
used to implement quantum interference in a dipole shower, especially with respect to spin
and color.

5 Spin

Partons carry quantum spin. The spin of gluons affects the dependence of their splitting
functions on the azimuthal angle of their decays. Thus one should keep track of quantum
spin in the parton amplitudes. The alternative is to average over spins at each step, thus
losing information that affects azimuthal angle distributions. For certain technical reasons,
the implementation of quantum spin in a parton shower algorithm is much easier than
the implementation of color: for spin, one can use the Collins-Knowles algorithm [70–73]
However, the needed implementation has been lacking in many parton shower programs.

Herwig 7 (since v7.2.0 [74]) has adopted the Collins-Knowles algorithm in both its
default and dipole QCD parton shower schemes to include the spin-correlations between the
production and decay of heavy particles, based on the developments introduced in [75, 76].
This algorithm allows for the inclusion of the spin-correlations while maintaining the step-
by-step approach of the event generation process. Further improvement in the treatment of
heavy-quark spin distributions, through the inclusion of heavy quark effective field theory
in Herwig 7’s cluster hadronization model and its heavy hadronic decay modes, will be
introduced with the Herwig 7.3 public release.

Spin correlations can also be included in a dipole shower using the Collins-Knowles
algorithm [77]. Recent work [78, 79] has studied this in some detail.

6 Color

Partons carry quantum SU(3) color. This means that there is a bra amplitude describing
many partons with their color and a ket amplitude for many partons with their color. Gluon
emissions change the color state, as do virtual gluon exchanges. This is not so easy to
describe in a computer because the color space for, say, twenty partons has approximately
1036 dimensions. Furthermore, an approximate version of virtual diagrams is included in a
parton shower as an exponential, the Sudakov exponential. One can, of course, exponentiate
a matrix on a computer, but not in 1036 dimensions.

Most programs use what is called the leading color (LC) approximation, which gives the
leading term in an expansion in powers of 1/N2

c (with Nc = 3). There is an improved version
called the LC+ approximation [80]. This is an approximation to the proper evolution of the
color amplitudes, but is still a rather crude approximation. Work to do better is currently
ongoing. One method expands perturbatively in the difference between the full color splitting
functions and their LC+ approximation [81]. There has been extensive recent work [82–85]
that studies color in parton shower evolution beyond leading color, including work [86–92]
that accounts approximately for color amplitude evolution resulting from both real emission
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graphs and virtual exchange graphs. Ref. [93] has worked to improve the treatment of color
in parton showers without tying the description to the color amplitudes.

7 Summation of large logarithms

Many cross sections that play a role in particle physics depend on two very different
momentum scales. In consequence, the coefficient of αn

s in the perturbative expansion of
such a cross section will contain powers of the logarithm of L of the ratio of these scales.
Typically, we find contributions proportional to αn

sL
2n−1 or αn

s L
2n. An example is the

cross section to produce a virtual photon with squared momentum Q2 and with transverse
momentum kT, with L = log(Q2/k2

T). The large logarithms L spoil the usefulness of fixed
order perturbation theory in calculating the cross section. There has been a very substantial
theoretical effort over the years to sum the perturbative contributions that contain the most
powers of L. For instance, soft-collinear-effective theory (SCET) has often been used for this
purpose in recent years.

This sort of analytical large logarithm summation is adapted to a particular observable
cross section. On the other hand, a parton shower event generator samples many simulated
events and allows the user to measure any cross section involving the resulting partons (or
hadrons if one applies a hadronization model). Thus a parton shower is much more flexible
than a dedicated calculation of the same cross section. Furthermore, a parton shower uses
parton splitting functions that contain the soft and collinear singularities of QCD, so it has
the potential to sum the large logarithms correctly.

Does it? In some cases, it does [94, 95]. However, the answer depends on what the
details of the parton shower are and what logarithms one would like to sum. Clearly, it is
important to understand this connection better. There has been interesting recent work on
this subject [68, 88, 93, 96] and we can anticipate more results in the near future.

8 Threshold logarithms

There is one class of large logarithms that is typically not included in parton shower al-
gorithms. These are the “threshold logarithms” that occur in hard scattering cross sections
at hadron colliders [97]. These logarithms can be thought of as arising from a mismatch
between the kinematic limits in the DGLAP evolution equation for parton distribution func-
tions and the kinematic limits of splittings in a parton shower or in the contributions to the
theoretical cross section beyond leading order. The effects of threshold logarithms are often
important, so there has been an extensive effort over the years to analyze them analytically.

The effect of threshold logarithms can be incorporated in a parton shower algorithm
[98, 99]. Typically, this effect is left out of parton shower event generators, although the
first perturbative term in the threshold log summation is included if the parton shower is
matched to an NLO perturbative calculation of the hard scattering cross section. One can
anticipate that a threshold factor will be included in more parton shower event generators
so as to improve their accuracy in the future.
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9 NLO shower

Current parton shower algorithms are based on parton splitting probabilities calculated at
lowest order in the strong coupling, order α1

s . One might hope [100] to have a parton shower
based on parton splitting probabilities calculated at order α2

s and beyond. There has been
recent progress in this direction [101–108]. The theoretical issues that must be addressed
are similar to the issues involved in designing the subtractions for a perturbative calculation
of jet cross sections at next-to-next-to-leading order. One can have the real emission of two
partons or the emission of one parton with one virtual exchange or one can have two virtual
exchanges. In the case of, say, two gluons, the two gluons can be nearly collinear with one
existing parton or one gluon can be collinear with one parton and one collinear with another
parton. Alternatively, one or both gluons can be soft, leading to interference between soft
gluons from up to four different radiators. In order to achieve a consistent calculation, one
must subtract the results from an order α1

s parton shower prediction, expanded up to order
α2
s , as well as remove the overlap between collinear and soft approximations to the matrix

element. This can be achieved using phase space sectorization, partial fractioning, explicit
subtractions or a combination thereof. The precise technology is often inspired by the aim
to provide a parton shower that can be matched to a fixed-order NNLO calculation, using
an extension of the MC@NLO or POWHEG technique [109]. For emissions from an initial
state parton, the parton distribution functions and their evolution is involved. Although a
complete algorithm lies in the future, we believe that the effort holds great promise.

10 Electroweak radiation in a parton shower

A consistent inclusion of electroweak (EW) radiation in a QCD dominant parton shower,
or in the parton shower with incoming leptons, is a theoretical challenge. Issues arise be-
cause the SU(2) gauge theory is spontaneously broken, so that there is a transition in the
behavior of the theory between low scales and very high scales. Furthermore, hadrons (and
leptons) are singlets under the color SU(3) gauge group but carry charge with respect to the
electroweak gauge group. This makes the standard collinear factorization that applies for
QCD problematic for electroweak shower evolution.

However, EW effects can be important at high energies, both for the LHC and for future
colliders. In hadron-hadron collisions virtual EW radiative corrections from EW gauge boson
self-interactions are usually large and destructive, and in a region of the phase-space where
these become important, one has to consider real EW emissions of the EW bosons to counter
these virtual effects. Also, one expects that the heavy EW bosons could be considered
as massless partons and contribute to parton shower splittings when probing high-enough
energy scales. In such a study, one is required to employ a process-independent EW parton
shower scheme that is capable of performing interleaved QCD and EW radiations on equal
footing.

There has been substantial work to address these issues [110–132].
Recently, such a practical approach has been implemented in Herwig’s default angularly-

ordered parton shower algorithm, covering the full scope of final-state EW radiations in addi-
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tion to the initial-state EW gauge and Higgs boson emissions [126,127]. This QCD⊕QED⊕EW
parton shower, however, does not include initial-state EW gauge boson self-interactions since
this would require the development of reliable EW parton distributions functions. This
parton shower algorithm has been subjected to numerous validation tests in both perfor-
mance [127] and physics [126]. Particularly, this algorithm has been utilized in the precision
calculation of the possible signature of the Maximally Symmetric multi-Higgs-doublet model
(MS-nHDM) [133–137], for the simplest case i.e. MS-2HDM [138].

It has been shown that the QCD⊕QED⊕EW parton shower scheme improves Herwig 7’s
success in predicting the high-energy precision measurement data from the LHC. This would
be a milestone development that can bring forth the next step in the evolution of high-
energy Monte-Carlo event generators and can pave the way for further parton-shower-related
developments, e.g. BSM parton showers and Higgs boson self-interactions that will become
relevant with the upcoming and inevitable push in the probe energies of the existing and
future particle colliders. It would also be highly interesting to introduce the same level of
enhancement in Herwig’s dipole shower scheme to study the algorithmic behaviors of these
methods. Additionally, matching of EW parton shower in the low and high energy scales,
between broken and unbroken SU(3)×SU(2)×U(1) gauge theories has to be understood.

11 Conclusions

Parton shower event generators have played a central role in the planning and interpre-
tation of experiments since the 1980s. They have, however, moved beyond being simply the
QCD inspired models that they were at their inception. Instead, they have evolved into the-
oretical tools derived from the Lagrangian of the standard model, so that predictions made
using these tools can help to test the standard model and potentially reveal new physics
beyond the standard model. The algorithms used involve approximations. The present chal-
lenge, which is the subject of current theoretical research, is to improve the approximations
and thus improve the precision of the resulting predictions.
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[25] T. Sjöstrand, Status and developments of event generators, PoS LHCP 2016 (2016) 007
[arXiv:1608.06425 [hep-ph]] [inSPIRE].

[26] J. C. Collins, D. E. Soper and G. F. Sterman, Soft Gluons and Factorization,
Nucl. Phys. B 308 (1988) 833 [inSPIRE].

[27] S. Frixione and B. R. Webber, Matching NLO QCD computations and parton shower
simulations, JHEP 0206, 029 (2002) [inSPIRE].

[28] P. Nason, A New method for combining NLO QCD with shower Monte Carlo algorithms,
JHEP 0411, 040 (2004) [inSPIRE].

[29] S. Frixione, P. Nason and C. Oleari, Matching NLO QCD computations with Parton
Shower simulations: the POWHEG method, JHEP 0711, 070 (2007) [inSPIRE].

[30] K. Hamilton and P. Nason, Improving NLO-parton shower matched simulations with
higher order matrix elements, JHEP 1006, 039 (2010) [inSPIRE].

8

http://dx.doi.org/10.1088/1126-6708/2007/09/114
http://inspirehep.net/search?p=doi:10.1088/1126-6708/2007/09/114
http://dx.doi.org/10.1088/1126-6708/2008/12/010
http://inspirehep.net/search?p=doi:10.1088/1126-6708/2008/12/010
http://dx.doi.org/10.1103/PhysRevD.76.094003
http://inspirehep.net/search?p=doi:10.1103/PhysRevD.76.094003
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://inspirehep.net/search?p=doi:10.1088/1126-6708/2008/03/038
http://dx.doi.org/10.1007/JHEP01(2011)024
http://inspirehep.net/search?p=doi:10.1007/JHEP01(2011)024
http://dx.doi.org/10.1140/epjc/s10052-012-2187-7
http://inspirehep.net/search?p=doi:10.1140/epjc/s10052-012-2187-7
http://dx.doi.org/10.1007/JHEP06(2014)097
http://inspirehep.net/search?p=doi:10.1007/JHEP06(2014)097
http://dx.doi.org/10.1140/epjc/s10052-015-3684-2
http://inspirehep.net/search?p=doi:10.1140/epjc/s10052-015-3684-2
http://dx.doi.org/10.1140/epjc/s10052-016-4429-6
http://inspirehep.net/search?p=doi:10.1140/epjc/s10052-016-4429-6
http://dx.doi.org/10.1016/j.physrep.2011.03.005
http://inspirehep.net/search?p=doi:10.1016/j.physrep.2011.03.005
http://inspirehep.net/search?p=arXiv:1608.06425
http://dx.doi.org/10.1016/0550-3213(88)90130-7
http://inspirehep.net/search?p=doi:10.1016/0550-3213(88)90130-7
http://dx.doi.org/10.1088/1126-6708/2002/06/029
http://inspirehep.net/search?p=doi:10.1088/1126-6708/2002/06/029
http://dx.doi.org/10.1088/1126-6708/2004/11/040
http://inspirehep.net/search?p=doi:10.1088/1126-6708/2004/11/040
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://inspirehep.net/search?p=doi:10.1088/1126-6708/2007/11/070
http://dx.doi.org/10.1007/JHEP06(2010)039
http://inspirehep.net/search?p=doi:10.1007/JHEP06(2010)039


[31] S. Alioli, P. Nason, C. Oleari and E. Re, A general framework for implement-
ing NLO calculations in shower Monte Carlo programs: the POWHEG BOX,
JHEP 1006, 043 (2010) [inSPIRE].

[32] R. Frederix and S. Frixione, Merging meets matching in MC@NLO,
JHEP 1212, 061 (2012) [inSPIRE].

[33] K. Hamilton, P. Nason and G. Zanderighi, MINLO: Multi-Scale Improved NLO,
JHEP 1210, 155 (2012) [inSPIRE].

[34] K. Hamilton, P. Nason, C. Oleari and G. Zanderighi, Merging H/W/Z + 0 and
1 jet at NLO with no merging scale: a path to parton shower + NNLO matching,
JHEP 1305, 082 (2013) [inSPIRE].
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