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Event Generator Physics

• Basic Principles
• Event Generation
• Parton Showers
• Hadronization
• Underlying Events
• Survey of EGs
• Matching
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Lecture 5: Matching
• Two rather different objectives:
• Matching parton showers to NLO matrix 

elements, without double counting
– MC@NLO

• Matching parton showers to LO n-jet matrix 
elements, minimizing jet resolution dependence
– CKKW
– Dipole
– MLM Matching
– Comparisons
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Recall simple one-dim. example from lecture 1:

x = gluon energy or two-parton invariant mass.
Divergences regularized by                  dimensions.

Cross section in d dimensions is:

Infrared safety:
KLN cancellation theorem:

MC@NLO
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Subtraction Method

Exact identity:

         
             Two separate finite integrals.

J
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Now add parton shower:
                result from showering after 0,1 emissions.
But shower adds                to 1 emission.  Must subtract
this, and add to 0 emission (so that                            fixed)

MC good for soft and/or collinear
         0 & 1 emission contributions separately finite now!
         (But some can be negative “counter-events”)

F J
0,1 ⇒

Modified Subtraction
σJ =

∫ 1

0

dx

x

(
M(x) F J

1 (x)− V F J
0

)
+O(1)V F J

0

σJ =
∫ 1

0

dx

x

(
{M(x)−MMC(x)} F J

1 (x)

− {V −MMC(x)} F J
0

)
+O(1)V F J

0

F tot
0,1 = 1 ⇒ σtot

MMC/x

⇒ MMC(0) =M(0)
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IPROC IV IL1 IL2 Spin Process

–1350–IL ! H1H2 → (Z/γ∗ →)lILl̄IL + X

–1360–IL ! H1H2 → (Z →)lILl̄IL + X

–1370–IL ! H1H2 → (γ∗ →)lILl̄IL + X

–1460–IL ! H1H2 → (W+ →)l+ILνIL + X

–1470–IL ! H1H2 → (W− →)l−ILν̄IL + X

–1396 × H1H2 → γ∗(→
∑

i fif̄i) + X

–1397 × H1H2 → Z0 + X

–1497 × H1H2 → W+ + X

–1498 × H1H2 → W− + X

–1600–ID H1H2 → H0 + X

–1705 H1H2 → bb̄ + X

–1706 × H1H2 → tt̄ + X

–2000–IC × H1H2 → t/t̄ + X

–2001–IC × H1H2 → t̄ + X

–2004–IC × H1H2 → t + X

–2600–ID 1 7 × H1H2 → H0W+ + X

–2600–ID 1 i ! H1H2 → H0(W+ →)l+i νi + X

–2600–ID -1 7 × H1H2 → H0W− + X

–2600–ID -1 i ! H1H2 → H0(W− →)l−i ν̄i + X

–2700–ID 0 7 × H1H2 → H0Z + X

–2700–ID 0 i ! H1H2 → H0(Z →)lil̄i + X

–2850 7 7 × H1H2 → W+W− + X

–2850 i j ! H1H2 → (W+ →)l+i νi(W− →)l−j ν̄j + X

–2860 7 7 × H1H2 → Z0Z0 + X

–2870 7 7 × H1H2 → W+Z0 + X

–2880 7 7 × H1H2 → W−Z0 + X

Table 1: Processes implemented in MC@NLO 3.2. H0 denotes the Standard Model Higgs

boson and the value of ID controls its decay, as described in the HERWIG manual and

below. The values of IV, IL, IL1, and IL2 control the identities of vector bosons and

leptons, as described below. In single-t production, the value of IC controls the production

processes, as described below. IPROC–10000 generates the same processes as IPROC, but

eliminates the underlying event. A void entry indicates that the corresponding variable

is unused. The ‘Spin’ column indicates whether spin correlations in vector boson or top

decays are included (!), neglected (×) or absent (void entry). Spin correlations in Higgs

decays are included by HERWIG (e.g. in H0 → W+W− → l+νl−ν̄).

Process codes IPROC=−1360−IL and −1370−IL do not have an analogue in

HERWIG; they are the same as −1350−IL, except for the fact that only a Z or a

3

MC@NLO Processes
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MC@NLO Results
• WW production at LHC

HERWIG

MC@NLO
NLO

Interpolates between MC & NLO in
Above both at

p(WW)
T

∆φ(WW) ! 0
S Frixione & BW, JHEP 06(2002)029
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Hadron-level Results on B production

! B → J/ψ results from Tevatron Run II ⇒ B hadrons (includes BR’s)

! No significant discrepancy!

21

S Frixione, P Nason & BW, JHEP 08(2003)007

MC@NLO: B Production at Tevatron

Good agreement (and MC efficiency)
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V Del Duca, S Frixione, C Oleari & BW, in prep.

Good agreement with state-of-the-art resummation

MC@NLO: Higgs Production at LHC
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CKKW Matching
• Use Matrix Elements down to scale Q1

• Use Parton Showers below Q1

• Correct ME by reweighting
• Correct PS by vetoing
• Ensure that Q1  cancels (to NLL)

S Catani, F Krauss, R Kuhn & BW, JHEP11 (2001) 063
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Example:  e+e     hadrons
• 2- & 3-jet rates at scale Q1:

-

Γq(Q, q) =
2CF

π

αS(q)
q

(
ln

Q

q
− 3

4

)
Q

Q1

q

R2(Q,Q1) = [∆q(Q,Q1)]
2 ,

R3(Q,Q1) = 2∆q(Q,Q1)
∫ Q

Q1

dq
∆q(Q,Q1)
∆q(q, Q1)

Γq(Q, q)

×∆q(q, Q1)∆g(q, Q1)

= 2 [∆q(Q,Q1)]
2
∫ Q

Q1

dq Γq(Q, q)∆g(q, Q1)
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CKKW reweighting
• Choose n according to                 (LO)

– use 
• Use exact LO ME to generate n partons
• Construct “equivalent shower history”

– preferably using kT-type algorithm
• Weight vertex at scale q by 
• Weight parton of type i from Qj to Qk by

Rn(Q,Q1)

∆i(Qj , Q1)/∆i(Qk, Q1)

[αS(Q1)]n

αS(q)/αS(Q1) < 1
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CKKW shower veto
• Shower n partons from “creation scales”

– includes coherent soft emission
• Veto emissions at scales above Q1

– cancels leading (LL&NLL) Q1 dependence

Q

q

Q1

shower from Q

shower from q

shower from Q, not q
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Comparisons with Tevatron data
Hard Interactions of Quarks and Gluons: a Primer for LHC Physics 73
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Figure 59. A comparison of the measured cross sections for W+ ≥ n jets in CDF
Run 2 to predictions from ALPGEN+PYTHIA. The experimental cross sections have
been corrected to the hadron level.

multiplicity distribution is shown again, this time compared as well to the NLO (LO)

prediction from MCFM for the 1, 2 (3) jet final states. The CKKW prescription agrees

well with the NLO calculation for the jet multiplicities where it is available and agrees

reasonably well with the Tevatron data for the range shown. Note that the production

of each additional jet in this inclusive distribution is suppressed by a factor of the order

of 0.2, or approximately αS.

A comparison of the measured cross sections for W+ ≥ n jets in CDF Run 2 as

a function of the jet transverse momentum, to predictions from ALPGEN+PYTHIA

is shown in Figure 59. The agreement is good. Note that this data is in a form (at

the hadron level, corrected for detector effects) that makes it convenient for comparison

to any hadron level Monte Carlo prediction †. Such a form should be the norm for

measurements at both the Tevatron and LHC.

Comparisons with the NLO predictions of MCFM will be available in the near

future. There is little change in normalization in going from LO to NLO predictions;

as we saw in Section 3, the K-factor for these processes is close to unity. The major

impact of the NLO corrections for the two highest pT jets is to soften the distributions.

The NLO calculation allows some of the momentum of the hard partons to be carried

off by gluon radiation. A similar effect also occurs with the CKKW calculation where

again there is the possibility for the parton momentum to be decreased by additional

branchings. This is an instance of where parton showering contains some of the physics

present in NLO calculations.

The transverse momentum distribution for the highest pT jet in W+ jets events

† As mentioned before, the corrections for underlying event and for fragmentation basically cancel
each other out for a cone of radius 0.4, so that the hadron level predictions are essentially parton level
predictions as well

Hard Interactions of Quarks and Gluons: a Primer for LHC Physics 75
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Figure 61. Predictions and a measurement from CDF Run 2 for the rate for the
production of a third jet in W+ ≥ 2 jet events, as a function of the rapidity separation
of the two lead jets.

in the central region between the two tagging jets should be suppressed with respect to

the QCD production of Z+ ≥ 2jets. The probability for an additional jet to be emitted

in QCD W + 2 jet events (rather than Z, in order to obtain a higher rate), plus the

ability of various theoretical predictions to describe this rate, is a measurement that can

be carried out at the Tevatron prior to the turn-on of the LHC. Such a measurement

is shown in Figure 61, where the rate for a 3rd jet to be emitted is shown versus the

rapidity separation of the two tagging jets. It is evident that (1) the rate for a 3rd jet

to be produced is large and (2) that the observed rate is in agreement with the CKKW

predictions, and is bracketed by the predictions of MCFM for two choices of scale. Since

the prediction is for W +3 jets, the MCFM calculation is at LO and retains a large scale

dependence. The W/Z +3 jets process is one to which a high priority has been given for

calculation to NLO, as will be discussed in Section 6.5. The rate for an additional jet

to be emitted is roughly independent of the rapidity separation of the two tagging jets.

The agreement of the data with the CKKW predictions is heartening for two reasons:

(1) it indicates that CKKW predictions will most likely provide accurate predictions

for similar topologies at the LHC and (2) the rate for additional jet production in

W/Z + 2 widely separated jet events is high, leading to an effective veto in VBF Higgs

boson searches at the LHC.

For many of the analyses at the Tevatron, it is useful to calculate the rate of

leading order parton shower Monte Carlo predictions. For example, the Method 2

technique [137] in CDF’s top analysis uses the calculated ratio of [Wbb+(n−2) jets]/[W+

n jets] (for n = 3, 4) and the measured rate for W +n jets to calculate the Wbb+(n−2)

from JM Campbell, JW Huston & WJ Stirling, Rept.Prog.Phys.70(2007)89

CKKW

M.E. + PYTHIA CKKW looks good
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Dipole Matching
• Implemented in ARIADNE dipole MC
• Dipole cascade replaces parton shower
• Construct equivalent dipole history {pTi}
• Rejection replaces Sudakov weights

– cascade from pTi, reject if pT > pTi+1

L Lönnblad, JHEP05(2002)046
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MLM Matching
• Use cone algorithm for jet definition:

• Generate n-parton configurations 
with                                  (no 
Sudakov weights)

• Generate showers (no vetos)
• Form jets using same jet definition
• Reject event if njets    npartons

ETi > ETmin, Rij > Rmin

R2
ij = (ηi − ηj)2 + (φi − φj)2

ETi > ETmin, Rij > Rmin

!=
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Comparisons

• ALPGEN: MLM matching
• ARIADNE: Dipole matching

– problems with                      not yet for LHC
• SHERPA: CKKW

S Höche el al., hep-ph/0602031

g → qq̄ ⇒



W + Multijets (Tevatron)



W + Multijets (Tevatron)



W + Multijets (LHC)



W + Multijets (LHC)
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Summary
• Matching Parton Showers to Matrix Elements comes in 

different forms:
– matching to NLO for better precision
– matching to LO for multijets

• MC@NLO is main scheme for NLO matching
– newer Nason method looks promising:

• Several options for LO multijets
– reasonably consistent
– spread indicates uncertainties (?)

• Field still very active
– NLO matching for jets, spin correlations,...
– building multijet matching into OO generators

P Nason & G Ridolfi, JHEP08(2006)077 + refs therein


