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We aim to improve the modelling of deep inelastic scattering by implementing multi-jet merging
capabilities in Vincia parton shower in the general-purpose Monte Carlo event generator, Pythia.
Merging allows to combine event samples of different parton multiplicities with logarithmically
enhanced radiation from parton shower algorithms, without double-counting. Here we consider
events up to five outgoing partons and present results for jet analyses compared to experimental
data provided by the ZEUS and H1 collaborations of the HERA collider. The analyses span a wide
range in photon virtuality, and the results show that the multi-jet merging improves jet modelling
especially for low virtuality events.
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1. Introduction

Deep inelastic scattering (DIS) processes enable the exploration of the structure of the proton
and the scale evolution of quantum chromodynamics (QCD). Monte Carlo (MC) event generators
can be used to model these processes from the hard partonic scattering all the way to the stable
hadrons that can be observed in particle detectors. General-purpose MC event generators employ
parton showers to describe subsequent emissions, which transitions events from the high-energy
core collision process to the lower-energy hadronization phase. Multi-jet merging is an algorithmic
way of combining parton showers with multi-parton final states calculated from QCD scattering
matrix elements (ME). As parton showers are also capable of producing such high-multiplicity
states, a challenge in this procedure is to avoid double-counting phase-space points. Pythia [1]
implements LO and NLO merging based on the CKKW-L approach [2, 3]. Until now there have
been no merging capabilities for DIS processes in Pythia. With the so called “Power-Shower”
option [4], the default shower option is capable of producing jets and dijet events, such as one
illustrated in Figure 1. This approach is consistent with data in high-virtuality events, but struggles to
match experimental results in lower virtuality events. This motivates the use of merging algorithms.

2. Multi-jet merging
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Figure 1: An example of a Feynman diagram of a dijet event of DIS process.

The basic idea of merging is to combine parton showers with parton-level events containing
additional partons calculated in perturbative QCD, such that each will populate the part of phase
space where they are accurate. Events calculated from QCD MEs can describe hard, well-separated
jets, while parton showers generate collinear or soft, low-?T emissions at good precision. The
combination of these approaches is achieved by separating the phase space at some energy scale
CMS, which defines soft and hard jets at a relevant scale, such as the jet transverse momentum. The
merging scale CMS also aims to assign the generation of hard jets to the ME events and soft partons
to parton showers, with the definitions

Hard jets : ?T > CMS. Soft jets : ?T ≤ CMS.

In our setup, the value of CMS is compared to the square root of the parton shower evolution variable,
which we will call C. With the scale defined, a generic #-jet merging algorithm proceeds as follows:
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Figure 2: Illustration of how a merging algorithm reconstructs shower histories and produces shower states.

1. Start from an event from a fixed-order ME sample. Enforce the merging scale cut, so that
each additional final state parton obeys C > CMS.

2. Using a jet clustering algorithm, invert the shower kinematics to construct shower histories,
obtain states {S0,S1 . . .S=} and corresponding scales {C0, C1 . . . C=}. Choose the most prob-
able history.

3. Starting from state S0, perform trial emissions. Reject the event if the generated trial scale
C > C8 . Reweight the event with PDF ratios and US ratios. Accept the event and continue
parton shower cascade from C=

• if = < # , the jet multiplicity is not the highest, and the first emission is below CMS, or

• if = = # , the jet multiplicity is the highest.

Otherwise reject the whole event.

These steps are visualized in Figure 2. The double-counting is removed by imposing trial showers
between nodes corresponding to exact shower histories, and rejecting emissions above previously
obtained scales, or above CMS. Another step in the algorithm is reweighting with the merging weight

F8 = ΠS8 (C8 , C8+1)
5 (G8 , C8)
5 (G8 , C8+1)

US(C8)
US(`R)

, (1)

which consists of ratios of parton distribution functions (PDFs) and strong coupling constants US.
These factors make sure that the events get the same weight as they would in the parton shower ap-
proximation. This treatment includes higher-order corrections to soft-gluon emissions, normalizes
events to the same cross section and correctly accounts for running of US.

Two merging algorithms are employed: CKKW-L, which is the primary algorithm used in
Pythia, and UMEPS [5], an improved version capable of retaining the leading-order cross section.
In order to allow high-multiplicity parton-level events to contribute at low virtualities in the CKKW-
L merging algorithm, a dynamic merging scale is defined similarly as in Ref. [6],

CMS =
C̃MS√

1 + C̃2
MS

&2(2

, (2)

with the parameters C̃MS = 5 GeV to dictate the highest value of the merging scale and ( = 0.7
to reduce the scale at low virtuality. A fixed merging scale is used with the UMEPS algorithm.
The computational setup consists of these merging algorithms and scale choices, with parton-level
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events generated by Sherpa¹ [7–9], the PDF set NNPDF40_lo_pch_as_01180 [10], and the
Vincia sector-antenna shower [11] in conjunction with its dedicated multi-jet merging framework
[12].

3. Results

We have simulated DIS events with up to 4 additional jets with Sherpa. The results of multi-
jet merging are compared to data from HERA experiments. We have produced two new Rivet jet
analyses with data collected from experiments conducted in 1996 and 1997 with beam energies of
�? = 820 GeV and �4 = 27.5 GeV [13], and from 2005 to 2007 with higher energies of �? = 920
GeV and �? = 27.6 GeV [14], both released by the H1 collaboration.

After the events with different number of outgoing partons are combined using the merging pro-
cedure described above, the parton showers are generated and partonic events hadronized providing
a hadronic final state from which jets are reconstructed according to the :T-jet finder algorithm
implemented in FastJet [15]. The identified jets typically originate from the high-?T partons in the
generated parton-level process. Figure 3 shows jet production cross section comparisons from both
merging algorithms, with a varying number or additional partons included in the fixed-order sam-
ples. Using +1-jet merging one cannot describe the data, since the simulation produces much lower
jet cross sections. For inclusive distributions, +2-jet merging is already sufficient to describe the
data within uncertainties. Adding further samples to the merging leads to approximately converging
distributions. This reflects the perception that most of the inclusive jet cross-section contribution is
obtained with parton-level events containing up to 3 partons.
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Figure 3: Jet ?T distribution comparisons to H1 data for inclusive jet production cross sections with CKKW-
L and UMEPS merging, from +1-jet merging up to +4-jet merging.

Trijet distributions in Figure 4 are obtained by calculating the cross sections in terms of the
average ?T of the three hardest jets. For this higher jet multiplicity, even higher-multiplicity parton
level samples are required. Compared to the inclusive jet distributions, there’s still a considerable
improvement in trijet cross sections when going from +2-jet to +3-jet merging.

¹https://gitlab.com/hpcgen/me
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Figure 4: Comparisons to H1 data for trijet ?T distributions with CKKW-L and UMEPS +=-jet predictions.
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Figure 5: Inclusive jet cross section differential in jet ?T. Variations of parameters ( = 0.7 ± 0.1 and
C̃MS = 5+4−2 GeV are shown as error bands. Left: low-&2 events. Right: high-&2 events.

In Figure 5 we present the cross sections resulting from CMS and ( variations. Dynamic merging
scale has a larger impact at low virtuality and indeed the considered variation of the parameter
( leads to a larger uncertainty. These variations are an essential part of uncertainty analyses of
simulations as jet properties are sensitive to changes in these parameters.

4. Conclusions

We present the implementation of multi-jet merging in DIS with Pythia, using the Vincia
parton shower. The CKKW-L and UMEPS algorithms are employed with parton-level events from
Sherpa. Results are compared to HERA data, and we find good agreement of differential multi-jet
cross sections across a wide range of photon virtuality when including at least 3 final-state partons
for the inclusive jet cross sections.
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