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‣ Underlying Event
‣ Double-Parton-Scattering: γ+3-Jet-Endzustände
‣ Photon-Nachweis mit dem CMS-Detektor



pp-Streuung: Underlying Event
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‣ Ereignisstruktur:

‣ Underlying-Event
• Def. (theor.): “Alle Bestandteile einer pp/pp̅-Streuung bis auf den harten Prozeß.” ↔ Def. (exp.)?
• Beschreibung: nicht-perturbative (Herwig Soft-UE) und perturbative Modelle (Pythia, Jimmy)

‣ Bsp.: Multiple parton-parton interactions in Pythia
• Störungsrechnung bis pT̂ → 0 (für weitere QCD 2 → 2 Prozesse) + Colour-Screening
• Pedestal-Effekt: kleiner Stoßparameter → höhere Wahrscheinlichkeit für MPI
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Double-Parton-Scattering (Def.)
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‣ Double-Parton-Scattering (DPS): 
• Zwei harte Wechselwirkungen in der gleichen 
Proton-Proton-Streuung

‣ Liefert Information über... 
• räumliche Verteilung von 
Partonen im Proton
• Parton-Parton-Korrelationen

‣ Irreduzibler Untergrund am LHC:
• Produktion von zwei b-Quark-Paaren
• Beitrag zur Produktion von zwei W-Bosonen 
gleicher Ladung (→ Bedeutung für SUSY-Searches)

‣ Experimenteller Nachweis in ...
1. (jj)+(jj) i.e. “Mini-Jets” (Akzeptanz des Jet-Triggers ausreichend?)
2. (jj)+(bb) (b-tagging genügend verstanden?)
3. (γj)+(jj) d.h. γ + 3 Jets

• größere Jet-Akzeptanz (vgl. 1. → Single-Photon-Trigger)
• Photon-Kinematik präzise messbar
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DPS = γj + jj
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S (GeV1/2)

(γ + Jet 1)(Jet 2 + Jet 3) 4.1

(γ + Jet 2)(Jet 1 + Jet 3) 10.8

(γ + Jet 3)(Jet 1 + Jet 2) 9.5

betrachte 
Kombinationen:

‣ Analyse auf Generator-Niveau
• Kombiniere γ (MC Truth) mit 3 Jets (Midpoint-Cone, R=0.7) wobei ΔRij > 0.8
• Wähle γj- und jj-Paar → Minimiere S:
• Beispiel:
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‣ Unterscheidung von DPS und Single-Parton-
Scattering (SPS):

• ΔS - Azimuth zwischen γj- und jj-Paar

‣ Double-Bremsstrahlung:

‣ Double-Parton-Scattering:

‣ Selektiere Ereignisse mit kleinem ΔS !

DPS ≠ γj + QCD-rad.
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Generatorstudien
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→ große Unterschiede Pythia ↔ Herwig in Trennvariable ΔS

‣ Pythia 6.413 p̂T > 20 GeV/c
• DWT (CMS Default)
• S0 (→ Colour reconnection)

‣ Pythia 8.1 p̂T > 20 GeV/c
• Default (Physik ~ Pythia 6.4 S0)
• Multiple-parton-interactions ausgeschaltet
• Generation von zwei harten Jets 

(zusätzlich zu γj)

‣ Herwig 6.510 p̂T > 20 GeV/c
• Soft underlying event
• Jimmy 4.2
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Fig. 54: a) the original colour topology in hadronic e+e− → WW events, and b) a reconnected version. Note that these are

not Feynman diagrams but rather spatial diagrams depicting the situation after the annihilation, with the production point at the

origin. Arrows pointing against the direction of motion signify antifermions.

only a few years distant, the solid understanding of QCD phenomena beyond leading-order perturbation

theory is becoming increasingly more important, with a large range of both experimental and theoretical

methods and tools being developed. The aim, to achieve theoretical and systematic uncertainties capable

of matching the expected statistical precision of the large data samples becoming available.

Apart from developments in flavour physics and lattice QCD, essentially all of these approaches

focus on the perturbative domain of QCD— in brief: including more legs/loops/logarithms in the calcu-

lations. The point we wish to stress here is that, even assuming these approaches to one day deliver pre-

dictions with negligible uncertainties associated with uncalculated perturbative orders, there still remains

the non-perturbative aspects, for which current understanding cannot be called primitive, but certainly

not crystal clear either.

Recently, the structure and physics of the underlying event has received some attention [177–180],

but again the main theoretical thrust, with few exceptions [181, 182], has taken place in the perturbative

modeling, in the form of more sophisticated models for multiple perturbative interactions [29, 34, 183].

While non-perturbative aspects certainly play a significant role, and enter into the descriptions in the

form of various phenomenological parameters, they generally suffer from being hard to quantify, hard to

calculate, and hard to test. In this study, we shall focus on precisely such a source of potential uncertainty:

colour reconnection effects in the final state, in particular in the context of measurements made at hadron

colliders.

In Section 9.2 we briefly discuss some previous cerebrations on colour reconnections, and in

Section 9.3 present our own toy model, for use in the present study. In Section 9.4 we give a few explicit

examples and show some results for t̄t events at the Tevatron. Section 9.5 contains a summary and
outlook.

9.2 Colour Reconnections

The subject of colour rearrangements was first studied by Gustafson, Pettersson, and Zerwas (GPZ)

[184], there in a mainly qualitative way, and in the context of rearrangements taking place already at the

perturbative level. They observed that, e.g. in hadronic WW → (q1q̄2)(q3q̄4) events at LEP, illustrated
in Fig. 54a with colour connections traced by dashed lines, interference effects and gluon exchanges

between the decay products could lead to a reconfiguration of the colour topology into the one depicted

in Fig. 54b. In the reconnected topology, both the perturbative QCD cascade and the subsequent hadro-

nisation phase would be substantially different, leading to very large effects.

Sjöstrand and Khoze (SK) [185,186] subsequently argued that such large effects were most likely

unrealistic. A reconnection already at the perturbative level requires at least two perturbative gluon

vertices, leading to an α2
s suppression. Moreover, the relevant reconnection diagram is colour suppressed

by 1/N2
c with respect to the leading (non-reconnected) O(α2

s) diagrams. Finally, for the decay products
of the two W bosons to radiate coherently, they must, in the language of wave mechanics, be in phase,

which only occurs for radiation at energies smaller than the W width. In other words, gluons with

56

a)q̄

q

q′

q̄′

b)q̄

q

q′

q̄′

Fig. 54: a) the original colour topology in hadronic e+e− → WW events, and b) a reconnected version. Note that these are

not Feynman diagrams but rather spatial diagrams depicting the situation after the annihilation, with the production point at the

origin. Arrows pointing against the direction of motion signify antifermions.

only a few years distant, the solid understanding of QCD phenomena beyond leading-order perturbation

theory is becoming increasingly more important, with a large range of both experimental and theoretical

methods and tools being developed. The aim, to achieve theoretical and systematic uncertainties capable

of matching the expected statistical precision of the large data samples becoming available.

Apart from developments in flavour physics and lattice QCD, essentially all of these approaches

focus on the perturbative domain of QCD— in brief: including more legs/loops/logarithms in the calcu-

lations. The point we wish to stress here is that, even assuming these approaches to one day deliver pre-

dictions with negligible uncertainties associated with uncalculated perturbative orders, there still remains

the non-perturbative aspects, for which current understanding cannot be called primitive, but certainly

not crystal clear either.

Recently, the structure and physics of the underlying event has received some attention [177–180],

but again the main theoretical thrust, with few exceptions [181, 182], has taken place in the perturbative

modeling, in the form of more sophisticated models for multiple perturbative interactions [29, 34, 183].

While non-perturbative aspects certainly play a significant role, and enter into the descriptions in the

form of various phenomenological parameters, they generally suffer from being hard to quantify, hard to

calculate, and hard to test. In this study, we shall focus on precisely such a source of potential uncertainty:

colour reconnection effects in the final state, in particular in the context of measurements made at hadron

colliders.

In Section 9.2 we briefly discuss some previous cerebrations on colour reconnections, and in

Section 9.3 present our own toy model, for use in the present study. In Section 9.4 we give a few explicit

examples and show some results for t̄t events at the Tevatron. Section 9.5 contains a summary and
outlook.

9.2 Colour Reconnections

The subject of colour rearrangements was first studied by Gustafson, Pettersson, and Zerwas (GPZ)

[184], there in a mainly qualitative way, and in the context of rearrangements taking place already at the

perturbative level. They observed that, e.g. in hadronic WW → (q1q̄2)(q3q̄4) events at LEP, illustrated
in Fig. 54a with colour connections traced by dashed lines, interference effects and gluon exchanges

between the decay products could lead to a reconfiguration of the colour topology into the one depicted

in Fig. 54b. In the reconnected topology, both the perturbative QCD cascade and the subsequent hadro-

nisation phase would be substantially different, leading to very large effects.
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ET (Photon und Jets) > 30 GeV/c
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CSA07 photonjets-Skim
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Trigger Prescale Level 1 Schwelle Rate

single relaxed γ / L1_SingleEG15 40 GeV 2.8 ± 0.2 Hz

single isolated γ
/ L1_SingleIsoEG12 30 GeV 8.4 ± 0.7 Hz

100 L1_SingleIsoEG10 12 GeV n/a

single jet

/ L1_SingleJet150 200 GeV 9.3 ± 0.1 Hz

10 L1_SingleJet100 150 GeV 3.5 ± 0.0 Hz

100 L1_SingleJet70 110 GeV 1.5 ± 0.0 Hz

104 L1_SingleJet30 60 GeV 0.8 ± 0.4 Hz

105 L1_SingleJet15 30 GeV n/a

‣ Computing Software Analysis (CSA) Challenge 2007:
• Alle MC-Samples aufgeteilt auf 6+1Primary Datasets (basierend auf HLT-Information):
→ Electrons, Muons, Jets/Missing ET, b-Jets, τ, γ, All Events

• Physics skimming zur weiteren Reduktion der Datenmengen, z.B. photonjets-Skim
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e/γ-Messung im CMS ECAL
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‣ CMS ECAL: Szintillator-Kristall-Kalorimeter
• 80000 Blei-Wolframat-Kristalle (PbWO4), Molière-Radius 22 mm 
• Kristallfläche: 22x22 mm2 (Barrel) ... 30x30 mm2 (Endkappen)
• Kristallänge ~ 26 X0 : 23 cm (Barrel) ... 22 cm (Endkappen)
• Preshower-Detektor (Endkappen, 1.65 < |η| < 2.6) → γ/π0-Separation
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Effizienzbestimmung
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‣ Bestimmung aus den Daten:
• Di-Elektron-Skim (zToEE)

‣ Clustering-Effizienz:
• Kombiniere Elektron (tag) und Spur (probe), so 
dass M(e, Spur) ~ MZ 
• → passender ECAL Super-Cluster zur Spur?

‣ Selektion:
• Elektron: ET > 15 GeV, isoliert gegen weitere 
Spuren, “golden” Elektron
• Spur: PT > 20 GeV/c, isoliert gegen weitere 
Spuren

‣ Matching:
• Suche Super-Cluster mit ET > 5 GeV und Δη
(Spur)<0.03, ΔR(Spur)<0.1
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Clustering-Effizienz
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‣ Zwischenergebnis → Untergrund noch zu subtrahieren!

‣ Wähle für weitere Studien Elektronen aus Jacobi-Kante:
• 35 GeV/c < PT < 50 GeV/c

‣ Effizienzbestimmung aus zToEE-Skim:
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e/γ-Identifikation
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‣ Identifikation mit Hilfe von Schauer-
Entwicklung

• Schauertiefe: E(had)/E(el.mag.)
• Schauerbreite: E(3x3 Kristalle)/E(5x5 Kristalle)
• Schauerfluktuation σ:

‣ Simulation eines el.-magnet. 
Schauer in PbWO4-Kristallen:

zToEE-Skim:
35<PT(Spur)<50 GeV/c

El.-mag. Schauer 
kurz, schmal, 
ohne Fluktuationen
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Zusammenfassung
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‣ Underlying-Event
• Alle Modelle: mehr als eine harte Wechselwirkung 
pro Proton-Proton-Streuung

‣ Double-Parton-Scattering ( = zwei harte 
Wechselwirkungen)

• Mess-Strategie im Endzustand γ+3 Jets vorgestellt
• Trennvariable ΔS (= Azimuth zwischen Paaren)
• Vergleich verschiedener Ereignisgeneratoren: 

- große Unterschiede zwischen Pythia und 
Herwig/Jimmy

‣ Photon-Nachweis mit dem CMS-
Detektor

• Effizienz: tag & probe
• Identifikation: Cluster-Shapes

‣ Erwarten starke Verbesserung von 
Underlying-Event-Modellen mit 2008/09-
Daten
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