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Accuracy of parton showers - Example: Jets at LHC

[Prestel,SH] arXiv:1506.05057
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How can we make parton showers more precise?

I Formulate parton-shower algorithm at NLO [Nagy,Soper] arXiv:1705.08093

Naturally, NLO DGLAP evolution must be part of the full solution

I NLO DGLAP splitting kernels known since long
[Curci,Furmanski,Petronzio] NPB175(1980)27, PLB97(1980)437

[Floratos,Kounnas,Lacaze] NPB192(1981)417

I So far not implemented in parton showers because
I Kernels are scheme dependent (easy)
I Overlap with soft-gluon resummation (hard)

I Focus on purely collinear corrections (↔ B2) for a start
I Redefine time-like Sudakovs to recover NLO DGLAP evolution

[Jadach,Skrzypek] hep-ph/0312355

I Negative NLO corrections require weighted veto algorithm
[Schumann,Siegert,SH] arXiv:0912.3501, [Lönnblad] arXiv:1211.7204

I Flavor changing splitting functions require 2→ 4 transitions
[Prestel,SH] arXiv:1705.00742

I Flavor-changing case is simplest but requires all the technology
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Parton-shower interpretation of the DGLAP equations

I DGLAP equation for fragmentation functions

dxDa(x, t)

d ln t
=
∑
b=q,g

∫ 1

0
dτ

∫ 1

0
dz

αs

2π

[
zPab(z)

]
+
τDb(τ, t) δ(x− τz)

I Define plus prescription
[
zPab(z)

]
+

= lim
ε→0

zPab(z, ε)

Pab(z, ε) =Pab(z) Θ(1− z − ε)− δab
∑

c∈{q,g}

Θ(z − 1 + ε)

ε

∫ 1−ε

0
dζ ζ Pac(ζ)

I Rewrite for finite ε

d lnDa(x, t)

d ln t
=−

∑
c=q,g

1−ε∫
0

dζ ζ
αs

2π
Pac(ζ) +

∑
b=q,g

1−ε∫
x

dz

z

αs

2π
Pab(z)

Db(x/z, t)

Da(x, t)

I First term is derivative of Sudakov factor

∆a(t0, t) = exp

{
−
∫ t

t0

dt̄

t̄

∑
c=q,g

∫ 1−ε

0
dζ ζ

αs

2π
Pac(ζ)

}
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Parton-shower interpretation of the DGLAP equations

I Use generating function Da(x, t, µ2) = Da(x, t)∆a(t, µ2) to write

d lnDa(x, t, µ2)

d ln t
=
∑
b=q,g

∫ 1−ε

x

dz

z

αs

2π
Pab(z)

Db(x/z, t)

Da(x, t)
.

I A similar probability density is used to generate initial-state emissions
But final-state showers are typically unconstrained (hadrons not identified)
In this case the probability density is modified to

d

d ln t
ln

(
Da(x, t, µ2)

Da(x, t)

)
=
∑
b=q,g

∫ 1−ε

0
dz z

αs

2π
Pab(z) .

I Net result: Unitarity implies that forward-branching Sudakovs
must include a ‘symmetry factor’ z [Jadach,Skrzypek] hep-ph/0312355

I Convenient interpretation as “tagging” of evolving parton

I Equivalent to standard technique at LO due to symmetry of Pab(z)
More care is needed at NLO [Prestel,SH] arXiv:1705.00742
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2 → 4 kinematics mapping, massless FF case

I Define evolution & splitting variables

t =
4 pjpai paipk

q2
, za =

2 papk

q2

sai = 2 papi , xa =
papk

paipk

I First branching (ãı, k̃)→ (ai, j, k)
constructed with m2

ai → sai, using
[Catani,Dittmaier,Seymour,Trocsanyi] hep-ph/0201036

[Prestel,SH] arXiv:1506.05057

y =
t xa/za

q2 − sai
, z̃ =

za/xa

1− y
q2

q2 − sai
.

I Second step now a decay (ai, k)→ (a, i, k)
can use CDST algorithm with

y′ =

[
1 +

za

xa

q2

sai

]−1

, z̃′ = xa

pa

pi

pj

pk

q

paij

↓

pa

pi

pj

pk

q

paij

pai
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2 → 4 phase space, massless FF case

I Phase space factorization derived similar to [Dittmaier] hep-ph/9904440

→ s-channel factorization over paij , subsequently over pai∫
dΦ(pa, pi, pj , pk| q) =

∫
dsaij

2π

∫
dΦ(paij , pk| q)

∫
dΦ(pa, pi, pj | paij)

=

∫
dΦ(p̃aij , p̃k| q)

∫ [
dΦ(pa, pi, pj | p̃aij , p̃k)

]
I Nearly reduces to iterated 2→ 3 phase space∫ [

dΦ(pa, pi, pj | p̃aij , p̃k)
]

=

1

4(2π)3

∫
dt

t

∫
dza

∫
dφj︸ ︷︷ ︸

emission of j

1

4(2π)3

∫
dsai

∫
dxa

xa

∫
dφi︸ ︷︷ ︸

emission of i

2 paipj

I Fully massive case worked out for all dipoles [Prestel,SH] arXiv:1705.00742
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Collinear factorization and resummation

I Combination with massless matrix element in collinear limit leads to∫
dΦ(pa, pi, pj , pk| q) |Mn+2(a, i, j, k| q)|2

=

∫
dt

t

∫
dza

∫
dsai

∫
dxa

xa

∫
dφi

2π

2paipj

saij

×
(αs

2π

)2 P(aij)a(pa, pi, pj)

saij

∫
dΦ(p̃aij , p̃k| q) |Mn(ãı, k̃| q)|2

I Write as differential branching probability

d ln ∆1→3
(aij)a

d ln t
=

∫
dza

zazi

1− za

∫
dsai

∫
dxa

xa

∫
dφi

2π

(αs
2π

)2 P(aij)a(pa, pi, pj)

s2aij/ 2 paipj

I LO PS accounts for iterated collinear limit, hence we must subtract

d ln ∆
(1→2)2

(aij)a

d ln t
=

∫
dza

zazi

1− za

∫
dsai

sai

∫
dξ

ξ

(αs
2π

)2 ∑(ai) P
(0)
(aij)(ai)

(ξ)P
(0)
(ai)a

(za/ξ)

saij/ 2 paipj
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Collinear factorization and resummation

I Simplest possible configuration q → q′ [Catani,Grazzini] hep-ph/9908523

Pqq′ =
1

2
CFTR

saij

sai

[
−

t2ai,j

saisaij
+

4 zj + (za − zi)2

za + zi
+ (1− 2ε)

(
za + zi −

sai

saij

)]
where (za + zi) tai,j = 2(zasij − zisaj) + (za − zi)sai

I Apparent collinear singularity in sai that cancels
upon azimuthal averaging against iterated LO splitting

I But integrand locally divergent → Not amenable to MC simulation
I Solved by subtraction of spin-correlated LO splitting functions

[Somogyi,Trocsanyi,del Duca] hep-ph/0502226

Pµνqg =CF

[
−2

z

1− z
kµT k

ν
T

k2T
+

1− z
2

(
−gµν +

pµnν + pνnµ

np

)]

Pµνgq =TR

[
−gµν + 4 z(1− z)

kµT k
ν
T

k2T

]
I Leads to additional subtraction term

∆Pqq′ = CFTR
4zazizj

(1− zj)3
(
1− 2 cos2 φ

)
, cosφ =

saisjk + saksij − sajsik√
4 saisak sijsjk
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Collinear factorization and resummation

I Reference for q → q′ upon integration over sai, xa, φj given by NLO kernel

Pqq′ (z) = CFTR

[
(1 + z) ln2 z −

(
8

3
z2 + 9z + 5

)
ln z +

56

9
z2 + 4z − 8−

20

9z

]
I So far we only have

Pqq′ (z) = −CFTR
[

5(1− z) + 2(1 + z) ln z
]

I Remainder scheme-dependent, must be computed in D dimensions
I Key is to realize that we just set up a local, modified subtraction method

Pqq′(z) =
(
I +

1

ε
P − I

)
qq′

(z) +

∫
dΦ+1(R− S)qq′(z,Φ+1)

where

Iqq′ (z) =

∫
dΦ+1Sqq′ (z,Φ+1) , Pqq′ (z) =

∫
z

dx

x
P

(0)
qg (x)P

(0)
gq (z/x)

Iqq′ (z) = 2

∫
z

dx

x
CF

(
1 + (1− x)2

x
ln(x(1− x)) + x

)
Pgq(z/x)
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Collinear factorization and resummation

I Analytical computation of I not needed, as I + P/ε finite

I Simulate as endpoint, starting from O(ε) coefficient of integrand
I Generate point in triple collinear phase space,

but retroactively project onto sai = 0
I Guarantees phase-space coverage

identical to fully differential simulation

I Kernel for endpoint contribution defined by ∆Iqq′ = Ĩqq′ − Ĩqq′ , where

Ĩqq′ = CFTR

[
1 + z2j

1− zj
+

(
1−

2 zazi

(za + zi)2

)(
1− zj +

1 + z2j

1− zj

)(
ln(zazizj)− 1

)]

Ĩqq′ = 2CF

[
1 + z2j

1− zj
ln((za + zi) zj) + (1− zj)

]
P

(0)
gq

( za

za + zi

)
.

I Cross-checked method analytically using phase space from
[Gehrmann,Gehrmann-DeRidder,Heinrich] hep-ph/0311276 (timelike)
[Ellis,Vogelsang] hep-ph/9602356 (spacelike)
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Numerical implementation in Dire

Basic layout of Dire [Prestel,SH] arXiv:1506.05057

I Dipole-like parton shower, kernels as close as possible to DGLAP

I Partial fraction soft eikonal à la Catani-Seymour, evolve in dipole-kT
I Two independent implementations (Pythia & Sherpa)

I Cross-validation at particle level

New developments

I MC counterterms implemented in Amegic & Comix [SH]

I MC@NLO matching & NLO subtraction in Sherpa [SH]

I UNLOPS / MEPS@NLO merging in Pythia / Sherpa [Prestel,SH]

I Flavor-changing triple collinear splitting functions [Prestel,SH] arXiv:1507.00742

I NLO DGLAP kernels & 3-loop cusp [Krauss,Prestel,SH] arXiv:1507.00982
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Validation
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Impact on leading-order PS prediction
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I Impact of multiple 1→ 3 emissions
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Soft-gluon radiation at LO

I Soft eikonal partial fractioned to account for coherence effects
(3-parton correlations) [Catani,Seymour] hep-ph/9605323

pipk

(pipj)(pjpk)
→

1

pipj

pipk

(pi + pk)pj
+

1

pkpj

pipk

(pi + pk)pj

+

k j i k j i k j i

I “Spectator”-dependent kernels, singular in soft-collinear region only
→ Soft enhanced term of splitting functions replaced as

2Ca
1

1− z
→ 2Ca

1− z
(1− z)2 + κ2j,ik

κ2j,ik =
k2⊥,j↔ik
Q2

=
4 pipj pjpk

Q4

I For correct soft FS evolution, color correlations must be respected

Pgg → Pgg(1− zj , κ2j,ik) + Pgg(1− zi, κ2i,jk)

Pgg(z, κ2) = 2CA

[
1− z

(1− z)2 + κ2
− 1 +

z(1− z)
2

]
15
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Flavor non-changing splittings at NLO

I Two-loop cusp anomalous dimension included at LO
in CMW prescription [Catani,Marchesini,Webber] NPB349(1991)635

P
(0)
ab → P

(0)
ab + δab 2Ca

1− z
(1− z)2 + κ2

αs

2π
Γ(2) , Γ(2) =

[
67

18
−
π2

6

]
CA −

10

9
TF

Can add structurally identical 3-loop term [Moch,Vermaseren,Vogt] hep-ph/0403192

I Subtract Γ(2) from 2-loop splitting function to avoid double-counting

P
(1)
ab (z, κ2)→ P

(1)
ab (z)− δab

2Ca

1− z
Γ(2)

I Scale variation on soft-enhanced part of splitting functions
relies on [Amati,Bassetto,Ciafaloni,Marchesini,Veneziano] NB173(1980)429

(renormalization scale set by k2T ↔ limit on gluon virtuality)
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First results

[Krauss,Prestel,SH] arXiv:1705.00982
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First results

[Krauss,Prestel,SH] arXiv:1705.00982
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Outlook

Summary

I Developed MC algorithm to implement 2→ 4 splittings that
recovers integrated NLO splitting functions for q → q′ / q → q̄

I Cross-validated implementation Pythia ↔ Sherpa

I Flavor non-changing splitting kernels included in integrated form

Next steps

I Extension of differential simulation to flavor non-changing kernels

I Simulation of soft-gluon radiation at NLO (single emission)

I Color correlations in soft-gluon emissions (multiple emissions)

Possible benefits

I Parton showers with more realistic uncertainty estimates

I Comparison to analytic resummation at higher precision

I Same shower algorithm in two different generators

19
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Slides for discussion



Parton shower uncertainties – Kinematics

[Prestel,SH] arXiv:1506.05057
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I Two mapping schemes for IF dipoles → local [Catani,Seymour] hep-ph/9605323

and global [Plätzer,Gieseke] arXiv:0909.5593, [Schumann,Siegert,SH] arXiv:0912.3501

I Negligible impact e.g. on qT -spectrum of Drell-Yan lepton pairs

I Less well investigated in more exclusive observables and heavy flavor

http://inspirebeta.net/search?action_search=Search&p=1506.05057
http://inspirebeta.net/search?action_search=Search&p=hep-ph/9605323
http://inspirebeta.net/search?action_search=Search&p=0909.5593
http://inspirebeta.net/search?action_search=Search&p=0912.3501


Parton shower uncertainties – Shower model

[Stoll (Diploma thesis)], [Plätzer (IPPP HF WS ’16)]

[Plätzer (PSR WS ’17)]

I Something odd in dipole-like shower models for g → bb̄/cc̄ splittings
I Not a bug, consistent between generators (Herwig7, Sherpa, . . . )
I Not a kinematical effect
I Possibly fixed by evolution variable (collinear pT , ↗ [S. Plätzer, PSR ’17])

54 8. Analysis II: Simulation Results

8.2. B-Hadron Fragmentation

The B-hadron fragmentation distribution is an important tool for investigating the impact
of our implementation, since it is explicitly related to heavy quarks. Fig. 8.4 shows the
simulation results for various shower setups. Although the description is improved by the
new parton shower in comparison to the dipole shower in the massless approximation,
agreement with experimental data seems out of reach.
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Figure 8.4.: B-hadron fragmentation for three different parton shower implementations.

Therefore, we investigated the partonic final state and the subsequent formation of primary
clusters just before hadronization in more detail. Since the Herwig++ standard shower
gives a fairly accurate description of the B-hadron fragmentation, it served as a benchmark
to which the dipole shower spectra were tuned manually. Fig. 8.5 shows the spectrum of
the partonic state right before hadronization as well as the spectrum of primary clusters
which contain a b or b̄ quark. In both spectra, an excess of particles carrying a very high
energy fraction arose, which corresponds to shower evolution without any branching at

all. Lowering the IR cutoff to µ
(b)
IR = 0.25 GeV was found to yield quite good agreement

in this phase-space region. Additionally, the respective soft scale µ
(b)
soft which screens the

Landau singularity in the coupling constant was significantly lowered to 0.2 GeV in order
to give a better description in the perturbative domain.

A second effect of our implementation is manifest in a bump in the primary cluster spec-
trum at 10 ∼ 11 GeV. Since the default value of the bottom quark constituent mass
is 5 GeV in Herwig++, the bump corresponds to bb̄ clusters just above the production
threshold. At least one of the constituent quarks must have been produced during shower
evolution from g 7→ bb̄ splittings, which is strongly suppressed in the standard shower.
As a practical choice, this particular shower kernel was removed from further simulations.
The prediction by the modified simulation is also plotted in Fig. 8.5.

Lastly, the impact of the cutoff µ
(uds)
IR on the full spectrum of primary clusters was in-

vestigated. Fig. 8.6 shows that the best agreement with the standard shower spectrum

was found for a value of µ
(uds)
IR = 0.8 GeV. Note that the spectra considered cannot be

obtained by experiment and that the outcome of the Herwig++ standard shower is con-
sidered plausible simply because it yields satisfactory agreement with experimental data
and its shape can be explained by quark production threshold considerations.

After applying the parameters discussed above and manually excluding g 7→ bb̄ branching,
B-hadron fragmentation was significantly improved. A new tune of b quark evolution and
b hadronization parameters based on these considerations supports a low IR shower cutoff,

  

Herwig 7.1 preview – Masses and Decays in Dipole Shower

Revised kinematics and evolution variable for heavy quarks in dipole shower,
and extended to decays of heavy coloured objects.

Use the pt relevant to quasi-collinear
limit, with smooth massless limit.

Top decays available in both showers, including NLO corrections.

[Plätzer, Richardson, Webster – in progress]



Parton shower uncertainties – Splitting functions

I Splitting functions for heavy flavor ambiguous

I Example: FSR g → QQ̄ in Pythia8 [Jimenez (Masters Thesis) LU-TP 14-15]

I w1 = β [1− 2z(1− z)] , β =
√

1− 4m2
Q/Q

2

I w2 = β
[
1− 2z(1− z)(1− 8m2

Q/Q
2)
]

I w4 → full γ∗ → QQ̄ ME correction

Table 4: Simulated gbb values for each option.

Option gbb(±(stat.)(%)

1 0.397± 0.002
2 0.527± 0.002
3 1.106± 0.003
4 0.407± 0.002
5 0.384± 0.002
6 0.504± 0.002
7 1.083± 0.003
8 0.389± 0.002

As we were expecting, the table reflects the description of the options. Option 2 gives
a larger rate than the default since it adds the mass term that corrects the behaviour in
the threshold region, whereas option 3 is even larger than the first two, due to the (1− δ)
denominator. Option 4 provides a value close to the one given by option 1; the effect of the
option 4 enhancement in the threshold region is approximately canceled by the suppression
factor for high masses.

The production of bb as a function of the pair invariant mass is shown in figure 8.

Figure 8: Bottom-antibottom pair production as a function of the invariant mass. Pythia
options: default (solid), 2 (dashed), 3 (dotted) and 4 (dashed-dotted).
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The relevant features of the options 1-4, discussed in 2.3.3, are present in this graph.
Option 3 represents the extreme case. The compensation between the enhancement in
the threshold region and the suppression for high masses in option 4 is visible. That
compensation corrects the total rate (area under the curve) to a value similar to the one
given by option 1. From first principles, there was no reason to expect these two effects to
compensate as closely as they do in the total rate. Option 2 has a clear enhancement in
the threshold region compared to option 1.
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w1 →solid
w2 →dashed
w4 →dash-dotted

I Also: Effects of massive recoil partners in momentum mapping



Matching – Full vs leading color

[Huang,Luisoni,Schönherr,Winter,SH] arXiv:1306.2703

I Standard MC@NLO: Soft-gluon kinematics ignored by fading out
real-emission correction to account for leading color MC subtraction terms

〈O〉 =

∫
dΦB B̄(K) F (0)

MC(µ2Q, O) +

∫
dΦR H(K) F (1)

MC(t(ΦR), O)

B̄(K) = B + Ṽ + I +

∫
dΦ1

[
S− B K

]
f(Φ1) , H(K) =

[
R− B K

]
f(Φ1)

I Appropriate for sufficiently inclusive observables, problematic e.g. for AFB
Similar issues could arise in other observables that break PS unitarity
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Squared-loop merging in gg → WW

[Cascioli,Krauss,Maierhöfer,Pozzorini,Siegert,SH] arXiv:1309.0500
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Squared-loop merging in gg → HZ

[Goncalves,Krauss,Kuttimalai,Maierhöfer] arXiv:1509.01597, arXiv:1605.08039

I Combine
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Simulation of Wbb̄

[Krauss,Napoletano,Schumann] arXiv:1605.04692, arXiv:1612.04640
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Simulation of Wbb̄

[Krauss,Napoletano,Schumann] arXiv:1605.04692, arXiv:1612.04640
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Backup slides



Negative branching “probabilities” in Markov Chains

I Problem in NLO splitting kernels, sub-leading color terms, etc. lies
in negative weights → no-emission probability locally exceeds unity

I Recall standard veto algorithm: Pno(t, t′) = exp{F (t)− F (t′)}
Exact MC solution t = F−1

[
F (t′) + lnR

]
, R – random number

I Don’t want or can’t compute F (t) = −
∫
t dt̄f(t̄),

instead find simple function g(t) > f(t) with integral G(t)

I Generate points according to g(t) and accept with f(t)/g(t)

Standard probability for one acceptance with n rejections

f(t)

g(t)
g(t) exp

{
−
∫ t1

t
dt̄ g(t̄)

} n∏
i=1

[∫ t′

ti−1

dti

(
1−

f(ti)

g(ti)

)
g(ti) exp

{
−
∫ ti+1

ti

dt̄ g(t̄)

}]
Split weight into MC and analytic part using auxiliary function h(t)

f(t)

h(t)
g(t) exp

{
−
∫ t1

t
dt̄ g(t̄)

} n∏
i=1

[∫ t′

ti−1

dti

(
1−

f(ti)

h(ti)

)
g(ti) exp

{
−
∫ ti+1

ti

dt̄ g(t̄)

}]

w(t, t1, . . . , tn) =
h(t)

g(t)

n∏
i=1

h(ti)

g(ti)

g(ti)− f(ti)

h(ti)− f(ti)



Negative branching “probabilities” in Markov Chains

Looks trivial, surprisingly it’s not: It allows to

I Resum sub-leading color terms in MC@NLO and POWHEG
[Krauss,Schönherr,Siegert,SH] arXiv:1111.1220

I Implement triple-collinear splitting functions in parton showers
[Prestel,SH] arXiv:1705.00742

I Use PDFs with negative values in parton showers
[Prestel,SH] arXiv:1506.05057

I Enhance branching probabilities in parton showers
[Schumann,Siegert,SH] arXiv:0912.3501, [Lönnblad] arXiv:1211.7204

I Reweight parton showers [Bellm,Plätzer,Richardson,Siódmok,Webster] arXiv:1605.08256

[Mrenna,Skands] arXiv:1605.08352, [Bothmann,Schönherr,Schumann] arXiv:1606.08753

http://inspirebeta.net/search?action_search=Search&p=1111.1220
http://inspirebeta.net/search?action_search=Search&p=1705.00742
http://inspirebeta.net/search?action_search=Search&p=1506.05057
http://inspirebeta.net/search?action_search=Search&p=0912.3501
http://inspirebeta.net/search?action_search=Search&p=1211.7204
http://inspirebeta.net/search?action_search=Search&p=1605.08256
http://inspirebeta.net/search?action_search=Search&p=1605.08352
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Color coherence and the dipole picture

[Marchesini,Webber] NPB310(1988)461

I Individual color charges inside a color dipole cannot be
resolved by gluons of wavelength larger than the dipole size
→ emission off combined mother parton instead

↔

I Net effect is destructive interference outside cone
with opening angle defined by emitting color dipole
→ Soft anomalous dimension halved due to reduced phase space

I Formerly implemented by angular ordering / angular veto
[Webber at al.] hep-ph/0210213, [Sjöstrand et al.] hep-ph/0603175

I Alternative description in terms of color dipoles
[Gustafsson,Pettersson] NPB306(1988)746, [Kharraziha,Lönnblad] hep-ph/9709424

[Winter,Krauss] arXiv:0712.3913

http://inspirebeta.net/search?action_search=Search&p=Nucl Phys B,310 461
http://inspirebeta.net/search?action_search=Search&p=hep-ph/0210213
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The midpoint between dipole and parton showers

I Angular ordered / vetoed parton shower does not fill full phase space
Dipole shower lacks parton interpretation → prefer alternative to both

I Can preserve parton picture by partial fractioning soft eikonal
↔ soft enhanced part of splitting function [Catani,Seymour] hep-ph/9605323

pipk

(pipj)(pjpk)
→

1

pipj

pipk

(pi + pk)pj
+

1

pkpj

pipk

(pi + pk)pj

+

k j i k j i k j i

I “Spectator”-dependent kernels, singular in soft-collinear region only
→ capture dominant coherence effects (3-parton correlations)
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I For correct soft evolution, ordering variable must be identical
at both “dipole ends” (→ recover soft eikonal at integrand level)
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The midpoint between dipole and parton showers

Choose parametrization such that soft term is 1−z
(1−z)2+κ2 in all dipole types

(1) FF
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Preserve collinear anomalous dimensions & sum rules → splitting functions fixed
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Validation in e+e− → hadrons
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Comparison to LEP data

[Prestel,SH] arXiv:1506.05057
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Dire as an NLO subtraction method and MC@NLO

[SH] TBP?

I Can view new shower model as modification of CS subtraction

I IR counterterms computed and implemented in Sherpa
(improved cancellation in pp→ h+ j due to regulated 1/z terms)

I Sherpa MC@NLO based on
exponentiation of CS dipole
subtraction terms
[Krauss,Siegert,Schönherr,SH]

arXiv:1111.1220, arXiv:1208.2815

I Dire modified CS subtraction
automatically available
for MC@NLO matching

I Interesting differences due to
evolution variables and kernels
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