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Part I: A Brief Introduction to HERWIG 7

3



Andreas Papaefstathiou4

HERWIG = Hadron Emission Reactions With Interfering Gluons. 

HERWIG 5.1 [Marchesini et al., Comput. Phys. Commun. 67 (1992) 465–508.]  

 FORTRAN; final version: 6.521 [March 11th, 2013] 

 Features: Angular-ordered parton shower ⊕ cluster hadronization model.  

Rewritten in C++ → HERWIG++ [Gieseke, Ribon, Seymour, Stephens, Webber, hep-ph/0311208],  

based on ThePEG = Toolkit for High Energy Physics Event Generation [Lönnblad]. 

HERWIG++ 3.0 was released as HERWIG 7.0. 

Latest stable version →  7.3.0 (December 2023), 7.4.0 forthcoming! 

New HERWIG 7 physics manual out! [arXiv:2512.16645].
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HERWIG 7 Feature Overview

Herwig 7 Overview

[Herwig collaboration – EPJ C C76 (2016) 665 & 84 (2024) 10]

Automated NLO matching
NLO multijet merging

Angular ordered shower
Dipole shower

Cluster hadronization model
String hadronization model

Eikonal MPI model

BSM capabilities in matrix elements, 
decays and AO shower via UFO d� ⇠ L⇥ d�H(Q)⇥ PS(Q ! µ)⇥MPI⇥Had(µ ! ⇤)⇥ ...

<latexit sha1_base64="/TlEsv/VVeQcHbYVRS/RaZhAh50=">AAADRXicdVLLattAFB2pr9R9Oe2ym6Gm4EAQkjy25V1oNy6kYNM6CUjCjEZjZ4hGEjOjUiP0c910313/oJsuWkq37cgPnDjJBaHDfZxz7nCjPGFS2fZ3w7xz9979B3sPG48eP3n6rLn//ERmhSB0 QrIkE2cRljRhKZ0ophJ6lguKeZTQ0+jibV0//USFZFn6US1yGnI8T9mMEax0arpv+GUgOIyrQLI5x1D/OCyDJbEv5lFY2pa9jEPb6tiehzoa9BzXdbtVoOhnVR5XGjBO5e7coO/a9kC3Owh5CB1umKorktNhe3xQwZsonK10t99xXGdLsZIefaja40BlMODFLRyX7COv N3Bq+8hBW/vvR+9uWwB1vU6vHuijLup59SZ6pwFaTw5xXMG2ll46ONaPHuMDuOGyLGvabG3k4XWw2a4F1jGaNr8FcUYKTlNFEiyl79i5CkssFCMJrRpBIWmOyQWeU1/DFGuhsFx6ruBrnYnhLBP6SxVcZi9PlJhLueCR7uRYncvdWp28qeYXauaFJUvzQtGUrIRmRQL1 1vVJwZgJSlSy0AATwbRXSM6xwETpw2voR3B2V74OTlx9JVZ3jFpHb9bPsQdeglegDRzQB0dgCEZgAojxxfhh/DJ+m1/Nn+Yf8++q1TTWMy/AlTD//QcGFfzv</latexit>

Currently:  Herwig 7.3
Herwig 7.4 in preparation

Angular-ordered parton shower & Dipole shower 
[with spin correlations!], 

Automated NLO matching/NLO multijet merging 

[& FxFx merging with MG5_aMC], 

Cluster and string hadronization models, 

Eikonal MPI model, Colour-reconnection model, 

LHE/UFO interfaces for BSM. 

[Diagram by Simon Plätzer]
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Recent and Upcoming HERWIG 7 Developments

EW parton shower improvements. [Masouminia, Richardson, arXiv:2108.10817, arXiv:2602.19927], 

Generalized (BSM) parton showers [Darvishi, Masouminia, Richardson, to appear], 

Dark showers [Kulkarni, Masouminia, Plätzer, Stafford, arXiv:2408.10044], 

Quarkonium parton shower [Masouminia, Richardson, arXiv:2508.06307], 

Tune of interleaving parameters against coherence-sensitive observables in QCD+QED+EW parton shower: [Masouminia, Seymour, Sule,  to appear], 

NLL parton shower [Forshaw, Holguin, Plätzer, arXiv:2003.06400, Holguin, Plätzer, Seymour, Sule, arXiv:2605.02622], 

Spin correlations in the parton shower with polarized beams [Masouminia, AP, Richardson, arXiv:2606.23845, Baldonado, Masouminia, AP, Richardson, to appear]. 

“Blob” Matrix Elements/Non-trivial vacua → EW Sphalerons & QCD Instantons [AP, Plätzer, Sakurai, arXiv:1910.04761, Cormier, Jin, Kirchgaesser, AP, Plätzer, in progress].  

KrkNLO matching for single- and diboson production [Sarmah, Siódmok, Whitehead, arXiv:2511.16605]. 

String hadronization in HERWIG 7 [Divisova, Myska, Sarmah, Siódmok, arXiv:2509.02348], 

New cluster model developments [Plätzer, arXiv:2204.06956, Hoang, Jin, Plätzer, Samitz, arXiv:2404.09856, Gieseke, Kiebacher, Plätzer, Priedigkeit, arXiv:2505.14542], 

Hadronization and decays of excited hadrons on HQET [Masouminia, Richardson, arXiv:2312.02757].
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String Hadronization in HERWIG 7
PYTHIA hadronization: Lund string model →  interaction between colour-charged quarks as a 
colour flux tube →  a relativistic string. 

HERWIG/SHERPA: Cluster model →  colour-connected partons combine into colour-singlet 
groups → clusters. 

Advantages & disadvantages: String Cluster

👍  very predictive framework for how 
space–time motion & 
breakup translate into energy–momentum 
distribution of hadrons

👎  less dynamical 
space–time picture

👎  many parameters related to flavour 
properties

👍  more predictive 
flavour composition

 [Divisova, Myska, Sarmah, Siódmok, arXiv:2509.02348] 
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String Hadronization in HERWIG 7
String model via TheP8I; new LH tune planned for HERWIG 7.4. 
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Fig. 5: Event Shape observables measured by DELPHI experiment at LEP [97]. These are assigned non-zero
weights during the tuning procedure.

quarks, namely D
+. The predictions of the tunes using

the string model show similar trends, especially the two
string tunes in Herwig, while we see that the cluster
model shows slightly di!erent trends. For example, the
default Herwig tune with the cluster model produces
a low multiplicity of ω and ε

→ mesons while producing
too many kaons, all of which are bound states of the
strange quark. The multiplicity ratios for the baryons,
see Fig. 4c, are slightly less well modelled compared to
the mesons (with the exception of the ϑ baryon). We
see here as well that all string tunes give similar pre-
dictions, while the cluster tune shows a di!erent trend
especially for the ϖ

++ hadron, which consists of three
up quarks.

An important class of observables are the event
shapes, e.g. Thrust (T ), Thrust major (M), Thrust mi-
nor (m), Sphericity (S), Aplanarity (A) etc. (see Ap-
pendix B) which provide a numerical description of the
shape of the spread of particles in the final-state as the
name suggests. More precisely, these give information
about the flow of momenta in the final-state provid-
ing a good probe for studying QCD e!ects. Thus, they
are particularly suited for tuning due to the existence
of localised regions of phase space that are sensitive
to phenomenological models. They typically vanish for
planar events and are most sensitive to hadronization
e!ects in those regions. These are shown in Fig. 5.

The thrust T (or equivalently 1→T ) distribution has
been one of the most important distributions for tuning
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Fig. 15: Observables measured at STAR [130, 131] and SppS (using UA1-UA5 detectors) [132–134] experiments
at

→
s = 200 GeV. Individual plots are: Transverse momentum spectrum of (a) ω

+ pions, (b) K
+ kaons, (c)

Ratio of anti-protons (p̄) to pions (ω→) as a function of p↑, (d) multiplicity distribution, (e) charged multiplicity
distribution and (f) pseudorapidity distribution for NSD.
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 [Divisova, Myska, Sarmah, Siódmok, arXiv:2509.02348] 
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2 S. Gieseke, S. Kiebacher, S. Plätzer, J. Priedigkeit: Dissecting the cluster model

In the present work, we focus on the cluster fission
and decay dynamics and identify possible perturbative
and non-perturbative input to their role in an evolving
hadronization model. We will in particular address the
roles of phase space and kinematics, as well as the ele-
mentary (perturbative) processes which drive the cluster
fission process and the final cluster decay to hadrons. We
will then also focus on identifying a set of observables
which we can use to complement such a design in order
to constrain the building blocks and their interplay in the
according measurements. A similar analysis for colour re-
connection will be presented in a follow-up work, together
with a first tuning analysis. In particular, our new model
will lead to less parameters to be considered in such a tun-
ing, while it introduces more dynamical features. Our work
will constitute a key cornerstone to develop and scrutinize
a fully evolving hadronization model and to shed light on
its infrared cuto! dependence.

The outline of this paper is as follows: In Sec. 2, we
present the main framework in which we will analyze and
improve the cluster hadronization model. This includes
a review of its current state, and the construction of its
building blocks in particular towards the kinematic and
phase space constraints of the cluster fission and decay
processes. In Sec. 3 we study the impact of the modifica-
tions onto measured observables, in particular extending
the energy range which should be considered to pinpoint
low-scale dynamics of the interface between parton show-
ers and hadronization. In Sec. 4 we develop an entire set of
observables which can be used to disentangle the various
building blocks we propose, and to guide further theoret-
ical development. We then conclude and provide an out-
look on the role of colour reconnection, as well as further
development of a novel model.

2 Clusters in light of perturbative evolution

Demanding that the hadronization model should smoothly
match to the perturbative evolution of the parton shower
has been proposed in [18], and in [19], where the cluster
fission process, as well as the low-scale splitting of gluons
have been viewed as a process which should ultimately
been driven by the parton shower dynamics such that a
smooth transition can be guaranteed. We will further elab-
orate on such an approach, and discuss in this section how
the cluster model can be generalized and what perturba-
tive building blocks we can identify in its construction,
in particular for the cluster fission. We also propose, what
non-perturbative dynamics we could assume to govern the
cluster decays. Before doing so, we review the structure of
the cluster model as it is currently available. This struc-
ture will ultimately need to be changed, in particular to
respect the infrared safety criterion spelled out in [18] and
as such the demand that clusters should include gluons as
constituents, however at this point we do not rebuild the
entire structure of the cluster model.

MPIs

Forming
Gluon

Hard

+Parton

Colour Cluster Cluster

Process

Shower

Splitting
Cluster

ReconnectionFission Decay

Shower Cut-off NP scale

Fig. 1: The structure of the cluster hadronization model.
We illustrate how clusters (grey blobs) are formed after
the parton shower and the low-scale gluon splitting, how
they fission and how they reconnect (i.e. how they rescat-
ter), and how they ultimately decay into stable or unsta-
ble hadrons (black and dark grey circles). We also indicate
some characteristic scales, in particular the parton shower
cuto!, and a final, non-perturbative cuto! at which the
initial condition of the model is fixed to consist of conver-
sions of clusters into hadrons.

2.1 General structure of the cluster model

In Fig. 1 we show a picture of the hadronization as it
evolves from the parton shower. The hadronization gen-
erally starts from a partonic final state where all partons
are in a certain colour state. Usually the colour state is
defined in the limit of large number of colours, Nc, such
that all quarks and antiquarks are uniquely assigned to the
endpoint of a colour line. Gluons carry both a colour and
an anticolour. In order to assign all partons to a colour
singlet state in a unique way, all particles, in particular
the gluons, are assigned a constituent mass and undergo
a number of (small) boosts in order to maintain momen-
tum conservation. This will allow us to decay the gluons
non-perturbatively into a light qq̄-pair. The gluon mass is
just above the threshold for the creation of this qq̄-pair
which implies that even with an isotropic decay the re-
sulting quarks move practically in the original direction
of the gluon and share its momentum almost equally and
carry the respective colour line of the gluon. As a result,
the final state consists of quarks, antiquarks and possibly
(anti-)diquarks from the initial hadrons. All particles are
in a colour triplet or antitriplet state and rest at the end
of a colour line. The colour partner of each particle at
the other end of the colour line can be easily found and

[Plätzer – JHEP 07 (2023) 126]
[Hoang, Jin, Plätzer, Samitz — JHEP]

[Gieseke, Kiebacher, Plätzer — EPJ C] 

A road to a new cluster model
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[Gieseke, Kiebacher, Plätzer — arXiv:soon]
[Plätzer, Telalovic — in progress] 

Colour reconnection fits naturally

10

New Cluster Model Developments
IR colour evolution motivates viewing cluster fission as a low-scale 
perturbative process. 

New developments:  

cluster fission as a factorized partonic process.  

ME-inspired sampling for cluster masses & decay angles.  

Clear separation between cluster fission (perturbative) & 
cluster decay.

[Plätzer, arXiv:2204.06956, Hoang, Jin, Plätzer, Samitz, arXiv:2404.09856, Gieseke, Kiebacher, Plätzer, Priedigkeit,  arXiv:2505.14542]

BELLE

* clusters with M > 3-4 GeV 
fission (CF) → then light clusters decay into hadrons (CD).
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Quarkonium Parton Shower

Quarkonia: flavour-neutral heavy  bound states. 

Rich spectroscopy ➡ stringent tests of QCD, including spin dependence & effects of gluon 
exchange. 

Challenge: interplay between perturbative & non-perturbative dynamics.  

NRQCD (heavy-quark velocity ≪1) → short-distance coefficients computed perturbatively, long-
distance matrix elements encode hadronization. 

Process-independent quarkonium parton shower in HERWIG 7, e.g.: 

QQ̄

where gS is the strong coupling. Assuming q2 as the momentum of the produced quarkonium, one
can write the momenta of its constituent quarks as a1q2 → k and a2q2 + k, with the momentum
fractions a1+a2 = 1. In Eq. (3.8), ta are the generators of the SU(3) colour group in the fundamental
representation, satisfying the algebra [ta, tb] = if

abctc. These can be written in terms of the Gell-
Mann matrices as taij = (ωa)ij/2. The quarkonium state is projected onto the colour-singlet by
inserting the operator εij/

↑
NC . Summing over the heavy-quark spins ensures that the short-

distance NRQCD ME is properly factorised, isolating the non-perturbative contributions into the
wavefunction-dependent term R(0) for the S-wave states.

𝑞0, 𝑖, 𝑚1

𝑞1, 𝑗, 𝑚2

𝑞2,𝑚1+ 𝑚2𝑎1𝑞2 − 𝑘,𝑚1

𝑎2𝑞2 + 𝑘,𝑚2

Figure 1. Feynman diagram for colour-singlet q ↓ q
→ O1 splittings.

The e!ective production amplitude of this branching process can be written in its most general
form as:

M(q ↓ q
→ O1(

n
LJ)) =

g
2
SCF

〈
O1(nLJ)

〉
εij↑

NC (q20 → a
2
1M

2)
ūj(q1, m2)ϑ

ω ”nS ϑ
µ
ui(p, m1) (3.9)

↔
[
gµω → (qµ1 + a2q

µ
2 + k

µ)(qω1 + a2q
ω
2 + k

ω) + (q20 → a
2
1M

2)gµω
(q1 · n + a2q2 · n + k · n) (k2 + q

2
1 + 2a2q1 · q2 + 2q1 · k + 2a2q2 · k + 2a2q1 · q2)

]
,

with CF as the colour factor and the projection operator ”nS being defined with:

(
”1S

”3S

)
=

↑
M

4m1m2

(
a2 /q2 + /k → m2

)( ϑ
5

/ϖ(q2)

)(
a1 /q2 → /k + m1

)
. (3.10)

Having the above information, one can calculate the di!erential branching probability of a given
n
LJ quarkonium state as:

dPq↑q→O1(nLJ ) = dzdq
2
0
dϱ

2ς
Fq↑q→O1(nLJ )(z, q

2
0), (3.11)

where FnLJ (z, q
2
0) is the spin-squared/averaged and colour-averaged splitting probability function

via:

Fq↑q→O1(nLJ )(z, q
2
0) =

1

2

∑

spins

|M(q ↓ q
→O1(

n
LJ))|2. (3.12)
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Fg→gO1(3P1)(z, q
2
0) =

4ωq
4
0 |R↑(0)|2

m3 (q20 → 4m2)
4

[
m

4(16 → 64z) → 8m
2
q
2
0

(
2z

2 → 3z + 1
)

+ q
4
0

(
2z

2 → 2z + 1
) ]

, (3.48)

Fg→gO1(3P2)(z, q
2
0) =

4ω|R↑(0)|2

3m3 (q20 → 4m2)
4

[
1536m

8 + 768m
6
q
2
0(z → 1) + 16m

4
q
4
0

(
12z

2 → 24z + 7
)

→ 8m
2
q
6
0

(
6z

2 → 7z + 1
)

+ q
8
0

(
2z

2 → 2z + 1
) ]

, (3.49)

that are numerically identical to similar calculations made in Ref. [68]. Trivially, the non-perturbative
parameter R

↑(0) could be di!erent in any of these cases. However, for simplicity, we are using a
unique notation for it, instead of adding complex indices to di!erentiate them for di!erent states
at di!erent quantum numbers. We will discuss the tuning tactics for these parameters in Sec . 4.

3.4 Colour-Octet g ↑ O8 Splittings

The inclusion of colour-octet states is essential for a theoretically consistent and phenomenologically
accurate description of quarkonium production. Within the NRQCD factorisation framework [8],
the production cross-section is expressed as a sum over intermediate Oc(nLJ) states. Both singlet
and octet channels contribute at leading power in the v

2 expansion, with short-distance coe”-
cients calculable in perturbative QCD and LDMEs ↓Oc(nLJ)↔ fitted to data. Phenomenologically,
colour-singlet contributions alone fail to reproduce observed production rates of J/ε, ε(2S), and
#(nS) at high transverse momentum. The dominant contribution in this regime arises from gluon
fragmentation to colour-octet O8(3S1) states, followed by non-perturbative evolution into physical
quarkonium via soft gluon emission. Additional octet channels, including O8(1S0) and O8(3P0,1,2),
play a subleading role in matching di!erential cross-sections and polarisation observables. Never-
theless, excluding these channels would not only violate the completeness of the NRQCD expansion
but also lead to significant disagreement with experimental measurements. The Herwig implemen-
tation therefore incorporates dedicated splitting kernels for octet states, enabling systematic tuning
of the non-perturbative parameters and ensuring compatibility with the theoretical structure and
experimental constraints of modern quarkonium phenomenology.

𝑞0 𝑞0, 2𝑚

𝑎𝑞0,𝑚

𝑎𝑞0,𝑚

Figure 3. Feynman diagram for colour-octet g ↑ O8 splittings.

As illustrated in Fig. 3, the gluon fragments into a heavy quark-antiquark pair in a colour-octet
configuration, which subsequently hadronises into a quarkonium state. At leading order in ϑS , the
dominant mechanism for producing colour-octet heavy quarkonium is through the fragmentation
process g ↑ O8(nLJ). Since the transition from the perturbative QQ̄ construct to the physical
quarkonium proceeds via non-perturbative soft-gluon radiation, the shower only needs to initialise
the g ↑ O8 vertex. Subsequent evolution into a singlet bound state is absorbed into the LDME
↓O8(nLJ)↔, obviating the need for intermediate gluon emissions within the perturbative expansion.
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Prompt production of J/ω and ! states. [AM, Richardson, to appear soon]
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Quarkonium 
Shower
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observables, in the 
intermediate — high-  
regimes.  

Quarkonium parton 
shower planned for 
HERWIG 7.4.

pT

Quarkonium Parton Shower  [Masouminia, Richardson, arXiv:2508.06307]
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Hadronization & Excited Hadron Decay in HQET

Pass heavy-quark polarization from the shower to hadronization, 

➡ account for net polarization observed in excited mesons & heavy baryons. 

Heavy Quark Effective Theory + spin-flavour symmetry. 

[Masouminia, Richardson, arXiv:2312.02757]
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Figure 2. E!ciency-corrected decay rates of the D
+
s1 meson: (left panel) displays the Ds1 →

D
ω+

K
0 decay mode rates as a function of lab-frame angle ω. (right panel) shows the same but in

the D+
s1 center-of-mass frame, denoted by ω

→. Data sourced from Ref. [38]. Red histograms represent
Herwig7.3.0 predictions with only the SpinHadronizer active, while blue histograms indicate the
combined e”ect of SpinHadronizer and HQETDecayer classes. Green histograms correspond to
Herwig 7.2.3 predictions, which lack HQET enhancements.

figures display normalised, e!ciency-corrected rates for the Ds1 → D
ω+

K
0 decay mode as functions

of di”erent decay angles. We evaluate the contributions of the SpinHadronizer and HQETDecayer

classes in Herwig-7.3.0, activating them individually to study their distinct e”ects on the predic-
tions. For comparison, we also include predictions from the previous version, Herwig-7.2.3, which
lacks both spin-flavor symmetry and HQET enhancements. As anticipated, Herwig-7.2.3 fails to ac-
curately predict either the existence or the behaviour of angle-dependent decay rates. On the other
hand, Herwig-7.3.0 correctly predicts the mean values of the s-wave contributions when only the
SpinHadronizer class is activated, but does not capture the full angle-dependent behaviour. Im-
portantly, with both the SpinHadronizer and HQETDecayer classes enabled, Herwig-7.3.0 achieves
an excellent agreement with the observed data.

For heavy baryons, we validate our implementation of HQET and spin-flavor symmetry by
comparing with measurements of the average polarisation of #b baryons in hadronic Z

0 decays at
LEP, as reported by the ALEPH [44] and OPAL [32] collaborations, shown in Figure 4. Notably,
although the predictions from Herwig-7.2.3 are small yet distinct from zero, the combined use of
SpinHadronizer and HQETDecayer in Herwig-7.3.0 leads to predictions nearly an order of magnitude
larger, while consistent with the experimental uncertainty.

After incorporating modifications to the hadronization and decays of heavy excited mesons
and heavy baryons in Herwig 7.3.0, it is advisable to revisit the production rates of these hadrons
in the simulation. This ensures that the framework remains consistent, particularly if the new
modifications could significantly influence kinematic distributions or other dependent observables.
With this prospect in mind, we initially undertake a general tuning e”ort, trying to optimise the
relevant existing and newly defined parameters to be in synergy with a large pool of experimental
data. In the next section, we will describe our methodology for this general tune and its outcome,
before re-evaluating the production rates of the heavy and excited hadrons for a rigorous validation
process.

– 12 –

COM angleLab frame angle

Data from: Lees et al. [BaBar], 
Phys. Rev. D 83 (2011), 072003.
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Jet Photoproduction at the EIC: Sizeable Generator Spread

HERWIG, PYTHIA, SHERPA comparison for jet photoproduction 
[Helenius, Meinzinger, Plätzer, P. Richardson, arXiv:2406.08026] → Direct & Resolved production at LEP/
HERA/EIC. 

EIC predictions (examples):  

➡ Large higher-order effects: SHERPA MC@NLO increases the rate 
by ~50% relative to LO. 

➡ Required: Modern photon PDFs & better-constrained resolved-
photon MPI + shower modeling.  

HERWIG 7 TO-DOs: 

Complete NLO+PS photoproduction in Matchbox. 

Extend MPI from  to resolved photons. 

Improve photon-remnant and event-record handling.
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Figure 10: Distributions of x
obs
ω for leading jet transverse energies in 14 < E

jet1
T < 17 GeV (left) and

35 < E
jet1
T < 90 GeV (right) from ZEUS [72], compared to Leading Order simulations by HERWIG,

PYTHIA and SHERPA and MC@NLO-accurate simulations by SHERPA.
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Figure 11: Predictions of transverse jet energy ET (left) and x
obs
ω (right) for jet production at the EIC,

comparing to Leading Order simulations by HERWIG, PYTHIA and SHERPA and MC@NLO-accurate
simulations by SHERPA.

6 Predictions for EIC

For the planned EIC we present predictions for electron-proton beams with 18 and 275 GeV beam energies,
respectively, similar to the study in [73]. We cluster jets with the anti-kT algorithm with R = 1.0 and demand
at least one jet with ET > 6 GeV. Looking at inclusive (di-)jet observables in Fig. 11, we see a similar
behaviour in the comparison between the generators, where SHERPA-LO yields the smallest cross-section and
PYTHIA-LO the largest, while HERWIG delivers a significantly di!erent shape of the x

obs
ω distribution. The K

factor in these observables is roughly 50%, again hinting at the real correction and the phase space driving
the correction at NLO. The PYTHIA LO prediction deviates another 50% from the NLO-accurate prediction,
which can partially be explained by the di!erent PDF sets, ωS value and the other di!erences as pointed out
in Sec. 3. This means that, going towards highest possible precision, the perturbative accuracy needs to be
improved further and the non-perturbative e!ects need to be constrained by data. Publicly available RIVET

analyses for the relevant data from HERA and LEP are crucial to reach the latter goal. While there has been
some recent progress on porting the existing analyses to RIVET framework, there still are some shortages
related to MPI constraints and virtuality modelling.

To study the event shapes in more detail, we present predictions for transverse thrust T→ and transverse
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6 Predictions for EIC

For the planned EIC we present predictions for electron-proton beams with 18 and 275 GeV beam energies,
respectively, similar to the study in [73]. We cluster jets with the anti-kT algorithm with R = 1.0 and demand
at least one jet with ET > 6 GeV. Looking at inclusive (di-)jet observables in Fig. 11, we see a similar
behaviour in the comparison between the generators, where SHERPA-LO yields the smallest cross-section and
PYTHIA-LO the largest, while HERWIG delivers a significantly di!erent shape of the x
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ω distribution. The K

factor in these observables is roughly 50%, again hinting at the real correction and the phase space driving
the correction at NLO. The PYTHIA LO prediction deviates another 50% from the NLO-accurate prediction,
which can partially be explained by the di!erent PDF sets, ωS value and the other di!erences as pointed out
in Sec. 3. This means that, going towards highest possible precision, the perturbative accuracy needs to be
improved further and the non-perturbative e!ects need to be constrained by data. Publicly available RIVET

analyses for the relevant data from HERA and LEP are crucial to reach the latter goal. While there has been
some recent progress on porting the existing analyses to RIVET framework, there still are some shortages
related to MPI constraints and virtuality modelling.
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Observable estimate of photon momentum 
fraction entering hard scattering, reconstructed 
from the two leading jets.
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Figure 1: Example of the ep DIS process (left), and the direct (middle) and resolved (right)
contributions to jet photoproduction. The outgoing double lines indicate the hadronic “remnants”.
We also note the possibility of di!ractive scattering, e.g. Deeply Virtual Compton Scattering [34]
and of semi-inclusive deep inelastic scattering (SIDIS) [35, 36], not shown here.

EIC, such as the transition between the high to low Q2 regimes, treatment of the many di!erent
subprocesses, higher-order calculations, and analysis of uncertainties, particularly related to the
ω PDF. Furthermore, there is no complete high-precision MC description of the polarized-beam
DIS [47–51], incorporating spin into all stages of the simulation. This will be essential, e.g. in the
exploration of the spin structure of the proton through polarized PDFs [52–55], a primary focus of
the EIC [56]. A main goal of the present proposal is to develop a flexible framework for handling
multiple DIS processes in all relevant regimes, including the treatment of polarization.

Deep Inelastic Scattering in eA Collisions

While QCD in nuclei has been under exploration since the inception of the theory, it has never been
explored in eA DIS processes at a collider. The EIC will provide such an opportunity, opening up
the possibility to examine nuclei through hard probes such as jets, in a wider phase space, e.g. to
study the QCD dynamics of hadronization [57]. Furthermore, measurements of eA DIS will allow
for extraction of nuclear PDFs [58–60], that are widely unconstrained in several ways. Data from
the EIC can therefore have a direct impact on our understanding of the properties of the initial
state in heavy ion collisions, and on the intricate substructure of nuclei [57].

To extract the maximum amount of information from the EIC, MCs must be able to simulate
the collision of polarized electrons with polarized light ions (deuterium and helium) and unpolar-
ized heavy ions (up to uranium), at high precision, and combine higher-order e!ects, e.g. radiative
e!ects (see next section), and fixed-order QCD e!ects. Ideally, these would be general-purpose
MCs that can be validated and tuned for various processes and experiments [61]. The general-
purpose MCs HERWIG, PYTHIA and SHERPA are currently not well adapted to simulate eA collisions
and polarization e!ects [61, 62]. The Angantyr model [63] for PYTHIA is currently capable of
handling multi-parton interactions in heavy ion (AA) collisions, but uses a simple model for the
shell-structure of nuclei, and is presently under development for eA DIS. On the other hand, custom
MCs have been developed for specific studies, such as BeAGLE [64], eSTARlight [65], lAGER [66],
Sartre [67, 68] and EpIC [69]. Furthermore, spin e!ects are only partially included in hadronization
models [70, 71]. One of the main goals of this proposal is to utilize the existing spin-aware infras-
tructure of the HERWIG MC, and promote it to eA DIS with the aforementioned desired features,
including higher-precision QCD e!ects.

1.5 Simulating Jets in the Nuclear Medium

As discussed earlier, jets are collimated streams of particles, such as hadrons, photons or leptons
that form ubiquitously at colliders. The configurations of these particles reflects the original con-
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Figure 1: Example of the ep DIS process (left), and the direct (middle) and resolved (right)
contributions to jet photoproduction. The outgoing double lines indicate the hadronic “remnants”.
We also note the possibility of di!ractive scattering, e.g. Deeply Virtual Compton Scattering [34]
and of semi-inclusive deep inelastic scattering (SIDIS) [35, 36], not shown here.

EIC, such as the transition between the high to low Q2 regimes, treatment of the many di!erent
subprocesses, higher-order calculations, and analysis of uncertainties, particularly related to the
ω PDF. Furthermore, there is no complete high-precision MC description of the polarized-beam
DIS [47–51], incorporating spin into all stages of the simulation. This will be essential, e.g. in the
exploration of the spin structure of the proton through polarized PDFs [52–55], a primary focus of
the EIC [56]. A main goal of the present proposal is to develop a flexible framework for handling
multiple DIS processes in all relevant regimes, including the treatment of polarization.

Deep Inelastic Scattering in eA Collisions

While QCD in nuclei has been under exploration since the inception of the theory, it has never been
explored in eA DIS processes at a collider. The EIC will provide such an opportunity, opening up
the possibility to examine nuclei through hard probes such as jets, in a wider phase space, e.g. to
study the QCD dynamics of hadronization [57]. Furthermore, measurements of eA DIS will allow
for extraction of nuclear PDFs [58–60], that are widely unconstrained in several ways. Data from
the EIC can therefore have a direct impact on our understanding of the properties of the initial
state in heavy ion collisions, and on the intricate substructure of nuclei [57].

To extract the maximum amount of information from the EIC, MCs must be able to simulate
the collision of polarized electrons with polarized light ions (deuterium and helium) and unpolar-
ized heavy ions (up to uranium), at high precision, and combine higher-order e!ects, e.g. radiative
e!ects (see next section), and fixed-order QCD e!ects. Ideally, these would be general-purpose
MCs that can be validated and tuned for various processes and experiments [61]. The general-
purpose MCs HERWIG, PYTHIA and SHERPA are currently not well adapted to simulate eA collisions
and polarization e!ects [61, 62]. The Angantyr model [63] for PYTHIA is currently capable of
handling multi-parton interactions in heavy ion (AA) collisions, but uses a simple model for the
shell-structure of nuclei, and is presently under development for eA DIS. On the other hand, custom
MCs have been developed for specific studies, such as BeAGLE [64], eSTARlight [65], lAGER [66],
Sartre [67, 68] and EpIC [69]. Furthermore, spin e!ects are only partially included in hadronization
models [70, 71]. One of the main goals of this proposal is to utilize the existing spin-aware infras-
tructure of the HERWIG MC, and promote it to eA DIS with the aforementioned desired features,
including higher-precision QCD e!ects.

1.5 Simulating Jets in the Nuclear Medium

As discussed earlier, jets are collimated streams of particles, such as hadrons, photons or leptons
that form ubiquitously at colliders. The configurations of these particles reflects the original con-

3

resolved:direct:

: direct-enriched; lower : resolved-enriched. xobs
γ ≃ 1 xobs

γ
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Why Polarized Scattering?
Schematically:   →  Where does proton spin come from? 

Goal: constrain quark & gluon helicity contributions to proton spin.  

 Fixed-target DIS/SIDIS & polarized  at RHIC provide complementary constraints. 

 EIC extends measurements to high precision & much lower , especially for sea 
quarks and gluons. 

➡ Realistic simulations of polarized final states require generators that propagate 
polarization through the hard process and the parton shower. 

Scope here: longitudinal polarization and collinear helicity PDFs.

1
2 = 1

2 ΔΣ + ΔG + Lq + Lg

pp

x
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Spin Correlations in Parton Showers: A Short Review
Original spin-density matrix algorithm → Collins & Knowles, originally in HERWIG 5.1. [Collins, Nucl. Phys. B304, 

794 (1988), Knowles, Nucl. Phys. B304, 767 (1988), Knowles, Comput. Phys. Commun. 58, 271 (1990), Knowles, Nucl. Phys. B310, 571 (1988)] 

➡ Extended to heavy-particle production/decay [Richardson, hep-ph/0110108]. 

➡ In HERWIG 7 since version 7.2, angular-ordered + dipole showers [Richardson, Webster, arXiv:1807.01955]. 

➡ More recently in PanScales: also accounts for leading-  spin correlations in soft emissions [Hamilton, 

Medves, Salam, Scyboz, Soyez, arXiv:2011.10054, van Beekveld, Ferrario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen, arXiv:2205.02237]. 

Alternatives exist:  

Pythia → no spin-density evolution, uses an azimuthal-modulation prescription [Cabouat, Sjöstrand, arXiv:1710.00391].  

Sherpa/Alaric → current-based polarization algorithm [Höche, Hoppe, Reichelt, arXiv:2508.19018]. 

VINCIA implements 2 → 3 antenna functions, helicities sampled at every shower step [Larkoski, Lopez-Villarejo, 

Skands, arXiv:1301.0933, Fischer, Lifson, Skands, arXiv:1708.01736]. 

Amplitude-level evolution ideas could incorporate spin correlations [Forshaw, Holguin, Plätzer, arXiv:1905.08686 & arXiv:2003.06400, 

Plätzer, Sjodahl, arXiv:2204.03258, Nagy, Soper, arXiv:0706.0017, Z. Nagy, D. Soper, arXiv:0805.0216]. 

Nc

[*See CMS study using HERWIG vs. PYTHIA: arXiv:2603.03689]
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HERWIG 7: Spin Correlations via Collins & Knowles 

h

g2

g1

q̄′￼

q

q̄

q′￼

h → gg → qq̄q′￼̄q′￼Example:

[Richardson, Webster, arXiv:1807.01955]
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HERWIG 7: Spin Correlations via Collins & Knowles 

h

g2

g1

h → gg → qq̄q′￼̄q′￼Example:

Step 1: generate momenta for 
 using the full matrix 

element.
h → gg

[Richardson, Webster, arXiv:1807.01955]
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HERWIG 7: Spin Correlations via Collins & Knowles 

h

g2

g1

h → gg → qq̄q′￼̄q′￼Example:

Step 2: Select one gluon at random and calculate 
the spin-density matrix for subsequent 
evolution: 

  

: polarizations of the first gluon. 
: polarization of the second gluon,  

: helicity amplitudes for , 
: norm factor such that . 

[Einstein summation over ]

ρλg1
λ′￼g1

g1 =
1
N

ℳλg1
λg2

h→gg (ℳλ′￼g1
λg2

h→gg)
∗

λg1
, λ′￼g1

λg2

ℳxy
h→gg h → gg

N Tr ρg1
= 1

λg2

ρλg1
λ′￼g1

g1

 [Richardson, Webster, Eur.Phys.J.C 80 (2020) 2, 83 arXiv:1807.01955]
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HERWIG 7: Spin Correlations via Collins & Knowles 

h

g2

g1

h → gg → qq̄q′￼̄q′￼Example:

Step 3: Generate parton shower branching; its 
azimuth depends on the spin-density matrix!  

Generated according to the distribution:  

  

: helicities of quark, antiquark. 
: helicity amplitudes for . 

[Einstein summation over ]

ρλg1
λ′￼g1

g1
ℳλg1

λqλq̄
g→qq̄ (ℳλ′￼g1

λqλq̄
g→qq̄ )

∗

λq, λq̄
ℳxyz

g→qq̄ g → qq̄

λg1
, λ′￼g1

q

q̄

ρλg1
λ′￼g1

g1

[Richardson, Webster, arXiv:1807.01955]
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HERWIG 7: Spin Correlations via Collins & Knowles 

h

g2

g1

h → gg → qq̄q′￼̄q′￼Example:

Step 4: Construct the decay matrix  for gluon 1. 
If no further emissions:  

 

: norm factor such that , 

[Einstein summation over ]

D

Dλg1
λ′￼g1

g1
=

1
N

ℳλg1
λqλq̄

g→qq̄ (ℳλ′￼g1
λqλq̄

g→qq̄ )
∗

N Tr Dg1
= 1

λq, λq̄

Dλg1
λ′￼g1

g1

[Richardson, Webster, arXiv:1807.01955]
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HERWIG 7: Spin Correlations via Collins & Knowles 

h

g2

g1

h → gg → qq̄q′￼̄q′￼Example:

Step 5: Generate the second gluon’s shower 
branching using its spin-density matrix: 

 

i.e. according to the distribution:  

 

ρλg2
λ′￼g2

g2
=

1
N

ℳλg1
λg2

h→gg (ℳλ′￼g1
λ′￼g2

h→gg)
∗

× Dλg1
λ′￼g1

g1

ρλg2
λ′￼g2

g2
ℳλg2

λq′￼λq̄′￼
g→qq̄ (ℳλ′￼g2

λq′￼λq̄′￼
g→qq̄ )

∗

q̄′￼

q′￼

q

q̄

ρλg2
λ′￼g2

g2

Dλg1
λ′￼g1

g1

[Richardson, Webster, arXiv:1807.01955]
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HERWIG 7: Spin Correlations via Collins & Knowles 

h

g2

g1

h → gg → qq̄q′￼̄q′￼Example:

Putting all the terms together, momenta of 
particles generated according to:  

 

i.e. the full spin-correlated shower 
approximation. 

ℳλg1
λg2

h→gg (ℳλ′￼g1
λ′￼g2

h→gg)
∗

ℳλg1
λqλq̄

g→qq̄ (ℳλ′￼g1
λqλq̄

g→qq̄ )
∗
ℳλg2

λq′￼λq̄′￼
g→qq̄ (ℳλ′￼g2

λq′￼λq̄′￼
g→qq̄ )

∗

q̄′￼

q′￼

q

q̄

[Richardson, Webster, arXiv:1807.01955]
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HERWIG 7: Spin Correlations with the Hard Process 
 Longitudinally-polarized hadrons: 

 → PDF 

 → helicity PDF 

 Define a spin-density matrix for parton  entering hard process:  

,       [negative helicity first] 

where: ,  is the polarization of the hadron [→ potential issues with positivity]. 

➡  is the object passed to the polarized parton shower evolution in HERWIG 7.

fi(x, Q2) = fi+(x, Q2) + fi−(x, Q2)

Δfi(x, Q2) = fi+(x, Q2) − fi−(x, Q2)

i

Hττ′￼
i (x, Q2) =

1
2 (1 − λi(x, Q2) 0

0 1 + λi(x, Q2))
λi = Pz

Δfi(x, Q2)
fi(x, Q2)

Pz

Hττ′￼
i (x, Q2)

[Masouminia, AP, Richardson, arXiv:2606.23845]
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HERWIG 7 NLO Polarized DIS with Spin Correlations
Extension of original POWHEG implementation of NLO DIS to polarized MEs.  

Validated vs. POLDIS @ NLO in EIC phase space [Borsa, de Florian, Pedron, arXiv:2010.07354, arXiv:2005.10705].

Setup Observable Herwig [pb] POLDIS [pb] HW/POLDIS

ω ε0,ω 1182.89 ˘ 0.01 1182.92 ˘ 0.05 0.99997 ˘ 0.00005

ω !εω 37.333 ˘ 0.005 37.3364 ˘ 0.0016 0.99992 ˘ 0.00014

Z ε0,Z 1.148486 ˘ 0.000005 1.148406 ˘ 0.000072 1.00007 ˘ 0.00006

Z !εLL,Z 0.048401 ˘ 0.000005 0.048398 ˘ 0.000005 1.00006 ˘ 0.00016

ωZ ε0,ωZ 1193.732 ˘ 0.004 1193.771 ˘ 0.053 0.99997 ˘ 0.00005

ωZ !εLL,ωZ 42.019 ˘ 0.004 42.0107 ˘ 0.0017 1.00019 ˘ 0.00009

int. ε0,int 9.698 ˘ 0.008 9.706 ˘ 0.076 0.9992 ˘ 0.0078

int. !εLL,int 4.637 ˘ 0.006 4.6258 ˘ 0.0023 1.0024 ˘ 0.0014

Table 4: Integrated LO cross sections and ratios. The interference entries are defined by

subtracting the pure-photon and pure-Z contributions from the full neutral-current result,

and are computed from the unrounded cross sections.

Setup Observable Herwig [pb] POLDIS [pb] HW/POLDIS

ω ε0,ω 1104.80 ˘ 0.01 1104.80 ˘ 0.06 0.99999 ˘ 0.00005

ω !εω 34.454 ˘ 0.005 34.4513 ˘ 0.0016 1.00008 ˘ 0.00015

Z ε0,Z 1.098113 ˘ 0.000005 1.098050 ˘ 0.000072 1.00006 ˘ 0.00007

Z !εLL,Z 0.044271 ˘ 0.000005 0.044267 ˘ 0.000005 1.00009 ˘ 0.00017

ωZ ε0,ωZ 1114.949 ˘ 0.004 1114.972 ˘ 0.056 0.99998 ˘ 0.00005

ωZ !εLL,ωZ 38.999 ˘ 0.004 38.9955 ˘ 0.0017 1.00010 ˘ 0.00010

int. ε0,int 9.055 ˘ 0.008 9.071 ˘ 0.079 0.9982 ˘ 0.0087

int. !εLL,int 4.501 ˘ 0.006 4.5000 ˘ 0.0023 1.0002 ˘ 0.0015

Table 5: Integrated NLO cross sections and ratios. The NLO values are formed from the

positive- and negative-weight samples according to ωNLO

h
“ ωp`q

h
´ ωp´q

h
. The interference

entries are computed from the unrounded cross sections.

Order Observable Herwig [pb] POLDIS [pb] HW/POLDIS

LO ε0,W 9.00689 ˘ 0.00009 9.00749 ˘ 0.00063 0.99993 ˘ 0.00007

LO !εLL,W 2.97415 ˘ 0.00009 2.97434 ˘ 0.00026 0.99994 ˘ 0.00009

NLO ε0,W 8.64411 ˘ 0.00007 8.64435 ˘ 0.00063 0.99997 ˘ 0.00007

NLO !εLL,W 2.86504 ˘ 0.00007 2.86541 ˘ 0.00026 0.99987 ˘ 0.00009

Table 6: Integrated charged-current LO and NLO cross sections and ratios. The NLO

values are formed from the positive- and negative-weight samples according to ωNLO

h
“

ωp`q
h

´ ωp´q
h

. The quoted uncertainties are statistical; those of ω0,W and !ωLL,W coincide

because both observables are formed from the same four helicity samples.

real-emission configuration is analysed directly at matrix-element parton level, with cor-

related helicity weights filling the unpolarized and polarized histograms for the same ac-

cepted event, as described in Section 2.3. The comparison therefore isolates the realized

real-emission kinematics and helicity weights before shower-interface reconstruction, sub-

sequent shower evolution, hadronization, and decays are applied.

We show the standard DIS preselection variables and the dijet-selected kinematic dis-

tributions. The preselection variables are

Q2 “ ´q2, xBj “ Q2

2P ¨ q , y “ P ¨ q
P ¨ q1

, (3.151)
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Figure 4: Parton-level validation without shower evolution of inclusive polarized di!eren-

tial distributions before dijet cuts: d”ω{dQ2, d”ω{dxBj, d”ω{dy, and d”ω{dpB
T,1
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Figure 5: Parton-level validation without shower evolution of dijet-selected unpolarized

kinematic distributions after dijet cuts: dω{dQ2, dω{dxBj, dω{dpB
T,1

, dω{dMjj , dω{dε˚,

and dω{d log10pϑq.
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Q2 yxBj

→ per-mille agreement or better for dominant channels

[Masouminia, AP, Richardson, arXiv:2606.23845]

Effect of the spin correlations investigated:  
Full = Full spin-density matrices for real emission, 

Born = Born-level spin initialization, 

None = No hard process spin density matrices. 

➡   effects in third-jet angle relative to hard-

emission plane ( ). 

➡  TO-DO: investigate these in concrete pheno studies!

∼ 5 − 10 %
Δϕhard,3

Figure 8: Hard-plane third-jet azimuthal distributions. The upper row shows

dω{d!εhard,3 and the lower row shows d!ω{d!εhard,3. Left panels are before hadroniza-

tion. Right panels are after hadronization. The lower panel within each plot gives the

ratio to None. In the upper row, the Full markers lie almost exactly underneath the

Born-Only markers and are therefore largely obscured.

channels, event-weight prescription, and POWHEG hardest-emission distribution; only

the spin-density information passed to the subsequent shower di”ers. They are gener-

ated as separate samples and therefore do not share identical realized event kinematics.

A distribution-level di”erence must arise from correlations between the radiation that re-

solves a third jet and the hardest-emission system, and these are suppressed for several

independent reasons. The small-r3 region that dominates the third-jet rate is governed by

soft-gluon emission, which at leading power is independent of the spin state of the emit-

ters. The additional information in the accepted real-emission state resides mainly in the

– 40 –

Δϕhard,3 Δϕhard,3

(with hadr.)

[d’Errico,  Richardson, arXiv:1106.2983]

NNPDFpol 2.0

[see also: Borsa, Jäger, arXiv:2404.07702]
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HERWIG 7 Phenomenological Studies of Polarized DIS
Asymmetries in polarized DIS: HERMES & COMPASS results vs. HERWIG 7: 

Observable:   vs. Bjorken  [  = lepton-to-virtual-photon depolarization factor].  

Note: NNPDFpol 2.0 used → experimental results already in the PDF fit.

A1 ≃
1
D

σ++ + σ−− − σ+− − σ−+

σ++ + σ−− + σ+− + σ−+
x D

[Baldonado, Masouminia, AP, Richardson, to appear]

PRELIMINARY PRELIMINARYPRELIMINARY

HERMES 2007: 27.6 GeV longitudinally-
polarized positrons scattered from a 
longitudinally polarized internal atomic-
hydrogen target [hep-ex/0609039].

COMPASS 2016: 200 GeV longitudinally-polarized 
positive muons scattered from a longitudinally 
polarized NH  proton target [arXiv:1503.08935].3

COMPASS 2017: 160 GeV longitudinally polarized 
positive muons scattered from a longitudinally 
polarized LiD deuteron target [with per-nucleon 
impulse approximation] [arXiv:1612.00620]. 

6
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Conclusions &  Outlook HERWIG 7 Roadmap: 

Current version (HERWIG 7.3.0) 
EW shower 
HQET in hadronisation and decay 
Dynamic approach to cluster splitting, … 

Upcoming release (HERWIG 7.4) 
Generalized angular-ordered PS 
Quarkonium production in AO shower 
String-model interface and tuning 
KrkNLO matching for colour singlets 
Strongly interacting dark matter 
Dynamic cluster model 
Di-quark and baryonic colour reconnection 
Longitudinally polarized DIS at NLO+PS (POWHEG) 
Exotic processes: instantons and sphalerons, … 

Longer-term priorities 
NLL dipole shower 
Complete photoproduction support: NLO+PS, resolved-photon 
MPI and remnants 
SIDIS 
eA scattering 
Matchbox improvements and UFO interface 
In-medium parton shower, …

EIC takeaways: 
Polarized DIS: NLO POWHEG validated against 
POLDIS at per-mille level, 
Spin correlations: visibly affect third-jet-sensitive 
observables; 
Photoproduction: precision requires NLO+PS, 
modern photon PDFs and resolved-photon MPI/
remnant modelling. 

HERWIG is becoming ready for precision polarized-DIS studies 
at the EIC; photoproduction and SIDIS remain major 
development priorities. 

For easy installation of HERWIG 7.3.0 on Ubuntu 26.04 (amd64): 
sudo add-apt-repository ppa:andreas-papaef/herwig7 
sudo apt update 
sudo apt install herwig7 
macOS Homebrew packages coming soon!
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Conclusions &  Outlook HERWIG 7 Roadmap: 

Current version (HERWIG 7.3.0) 
EW shower 
HQET in hadronisation and decay 
Dynamic approach to cluster splitting, … 

Upcoming release (HERWIG 7.4) 
Generalized angular-ordered PS 
Quarkonium production in AO shower 
String-model interface and tuning 
KrkNLO matching for colour singlets 
Strongly interacting dark matter 
Dynamic cluster model 
Di-quark and baryonic colour reconnection 
Longitudinally polarized DIS at NLO+PS (POWHEG) 
Exotic processes: instantons and sphalerons, … 

Longer-term priorities 
NLL dipole shower 
Complete photoproduction support: NLO+PS, resolved-photon 
MPI and remnants 
SIDIS 
eA scattering 
Matchbox improvements and UFO interface 
In-medium parton shower, …

EIC takeaways: 
Polarized DIS: NLO POWHEG validated against 
POLDIS at per-mille level, 
Spin correlations: visibly affect third-jet-sensitive 
observables; 
Photoproduction: precision requires NLO+PS, 
modern photon PDFs and resolved-photon MPI/
remnant modelling. 

HERWIG is becoming ready for precision polarized-DIS studies 
at the EIC; photoproduction and SIDIS remain major 
development priorities. 

Thanks! For easy installation of HERWIG 7.3.0 on Ubuntu 26.04 (amd64): 
sudo add-apt-repository ppa:andreas-papaef/herwig7 
sudo apt update 
sudo apt install herwig7 
macOS Homebrew packages coming soon!
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Electroweak Parton Shower in HERWIG 7
 At TeV scales, EW corrections can become large  

→  QCD⊕QED⊕EW parton shower [available in HERWIG 7.3.0].  

→ EW splitting functions → helicity dependent. 

But: Longitudinal polarization vector is gauge-dependent: 

 

Subtraction-Longitudinal (SL) picture: Removing the  term from the branching operator 
can miss ultra-collinear longitudinal dynamics. [Dawson, Nucl.Phys.B249(1985) 42, Masouminia, Richardson, arXiv:2108.10817, Dittmaier, Reyer, 

arXiv:2507.06568]. 

Gauge-Invariant (GI) completion: keep the piece, add the uniquely-fixed Goldstone-matching 
term [Masouminia, Richardson, arXiv:2602.19927]. SL ≃ GI @ high energies (high ), differences at low 

energies.

∼ αw log2(Q2/M2
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L(p) → εμ

L(p) + α
pμ

MV

pμ/MV

q̃

ATLAS - 8TeV

Dijet ⌦ QCD�QED�EW PS

W+dijet ⌦ QCD�QED PS

W+jet ⌦ QCD�QED PS

Inc. W+jet(s) ⌦ QCD�QED PS

0

20

40

60

80

100
DR between lepton and closest jet, 500 GeV < p

lead

T < 600 GeV

d
s

/
d

D
R

[f
b

]

0.5 1 1.5 2 2.5 3 3.5 4
0.50.6
0.70.8
0.9

1
1.1
1.2
1.3
1.4

DR(µ, j)

M
C

/
D

a
ta

Figure 14. The angular distribution of W bosons accompanied with high transverse momentum
jets at

p
s = 8 TeV. The data is from ATLAS [31], showing the angular distribution of the muon

and the closest jet with 500 GeV < pt < 650 GeV. The notation of the plot is the same as in Figure
13.
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Figure 15. The angular distribution of W bosons accompanied with high transverse momentum
jets at

p
s = 8 TeV. The data is from ATLAS [31], showing the angular distribution of the muon

and the closest jet with pt > 650 GeV. The notation of the plot is the same as in Figure 13.
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[Masouminia, Richardson, arXiv:2108.10817]

red = QCD dijets with EW PS 
blue = W+dijet without EW PS


