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Outline

This talk does not contain much about photons ...

Stefan Höche, γγ Workshop CERN, 24.4.2008

So what is it about ?
Matrix element (ME) generators
Shower (PS) generators
Merging of ME & PS (CKKW)

2

Cluster fragmentation
Hadron decays
Multiple parton interactions

Sherpa itself is the framework 
that combines all the above
How do photons fit in ?

Sherpa provides γ beamspectrum (p   pγ by T. Pierzchala) & PDF
all the rest is “standard”, so let’s talk about the rest first ...



What is CKKW and why ?

Exact to fixed order

Combine both approaches: CKKW

Matrix Elements

Include all interferences

Calculable only for low 
FS multiplicity (n≤6-8)

Resum all (next-to) leading
logarithms to all orders 

Interference effects only 
through angular ordering

Good description of hard radiation (ME)
Correct intrajet evolution (PS)

Parton Showers
Advantage

Drawback

Advantage

Drawback

Free parameter: Separation cut Q          (K  -type jet measure)

Strategy: Separate phase space Jet production region      ME
Intrajet evolution region      PS

cut T
Stefan Höche, γγ Workshop CERN, 24.4.2008
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Jet multiplicity
The D0 collaboration, D0 note 5066-CONF/ /

CKKW: Z+Jets @ Tevatron

Pythia 6.2
normalized to data

Sherpa 1.0
normalized to data

Stefan Höche, γγ Workshop CERN, 24.4.2008
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CKKW Extensions

Narrow width approximation       full ME factorises
into production and decay parts

CKKW ME-PS merging is applied separately 
and independent within production and each decay

Schematically: A(n)
= A

(nprod)
prod ⊗

∏

i∈decays
A

(ni)
dec,i

ME generator AMEGIC++ provides decay 
chains (projection onto relevant diagrams)
PS generator APACIC++ provides production & 
decay shower off heavy partons (+ standard showering)

How is it simulated in Sherpa ?

1

Consider heavy flavour production

Stefan Höche, γγ Workshop CERN, 24.4.2008

Method is fully general and applicable e.g. in SUSY production



CKKW: Enhancement
due to simulation of
hard extra jets by ME

Q      - variation in production

CKKW: Top pairs @ LHC

Sanity check of the procedure

cut       of      pairtt̄p⊥

Why it is necessary ...

pure parton shower:
‘soft’ p   distributionT

only little deviation
due to cut variation

two different  
Q       valuescut

Stefan Höche, γγ Workshop CERN, 24.4.2008



Expandability: FeynRules reader, dynamic add-on model libs

Comparison of arbitrary 2   2 MSSM
processes  vs. WHIZARD/O’Mega &
SMadGraph Phys. Rev. D73(2006) 055005

R. Kuhn, F. Krauss, G. Soff JHEP 0202:044, 2002

Flexibility
Fully automated calculation of (polarized) cross sections
in the SM, MSSM and ADD model

Performance well comparable to that of dedicated codes
Reliability

e e     6f comparison vs. HELAC/PHEGAS
EPJ C34 (2004) 173 

+ -

ME’s in Sherpa: AMEGIC++

Stefan Höche, γγ Workshop CERN, 24.4.2008

T. Gleisberg et al.: Cross sections for multi-particle final states at a linear collider 7

Triple Higgs coupling

Final state QCD AMEGIC++ [fb] HELAC [fb]

µ−µ+bb̄bb̄ yes 2.560(26)e-02 2.583(26)e-02
yes 3.096(60)e-02 3.019(43)e-02
no 1.711(55)e-02 1.666(28)e-02
no 2.34(12)e-02 2.36(10)e-02

Table 6. Cross sections for the process e+ e− → µ−µ+bb̄bb̄.
All results in fb for

√
s = 360 GeV (first row) and

√
s = 500

GeV (second row).

Backgrounds to triple Higgs coupling

Final state QCD AMEGIC++ [fb] HELAC [fb]

µ−µ+bb̄bb̄ yes 7.002(32)e-03 7.044(22)e-03
yes 6.308(24)e-03 6.364(21)e-03
no 2.955(11)e-03 2.972(12)e-03
no 3.704(15)e-03 3.695(13)e-03

Table 7. Cross sections for e+ e− → µ−µ+bb̄bb̄ with all contri-
butions due to intermediate Higgs bosons left out. All results
in fb taken for

√
s = 360 GeV (first row) and

√
s = 500 GeV

(second row).

are given in Tables 6 and 7, respectively. From the results
displayed one can read off that the inclusion of intermedi-
ate Higgs bosons enhances the cross sections by a factor
of three to four. Again, also the effect of QCD has been
checked. For the process involving the intermediate Higgs
bosons, QCD leads to total cross sections that are larger
by roughly 30%-40%, without the Higgs bosons, QCD con-
tributes on the level of factors of two to three.

5 Summary of results

In the framework of this comparison, total cross sections
for 86 different processes involving six-particle final states
have been obtained by the two multi-purpose matrix el-
ement generator packages HELAC/PHEGAS and AMEGIC++.
The integration over the multidimensional phase space
of the final states has been performed with Monte Carlo
methods, and in all cases one million MC points have been
used. For nearly all cross sections the resulting statistical
error was significantly smaller than one per cent, roughly
five per mille. There have been no significant differences
between the two codes. To compare the results, for each
process i the deviation s(i) of the two resulting cross sec-

tions σ(i)
H and σ(i)

A has been calculated through

s(i) =
σ(i)

A − σ(i)
H

√

(

∆σ(i)
A

)2
+

(

∆σ(i)
H

)2
. (15)

The distribution of the individual differences is depicted in
Fig. 3. The average deviation is s̄ = −0.065, the variance
in their distribution is σs ≈ 1. The maximal difference
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differences in results 

Fig. 3. The distribution of deviations s(i), given by Eq.15, for
the eighty-six total cross sections i presented in this paper. The
average value is s̄ = −0.065, their variance is σs ≈ 1 .

between two cross sections is smaller than three standard
deviations, s(max.) ≈ 2.6. The distribution of differences
follows roughly a Gaussian distribution.

To summarize: Both packages, HELAC/PHEGAS as well
as AMEGIC++, lead, with quite different methods, to con-
sistent results for total cross sections for a large number
of different processes with six particles in the final state.
This provides an independent check of the precision level
of the two codes, which can be considered as successfully
tested.

Acknowledgment: The authors thank the Center for High Per-
formance Computing Dresden (ZHR) for providing their re-
sources and BMBF for financial support. The work of FK was
supported by the EC 5th Framework Programme under con-
tract number HPMF-CT-2002-01663. CGP also acknowledges
support from the EC project ”Multi-particle Processes and
Higher Order Corrections”, HPMF-CT-2002-01622. SS wants
to thank GSI Darmstadt for financial support.

MC4LHC ME generator comparison
http://mlm.home.cern.ch/mlm/mcwshop03/mcwshop.html

What does AMEGIC++ provide ?



New twistor-inspired techniques (CSW 
vertex rules) help speeding up calculation 
of pure QCD ME’s for higher multiplicites
Advantage: Up to                 only up to 3
MHV-amplitudes must be sewed together

Process Time [s] for 105 points Time [s] for 105 points Conventional /
Conventional CSW rules CSW-rules

2g → 4g 1977 19 104.1
2g → 5g n/a 429 n/a
2q → 4g 124 14 8.9
2q → 5g 43636 290 148.4
2q → 2q’+2g 8 6 1.33
2q → 2q’+3g 810 74 10.8
2q → 2q+2g 24 10 2.4
2q → 2q+3g 3923 118 33
2j → 4j 4082 202 20.2
2j → 5j n/a 12103 n/a

Table 3: Efficiency of the MHV technique with respect to the standard helicity formalism, shown
for pure QCD processes.

2. The flatly distributed random numbers are refined to a non-flat distribution specifically adapted
to the selected channel using VEGAS.

3. To determine the weight for each channel, the final momenta have to be mapped back to the
random numbers that would have generated them in order to determine the weight factor given
by the corresponding VEGAS map.

4. The result is fed to VEGAS map of the selected channel. After a suitable number of points
have been collected the VEGAS adaptation procedure is applied.

All HAAG channels of a given type can be obtained from each other by a permutation of the final
state momentum. Assuming a symmetry in the matrix element and in the cuts, the optimized
VEGAS grid can be expected to become identical (assumed the random numbers are also permuted
the right way). Thus one can achieve a much faster adaptation if all channels of a type use the same
grid.

5 Results

In Tab. 3 we list the computation times for some QCD processes available in the new implementation
of the CSW vertex rules compared to the standard helicity formalism conventionally employed in
AMEGIC++ []. In column three we display the ratio between the evaluation times. As can be
expected from the number of contributing Feynman diagrams, the CSW technique is most effective
in the case of pure gluonic processes.

Stefan: these numbers are irrelevant. we should quote the pure me evaluation times here. if we do
this we get an extra enhancement w.r.t. standard amegic. also we treat ps-sampling as an extra
point, so we should separate the two issues. we should re-generate the numbers anyway, since they
have funny accuracies ...

General setup: LHC

pT > 20 GeV, Rij > 1; cteq6l; QCD − scale = ŝ (20)

Table 4, Table 5.
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accessible
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based on hep-th/0403047

Stefan Höche, γγ Workshop CERN, 24.4.2008

CSW recursion in AMEGIC++

Significant 
speedup



Revisited “old-fashioned” Berends-Giele recursion
New ME generator COMIX

Fully general implementation of SM interactions

pp     W/Z+N jets where so far N up to 6 (all partons !)
pp     
          where so far {N,M} up to {2,1}
pp     N gluons where N up to 12 (QCD benchmark)

Key point: Vertex decomposition of all four-particle vertices
( Growth in computational complexity for CDBG
   determined solely by number of external legs at vertices )
The ME is ticked off, but how about the phasespace ?

Recursive method analogous to ME calculation (see backup)

N jets + t
[

W+b + M jets
]

t̄
[

W−b̄ + M jets
]

Very High-Multi ME’s: COMIX

pp     N jets where N up to 8 (all partons !)

JHEP 08(2006)062

What you could do, for example:

Stefan Höche, γγ Workshop CERN, 24.4.2008

T. Gleisberg, SH: in preparation



Process Time [ ms / pt ]
sum sample Ratio Gain

gg → 2g 0.073 0.025 2.9 2.1
gg → 3g 0.339 0.060 5.7 3.5
gg → 4g 1.67 0.149 11 4.5
gg → 5g 8.98 0.427 21 5.3
gg → 6g 49.6 1.39 36 6.6
gg → 7g 298 4.32 69 7.1
gg → 8g 1990 13.6 146 6.9
gg → 9g 13100 43.7 300 6.7
gg → 10g 96000 138 695 5.9

Tab. 1 Computation time for multi-gluon scattering matrix elements sampled over colour con-
figurations. Displayed times are averages for a single evaluation of the colour-dressed BG
recursion relation, when summing and sampling over helicity configurations, respectively.
Additionally in the last column, labeled ‘Gain’ we give the inverse ratio of evaluation
times multiplied by the naive ratio 2n − 2(n + 1), where n is the number of external
gluons. Numbers were generated on a 2.80 GHz PentiumR© 4 CPU.

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)

Tab. 2 Cross sections for multi-gluon scattering at the center of mass energy
√

s, using the
phase space cuts specified in Eq. (53), compared to literature results. In parentheses the
statistical error is stated in units of the last digit of the cross section.

gg → ng Cross section [pb]

n 7 8 9 10
Comix 2703(14) 407.0(36) 66.5(13) 15.2(26)

Tab. 3 Multi-gluon cross sections at the LHC with
√

d ≥ 20 GeV and d defined as in Ref. [40],
except that ∆R2

ij → cosh ∆ηij − cos ∆φij . In parentheses the statistical error is stated
in units of the last digit of the cross section.
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COMIX: Performance

Performance in QCD benchmarks

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

Pre
lim
ina
ry

Stefan Höche, γγ Workshop CERN, 24.4.2008

σ [µb] Number of jets

jets 2 3 4 5 6 7 8
Comix 331.2(4) 22.78(6) 4.95(3) 1.234(4) 0.355(2) 0.099(4) 0.047(1)
ALPGEN 331.7(3) 22.49(7) 4.81(1) 1.176(9) 0.330(1)
AMEGIC++ 331.0(4) 22.78(6) 4.95(2)

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)

σ [pb] Number of jets

tt̄ + QCD jets 0 1 2 3 4 5 6
Comix 755.0(8) 749(1) 523(1) 311.7(8) 171.5(6) 90.6(5) 50(1)
ALPGEN 755.4(8) 748(2) 518(2) 310.9(8) 170.9(5) 87.6(3) 45.1(8)
AMEGIC++ 754.4(3) 747(1) 520(1)

Tab. 5 Cross sections for pure QCD processes in the MC4LHC comparison [41] setup.

σ [pb] Number of jets

e+νe + QCD jets 0 1 2 3 4 5 6
Comix 5437(5) 1280(2) 467(1) 184.7(8) 78.1(4) 36.8(2) 18.1(5)
ALPGEN 5423(9) 1291(13) 465(2) 182.8(8) 75.7(8) 32.5(2) 13.9(2)
AMEGIC++ 5432(5) 1279(2) 466(2) 185.2(5) 77.3(4)

σ [pb] Number of jets

e−ν̄e + QCD jets 0 1 2 3 4 5 6
Comix 3902(4) 1014(2) 360(1) 137.8(5) 55.7(3) 23.4(1) 11.0(4)
ALPGEN 3904(6) 1013(2) 364(2) 136(1) 53.6(6) 21.6(2) 8.7(1)
AMEGIC++ 3903(4) 1012(2) 363(1) 137.6(3) 54.8(6)

σ [pb] Number of jets

e−e+ + QCD jets 0 1 2 3 4 5 6
Comix 723.8(8) 188.4(4) 69.7(2) 27.20(7) 11.37(4) 5.10(2) 2.45(5)
ALPGEN 723.4(9) 188.3(3) 69.9(3) 27.2(1) 10.95(5) 4.6(1) 1.85(1)
AMEGIC++ 723.0(8) 188.2(3) 69.6(2) 27.21(6) 11.1(1)

σ [pb] Number of jets

νeν̄e + QCD jets 0 1 2 3 4 5 6
Comix 3271(3) 717.4(8) 266.9(8) 106.0(3) 45.3(2) 21.2(1) 9.9(2)
ALPGEN 3271(1) 717.4(5) 267.4(4) 105.4(2) 43.7(2) 18.68(8) 7.88(5)
AMEGIC++ 3270(1) 717.3(7) 266.3(6) 105.4(3) 44.3(5)

σ [pb] Number of jets

γγ + QCD jets 0 1 2 3 4 5 6
Comix 45.62(5) 25.27(6) 18.81(7) 9.81(3) 4.72(3) 2.41(2) 1.48(7)
AMEGIC++ 45.66(3) 25.41(6) 18.81(7) 9.82(3)

Tab. 6 Cross sections for QCD associated processes in the MC4LHC comparison [41] setup.
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“Real life” example: b-pair + jets
comparison with other ME generators

World
record ! 

T. Gleisberg, SH: in preparation



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 ≤ ml̄l ≤ 116GeV

T

Also new: HAAG-based QCD
integrator for colour sampling
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Fig. 4 Overall integration performance for multi-gluon scattering. Upper panels display the Monte Carlo
estimate of the cross section with the corresponding 1σ statistical error band as a function of the
total integration time. Lower panels show the relative statistical error. HAAG denotes the phase
space integrator described in section C, applied on colour- and helicity-summed ME, generated
using the CSW recursion. CSI denotes the integrator discussed in section 4.3.1, applied on colour-
sampled and helicity-summed ME’s, generated using the CDBG recursion. Results for RAMBO
were generated using colour- and helicity-sampled ME’s form the CDBG recursion. Calculations

have been performed on a 2.66 GHz Xeon
TM

CPU
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CSI

CSI - Colour Sampling Integrator

Stefan Höche, γγ Workshop CERN, 24.4.2008

HAAG

T. Gleisberg, SH: in preparation



Splitting of parton     into partons i and j, spectator k

e.g. final-final splitting:

yij,k =
pipj

pipk + pjpk + pipj

zi =
pipk

pipk + pjpk

〈Vqi,gj,k〉 (z̃i, yij, k) =

CF

(

2

1 − z̃i + z̃iyij,k

− (1 + z̃i)

)

General framework for QCD NLO calculations
ĩj

CS-subtraction based Shower

Catani-Seymour subtraction terms

Advantages over Parton Shower
Full phasespace coverage
Good approximation of ME
Better analytic control

Implementation into Sherpa
for the general case, i.e. final-final
initial-final and initial-initial dipoles

JHEP03(2008)038

Stefan Höche, γγ Workshop CERN, 24.4.2008



CS-subtraction based Shower

pp    jets 
Phys. Rev. Lett. 94 (2005) 221801

JHEP03(2008)038

Stefan Höche, γγ Workshop CERN, 24.4.2008
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Figure 21: The pseudo-rapidity distribution of the third-hardest jet (left panel) and the distri-
bution of the angle α (right panel) in inclusive QCD three-jet production in comparison with
CDF data taking during Tevatron Run I. Experimental errors are statistical only. Histograms
are normalised to one.

showing that the impact of the finite detector resolution is much smaller than the size of the
physical effects. The generic features of the two observables presented here are not dependent
on detector effects, and they are well described by the new shower formulation.

The conclusion of this is that the proposed parton shower algorithm with its notion of
emitter–spectator dipoles associated with the color flow of the event and using transverse mo-
menta as evolution variable accounts for soft colour coherence and yields a very satisfying
description, both on the qualitative and the quantitative level. It can be anticipated that such
non-trivial quantum phenomena are of large importance at the LHC, since the phase space for
jet production is much larger and hard jets are produced copiously. For a solid description of
QCD therefore the systematic and correct inclusion of these effects is paramount.

6 Conclusions and outlook

In this publication a parton shower model based on Catani-Seymour dipole subtraction kernels
has been presented, which was proposed for the first time in [1,2]. In the present implementa-
tion, the original proposal is extended to cover also initial-state splittings, finite parton masses,
and QCD radiation off SUSY particles.

Choices concerning the evolution parameter of the parton shower and the various scales
entering running coupling constants, PDFs, etc. have been detailed, fixing the full algorithm.
The kinematics of massive splittings has been presented in some detail, and the corresponding
massless limits have been discussed. By direct comparison with some benchmark processes,
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Figure 20: Azimuthal decorrelation in dijet events measured by DØ at Tevatron Run II [116].

different ranges of the leading-jet transverse momentum and are then multiplied with different
constant prefactors in order to display them in one plot. In all cases, the second-leading jet
was required to have a transverse momentum pT > 40 GeV and both jets are constrained to
the central-rapidity region, |yj| < 0.5. The data are overlayed with the respective predictions
of the Catani-Seymour dipole shower approach. The simulation agrees very well with the data
over the whole interval of ∆φdijet spanned by the experimental measurements. This is a very
satisfying result as it proves that the proposed shower formulation not only correctly accounts
for phase space regions related to soft and collinear radiation but also yields qualitatively and
quantitatively correct estimates for rather hard emissions as well. Furthermore, since this ob-
servable is quite sensitive to model-intrinsic scale choices such as the shower start scale and
scales entering the running coupling constant and parton density functions, this agreement
proves that the defaults have been chosen correctly.

The last item to be discussed are observables in QCD jet production at hadron colliders
that are known to be sensitive to the correct treatment of QCD soft colour coherence in the
parton shower simulation. Colour-coherence effects have been widely studied for e+e− collisions,
for an early review see e.g. [117]. They manifest themselves in the fact that soft emissions
are forbidden outside a certain angular cone around the emitting particle’s direction, known
as angular ordering [46,50]. To account for this in shower Monte Carlos the phase space for
allowed emissions has to be properly constrained. Within the HERWIG Monte Carlo for instance
this is realised by evolving the shower in terms of cone-opening angles. While the situation
for pure final-state showers is quite clear, in hadronic collisions the situation is slightly more
complicated due to the presence of more colour flows, among them those that connect initial-
and final-state partons. As colour-coherence here already influences the first emission from the
initial- and final-state partons QCD three-jet events are the best place to look for the pattern
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Figure 16: Colour-coherence tests in inclusive three-jet production at Tevatron Run I
energies according to a CDF study presented in [97]: (left panel) pseudo-rapidity distribution
of the third jet and (right panel) the angle α (defined in the text). Experimental errors are
statistical only and the histograms are normalized to their respective binwidth. For the
latter three observables, dipole-shower (shower-level) predictions under full (blue solid lines)
and restricted (black dashed lines) emission phase space are shown in comparison with the
(detector-level) data of the CDF measurement [97].

• Jets are defined through a cone algorithm, using R = 0.7,

• the two leading jets are constrained to |η1,2| < 0.7,

• they have to be oriented back-to-back within 20 degrees, i.e. |φ1 − φ2| > 2.79,

• jet ET thresholds have to be respected for the first jet and all next-to-first jets of 110 GeV
and 10 GeV, respectively, and,

• for the α angle only, a cut on ∆R23 =
√

(η2 − η3)2 + (φ2 − φ3)2 has to be imposed, namely
1.1 < ∆R23 < π.

• The angle α is defined through

tan α =
sign(η2)(η3 − η2)

|φ3 − φ2|
. (139)

In fig. 16 the comparison between detector-level data and dipole-shower predictions obtained at
the shower level is shown for the η3 and angle α distributions. As pointed out in [97], these two
observables receive small detector corrections only, which is not the case for the ∆R23 separation
of the second and third hardest jet in (η,φ) space. The latter is known to be strongly affected
by detector effects, therefore, not considered here. 20 If colour-coherence effects are modelled
correctly, η3 should arise broader and feature a significant dip for central values. The α spectrum

20For the same reason, in the study of [36] ∆R23 has not been taken into account either.
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Figure 8: Boson transverse-momentum distribution in e+e− + X as predicted by the
dipole shower for two different choices concerning the initializing scale. The Monte Carlo
calculations are compared with CDF data [86] taken during Run I at the Fermilab Tevatron.
The right panel depicts the very soft region of the distribution only.

modelling and tuning, the good behaviour of the dipole shower in describing soft emissions can
be seen as a consequence of exponentiating the eikonal rather than the collinear limit of QCD
radiation. The predictions for hard emissions agree somewhat worse with the data. The last
two bins of the 1−thrust distribution are overestimated signalling a slight excess of spherical
events, whereas thrust minor is underestimated for high values.
Taken together, the agreement with data is satisfactory. This allows to conclude that the final-
state piece of the dipole shower sufficiently is under good control.

8.2 Inclusive production of Drell–Yan lepton pairs at hadron colliders

In the scope of hadronic collisions, the processes pp(pp̄) → Z0/γ∗ → e+e− constitute the simplest
and cleanest testbed for the further validation of the dipole shower as they form the initial–initial
dipole counterpart of the qq̄ timelike evolution.

Tevatron Run I predictions

The transverse-momentum distribution of the lepton pair is heavily influenced by additional
QCD radiation arising in both soft and hard phase-space domains. Owing to its clear signal,
this spectrum has been measured with high precision by the Tevatron experiments. It is shown in
fig. 8 for lepton-pair invariant masses in the range 66 GeV < Mee < 116 GeV. Two hadron-level
predictions produced by the dipole shower are confronted with data from a CDF measurement
at

√
S = 1.8 TeV [86] and normalized to the experimental inclusive cross section. They differ in

their choice of the initializing scale, using, first, p⊥,ini = (1+
√

2)Mee and, second, p⊥,ini = p⊥,max

(cf. eqs. (74) and (82)). In the latter case the shower evolves totally unconstrained, exploiting
the fact that the first emission is corrected for the true matrix element by construction and may
hence appear at a scale exceeding M2

ee. This in turn sets the highest scale for all consecutive

First emission by construction ME-corrected

Dipole Shower for hadron collisions

Stefan Höche, γγ Workshop CERN, 24.4.2008

arXiv: 0712.3913 [hep-ph]
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Towards a new MPI model

Stefan Höche, DIS, London 8.4.2008
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Energy extrapolation depends on tuning parameter

Definiton of hard cross section through BFKL kernel convoluted
with DUPDF’s       can be extended into diffractive region

T

We try to solve part of this by ...

σ =
π2

2S

∑

a(1)

∫

dy1

∫

dk2
1⊥

∫

dφ1

∫

dyn

× f (1)(x(1), z(1), k2
1⊥

, k̄
(1)2
2⊥

) f (2)(x(2), z(2), k2
n⊥

, k̄
(2)2
n−1⊥

)
1

2ξ(1) 2ξ(2) 2S

1

∆a1(y1, y2)

×

[

n
∏

i=2

∫

dφi

2π

∫

dyi

∫

dk2
i⊥

k2
i⊥

αs(k2
i⊥

)

π

∑

ai

Cai−1ai
(qi−1, ki) ∆ai

(yi, yi−1)

]

Markovian algorithm to generate splittings 
from                      in the spirit of a parton shower
     number of emissions determined on the flight

∆ai
(yi,yi−1)

arXiv: 0705.4577 [hep-ph]



Towards a new MPI model

parton level
SHERPA

parton level
SHERPA

parton level
SHERPA

BFKL
D0 Data

)>!
"-#

<c
os

(
0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Theory/Data-1Theory/Data-1Theory/Data-1Theory/Data-1Theory/Data-1

-0.05
0

0.05

$"
0 1 2 3 4 5

Azimuthal decorrelation 
of widely separated jets
PRL77(1996)595

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

2-jet

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

3-jet

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

4-jet

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

, D = 0.7T K

)6 |<0.1 (x10jet |y

)3 |<0.7 (x10jet 0.1<|y

|<1.1jet 0.7<|y

)-3 |<1.6 (x10jet 1.1<|y

)-6 |<2.1 (x10jet 1.6<|y
parton level

SHERPA

BFKL sum
CDF Data

 n
b/

G
eV

 
 

je
t

dy
je

t  
 / 

dk
!d

-1410

-1210

-1010

-810

-610

-410

-210

1

210

410

610

810

 GeV  jet
 k

210 310

Jet - p   spectra PRD75(2007)092006T

Stefan Höche, γγ Workshop CERN, 24.4.2008

arXiv: 0705.4577 [hep-ph]



!
!

!
"

#

$
$

"
!

!

#

!

!
!

!
"

#

$
$

"
!

!

#

! 1

N2

C

f
!f

!

f

C

X

Y

!

"
C

Y

f

X
"

!

f
!f

!

f

C

X

Y

!

"
C

Y

f

X
"

!

1

N2

C

Sherpas cluster fragementation model:
Eur. Phys. J. C36 (2004) 381

Colour ordered partons transformed into primary clusters
according to combination of

kinematical weight

Wij, kl =
t0

t0 + 4(wij + wkl)2

colour weight

Clusters decayed according to overlap between 
cluster mass and hadron mass spectrum

cluster mass in hadron regime      transition to hadron
else      2-body decay
C   HH, C    CH or C    CC
combined weight applied again1

1with t  replaced by Q   (hadronic scale)0 0 Stefan Höche, γγ Workshop CERN, 24.4.2008

Cluster Fragmentation



Results for e+e− →H
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Cluster Fragmentation

Results for e+e− →H
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Features of Sherpas hadron decay package
Full flexibility, all information is read from parameter files
( branching ratios, decay channels, form factors, integrators )
Extremely easy to extend with specific decay modes / models
( feel free to add your favourite decay ... )

Extensively tested in τ- and hadron decays

Spin correlation algorithm with full spin information
from AMEGIC++ matrix element

Hadron decays

Stefan Höche, γγ Workshop CERN, 24.4.2008

B-mixing implemented in full generality
First fully functional release with version 1.1
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Many models: e.g.
                                 τ → ντ π

−

π
−

π
+

Hadron Decays: Results

Stefan Höche, γγ Workshop CERN, 24.4.2008

5.3 Spin Correlations 67

Figure 5.14: Energy distribution of the outgoing π− in the rest frame of the W−-boson. The
black line corresponds to a simulation with PYTHIA [5] and TAUOLA [6] published in Ref. [46].

The τ polarisation is then Pτ = −1 [46] so that the distribution slope is maximally negative
and touches zero at z = 1. The respective distribution is shown in Fig. 5.14.

Spin correlations: e.g.
                    ,       W

−

→ τ
−

ν̄τ → ντπν̄τZ → W
+
W

−

PYTHIA+TAUOLA: hep-ph/0101311
F. Siegert, F. Krauss: in preparation



B-mixing: e.g.
Decay rate asymmetry 
in                          events
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Hadron Decays: Results
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Photon interactions

Now that we know the rest ...
Sherpa provides LASER back-
scattering beam spectrum acc. 
to Acta Phys. Polon. B34 (2003) 2741

Stefan Höche, γγ Workshop CERN, 24.4.2008

Beam spectrum
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3.2.1. Overall performance

First, inclusive observables are considered. This is usually done using event-shape

variables, such as thrust, sphericity, oblateness etc., or by looking into the correlations

of hadronic matter—jets—deposed in the detector, such as relative angles of jets. In

Fig. 6 oblateness and 1-thrust are depicted. The results of our new generator SHERPA [1]
are confronted with the results of the well-known PYTHIA Monte Carlo [14] and with
experimental data obtained by ALEPH [15]. Both predictions agree well with the data.

Moreover, using DELPHI data [16], Fig. 7 shows the comparison for two more exclusive

observables, the α34 and the Bengtsson–Zerwas relative angle in four-jet events. There, the

impact of our new approach for merging matrix elements and parton showers proves its

Beam spectrum for p    pγ
acc. to Phys. Lett. C15 (1975) 181
implemented by T. Pierzchala
ported into v1.1 during this WS

γγ → µ̃
+
µ̃
−cross section in  

Prog. Part. Nucl. Phys. 53 (2004) 329



Summary and outlook

Sherpa is much more than what I talked about ...

Sherpas and collaborators currently also work on:
Preparing the two new showers for ME-Shower merging
      systematics studies with different shower prescriptions
BSM beyond the MSSM:
Little Higgs, MWTC      J. Ferland (ATLAS, Montreal), ...
Interfaces to Athena      J. Ferland (ATLAS, Montreal)
and CMS software      M. Merschmeyer (CMS, Aachen)
and LHCb software      SH, F. Siegert, J. Stieglitz (Durham/Dortmund)
Grid support: At the IPPP, we run Sherpa on the Grid !
Multithreading: Speed up your computation with more CPU’s !

Latest release: Version 1.1.0
available on Genser and HepForge

Stefan Höche, γγ Workshop CERN, 24.4.2008



Updates on Sherpa can be found on

WWW.sherpa-mc.de

info@sherpa-mc.de

E-mail us at
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This yields the correct jet observables !

CKKW in a nutshell

Define jet resolution parameter Q       (Q-jet measure)
      divide phase space into regions of
      jet production (ME) and jet evolution (PS)

Generic example: 2-jet rate in ee    qq

cut

Select final state multiplicity and kinematics
according to σ  ‘above’ Q cut
K   -cluster backwards (construct PS-tree) 
and identify core process
Reweight ME to obtain exclusive samples at Q
Start the parton shower at the hard scale
Veto all PS emissions harder than Q

cut

cut

4

JHEP 0111 (2001) 063
JHEP 0208 (2002) 015

Stefan Höche, γγ Workshop CERN, 24.4.2008
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PS in Sherpa: APACIC++

a

t

b

cz

c

b

CF
1 + z2

1 − z
CF

1 + (1 − z)2

z

TR

(
z2 + (1 − z)2) 2CA

(1 − z + z2)2

z(1 − z)

1

R. Kuhn, F. Krauss, G. Ivanyi, G. Soff CPC 134 (2001) 223
F. Krauss, A. Schälicke, G. Soff, hep-ph/0503087

Basic features of APACIC++ :

Virtuality ordered parton cascade,
colour coherence imposed 
by angular veto
Final & initial state showering in
e e  & hadron collisions  
( no DIS-like situations )

+ -

Algorithm similar to virtuality 
ordered PYTHIA parton shower
Extensively tested, e.g. vs. LEP data
(hadronisation: PYTHIA)
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Virtuality ordered PS       evolution variable    changes to              t − m
2

a

APACIC++: Heavy Quark Production

Splitting functions             become 
those for massive quarks
Nucl. Phys. B627(2002)189
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In quasi-collinear limit (b    heavy quark) ME factorises 
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Cross-check: 2- and 3-jet fraction
in                   ,  PS vs. ME, weighted 
with NLL Sudakov form factors
Phys. Lett. B576(2003)135

e
+
e
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→ tt̄

Pab(z)

Stefan Höche, γγ Workshop CERN, 24.4.2008
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Fig. 2 Basic decay vertices for phase space generation. Grey blobs correspond to eventually off mass-shell particles.

Dark blobs denote known momenta, light blobs unknown momenta. Arrows indicate the momentum flow.
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(40)

In this context we define the one- and no-particle phase space

dΦi = 1 ,

dΦ∅ = 0 .
(41)

The function α corresponds to a vertex-specific weight which may be adapted to optimise the integration
procedure, see Ref. [10]. The second sums run over all possible S- and T -type vertices which have a corre-
spondence in the matrix element. The full differential phase space element is given by

dΦn (a, b; 1, . . . , n) = dΦT (a) . (42)

Note that Eqs. (39) and (40) in the form stated above are not suited to generate the sequence of final state
momenta. To do so one rather has to employ the following algorithm, which corresponds to a reversion of
the recursion and respects the weight factors α introduced above.

• From the set of possible vertices connecting currents in the matrix element, choose a sequence con-
necting all external particles in the following way:

1. Start with the set of indices π = {a, b, 1, . . . , n − 1}, corresponding to the unique external current
of index n.

2. From the set of possible phase space vertices connecting to π select one according to an on-
the-flight constructed multi-channel employing the weights α.4 If π is a single index, stop the
recursion.

3. According to the selected vertex, split π into the subsets π1 and π2. Repeat step 2 for these
subsets.

• Fore each vertex, make use of the fact that π = π to adjust the indices in an appropriate way for
momentum generation. That is if any π contains b and other indices, replace π by π.

• Order T̄ -type vertices ascending and S̄-type vertices descending in the number of external indices
connected to initial states.

4 Note that in this context α-weights have to be normalised to unity on-the-flight.
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COMIX: Phasespace Recursion

State-of-the art approach for general phasespace generation:
Factorise PS using 

“Propagators“

dΦn (a,b;1, . . . ,n) = dΦm (a,b;1, . . . ,m, π̄) dsπ dΦn−m (π;m + 1, . . . ,n)

Decay “vertices”

Nucl. Phys. B9 (1969) 568

Arrows       Momentum flow

Pπ =

{

1 if π or π external

dsπ else

Remaining basic building blocks of the phasespace:

S
π,π\ρ

π =
λ(sπ, sρ, sπ\ρ)

8 sπ

d cos θρ dφρ

T
π,αbπ

α
=

λ(sαb, sπ, s
αbπ

)

8 sαb

d cos θπ dφπ

Stefan Höche, γγ Workshop CERN, 24.4.2008
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COMIX: Phasespace Recursion

Basic idea: Take above recursion literally and “turn it around”
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α

ρ π \ ρ

π

Ŝ ρ,π\ρ
π

Fig. 1 Basic decay vertices for weight calculation. Dark blobs denote potentially nontrivial known weights, light

blobs weights to be determined. Arrows indicate the weight flow.

where π = {a, b, 1, . . . , m} indicates a newly introduced timelike intermediate momentum and π̄ = {a, b, 1, . . . , n}\
π. Equation (36) allows to decompose the complete phase space into building blocks corresponding to t- and
s-channel decay and s-channel production processes. We will refer to them as phase space vertices, while
the integral introduced in Eq. (36) will be called a phase space propagator. In the algorithm presented here,
only timelike propagators are employed.

The three vertex types for weight calculation and phase space generation are depicted in Figs. 1 and 2,
respectively. The s-channel production vertex S αβ

α,β has no degrees of freedom and represents overall four
momentum conservation. Thus the basic building blocks of the phase space integration are summarised as
follows

Pπ =

{

1 if π external or π = {a, b}
dsπ else

,

S αβ
α,β = (2π)4 δ(4) (pα + pβ − pαβ) ,

S ρ,π\ρ
π =

λ
(

sπ, sρ, sπ\ρ

)

(2π)6 8 sπ

d cos θρ dφρ ,

T π,αbπ
α =

λ
(

sαb, sπ, s αbπ

)

(2π)6 8sαb

d cos θπ dφπ

(37)

Here we have introduced the triangular function

λ (sa, sb, sc) =
√

(sa − sb − sc)
2 − 4sbsc (38)

Greek indices always denote a subset of all possible indices. Note that even since α might correspond to an
off-shell internal particle, b always indicates a fixed external incoming particle. This is essential in all further
considerations and allows reusing weight factors in the Monte Carlo integration, just as currents are reused

in the matrix element computation. The functions corresponding to S ρ,π\ρ
π and T π,αbπ

α are in fact identical,
since they represent a solid angle integration. In practice however we choose different samplings according
to Ref. [12]. Recursive relations for phase space integration in terms of the above quantities can then be
defined as
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the integral introduced in Eq. (36) will be called a phase space propagator. In the algorithm presented here,
only timelike propagators are employed.

The three vertex types for weight calculation and phase space generation are depicted in Figs. 1 and 2,
respectively. The s-channel production vertex S αβ

α,β has no degrees of freedom and represents overall four
momentum conservation. Thus the basic building blocks of the phase space integration are summarised as
follows

Pπ =

{

1 if π external or π = {a, b}
dsπ else

,

S αβ
α,β = (2π)4 δ(4) (pα + pβ − pαβ) ,

S ρ,π\ρ
π =

λ
(

sπ, sρ, sπ\ρ

)

(2π)6 8 sπ

d cos θρ dφρ ,

T π,αbπ
α =

λ
(

sαb, sπ, s αbπ

)

(2π)6 8sαb

d cos θπ dφπ

(37)

Here we have introduced the triangular function

λ (sa, sb, sc) =
√

(sa − sb − sc)
2 − 4sbsc (38)

Greek indices always denote a subset of all possible indices. Note that even since α might correspond to an
off-shell internal particle, b always indicates a fixed external incoming particle. This is essential in all further
considerations and allows reusing weight factors in the Monte Carlo integration, just as currents are reused

in the matrix element computation. The functions corresponding to S ρ,π\ρ
π and T π,αbπ

α are in fact identical,
since they represent a solid angle integration. In practice however we choose different samplings according
to Ref. [12]. Recursive relations for phase space integration in terms of the above quantities can then be
defined as

dΦS (π) = Pπ





∑

(π1,π2)∈OP(π)

∑

S∈S(π;π1,π2)

α (Sπ1,π2
π )





−1

×





∑

(π1,π2)∈OP(π)

∑

S∈S(π;π1,π2)

α (Sπ1,π2
π ) Sπ1,π2

π dΦS (π1) dΦS (π2)



 ,

(39)

7

S-channel phasespace (schematically)

T-channel phasespace (schematically)

Arrows       Weight flow !
“b” is fixed      Every PS-weight is unique !

Weights for adaptive 
multichanneling

dΦS (π) =
[

∑

α
(

Sρ,π\ρ
π

) ]−1

×
[

∑

α
(

Sρ,π\ρ
π

)

Sρ,π\ρ
π Pρ dΦS (ρ) Pπ\ρ dΦS (π \ ρ)

]

Factorial growth of PS-channels tamed

Stefan Höche, γγ Workshop CERN, 24.4.2008
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