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• An overview of recent and going
developments in general-purpose
Monte-Carlo event generators
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General-purpose event generators

Philosophy
• Generate exclusive hadronic final states using Monte-Carlo methods
• Use perturbative QCD where applicable, fill in with phenomenological models
• Tune model parameters globally to data

Main players
• Pythia (8.307) https://pythia.org [arXiv:2203.11601 [hep-ph]]
• Herwig (7.2.2) https://herwig.hepforge.org [Eur.Phys.J. C80 (2020) 452]
• Sherpa (2.2.11) https://sherpa-team.gitlab.io [SciPost Phys. 7 (2019) no.3, 034]

Not covered
• Matrix-element generators (MadGraph5aMC, Powheg, …)
• Specialized event generators (MCFM, NNLOJET, Starlight, …)
• Related tools (Rivet, HepMC3, FastJet, LHAPDF, Contur, …) 2

https://pythia.org
https://herwig.hepforge.org
https://sherpa-team.gitlab.io


Overview of included physics

Classify event generation in terms of
“hardness”
1. Hard Process (here t̄t)

2. Resonance decays (t, Z, . . .)
3. Matching, Merging and

matrix-element corrections
4. Multiparton interactions
5. Parton showers:

ISR, FSR, QED, Weak
6. Hadronization, Beam remnants
7. Decays, Rescattering

[figure credit: P. Skands]
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Parton showers and precision

3



Parton Showers provide leading-log resummation

Dress the partons by generating explicit
branchings iteratively
• Start from highly-virtual partons,
evolve down to low scales with DGLAP

• Splitting probabilities from

dPa(z,Q2) =
dQ2

Q2
αs(Q2)

2π
∑
b,c

Pa→bc(z)dz

where Pa→bc(z) splitting kernels
• Different choices in ordering variable
and phase-space mapping lead to
some differences between different
implementations
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Improve precision: Matching and merging

Combine multi-jet (fixed-order) calculations with each other and with PS
Matrix element corrections (MECs):
• Correct first PS splitting (2 → 2+ 1)
with the full matrix element (2 → 3)

Matching:
• Combine {n,n+ 1}-parton states
from NLO ME generator with parton
shower

• Exclude overlap by subtraction
• NLO precision for n-parton
observables

Merging:
• Combine {n,n+ 1, . . . ,n+m}
events from ME generators with
each other and parton shower

• Overlap removed by applying cuts
and vetoes

NLO merging:
• As above but with NLO MEs,
overlap removed by subtraction

• NLO precision for inclusive
(n+ i)-parton observables 5



Pythia parton-shower implementations

Default [Sjöstrand & Skands:
EPJC 39 (2005) 129-154]
• Evolution in pT for
interleaved MPIs

• ME corrections for the
first splitting

J�BM M2r T?vbB+b 72�im`2, L�iBp2 oBM+B�f.B`2

.27�mHi .B`2- oBM+B�

.27�mHi
! AKT`Qp2/ .:G�S 2pQHmiBQM BM p⊥ ! J1 +Q``2+iBQMb 7Q` Rbi bTHBiiBM;X
! Z*.- Z1.- 1q- ?B//2M p�HH2v ! 1ti2MbBp2 imMBM; 2tT2`iBb2X

oBM+B�

! *Q?2`2Mi 2pQHmiBQM BM Rf2BFQM�H- �M@
i2MM� T�ii2`M
! AKTH2K2Mib Bi2`�i2/ GP K�i`Bt 2H2@
K2Mi +Q``2+iBQMbX
! Z*.- Z1.- +Q?2`2M+2 BM `2bX /2+�vb

�

.B`2
! *Q?2`2Mi 2pQHmiBQM BM Rf2BFQM�H- bTHBi
BMiQ +QHHBM2�` `2;BQMb
! AKTH2K2Mib LGP +Q``2+iBQMb iQ 2pQ@
HmiBQM- K�i`Bt 2H2K2Mi +Q``2+iBQMb
! Z*.- Z1.- Bzv 1q- /�`F T?QiQMb

6Q` mb�;2- b22 K�BMkyy@kykX++ �M/ K�BMjyyX++ Ur?B+? �//b PT2MJSV
Ry f Rd

Vincia [Brooks, Preuss, Skands & Verheyen:
1907.08980, 2002.04393, 2003.00702, 2008.09468]
• Coherent evolution (antenna pattern)
• Iterated LO ME corrections
• QCD, QED, and EW (all splittings),
interleaved resonance decays

Dire [Gellersen, Höche & Prestel:
1506.05057, 2109.09706]
• Coherent evolution, split into
collinear regions

• NLO corrections for the
evolution, ME corrections

• QCD, QED, ∼ EW, dark photons 6



Pythia parton-shower implementations

Vincia example: b-jet profile in tt

VINCIA (Brooks, Preuss, Skands & Verheyen: 1907.08980, 2002.04393, 2003.00702, 2008.09468)

• Fully incorporated new shower, based on antenna formalism.
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• QCD: Vincias more narrow jet profile favoured by data

• b-jet profile in tt̄ production. 7

• Narrower jet profile in Vincia
favoured by the data

Dire example: Higgs pT spectrum
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Fig. VI.3: Impact of shower variations on the Higgs p‹ spectrum. The gray bands show the
estimates using the method of [1] for SHERPA and DIRE, and of [1002] for PYTHIA. Blue bands
give PYTHIA variations according to Sec. 1.3.1. Red and green bands give, respectively, SHERPA
and DIRE variations according to Sec. 1.3.2. Hatched gray bands show naive variations without
any compensation terms.

The e�ect of employing the minimal compensation scheme on the variation bands is very
di�erent in PYTHIA and SHERPA. As before, we see that the minimal scheme squeezes the band
w.r.t. the default scheme in PYTHIA, while the the minimal scheme widens the band in CSS and
DIRE. However, the PYTHIA band within the minimal scheme reduces to 10% or less, the CSS
band increases beyond 50% at low p‹h and 20% at high values, and the DIRE band spans up
to 35% variation at low p‹h and 20% at high values. These trends are reversed in the �R and
mjj distributions shown in Fig. VI.4. Here, the PYTHIA band in the minimal scheme yields the
largest variation, while the band of CSS is almost vanishing.

These e�ects should make clear that, as anticipated in the motivation, the e�ect of the
compensation is observable-dependent. In particular, since the di�erence of parton shower evo-
lution variables will lead to di�erent single-logarithmic terms, the e�ect of compensation can,
for one observable, be quantitatively di�erent for di�erent showers. Gluon-induced Higgs-boson
production is, due to high parton-shower activity, an ideal laboratory to highlight these sub-
tleties.

1.5 Discussion and Summary
In this study, we have investigated renormalization scale variations in parton showers. We have
discussed compensation terms to ensure that such scale variations do not deteriorate expressly
introduced higher-order corrections, and attempt to define a common baseline for applying such
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• Dire predicts softer pT spectrum
than default Pythia shower

7



Herwig parton-shower implementations

Shower options
• Angular-ordered shower
• Catani-Seymour dipole shower

Recent developments
• Angular-ordered EW shower
[Masouminia & Richardson 2108.10817]

• Study on evolution variable and
logarithmic accuracy
[Bewick, Ferrario Ravasio, Richardson,
Seymour, JHEP 04 (2020) 019 & 2107.04051]

• Spin correlations in both showers
[Webster & Richardson EPJC 80 (2020)]

Example: Thrust in e+e− from LEP

Preserved pT in [30] q2 in [30] pT q2 qi · qj qi ·qj+veto

Light-quark hadronization and shower parameters

AlphaMZ (↵CMW
s (MZ)) 0.1087 0.1262 0.1074 0.1244 0.1136 0.1186

pTmin 0.933 1.223 0.900 1.136 0.924 0.958

ClMaxLight 3.639 3.003 4.204 3.141 3.653 3.649

ClPowLight 2.575 1.424 3.000 1.353 2.000 2.780

PSplitLight 1.016 0.848 0.914 0.831 0.935 0.899

PwtSquark 0.597 0.666 0.647 0.737 0.650 0.700

PwtDIquark 0.344 0.439 0.236 0.383 0.306 0.298

Bottom hadronization parameters

ClMaxBottom 4.655 3.911 5.757 2.900 6.000 3.757

ClPowBottom 0.622 0.638 0.672 0.518 0.680 0.547

PSplitBottom 0.499 0.531 0.557 0.365 0.550 0.625

ClSmrBottom 0.082 0.020 0.117 0.070 0.105 0.078

SingleHadronLimitBottom 0.000 0.000 0.000 0.000 0.000 0.000

Charm hadronization parameters

ClMaxCharm 3.551 3.638 4.204 3.564 3.796 3.950

ClPowCharm 1.923 2.332 3.000 2.089 2.235 2.559

PSplitCharm 1.260 1.234 1.060 0.928 0.990 0.994

ClSmrCharm 0.000 0.000 0.098 0.141 0.139 0.163

SingleHadronLimitCharm 0.000 0.000 0.000 0.011 0.000 0.000

Table 1. The Monte Carlo parameters obtained for di↵erent choices of the preserved

quantity in the angular-ordered shower.
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Figure 4. The thrust at the Z-pole compared with data from the DELPHI [44] experiment.

In the right panel a zoom for small 1 � T values is shown.

but the q2 and dot-product-plus-veto are similar to each other and closest to the

data.

Looking at the behaviour of the jet resolution parameter in Fig. 7 we observe

that the pT -scheme most closely matches the data in the large � log(y23) (small y23)

– 23 –

• The new default, dot-product
scheme, improve description at
intermediate T

(
= Σi|n·pi|

Σi|pi|

)
8



Sherpa parton-shower implementations

Shower options
• Built-in Catani-Seymour dipole
parton shower

• Dire as a plugin
Recent developments
• Higher-order corrections for QCD
shower

• Sub-leading color effects
• NLO corrections for EW splittings
• EW corrections become
important at high pT

Example: pT of W in pp collisions
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Figure 3: Predictions for the W -boson transverse
momentum distribution at the LHC.
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Figure 4: Predictions for the Higgs-boson trans-
verse momentum distribution in gluon-
fusion production at the LHC.

3.4. tt̄ production in association with jets

The production of a top-quark pair in proton-proton collisions is particularly challenging due to the non-
negligible mass and finite life-time of the colour-charged tops.

Fig. 5 shows the visible energy (HT) distribution in top-quark pair production as predicted by the NLO
multijet merging in SHERPA. This calculation involves NLO fixed-order input predictions with up to two light
jets in addition to the top-quark pair. The top-quark decays are calculated at leading order including spin
correlations based on the tt̄+jets Born matrix elements using spin-density matrices, cf. Sec. 2.1. The one-loop
matrix elements were obtained from OPENLOOPS. The MC@NLO matching for heavy quarks applied in the
simulation is based on the massive Catani–Seymour dipole subtraction [10] and was originally constructed
in [176]. Further details on the calculational setup can be found in [144].

Besides the MEPS@NLO result we present the corresponding MEPS@LO prediction. Note the excellent
agreement between the two predictions, after the leading-order result has been multiplied by a global K-
factor of 1.65. The first ratio panel in Fig. 5 shows clearly, that, beyond this global K-factor, the main e↵ect
of the higher-order corrections is a drastic reduction of the scale uncertainty, which in this case has been
determined by varying the renormalisation and factorisation scales, but not the resummation scale. The
second lower panel shows the individual contributions of tt̄ (solid), tt̄j (dash-dotted) and tt̄jj (dotted) final
states to the overall result. At low HT all components contribute to the overall result, while at high HT the
prediction is given almost entirely by the tt̄jj component.

3.5. Single-top quark production

In Ref. [118] a dedicated SHERPA study of single-top quark production in hadronic collisions has been
presented which is challenging due to the various production modes and their di↵ering characteristics in how
the final-state phase space is populated. Our study includes the consistent evaluation in the four- and five-
flavour PDF schemes and process-definition ambiguities when considering higher-order corrections, where a
separation from top-quark pair production has to be defined. With SHERPA single-top quark production in
the s, t and tW channels can be simulated using the MC@NLO implementation.

In Fig. 6, we compare MC@NLO results for the reconstructed top-quark transverse-momentum distribution

24

[SciPost Phys. 7 (2019) no.3, 034] 9



Hadronization
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Hadronization models

String hadronization
• Implemented in Pythia, can be
interfaced from Sherpa

• Colour string between colour
charges, hadrons formed from string
breaking

Cluster model
• Implemented in Herwig and Sherpa
• Gluons are forced to make qq pairs
• Form colour-singlet clusters, these
decay isotropically into hadrons

The Lund string model(s)

The “vertices” are related to tunneling probabilities that (together
with causality) produce the Lund symmetric fragmentation function

f(z) = (1 − z)a

z
exp

(

−bm2
⊥h

z

)

Note the p⊥-dependence required by momentum conservation!
Gluons are “just” excitations of the string (no new parameters).

15 / 21

The HERWIG Cluster Model

1 Introduce forced g! qq branchings
2 Form colour singlet clusters
3 Clusters decay isotropically to 2 hadrons according to

phase space weight ⇠ (2s1 + 1)(2s2 + 1)(2p⇤/m)
Torbjörn Sjöstrand PPP 7: Hadronization slide 36/47

10



Colour reconnection (CR)

• Parton-shower splittings provide an
initial colour configuration

• Reconnecting the coloured partons
might reduce the string length /
Cluster masses
⇒ Typically leads to baryon

enhancement
⇒ Larger effects at high multiplicities

• Generalize to geometric model, based on rapidity

• Allow reconnection into baryonic clusters

Herwig 7
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[Gieseke, Röhr, Siódmok - EPJC 72 (2012) 2225]


[Gieseke, PK, Plätzer - EPJC 78 (2018) 99]

λ =
Ncl

∑
i=1

M2
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Plain Colour Reconnection

Baryonic Colour Reconnection

14
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Color reconnection
Plots from arXiv:1710.10906

Hadrons are formed from color
potentials between low-energy
partons. Data prefers non-
perturbative color rearrangement.

Herwig model now includes bary-
onic reconnection component &
non-perturbative g → ss̄.
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• Generalize to geometric model, based on rapidity

• Allow reconnection into baryonic clusters

Herwig 7
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[Gieseke, Röhr, Siódmok - EPJC 72 (2012) 2225]


[Gieseke, PK, Plätzer - EPJC 78 (2018) 99]

λ =
Ncl

∑
i=1

M2
i

B

D

A

C Reduces

Plain Colour Reconnection

Baryonic Colour Reconnection
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Colour reconnection effects

Herwig CR model [Gieseke, Kirchgaesser,
Plätzer: EPJC 78 (2018) 2, 99]

• Generalize to geometric model, based on rapidity

• Allow reconnection into baryonic clusters

Herwig 7

ALICE Data
Minimum bias default
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[Gieseke, Röhr, Siódmok - EPJC 72 (2012) 2225]


[Gieseke, PK, Plätzer - EPJC 78 (2018) 99]

λ =
Ncl

∑
i=1

M2
i

B
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A

C Reduces

Plain Colour Reconnection

Baryonic Colour Reconnection
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• Baryonic reconnections lead to
lower multiplicities

Pythia QCD-inspired CR model
[Christiansen, Skands: JHEP 1508 (2015) 003]
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Figure 7. The four different allowed reconnection types. Type I (a) is the ordinary string
reconnection. Type II (b) is the formation of a connected junction antijunction pair. Type III (c)
is the formation of junction and antijunction, which are not directly connected. Type IV (d) is
similar to type II except that it allows for gluons to be added between the two junctions.

that the probabilities for two dipoles to be in a colour-coherent state can be found by the

standard SU(3) products. In full QCD, the probabilities for type I (dipole) and II (junction)

reconnections for q-q̄ dipoles are given by eq. (2.4) and (2.5) as P qq̄
I = 1/9 and P qq

II = 1/3,

respectively. For gg dipoles, the calculation is complicated slightly by the fact that eq. (2.1)

takes into account both the colour and anticolour charges of both of the gluons. With a

probability of P gg
I = 8/64 = 1/8 each, either “side” (colour or anticolour) of the gluons are

allowed to reconnect (for a 1/64 probability that CR is allowed on both sides). And with a

total probability of P gg
II = 20/64 = 5/16 either one or the other side is allowed a junction-

type reconnection (both sides would be equivalent to a dipole-style reconnection already

– 17 –
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Figure 20. The (a) Λ p⊥-distribution and (b) the Λ/K0
s p⊥-distribution as measured by the CMS

experiment [114]. All PYTHIA simulations were NSD with a lifetime cut-off (τmax = 10 mm/c)
and a rapidity cut on 2 (|y| < 2). The yellow error band represents the experimental 1σ deviation.

region, whereas too few Λ baryons are predicted in between. Thus the Λ baryons from

junctions tend to fall in the right region, however the effect is not large enough. An in-

teresting observation is that the ratio Λ/Ks is now well described in the low p⊥ region.

This shows that the problem with the p⊥ distribution is not specific to baryons but is more

generic. The discrepancy between data and the model for large p⊥ still exists, however

the baryon production in this region is primarily from diquark string breaks in jets and as

such is not really unique for the new CR model. It may point to a revision needed of the

spectrum of hard (leading?) baryon production in jets, which may not be unique to the pp

environment, see [34].

The problem in the low p⊥ domain is a common theme for all heavier hadrons (i.e.

anything but pions) and would be interesting to explore further. (E.g., a measurement of ρ

spectra could reveal whether it depends on the presence of strange quarks.) The PYTHIA

models predict a p⊥-distribution that peaks at lower values than what is actually observed.

To study this in more detail, one can calculate the average p⊥ for the identified hadrons and

plot it a function of their mass, as done e.g. by the STAR collaboration for pp collisions at

ECM = 200 GeV [118]. In purely longitudinal string fragmentation the expected result is a

roughly flat curve, since no correlation between the mass of the particle and p⊥ is present.

The flat prediction is altered when hadron decays and jet physics are included, leading to

the curve seen in figure 21. The prediction is also altered if the string is boosted (e.g.,

by partonic string endpoints), the boost is transferred to the final particles and for the

same boost velocity a heavy particle will gain more p⊥ than a light one. This effect can be

enhanced by CR, since minimisation of the λ-measure prefers reconnections among partons

moving in the same direction, thus creating boosted strings [75]. CR is therefore expected

to give a sharper rise of the 〈p⊥〉 vs mass distribution. Unfortunately, we do not observe

– 38 –
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Interacting strings

Rope hadronization [Bierlich, Gustafson, Lönnblad,
Tarasov: JHEP 03 (2015) 148]
• Introduce a finite width for the colour field

String interactions (CB, Chakraborty, Gustafson & Lönnblad: 1710.09725, 1807.05271, 1901.07447)

• Extending Lund strings’ abilities: interactions between strings.
⇧ String shoving generates flow.
⇧ Rope hadronization increases strangeness and baryons.

• Intended as an alternative to QGP models.
• Extensions to AA ongoing (2010.07595).

11

• Overlapping strings enhance string tension
• Strangeness and baryon enhancement

• Similar effects from non-perturbative
g → ss splittings in Herwig

• Good description of MB+UE data


• Good description of diffraction


• At least qualitative description of ALICE strangeness data

[From Vytautas Vislavicius, MPI at LHC 2019] 

16
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Interacting strings

String shoving [Bierlich, Gustafson,
Lönnblad: PLB 779 (2018) 58-63]
• Repulsion between
overlapping strings produce
long-range correlations
(the ridge effect)

• Flow-like effects in
two-particle correlations in
high-multiplicity pp
collisions

FIG. 4. Di-hadron correlation functions for pp collisions at 7 TeV, in four centrality intervals, for

two values of the shoving parameter g, compared to default PYTHIA8. For g = 4, adding shoving

produces a ridge similar to the data from CMS [32].

system is not deconfined nor thermalised, the transverse expansion has important similarities

with the expansion of a boost-invariant perfect (non-viscous) liquid.

In a coming publication we want to improve the approximations in the implementation

of the ”shoving model” presented here, and combine it with the rope hadronisation model in

ref. [28]. Our plan is then to include these effects in our model for collisions with nuclei [40],

to see if they can adequately describe data showing collective effects in these larger systems.

Would such a comparison turn out successful, this would challenge the current paradigm in

heavy ion physics. It would then be necessary to find observables sensitive to dynamical

differences between the traditional approach assuming a thermalised plasma, and the non-

thermalised dynamics described here.

∗ This work was funded in part by the Swedish Research Council, contracts number 2016-

03291, 2016-05996 and 2017-0034, in part by the European Research Council (ERC) under

the European Union’s Horizon 2020 research and innovation programme, grant agreement No

668679, and in part by the MCnetITN3 H2020 Marie Curie Initial Training Network, contract

722104.

[1] B. Andersson, G. Gustafson, G. Ingelman, and T. Sjöstrand, Phys. Rept. 97, 31 (1983).
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Different beam configurations
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e+e− collisions

Sherpa implementation of YFS
resummation for QED effects

Higher-order QED corrections: YFS resummation

YFS resummation for initial- and final-state QED corrections

QED final-state corrections for leptonic-decays through PHOTONS module

[Schönherr, Krauss JHEP 12 (2008), 018; Krauss et al. Eur. Phys. J. C 79 (2019) no.2, 143]

extension to ISR and initial-final interference ongoing [Price et al. to appear]

,! extensive validation against KKMC, KoralW/YFSWW

[Jadach et al. CPC 130 (2000) 260-325, CPC 140 (2001) 475-512]

,! e+e�
! f f̄ , e+e�

! W+W� with FO corrections up to O(↵3L3)
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[Price et al., to appear]
• Good agreement with previous
calculations for W+W−

Compare NLO+NLL’ resummed result
to merged MC with hadronization

Jet resolutions in e+e� collisions: resummation vs. MC
comparison to Monte Carlo predictions

consider Sherpa MEPS@LO and MEPS@NLO simulations:

,! (N)LO QCD matrix elements for e+e� ! 2, 3, 4, 5jets

,! in-house hadronisation-uncertainty estimation:

hadronise PL events using Cluster and String fragmentation

Vincia shower simulation with Pythia string fragmentation

,! ME corrections for e+e� ! 2, 3jets (NLO), e+e� ! 4, 5, 6jets (LO)
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6/12[Baberuxki et al. JHEP 04 (2020), 112]
• Some differences wrt. Vincia
shower in Pythia 15



γγ in e+e− collisions

• Sherpa implementation based on
LO processes and EPA

• Similar setup included in Pythia

b
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Photoproduction at LEP

Three different hard processes: direct, single-resolved and
double-resolved:

TEE NEEE

In Sherpa:
Emission of real collinear photons, approximated by
Weizsäcker-Williams formula
+ Interfacing of photon PDFs
+ LO calculation

5

[Meinzinger, et. al., in progress]

SHERPA for photo-production in e+e� collisions

Towards photo-production processes

status quo

Weizsäcker–Williams EPA available

,! direct, single- & double-resolved
photon collisions

,! limited to LO processes

roadmap [Meinzinger, Krauss WIP]

validation against HERA data
extension to NLO QCD
Multiple Interactions (UE)

comparison to OPAL data
[Phys. Lett. B 658 (2008), 185-192]
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ep collisions

• DIS-like events can be generated by all the generators, photoproduction varies
• In fact, several shower models available to chart uncertainty
• Herwig includes NLO merging for DIS (blue)

DIS-like configurations can be handled by all general-purpose event
generators (HERWIG7, SHERPA, PYTHIA8).

Each offers at least two distinct shower models, to be considered
uncertainties.

The description of HERA data is generally okay. Disclaimer: Statement
needs to be confirmed independently.
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Merging in DIS

eq ! eq at LO and with NLO-merging vs H1 data.
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[H1, EPJC12 (2000) 595]

Stabilization with higher orders.

Stefan Gieseke · MCEGs for future ep and eA colliders · Regensburg · 22–23 Mar 2018 14/23
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Matching in DIS at NNLO with SHERPA

• New Sherpa module for DIS
at NNLO in QCD
[Kuttimalai,Li,Höche, arXiv:1809.04192]

• Based on UNLOPS matching
[Lönnblad, Prestel, arXiv:1211.7278]
[Li, Prestel, Höche, arXiv:1405.3607]

• Good agreement with HERA
high- and low-Q2 data

• Also di- and tri-jet cross
sections well described with

µ2
F,R = (Q2 + (HT/2)2)/2

NNLO particle-level simulation vs. H1 high-Q2 data

[Kuttimalai,Li,SH] arXiv:1809.04192
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NNLO particle-level simulation vs. H1 low-Q2 data

[Kuttimalai,Li,SH] arXiv:1809.04192
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Photoproduction and UPCs

• Pythia has a complete setup for photoproduction, can be applied also to UPCs
as well (Pb → γ + p)
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[ZEUS: JHEP 12 (2021) 102]

• Multiplicity well described when
including MPIs in γp

Photon-proton (�p) interactions

Agreement between data and simulation

For in �p interactions, Ntrk from the primary vertex with pT > 0.4 GeV and |⌘| < 2.4 is limited to

< 35 as seen at left of the figure. The mean pT of charged particles is smaller in the �p sample

than for hadronic minimum bias pPb (MB) collisions within the same Ntrk range. No evidence for

a long-range near-side ridge-like structure was found for either the �p or MB samples within this

Ntrk range
a
.

a
Paper CMS HIN-18-008 (to be submitted to Phys. Lett. B)
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• Fair agreement also in UPCs
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Heavy-ion collisions

• Angantyr in Pythia provides a full heavy-ion collisions framework
[Bierlich, Gustafson, Lönnblad & Shah: 1806.10820]

• Hadronic rescattering can be included as well, enhances collective effects
[CB, Ferreres-Solé, Sjöstrand & Utheim: 1808.04619, 2005.05658, 2103.09665]

Angantyr (CB, Gustafson, Lönnblad & Shah: 1806.10820)

• Framework for full heavy ion collisions.
⇧ Glauber calculation decides which nucleons hit each other.
⇧ PYTHIA pp, pn & nn events stacked on top of each other.
⇧ A clean slate for adding collective e↵ects, no QGP.
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• Just specify your nuclear beams and run!
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Hadronic rescattering (CB, Ferreres-Solé, Sjöstrand & Utheim: 1808.04619, 2005.05658, 2103.09665)

• Hadrons may scatter again in the final state
• Some e↵ects in pp, very important in ion collisions.
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• Inevitable for precision, even in min-bias.

• Low Energy framework very versatile, added bonus!
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p+A collisions

[Bierlich, Gustafson, Lönnblad & Shah: 1806.10820]
• Angantyr can be applied also to asymmetric p+A collisions
• The centrality measure well reproduced
• Similarly centraility-dependent multiplicities

Asymmetric collision systems

• Same type of measurements in pA equally well reproduced.

• Question of “centrality measure” more important here:
Angantyr reproduces experimental curve well.

8

Asymmetric collision systems

• Same type of measurements in pA equally well reproduced.

• Question of “centrality measure” more important here:
Angantyr reproduces experimental curve well.

8

21



MC generators

Today
• LHC-hardened showers and
hadronization models

• Precision up-to-date with fixed-order
calculations

• Broad range of beam combinations
Tomorrow
• Increased precision for wider
selection of processes

• Getting ready for next generation of
colliders (EIC, e+e−colliders)
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[figure by P. Skands]

…And plenty of other interesting developments! 22


