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• The VINCIA code
– Matching with QCD Antennae
– Parton showers with error bars

• PYTHIA
– A pT-ordered parton shower
– The underlying event and color

• Color Annealing – a toy model of color reconnections

OverviewOverviewOverview
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X=Anything (e.g. ttbar)
PS=Parton Shower

[ + FEHiP: NNLO (no PS) for ppÆ hhÆγγ + jets ]

Matching Matching Matching ––– the state of the artthe state of the artthe state of the art

new: single top

See e.g. hep-ph/0507129
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•MC@NLO: 
•Used to think it was impossible! Giant 
step towards precision QCD ☺
•But complicated Æ tough to 
implement new processes /
•“Only” gets first jet right (rest is PS) /
•Hardwired to HERWIG /

•CKKW & MLM: 
•Best approach when multiple hard 
jets important.
•Relatively straightforward (but still 
very time-consuming)
•Retains LO normalization /
•Dependence on matching scale /

•“CKKW@NLO”: Nagy & Soper …
•MC with SCET: Bauer & Schwartz  …

•Not easy to control theoretical error on exponentiated
part (also goes for ARIADNE, HERWIG, PYTHIA, …) /

MC@NLO

MLM

CKKW

NewNewNew Approaches Approaches Approaches ––– Why Bother?Why Bother?Why Bother?
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• Perturbative expansion for some observable J, 
dσ = Σm=0dσm ; dσm= dΠm|M|2δ(J-J(k1,k2,…,km))

• Assume 

– We calculate some Matrix Elements dσ0 , dσ1 , … dσn (w or w/o loops)

– And we have some approximation dσn+1 ~ TnÆ n+1 dσn (~ parton shower)

• A ‘best guess’ cross section for J is then: 
dσ ∼ dσ0 + dσ1 + … + dσn (1 + TnÆ n+1 + TnÆ n+1Tn+1Æn+2 + … )

Î dσ ∼ dσ0 + dσ1 + … + dσn Sn ; Sn= 1 + TnÆ n+1 Sn+1

• The TnÆ n+1 have to at least contain the correct singularities (in order to
correctly sum up all logarithmically enhanced terms), but they are 
otherwise arbitrary.

• Now reorder this series in a useful way …

VINCIA VINCIA VINCIA ––– Basic SketchBasic SketchBasic Sketch
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• Assume we know HÆgg and HÆggg. Then reorder:

• dσ ~ dσgg + dσggg Sggg

= Sggdσgg + Sggg (dσggg – TggÆgggdσgg)
= Sggdσgg + Sggg dχggg (generalises to n gluons) 

• I.e shower off gg and subtracted ggg matrix element. 

• Double counting avoided since singularities (shower) 
subtracted in dχggg .

• The shower kernels, Tgg, are precisely the singular subtraction terms used in 
HO perturbative calculations. As a basis we use Gehrman-Glover antennae:

Use Use 1=S1=Snn--TTnnÆÆn+1n+1SSn+1n+1

Gehrmann-De Ridder, Gehrmann, Glover PLB612(2005)49

Reordering Example: Reordering Example: Reordering Example: “““HHH”””ÆÆÆ gluonsgluonsgluons
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• Today, basically 2 (dual) approaches:
– Parton Showers (1Æ2, e.g. HERWIG, PYTHIA)
– and Dipole Showers (2Æ3, e.g. ARIADNE, VINCIA)

q ! qg
or
¹q ! ¹qg

parton shower:

dipole shower:
q¹q ! qg¹q• Basic Formalism: Sudakov Exponentiation:

– “Evolution” in X = measure of hardness (p2, pT
2, … )

• z: energy-sharing
• n partonsÆ n+1. Cut off at some low scale Î natural match to hadronisation models

Sudakov Form Factor = ‘no-
branching’ probability

–Formally correct in collinear limit pT(i) << pT(i-1), but approximate for 
hard emissions Æ need matching.

Parton Showers: the basicsParton Showers: the basicsParton Showers: the basics
Essentially: a simple approximation Essentially: a simple approximation Essentially: a simple approximation ÆÆÆ infinite infinite infinite perturbativeperturbativeperturbative ordersordersorders
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RIII(m12,m23) = 27 s12s23s31/s2

~ p2
T;PYTHIA

• C++ code running: gluon cascade
• Dipole shower with 4 different ordering variables:

RI(m12,m23) = 4 s12s23/s
= p2

T;ARIADNE

RII(m12,m23) = 2 min(s12,s23) 
~ m2

PYTHIA

The VINCIA code
VIrtual Numerical Collider with Interfering Antennae

m23

m12

PS

Illustration 
with quarks, 
sorry

1

3

2

RIV(m12,m23) = 2 min(s12,min(s23,s31))
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• For each evolution variable:

•an infinite family of antenna  functions, all with 
correct collinear and soft behaviour:

•Using rescaled invariants:

•Our antenna function (a.k.a. radiation function, 
a.k.a. subtraction function) is:

The VINCIA code Illustration 
with quarks, 
sorry

1

3

2

VIrtual Numerical Collider with Interfering Antennae

• Changes to Gehrman-Glover:
– Æ ordinary DGLAP limit 

– Æ First parton shower with systematic possibility for variation 
(+ note: variation absorbed by matching!)

yi j = si j =s

a(y12; y23) = (1 ¡ y12 ¡ y23)
µ

1
y12y23

+
y12

2y23
+

y23

2y12
+ 1

¶
+

X

m ;n = 0
Cm n yn

12ym
23
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• Sudakov Factor contains integral over PS:

The VINCIA code
VIrtual Numerical Collider with Interfering Antennae

•Types III and IV solved numerically (+ num. options for I and II as well) 
ÆSplines, so only need to evaluate once Æ fast.
•Successive branchings found with Metropolis algorithm according to 
2D ordered branching probability: P(y12,y23) = a(y12,y23) Δ(yR(y12,y23);1)

•Compact analytical solutions for types I and II (here without Cmn pieces)

; w = 1
2 R

; w§ = 1
2

¡
1 §

p
1 ¡ R

¢
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VINCIA – First Branching
• Starting scale Q = 20 GeV
• Stopping scale Qhad = 1 GeV
• ~ 1st order expansion in perturbation theory 
• Axes: yab = m2

ab / m2
dipole

Type I ~ pT
2 

More collinear
Type II ~ m2

More soft
Type I ~ pT

2 

C00 = 1



12

• Type I Sudakov (~ pT evolution) with C00 = -1,0,1

VINCIA – Matching – kT jet rates

Matched: 2-jet + 3-jet ME + PS
~ matched Parton Shower

2-jet only – no matching
~ standard Parton Shower

a(y12; y23) = (1 ¡ y12 ¡ y23)
µ

1
y12y23

+
y12

2y23
+

y23

2y12
+ 1

¶
+

X

m ;n = 0
Cm n yn

12ym
23
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• Construction of VINCIA shower MC
– gluon shower MC 

• based on LO done!

• based on NLO ‘trivial’ so far Æ total width meaningful. Remains to 
demonstrate technique for σ

• Can vary both Sudakov ordering and radiation function Æ systematic 
exploration of uncertainty

• Can do matching to improve uncertainty (no δsep dependence)

• Number of hard legs can be as many as you can calculate

• Computations so far uncomplicated 

– Hadron collider shower MC
• Including initial-state radiation …

• Including quarks …

– Higher orders: NNLO, NLL ?

Outlook Outlook –– VINCIAVINCIA

Giele, Kosower, PS ; writeup in progress…
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• The VINCIA code
– Matching with QCD Antennae
– Parton showers with error bars

• PYTHIA
– A pT-ordered parton shower
– The underlying event and color

• Color Annealing – a toy model of color reconnections

OverviewOverviewOverview
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New Parton Shower New Parton Shower –– Why Bother?Why Bother?

• Pros and cons of existing showers, e.g.:
– In PYTHIA, ME merging is easy, and emissions are ordered in some 

measure of (Lorentz invariant) hardness, but angular ordering has to be 
imposed by hand, and kinematics are somewhat messy. Matching not
straightforward.

– HERWIG has inherent angular ordering, but also has the ‘dead zone’
problem, is not Lorentz invariant and has somewhat messy kinematics. 
Matching not straightforward.

– ARIADNE has inherent angular ordering, simple kinematics, and is 
ordered in a (Lorentz Invariant) measure of hardness, matching is 
straightfroward, but is primarily a tool for e+e-, and gÆqq is 'artificial' in 
dipole formalism.

• These all describe LEP data well, but none are perfect 
(ARIADNE probably slightly the better)

Î Try combining the virtues of each of these while avoiding the vices?
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ppTT--ordered showersordered showers

Sjöstrand & PS : Eur.Phys.J.C39(2005)129; Plehn, Rainwater & PS: hep-ph/0510144 & hep-ph/0511306
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‘‘Interleaved evolutionInterleaved evolution’’ with with 
Multiple Parton InteractionsMultiple Parton Interactions

Æ Underlying Event
(note: interactions correllated in colour: 

hadronization not independent)

Sjöstrand & PS : Eur.Phys.J.C39(2005)129 + JHEP03(2004)053

Pythia 6.3
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• Min-bias 
collisions at the 
Tevatron

– Well described by 
Rick Field’s “Tune A”
of PYTHIA

– Theoretical 
framework is from 
1987. I made some 
improvements.

– Wanted to use “Tune 
A” as initial reference 
target

– But it kept on being 
different …

MotivationMotivationMotivation

hp?
i (N ch

)

Multiplicity distribution OK (plus a lot of other things), but <pT>(Nch) never 
came out right Î something must be wrong or missing?
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Underlying Event and ColorUnderlying Event and ColorUnderlying Event and Color

• Multiplicity in string fragmentation ~ log(mstring)
– More strings Æ more hadrons, but average pT stays same
– Flat <pT>(Nch) spectrum ~ ‘uncorrellated’ underlying event

• But if MPI interactions correlated in colour
–
– each scattering does not produce an independent string, 
– average pT Æ not flat

• Central point: multiplicity vs pT correllation probes color 
correllations! 

• What’s so special about Tune A?
– It and all other realistic ‘tunes’ made turn out to have to go to the 

very most extreme end of the parameter range, with 100% color 
correllation in final state. 

Sjöstrand & v Zijl : Phys.Rev.D36:2019,1987 Æ “Old” Pythia model
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Color ReconnectionsColor ReconnectionsColor Reconnections
• Searched for at LEP 

– Major source of W mass uncertainty
– Most aggressive scenarios excluded
– But effect still largely uncertain ~ 10%

• Prompted by CDF data and Rick Field’s ‘Tune A’ to 
reconsider. What do we know?
– More prominent in hadron-hadron collisions? 
– What is <pT>(Nch) telling us?
– Top mass? 
– Implications for LHC?

• Problem: existing models only for e+e- ÆWW

Normal

W W

Reconnected

W W

OPAL, Phys.Lett.B453(1999)153 & OPAL, hep-ex0508062

Sjöstrand, Khoze, Phys.Rev.Lett.72(1994)28 & Z. Phys.C62(1994)281 + more …

Color 
Reconnection

(example)

Soft Vacuum Fields?
String interactions?

Size of effect < 1 GeV?
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Color AnnealingColor AnnealingColor Annealing
• Toy model of (non-perturbative) color 

reconnections, applicable to any final state
– At hadronisation time, each string piece has a 

probability to interact with the vacuum / other strings:

– String formation for interacting string pieces 
determined by annealing-like minimization of  
‘Lambda measure’ (~string length~log(m)~N)

• Æ good enough for order-of-magnitude

Sandhoff + PS, in Les Houches ’05 SMH Proceedings, hep-ph/0604120 

Preconnect = 1 - (1-³ )n i n t ³ : St rength parameter
nint : Number of parton-parton interact ions

Color 
Reconnection

(example)

Soft Vacuum Fields?
String interactions?

Size of effect < 1 GeV?
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First ResultsFirst ResultsFirst Results

• Improved 
Description of 
Min-Bias

• Effect Still largely 
uncertain

• Worthwhile to 
look at top etc

• Investigating effect on DØ top mass with D. Wicke (U. Wuppertal)
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Conclusions Conclusions –– Underlying EventUnderlying Event
– Ever-present yet poorly understood part of QCD. How ‘good’ are 

current physical models/parametrizations? 
– What’s the relation between min-bias and underlying events? Are there 

color reconnections? Are they more prolific in hadron collisions? Are there other 
collective phenomena? Does this influence top mass etc?

– Physics Impact 
• Calibration (e.g. 3.6M min-bias events Æ 1% calibration of CMS ECAL)
• Lepton isolation, photon isolation 
• Jet energy scale
• Tails Æ Fakes! (Enormous rate) x (small probability) = still large
• Min-bias Æ underlying event

– New generation of models address more detailed questions: 
correllations, baryon flow, … more? 

– Energy Extrapolation largest uncertainty for LHC!
• RHIC pp collisions vital? Î energy scaling
• Can be measured in situ, but more interesting to predict than postdict
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Non-Perturbative
hadronisation, colour reconnections, beam remnants, 
non-perturbative fragmentation functions, 
pion/proton, kaon/pion, ...

Soft Jets + Jet Structure
Multiple collinear/soft emissions (initial and final state brems
radiation), Underlying Event (multiple perturbative 2Æ2 interactions 
+ … ?), semi-hard separate brems jets

Resonance Masses …
Hard Jet Tail

High-pT wide-angle jets

& W
idt

hs

+ + ““UNPHYSICALUNPHYSICAL”” SCALES:SCALES:
• QF , QR : Factorisation & Renormalisation

s

This has an S matrix 
expressible as a series in gi, 
ln(Q1/Q2), ln(x), m-1, fπ-1 , …

To do precision physics: 

Need to compute and/or control 
all large terms

Î EVENT GENERATORS

Inclusive

Exclusive

Hadron Decays

ColliderColliderCollider Energy ScalesEnergy ScalesEnergy Scales
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from T. Sjöstrand
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1 fb

1 pb

HighHighHigh---pppTTT phenomenologyphenomenologyphenomenology
• The signal

– Large cross sections for coloured
BSM resonances

– E.g. monojet signature for ED 
relies on hard QCD radiation

– Cascade decays Æ Many-body
final states

• Backgrounds
– Also large cross sections for top, 

nZ/W, other resonances (?), …
– With jets

• Theory:
– Fixed-order perturbation theory
– Asymptotic freedom Æ improved 

convergence at high pT
– Phase space increases

Resonances & Hard Jets:

SM and BSM Resonance Production, 
Hard Jet Tail (esp. ISR), Successive 

(cascade) resonance decays

e.g. talk by
Lillie

Problem 1: Many legs is hard Î E.g. successive factorization of res. decays
Problem 2: Many loops is hard Î Get a personal physician for Frank
Problem 3: Only good for inclusive observables ÎMatch to resummation
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Problem 1: Need to get both soft and hard emissions “right”ÎME/PS Matching
Problem 2: Underlying Event not well understood Î what does it look like at LHC?

MediumMediumMedium---pppTTT phenomenologyphenomenologyphenomenology
• Extra Jets

– In signal
• = extra noise / confusion
• Combinatorics, vetos

– In backgrounds
• Irreducible backgrounds
• Some fraction Æ fakes!

• Heavy flavour

• Jet energy scale
– Jet broadening
– Underlying activity

• Theory
– Fixed Order with explicit jets
– Parton Showers / Resummation
– Models of Underlying Event

Minijets & Jet Structure:

Semi-hard separate brems jets (esp. ISR), 
jet broadening (FSR), gÆcc/bb, multiple 

perturbative 2Æ2 interactions      
(underlying event), … ? 

e.g. talk 
by Gupta

e.g. talk by
Sullivan

e.g. talk by
Lecomte

FIXED ORDER pQCD

inclusive X + 1 “jet”
inclusive X + 2 “jets”

LHC - sps1a - m~600 GeV Plehn, Rainwater, PS (2005)
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LowLowLow---pppTTT phenomenologyphenomenologyphenomenology
• Measurements at LEP Î

– Fragmentation models (HERWIG, 
PYTHIA) “tuned”

– Strangeness and baryon 
production rates well measured

– Colour reconnections ruled out in 
WW (to ~ 10%) 

• Measurements at hadron colliders
– Different vacuum, colour in initial 

state Æ “colour promiscuity”?
– Underlying Event and Beam 

Remnants
– Intrinsic kT
– Lots of min-bias. Fragmentation 

tails Æ fakes!

Non-Perturbative:

hadronisation, beam remnants, 
fragmentation functions, intrinsic kT, 
colour reconnections, pion/proton 

ratios, kaon/pion ratios, Bose-Einstein,   
diffraction, elastic, …

Example Problem: 
What is the non-perturbative
uncertainty on the top mass?  

“normal”
ttbar

Color 
Reconnection

(example)

Soft Vacuum Fields?
String interactions?

Size of effect < 1 GeV?
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CKKW (& friends) in a nutshell:
1. Generate a n-jet Final State from n-jet (singular) ME
2. Construct a “fake” PS history
3. Apply Sudakov weights on each “line” in history Æ from inclusive

n-jet ME to exclusive n-jet (i.e. probability that n-jet remains n-jet 
above cutoff) Î gets rid of double counting when mixed with 
other ME’s.

4. Apply PS with no emissions above cutoff

VINCIA in a nutshell:
1. Subtract PS singularities from n-jet ME (antenna subtraction)
2. Generate a n-jet Final State from the subtracted (finite) ME.
3. Apply PS with same antenna function Æ Leading Logs resummed
+ full NLO: divergent part already there Æ just include extra finite 

contribution in dσ = dσ0
(0) + dσ1

(0) + sing[dσ0
(1)] + F(1) + …

+ NNLO/NLL possible?
+ Easy to vary shower assumption
Æ first parton shower with ‘error band’! (novelty in itself)

What is the Difference?What is the Difference?

Gehrmann-De Ridder, Gehrmann, Glover JHEP09(2005)056
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