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Hard Scattering NLO

Hard Scattering
NLO

NLO “recipe”:

dσNLO = dΦnBn + dΦnVn + dΦn+1Rn+1

= dΦnBn + dΦn [Vn + dΦ1Sn] + dΦn+1 [Rn+1 − Sn]

Virtual Corrections

Real Corrections

Subtraction terms

Current status and motivation.

Dedicated approaches to NLO matching, largely hand-made or semi-automated.
Many processes available in current release: DY, gg ! h, VBF, VH, VV , h decays.

ATLAS data
Herwig++ LO
Herwig++ Powheg
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[K. Hamilton et al. – JHEP 0904 (2009) 116] VBF Higgs production

[L. D’Errico, P. Richardson – EPJ C72 (2012) 2042]

Change in paradigm: Need for an automated, fully integrated framework.

! Uncertainties and merging require full control of fixed-order input.

Simon Plätzer (IP3 Durham & Manchester) NLO with Herwig++ 3 / 17

Parton Shower Monte Carlos turn these into realistic predictions.
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Hard Scattering Overview

Hard Scattering
Overview

Matching

PS + FO for fixed multiplicity

Merging

PS + FO for several multiplicities
Split phase space into hard and soft
regions

Soft ⇒ PS
Hard ⇒ ME

ME Matching Merging Shower
MadGraph5 aMC@NLO MadGraph, blha MC@NLO FxFx Pythia, Herwig++ (Angular)

Matchbox/Herwig++ MadGraph, blha MC@NLO, Powheg UNLOPS Herwig++
Powheg-box Built-in, blha Powheg MiNLO All
PowHel HELAC-NLO Powheg - All
Pythia Event Files - UNLOPS, NL3 Pythia
Sherpa Comix, Amegic, blha S-MC@NLO MEPS@NLO Sherpa (Dipole)

Gevena Build-in + Resum Geneva Geneva Pythia
HEJ HEJ, MadGraph - HEJ+PS Ariadne
Vincia Built-in, MadGraph Vincia Vincia Vincia, Pythia

blha: Blackhat, GoSam, NJet, OpenLoops, VBFNLO, ...

BSM support via UFO/FeynRules
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Hard Scattering Matching

Hard Scattering
Matching

High-degree of automation → lots of processes studies.
Need an assessment and understanding of our uncertainties.

Hard Scattering: NLO Matching.
A large number of processes studied, thanks to automation. This does not mean that NLO is ‘done’.

Again: Various algorithms. Need to assess and understand uncertainties.

Sherpa+BlackHat

W+2 jets

ATLAS data
NLO
µF/R = µ/2 . . . 2µ
MC@NLO PL
µQ = µ/
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[Höche, Krauss, Schönherr, Siegert ’12]

Herwig++
OpenLoops / MadGraph / ColorFull

NLO µR,F variation
NLO + Dipoles µQ variation
NLO + QTilde µQ variation
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[Höche, Krauss, Schönherr, Siegert ’12]

Hard Scattering: NLO Matching.
A large number of processes studied, thanks to automation. This does not mean that NLO is ‘done’.

Again: Various algorithms. Need to assess and understand uncertainties.

Sherpa+BlackHat

W+2 jets

ATLAS data
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[Höche, Krauss, Schönherr, Siegert ’12]

Herwig++
OpenLoops / MadGraph / ColorFull

NLO µR,F variation
NLO + Dipoles µQ variation
NLO + QTilde µQ variation
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[Gieseke, Plätzer et al. - in progress]

Hard Scattering: NLO Matching.
A large number of processes studied, thanks to automation. This does not mean that NLO is ‘done’.

Again: Various algorithms. Need to assess and understand uncertainties.

Sherpa+BlackHat

W+2 jets

ATLAS data
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Herwig++
OpenLoops / MadGraph / ColorFull

NLO µR,F variation
NLO + Dipoles µQ variation
NLO + QTilde µQ variation
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Hard Scattering Merging

Hard Scattering
Merging

Minimise our dependence on the merging scale.

Merging at

LO: Well understood
NLO: Potential problems (inclusive cross-sections, how large?)

FxFx, MEPS@NLO: Combine MC@NLO’s of different
multiplicities [Frixione, Frederix ’12] [Höche, Krauss, Schönherr, Siegert ’12]

MiNLO: Reproduce inclusive pp → X from pp → Xj with
Sudakov factors [Hamilton, Nason, Oleari, Zanderighi ’12]

UNLOPS: Merge exclusive jet cross sections, constrain
inclusive ones [Lönnblad, Prestel ’12] [Plätzer ’12]

Geneva: Combine NLOs with higher order resummation
[Alioli et al. ’13]

Vincia: Lift iterated matrix element corrections to NLO
[Skands et al. ’13]
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Figure 1: Transverse momentum (left) and rapidity (right) of the Higgs boson with three di↵erent scale
choices. The uncertainty bands include all sources of perturbative uncertainties as a quadratic
sum. Dashed lines correspond to the contribution from 0-jet hard scattering configurations,
dashed-dotted lines to 1-jet configurations, dotted-dashed lines to 2-jet configurations and dotted
lines to 3-jet configurations.

Sherpa MePs@Nlo
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Figure 2: Transverse momentum of the Higgs boson in the absence (left) and presence (right) of a jet
with transverse momentum larger than 30 GeV with three di↵erent scale choices. For details see
Fig. 1.

8

Sherpa, MEPS@NLO gg → H
[Höche, Krauss, Schönherr ’14]

  

SHERPA – recent developments
                                        (MEPS@NLO for gg  H)→

Sherpa, MEPS@NLO gg → H
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Hard Scattering Merging

Hard Scattering
NNLO Matching

Proof of Concept for DY-type processes.

Based on MiNLO [Hamilton, Nason, Re, Zanderighi ’13]

Based on UNLOPS [Höche, Li, Prestel ’14]

Hard Scattering: NNLO Matching.
Proof-of-concept for DY-type processes.

– Based on MiNLO merging [Hamilton, Nason, Re, Zanderighi ’13]

– Based on UNLOPS [Höche, Li, Prestel ’14]
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Formally also NNLO: Merging of loop-induced contributions, e.g. gg ! WW

[Cascioli et al. ’13]
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Hard Scattering EW Corrections

Hard Scattering
EW Corrections

NLO EW ∼ NNLO QCD
Needed if we want sub 10% accuracy.

Factorised ansatz:
(1 + δQCD)(1 + δEW ) ≈ 1 + δQCD + δEW

Valid if both corrections are small

QCD via Powheg

EW by reweighing

Hard Scattering: EW Corrections.

[Gieseke, Kasprczik, Kühn ’14]

Electroweak corrections to diboson
production @ LHC.

– Factorized ansatz to mixed
corrections:

(1 + �QCD)(1 + �EW) ⇡ 1 + �QCD + �EW

– Valid if both corrections are small
! use suitable cuts to supress phase
space enhanced QCD corrections

– QCD corrections from builtin
POWHEG cross sections

– EW corrections through
ŝ, t̂-dependent reweighting

LO
NLO EW
NLO QCD
NLO QCD⇥EW
Herwig++ 2.6.3*
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Shower Overview

Shower
Overview

Showers resum large logarithms
Iterative implementation:
PS[u(ϕn),Q] = ∆(µ,Q)u(ϕn) + P(q)∆(q,Q) PS[u(ϕn+1), q]

Shower Construction Recoil

Herwig++
DGLAP (angular) Global
CS Dipoles Local

Pythia 8 DGLAP (pT ) Local

Sherpa
Antennae Local
CS Dipoles Local

Ariadne Antennae Local
Cascade CCFM Global
Deductor Nagy-Soper kernels Local
KRKMC DGLAP Global
Vincia Antennae Local

Pin down differences, and cross-validate
uncertainties.

Other bits:

Coherence

EW

Spin

Subleading contributions
Showers: Overview.

Showers resum large logs.
But also fragment partons.

Typically iterative construction:

PS[u(�n)] = �(µ|Q)u(�n) + P(q)�(q|Q)PS[u(�n+1)]

Shower Construction Recoil
Herwig++ angular DGLAP global
Herwig++ dipoles CS dipoles local
Pythia 8 DGLAP local
Sherpa dipoles CS dipoles local
Sherpa antennae antennae local

Ariadne antennae local
Cascade CCFM global
Deductor Nagy-Soper kernels local
KRKMC DGLAP global
Vincia antennae local

Redundant? No!

Need to pin down di↵erences, and

cross-validate uncertainties.
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[Gieseke, Fischer, SP, Skands ’14]

Assess shower di↵erences in a clean environment:
Radiation patterns in four-jet events at LEP.

– Coherence properties.

– Push for subleading e↵ects (avoid large
scale hierarchy).

OPAL measurement in the pipeline!

Simon Plätzer (DESY) Monte Carlo Development 5 / 19

[Fischer, Gieseke, Plätzer, Skands ’14]
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Shower Overview

Shower
Overview

Showers resum large logarithms
Iterative implementation:
PS[u(ϕn),Q] = ∆(µ,Q)u(ϕn) + P(q)∆(q,Q) PS[u(ϕn+1), q]
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Subleading contributions
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Figure 12. The p? distributions for the four hardest jets in W + jet production.

better distinction between the competitions. Thus so far it has not been possible to find

observables that can actually tell the two competitions apart.

5 Prospects for future colliders

The emission rate of weak bosons is expected to scale as ↵

w

ln2(ŝ/M2

Z/W), and thus the

e↵ect of a weak PS is higher for colliders with a higher center-of-mass energy. One of the

suggestions for a possible next step beyond the LHC is a new 100 TeV pp collider. In this

section we will redo some of the phenomenological studies presented in the last section,

but now with the center-of-mass energy cranked up accordingly.

The weak virtual corrections to the di-jet exclusive cross section at 100 TeV are shown

in Fig. 15. As before this equals the probability to emit at least one weak boson, up to a

– 29 –

[Christiansen, Sjöstrand ’14]
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Shower Overview

Shower
Overview

Showers resum large logarithms
Iterative implementation:
PS[u(ϕn),Q] = ∆(µ,Q)u(ϕn) + P(q)∆(q,Q) PS[u(ϕn+1), q]
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Shower Improvements

Shower
Improvements

Colour-exact radiation patterns

Dij,k ∼ ⟨M|Tij · Tk |M⟩
T 2
ij |M|2

First Emission [Höche, Krauss, Schönherr, Siegert ’11]

Several Emissions [Plätzer, Sjödahl ’11]

Electroweak:

Include W ,Z emission
[Christiansen, Sjöstrand ’14]

[Krauss, Schönherr, Spannowsky ’14]

EW Sudakov logs unclear
Different pattern to QCD logs

Showers: Improvements.

Colour-exact radiation patterns:
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– EW Sudakov logs unclear
Di↵erent pattern than QCD logs.
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Shower Uncertainties

Shower
Uncertainties

Showers are perturbative objects. Can assess uncertainty through our scale
dependence µF , µR , µQ . Analytic resummation: Scale compensation.

True for showers at LL.
Showers more than LL,
compensation less clear.

Need for cross-validation
of different algorithms,
and study of subleading
effects.
Recoil procedure, starting
scales, phase-space
population, ...

Showers: Uncertainties.

Showers are perturbative objects: Assess genuine perturbative uncertainties.
Three scales in the game: µR , µF , µQ . Analytic resummation: Scale compensation.

True for showers at LL.
Showers more than LL,
compensation less clear.

Need for cross-validation
of di↵erent algorithms.
! Subleading e↵ects.

Recoils, definition of hard
scale, phase space
population, ...

also extensively addressed in Vincia
[Skands et al., ’08-’14]

Sherpa MePs@Nlo
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[Höche, Krauss, Schönherr ’14]
see also [SP, Gieseke ’09]
and [Höche, Schumann, Siegert ’09]
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[SP – in progress ’14]
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[Höche, Krauss, Schönherr ’14]

Matching uncertainties.

Herwig++
OpenLoops / MadGraph / ColorFull

NLO µR,F variation
NLO + Dipoles µR,F variation
NLO + QTilde µR,F variation
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tt̄ at NLO [D. Rauch, C. Reuschle]
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More (jetty) processes in progress, e.g. dijets:

Herwig++
NJet / MadGraph / ColorFull LO + Dipoles
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[Gieseke, Plätzer - in progress]
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Hadronization Overview

Hadronization
Overview

Strings (Pythia), Clusters (Herwig++, Sherpa)

Models developed for LEP.

Little work in the past 10
years

Cross-checks from Lattice

Important for high-pT
physics

Data Driven (⇒ Rivet
analyses)

Hadronization Models.

The classic suspects: Strings (Pythia), Clusters (Herwig++, Sherpa).
Works at LEP, regard universal. Little development since 10 years.

This excludes colour reconnection, which should be seen from a di↵erent perspective.

Works at LEP, fails
elsewhere.

Does matter
for high-p? physics:
Jet energies, flavour
tagging, ...

We need much more
{e, p}p data.

As Rivet analyses.
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Hadronization Colour Reconnection

Hadronization
Colour Reconnection

New Model of Beam Remnant and Colour Reconnection [Christiansen, Skands - in progress]

Beam Remnant

Conservation Laws (Flavour, Colour, Momentum)
SU(3) structure
Example: 8⊗ 8 = 27⊕ 10⊕ 10⊕ 8⊕ 8⊕ 1

New beam remnant model - colour conservation
Possible colour states for the two gluons:

8⌦ 8 = 27� 10� 10� 8� 8� 1

27
2 C & 2 AC
+ 1 gluon

10
0 C & 3 AC
+ 0 gluon
(junction)

10
3 C & 0 AC
+ 1 gluon
(junction)

8
1 C & 1 AC
+ 0 gluon

1
0 C & 0 AC
+ 0 gluon
(not allowed)

Examples of the 27 and the 8 configurations:

MPI 1 MPI 2

Beam Remnant 2

...

Beam Remnant 1

MPI 1 MPI 2

Beam Remnant 2

...

Beam Remnant 1

Jesper Roy Christiansen (Lund) October 8-10 5 / 17
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...

Beam Remnant 1

MPI 1 MPI 2

Beam Remnant 2

...

Beam Remnant 1

Jesper Roy Christiansen (Lund) October 8-10 5 / 17Colour reconnection allows us to reshuffle colour before hadronisation

SU(3) multiplet structure → allowed reconnections
λ measure → preferred reconnections
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Hadronization Colour Reconnection

Hadronization
Colour Reconnection

Ordinary String Reconnection
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Hadronization Colour Reconnection

Hadronization
Colour Reconnection

∆mt = mt(default CR)−mt(no CR)

No CR - unphysical, overestimates uncertainty?

mt(no CR) - may not give bound to mt , underestimates uncertainty?

CR Model uncertainties turned out to be small at LEP2 (W mass measurements).
Doesn’t necessarily mean they’ll be small for current efforts to measure top-mass.
t is a coloured particle!

Model ∆mrescaled
t [GeV]

Default +0.239
Forced Random (Min) −0.524
Move +0.239
Swap +0.273

mmax
t −mmin

t ≃ 0.8 GeV

∆mt ≈ 0.5 GeV (for sophisticated models)
[Argyropoulos, Sjöstrand ’14]
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Outlook

Outlook

Monte Carlos are important for the LHC Run-II and beyond.
Precision is not only higher order effects, but also understanding and controlling
our uncertainties.

Need for

EW-effects

Improvements in Shower

Improvements in Non-Perturbative

(Far) Future

NNLO is at a very early stage.
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