
Sherpa: new developments[LoopFestVII℄----------------------------------------------Jan Winter a� Fermilab �

http://www.sherpa-m.de/
Monte Carlo event generator SherpaNew major release � Sherpa 1.1Sherpa projets � work in progress

a
Sherpa authors: T. Gleisberg, S. Höche, F. Krauss, M. Schönherr, F. Siegert, S. Schumann, J. Winter

Jan Winter LoopFestVII, May 16, 2008



Physics at hadron colliders ...... is largely in�uened by JET physis.Hadroni intial states: available phase spae used to emit(additional) strong partiles MultijetsCan lead to modi�ations of the signals.Can lead to additional and/or enhaned bakgrounds.Can hange signal-to-bakground ratios.
V , V V , QQ̄, single t prodution, VBF and g�g fusion,Higgs, SUSY partile prodution and deay hains ...... annot be onsidered without jets.Need for tools that model...!!!Jet prodution Jet evolution HadronizationSherpa projet:

provide a full-fledged, independent Monte Carlo event generator for collider physics – Sherpa 1.1 X

with focus on an improved modelling of QCD multijet final states
provide it as new (C++) code, which is modular, transparent, upgradeable and maintainable

Jan Winter LoopFestVII, May 16, 2008



Monte Carlo event generator Sherpa
[Gleisberg, Höche, Krauss, Schälicke, Schumann, Winter, JHEP 0402 (2004) 056]Fatorization approah: divide jet simulation into di�erent phasesCurrent version: SHERPA 1.1.1 (released May/08).
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Hard interations: AMEGICtree-level ME generator (SM, MSSM, ADD, ...)QCD bremsstrahlung: IS + FS showers: APACICvirtuality ordered, Pythia-like showersME-PS merging aording to CKKWMultiple parton interations: AMISICunderlying event model à la Sjöstrand�Zijl (PRD36:2019,1987)Hadronization: AHADICluster model onverting partons into primary hadrons;interfae to Pythia's string model still availableHadron deays: HADRONS + PHOTONSphase-spae or e�etive models plus YFS treatment;interfae to Pythia's hadron deays still availablepreditions at the hadron-level � omparable to experimental data orreted for detetor e�ets
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AMEGICKey feature: SHERPA has its own, built-in tree-level ME generator.
[Krauss, Kuhn, Soff, JHEP 0202 (2002) 044]heliity-amplitude formalismfator out ommon partsmultihanneling (singularities known!)VEGAS optimization of single hannelswell validated tool ...!!! SM, MSSM, ADD

; Z
e+ ; Z

e+
e�

e+
e�

��
�+ ; Z

e+
; Z

e+
e�

e+
e�

��
�+Fully automated & e�ient alulation of (polarized) ross setions.Our new-physis tool is AMEGIC:SM+ggH+AGC+4th family; THDM; MSSM (fully general); ADD model of extradimensions; additional salar singlet.Expandable: dynami add-on model libs, FeynRules reader (generi interfae soon)CSW reursion � MHV tehniques in AMEGIC.twistor-inspired methods (CSW vertex rules) help speed up the alulation of pure QCD MEsfor higher multipliities [Cachazo, Svrcek, Witten, JHEP 0409 (2004) 006]feasible pp → 5j; 2g → 4g time for 105 points redued by fator of 100LHC, Qcut = 20GeV, pp → 4j, 23.245µb±0.27%, MHV-enabled 7.6ks vs no-MHV 35ks
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ME+PS merging ... à la CKKW
[Catani, Krauss, Kuhn, Webber, JHEP 0111 (2001) 063]

[Krauss, JHEP 0208 (2002) 015]

combine parton-shower pros (soft emissions) +
ME pros (hard emissions, quantum interferences, correlations)

avoid double counting and missing phase space regions

Divide multijet phase spae into two regimes by jet measure at .tree-level MEs: jet seed (hard parton) prodution aboveparton showers: (intra-)jet evolutionMEs regularized by
Eliminate/sizeably redue dependene.identify a possible shower history of MEs via bakward lusteringaordingly reweight MEs by ombined and Sudakov weightadd showers to ME partons and veto emissions above
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ME+PS merging ... à la CKKW
[Catani, Krauss, Kuhn, Webber, JHEP 0111 (2001) 063]

[Krauss, JHEP 0208 (2002) 015]

combine parton-shower pros (soft emissions) +
ME pros (hard emissions, quantum interferences, correlations)

avoid double counting and missing phase space regionsDivide multijet phase spae into two regimes by kT jet measure at Qjet.tree-level MEs: jet seed (hard parton) prodution above Qjetparton showers: (intra-)jet evolution Qjet > Q > Qcut−offMEs regularized by Qij = 2 min{Ei, Ej}(1 − cos θij) > Qjet

Eliminate/sizeably redue Qjet dependene.identify a possible shower history of MEs via bakward lusteringaordingly reweight MEs by ombined αs and Sudakov weightadd showers to ME partons and veto emissions above Qjet
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CKKW – key feature of SherpaMethod has been implemented within Sherpa in full generality.Uses built-in ME generator AMEGIC.Proess-independent implementation.Validation and appliations

W/Z/W W +jets, QCD jets, Zbb̄ + X , VBF,tops, gg → H + X , b-assoiated Higgs
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Comparison with DØ data: Z+jet productionDØ ollaboration, DØ note 5066-CONFJet multipliity, data vs. Pythia (left) and Sherpa (right).
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MC preditions are normalized to total number of events observed in data.Large systemati unertainties arise from low pT jets ⇒ both preditions are in agreementwith data. Pythia tends to underestimate the data.
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News on CKKW: heavy-quark production + decaysNarrow width approximation full ME fatorizes into prodution & deay partsAMEGIC ... use its deay-hain modeprojetion onto relevant Feynman diagrams, Breit-Wigner intermediate partile massesAPACIC ... enable prodution + deay showers based on massive splittingse.g. e+e− → tt̄ FS shower for topse.g. t → W+b IS shower for top, FS shower for bottomCKKW ... separate and independent merging of multiparton MEs & showers in produtionand any deayCKKW ... reweight and veto by respeting the fatorizationShematially, e.g.: pp̄ → t [→ W +bg{1}] t̄ [→ W − b̄g{1}] g{1}

pp̄ → t [→ W+b] t̄ [→ W−b̄]

pp̄ → t [→ W+b] t̄ [→ W−b̄] g

pp̄ → t [→ W+b] t̄ [→ W−b̄ g]

pp̄ → t [→ W+b] t̄ [→ W−b̄ g] g

pp̄ → t [→ W+b g] t̄ [→ W−b̄ g] g ⇒ �CKKW 1-1-1�...
Jan Winter LoopFestVII, May 16, 2008



News on CKKW: top pair production & decaysSome preliminaryLHC results ...

pT of tt̄-system

CKKW 1-1-1
compared to answer given by show-
ering only.Signal studies

Experimentalists would like to better
understand the impact of additional
jets (ISR/FSR) and get an estimate
on the uncertainty of available MC
predictions.

tt̄+jets as bakground
Accurate treatment required to spec-
ify new-physics searches.
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News on CKKW: top pair production & decaysSherpa: pp → tt̄ → e+νejjjj: pT of 1st jet & trijet mass ombination 134.
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Multiple interactions (Model for UE)
[Sjöstrand, Zijl, Phys. Rev. D36 (1987) 2019]Observed in had. ollisions:enhaned (h) partile multipliities and transverse-energy �owsale with hardness of interation Proton AntiProton

Multiple Parton Interactions

PT(hard)

Outgoing Parton

Outgoing Parton

Underlying EventUnderlying Event

 

Xse of two-to-two QCD vs. total xse σND:supports < N > = σ2→2(p⊥0)/σND ... additional inoherent parton-parton interationsnon-PT and on�nement ... regularize 2 → 2 QCD proesses
dσ2→2

dp2
⊥

∝
αs(p

2
⊥)

p4
⊥

→
αs(p

2
⊥ + p2

⊥0)

(p2
⊥ + p2

⊥0)
2

p⊥0 tuning parameterOrdering in p⊥ : �Sudakov trik� dP/dp⊥i = dσ/(σNDdp⊥)∆(p⊥i, p⊥)Colliding extended objets: impat parameter model (peripheral ollisions)simple/double Gaussian matter distributionEnergy extrapolation: p⊥0(Ecms) = p⊥0(Eref) × (Ecms/Eref)
0.16 (Landsho�-like)Simulation in Sherpa AMISIC: based on this model + [Höche]showers attahed to seondary interations: moderate < N >≈ 2.1; p⊥0 ≈ 2.4GeVCKKW: kT -algo to de�ne ore proess, parton pT sets MI sale & veto on shower emissions
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AMISICCDF analysis by R. Field to investigatestruture of UE.Charged multipliity vs. PT of leading h.jet in ∆Φ regions w.r.t. the leading h. jet

[hep-ph/0601012]
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AHADIC: cluster-hadronization model for Sherpamodelling the non-perturbative dynamis primary-hadron generationCluster-formation modelCluster-deay model P
Pi

�
�)

Light-�avour pair produtionLeading partile e�ets

LPHD and preon�nementLoality and universality ⇒ modular struturePhenomenology: plateau in Nhad vs rapidity,steep fall-o� in Nhad vs p⊥Hadronization e�ets are soft: low momentum transferAHADIC:based upon Field�Wolfram and Webber modelmodi�ed luster model, tested for light-quark setor
[Winter,Krauss,Soff,2004]onstituent masses only for quarks, gluons split into qq̄shower olour ordering: adjaent parton pairs → primary olourless Csluster mass in hadron regime: luster-to-hadron transitionaording to overlap with hadron wave-funtionselse: luster splits and daughters are ategorized C → CC, CH, HHall splittings dipole-like ∝ αs(p⊥)/p2

⊥ with low-sale αs parametrization
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First AHADIC resultsTestbed: hadron prodution in eletron�positron annihilations � Z pole
preliminary tune
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• Example distributions: multipliity (left panel) and saled momentum of harged partiles.

• Model parameters: so far just tuned by hand.

• Data: Abreu et al. Z. Phys. C73 (1996) 11.
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HADRONS: hadron decays for SherpaSHERPA's pakage to aomplish hadron and τ deays.
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HQET (EvtGen)
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ISGW2 (Sherpa)
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Branhing ratios (e.g. from PDG) as input for deay tables.Deay kinematis à la dΓ(P → p1 . . . pn) = 1
2M

· |M(P, p1 . . . pn)|2 · dLiPSDi�erent form fator models for many deay hannels (see plot).
τ deay lib ... uses elaborated models (KS, RχPT).Hadron deay lib ... heavily extended during last 2 years: B, D, light mesons.2-body deays aording to spin.Other features:spin orrelations,neutral meson mixing (BB̄),CP violation, even rare deays.Example: B+ → D∗(2007)0νee

+
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l

νl
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HADRONS results: comparison with TauolaSpin orrelations in Z → τ −τ+ → π−ντ π+ν̄τ
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• Left: pion energy fration in Z rest frame. [Laubrich,Siegert,Krauss]

• Right: Invariant mass of outgoing pion pair.
• Tauola: Pierzhala et al. hep-ph/0101311.
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PHOTONS

U(1)em harged partiles radiate o� photons.aount for higher-order QED e�ets in hadron & τ deays: YFS approah.exat for soft-photon radiation (real and virtual) (k → 0)perturbative series for hard-emission e�etshard emissions at O(α) by approx matrix elements (quasi-oll limit)
⇒ some ases by exat O(α) real/virtual matrix elements
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• Dotted: soft photons only. [Schönherr,Krauss]

• Dashed: oll approx ME. Solid: exat ME.
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Sherpa projets:

new developments ...and work in progress.

COMIX � tree-level SM ME generator based on olour-dressedBerends�Giele reursion relations.Automated Catani�Seymour dipole subtration [Gleisberg,Krauss,2007] :see talk by Tanju Gleisberg.Parton shower based on Catani�Seymour dipole fatorization.Colour-dipole shower for hadroni ollisions.Multiple-interations model based on kT -fatorization (BFKL evolution):see [Höche,Krauss,Teubner,2007]
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COMIX

new tree-level ME generator based on reursive methodsemploys olour-dressed Berends�Giele reursion relations
[Duhr,Höche,Maltoni,2006]general implementation of SM interationsKey point: vertex deomposition of all four-partile verties(Growth in omputational omplexity for CDBG solely determined bynumber of external legs at verties)Phase-spae generation: an be aomplished reursively on the same footing as MEalulationpubliation in preparation by Höhe & Gleisberg
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gg → ng Cross section [pb]
n 8 9 10 11 12
√

s [GeV] 1500 2000 2500 3500 5000
Comix 0.755(3) 0.305(2) 0.101(7) 0.057(5) 0.019(2)
Phys. Rev. D67(2003)014026 0.70(4) 0.30(2) 0.097(6)
Nucl. Phys. B539(1999)215 0.719(19)

COMIX: Performance

Performance in QCD benchmarks

Setup: http://mlm.home.cern.ch/mlm/mcwshop03/mcwshop.html

3
101(7)
.097(6)

0 05

Pr
eli
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y

Stefan Höche, !! Workshop CERN, 24.4.2008

σ [µb] Number of jets

bb̄ + QCD jets 0 1 2 3 4 5 6
Comix 470.8(5) 8.83(2) 1.826(8) 0.459(2) 0.151(2) 0.0544(6) 0.023(2)
ALPGEN 470.6(6) 8.83(1) 1.822(9) 0.459(2) 0.150(2) 0.053(1) 0.0215(8)
AMEGIC++ 470.3(4) 8.84(2) 1.817(6)

“Real life” example: b-pair + jets
comparison with other ME generators

World

record ! 

T. Gleisberg, SH: in preparation

Jan Winter LoopFestVII, May 16, 2008



COMIX: Performance

Efficiencies: LHC @ 14 TeV
Cuts:                                          , 
CDF Run II K  -algo @ 20GeV

Process Efficiency

Z+0 jet 8.50%

Z+1 jet 1.05%

Z+2 jets 0.60%

Z+3 jets 0.15%

Process Efficiency

W+0 jet 19.13%

W+1 jet 1.50%

W+2 jets 0.48%

W+3 jets 0.16%

66GeV ≤m
l̄l
≤ 116GeV

T

Also new: HAAG-based QCD
integrator for colour sampling
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Stefan Höche, !! Workshop CERN, 24.4.2008

HAAG

T. Gleisberg, SH: in preparation
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PS based on Catani–Seymour dipole factorizationCatani�Seymour dipole subtration CATANI,SEYMOUR,1997; CATANI ET AL.,2002universal framework for jet ross setions � NLOfatorization formulae for real emission proess (phase spae & matrix element)onstrut subtration terms from Born proess using universal dipole termsyields loal approximation for the real-emission proess, orret in soft & oll limitsBasi ideas for a new parton shower [Nagy,Soper,2006; Dinsdale et al.,2007; Schumann,Krauss,2007]dipole terms an be used to desribe splittingsexponentiation in a Sudakov form fator (large-NC limit, spin averaging)orret soft & ollinear limits, loal four-momentum onservationformalism well worked out for massive emitters shower will pro�tExample: �nal-state �nal-state dipolesemitter+spetator: p̃ij + p̃k → pi + pj + pkvariables: yij,k =
pipj

pipj+pipk+pjpk
, zi = pipk

pipk+pjpksplitting funtion, e.g. qij → qigj

〈Vqigj ,k(zi, yij,k)〉 = CF

n

2
1−zi+ziyij,k

− (1 + zi)
o

eij

i

j

k

Vij,k
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Drell–Yan productionConsider pp̄ → γ∗/Z0 → e+e−

�

γ∗/Z0 1st emission

=⇒ . . .

�

γ∗/Z0

�
γ∗/Z0

hard sale �xed by M2
e+e− ⇒ k2

⊥,maxtransverse momentum of lepton-pair determined by QCD emissions
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[Schumann,Krauss,2007]

Comparison with Tevatron CDF datarate normalised to datadominant ontribution for pe+e−

TSudakov damping for pe+e−

T → 0hardest emission below k⊥,max

→֒ pe+e−

T > k⊥,max matrix element regime

Jan Winter LoopFestVII, May 16, 2008



Inclusive jet productionDijet azimuthal deorrelation [data DØ 2005℄
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only the two leading jets need to be reonstrutedstrong test of the initial- and �nal-state radiation pattern
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Colour dipole shower for hadronic collissions
WINTER, KRAUSS, ARXIV:0712.391Formulate IS emission ompletely perturbatively through olour dipoles (partly) spanned byinoming parton lines.Radiation that is assoiated to initial, initial-�nal and �nal olour lines.Keep beam remnants outside evolution as long as hadronization has not set in.Constrution priniples of perturbative CDM:new dipole types: q̄iqi, giqi, gigi and qfqi, qfgi, gfgi.radiation pattern in terms of 2 → 3 splittings.generalization of the kinematis setup to the new ases

dipole phase-space factorization and invariant evolution variables.

dipole ME factorization re-alulate or use rossing symmetry ofFF dipole MEs or use antenna funtions.probabilisti interpretation of Sudakov form fator based on dipolesplitting ross setions.large NC limit, onshell kinematis,for all ISR apply bakward evolution.
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Results for hadronic collisionsTestbed: inlusive prodution of Drell�Yan lepton pairs � Tevatron Run I
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• Boson transverse-momentum distribution and its peak region in e+e− + X.

• The 1st emission in the dipole shower is ME orreted per onstrution.

• Data: A. A. A�older et. al. Phys. Rev. Lett. 84 (2000) 845.
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Results for hadronic collisionsTestbed: Drell�Yan pair prodution � LHC, ompared to SHERPA preditions
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• Pseudo-rapidity (left) and transverse-momentum (right) distribution of the �rst jet.

• The 1st emission in the dipole shower is ME orreted per onstrution.

Jan Winter LoopFestVII, May 16, 2008



Summary/Outlook

The LHC physis programme requires a detailed understanding of QCDNew major release Sherpa 1.1 out fully independent MC event generatorhopefully well prepared for the LHC hallenge

Improved desription of hard multijet on�gurations together with jet fragmentation !CKKW is implemented for SM proesses in Sherpa
⇒ tool for jet physisReal-emission MEs are provided by built-in tree-level ME generator AMEGIC.AMEGIC is ready for BSM as well.Many new ahievements for the simulation of soft physisAHADIC, HADRONS, PHOTONSFull simulation of hadron-level eventsMany interesting ongoing projets beyond what is implemented in Sherpa 1.1

Jan Winter LoopFestVII, May 16, 2008


	
	Physics at hadron colliders ...
	Monte Carlo event generator Sherpa
	AMEGIC
	ME+PS merging ... `a la CKKW
	CKKW -- key feature of Sherpa
	Comparison with DO  data: Z+jet production
	News on CKKW: heavy-quark production + decays
	News on CKKW: top pair production & decays
	News on CKKW: top pair production & decays
	Multiple interactions (Model for UE)
	AMISIC
	AHADIC: cluster-hadronization model for Sherpa
	First AHADIC results
	HADRONS: hadron decays for Sherpa
	HADRONS results: comparison with Tauola
	PHOTONS
	
	COMIX
	
	
	PS based on Catani--Seymour dipole factorization
	Drell--Yan production
	Inclusive jet production
	Colour dipole shower for hadronic collissions
	Results for hadronic collisions
	Results for hadronic collisions
	Summary/Outlook

