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Theore/cal	calcula/ons	can	be	performed	in	three	different	limits	
of	field	theory

Fixed perturbation 
theory αs → 0

Logarithmic 
resummation αs → 0, αsL2 fixed

Kinematic expansion 
(parton shower) θij → 0

Each expansion important in different regions



Theore/cal	calcula/ons	can	be	performed	in	three	different	limits	
of	field	theory

Fixed order perturbation theory
Best precision for inclusive observables 

(only one relevant scale in problem)

Logarithmic resummation
Best precision for semi-inclusive observables (large ratio(s) 

of scale in problem)

Parton shower
Only tool for events with arbitrary multiplicity 

(event simulation)



Lots	of	efforts	to	combine	the	various	limits

Fixed Order Resummation

Parton shower



Lots	of	efforts	to	combine	the	various	limits

Fixed Order Resummation

Parton shower

Relatively 
straighforward, 
most resummed 
predictions use 

this.  
See Tackmanns 

talk



Lots	of	efforts	to	combine	the	various	limits

Fixed Order Resummation

Parton shower
I will use term 

“event generator”  
to indicate fully 

exclusive 
predictions
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FO Resum

Shower

Recent developments 
in parton showers

Combining FO with showers

Combining all three types
of calculations

FO Resum

Shower

FO Resum

Shower
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FO Resum

Shower

Recent developments 
in parton showers
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Parton	showers	need	to	describe	many	physics	effects

• Initial hard 
interaction 

• Radiation of 
additional partons 

• Multi-parton 
interactions 

• Hadronization of 
resulting partons 

• Decay of unstable 
hadrons

Three main multipurpose parton showers:
Herwig, Pythia, Sherpa
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Ini/al	hard	interac/ons

Hard interaction described by differential cross section

d�/d�N

For simple 2 → 2 interactions at LO, cross section given by 
very simple formula, and are known for essentially all 

processes of interest

When producing unstable short-lived particles (top, W, Z) care 
needs to be taken about the decays of these particles



Ini/al	hard	interac/ons

Merging 
Use hard interactions with various multiplicities

Matching 
Use higher order hard interactions

Three main multipurpose generators have taken different 
approaches to this topic

Combination with more complex hard interactions 
will be discussed later



Ini/al	hard	interac/ons

Herwig Pythia Sherpa

Recent developments 
towards combining hard 
interaction with shower 

“in house”

Maintained focus on 
parton shower, with hard 
interactions provided by 

others

Original focus of Sherpa 
was combination of hard 
interaction and shower

New framework in 
Herwig 7.1 built to 
perform matching / 
merging directly in 

Herwig

Provides tools 
(UserHooks) to allow 

interface through 
standards such LHE

Has both internal matrix 
element generators, as 

well as interface to 
external codes



Radia/on	of	addi/onal	partons

Parton shower creates additional radiation

All showers rely on collinear / soft limit of QCD, 
combined with Unitarity (conservation of inclusive 

cross section)

In this collinear / soft limit, emissions can be treated  
in a probabilistic manner, allowing for Markov 

process

Arbitrary number of emissions can be implemented 
using simple and efficient algorithms



In	the	collinear	/	soQ	limit	QCD	cross	sec/ons	simplify

One can easily show that in collinear / soft limit

2 2

= [∑ ]2x

𝜎N 𝜎N-1 x ∑ SP(t,z)=

Higher multiplicities built recursively from lower 
multiplicities



Unitarity	is	a	simple	statement	about	inclusive	cross	sec/ons

𝜎2 = 𝜎2PS + 𝜎3PS + 𝜎4PS+…

Shower 2 → 2 process with cross section 𝜎2

Unitarity states that the inclusive cross section after the 
shower should be unchanged

Unitarity can be interpreted as “conservation of 
probability”, namely 

P(no emission) + P(≥1 emissions) = 1

𝜎2PS : 𝜎2 x P(no emission) 
𝜎3PS: 𝜎2 x P(1 emission) 
𝜎4PS: 𝜎2 x P(2 emissions) 

…



Combining	this,	one	arrives	at	the	general	formula

The basic equation underlying a parton shower is

hOi = GN (QN , O)

<O>: expectation value of observable 
GN: Shower generating functional 
N: Multiplicity of hard interaction

Generating functional can symbolically be written as

This gives recursive definition (with tc) being shower 
cutoff

GN (t, O) =
d�

d�N


⇧N (t, tc)hOi�N +

Z t

tc

dt0 ⇧N (t, t0) SP(t0)GN+1(t
0, O)

�



The	basic	idea	of	a	parton	shower

Expand recursive definitions to a few orders (with N=2)

A parton shower is probabilistic description that relies on

SP(t)

probability that N-body system does  
not change between t1 and
probability of one emission at scale t

⇧N (t, tc):

:

hOi = d�

d�2

"
⇧2(Q, tc)hOi�2 +

Z Q

tc

dt1 ⇧2(Q, t1) SP(t1)⇧3(t1, tc)hOi�3

+

Z Q

tc

dt2

Z t1

tc

dt2 ⇧2(Q, t1) SP(t1)⇧3(t1, t2) SP(t2)⇧4(t2, tc)hOi�4

+ . . .
i

GN (t, O) =
d�

d�N


⇧N (t, tc)hOi�N +

Z t

tc

dt0 ⇧N (t, t0) SP(t0)GN+1(t
0, O)

�



Probabilis/c	evolu/on	requires	unitarity

SP(t)

probability that N-body system does  
not change between t1 and
probability of one emission at scale t

⇧N (t, tc):

:

The two main building blocks of a parton shower are

⇧N (t, tc) = exp

(
�
Z t

tc

dt0
NX

i=1

SPi(t
0
)

)

Probability conservation (unitarity) requires

Pno branch = 1 - Pbranch

This gives a relation between the splitting function and no-
branching probability



Radia/on	of	addi/onal	partons

Different shower algorithms make different choices 
about details of splitting probabilities P(t,z)

Differences between perturbative showers should 
all be beyond the accuracy of the shower

All showers rely on this basic recursive formula

This gives predictions with the following accuracy 

• Only correct in the large NC limit 
• Only correct for collinear / soft radiation 
• Leading logarithmic resummation of logs

GN (t, O) =
d�

d�N


⇧N (t, tc)hOi�N +

Z t

tc

dt0 ⇧N (t, t0) SP(t0)GN+1(t
0, O)

�



Many	ideas	of	how	to	go	beyond	the	standard	parton	shower	
picture	discussed	here.	Two	examples:

Implement 
threshold 

resummation

Include higher 
order splitting 

functions
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Figure 3. Ratios, K, of Drell-Yan cross sections d�/dQ, as in figure 1, to the Born cross section
d�(std.)/dQ = d�(LO)/dQ calculated with a factorization scale µf = Q. The solid green curve
is K(no �) corresponding to d�(no �)/dQ. The solid red curve is K(full). In each case, we take
µf = Q. The dashed, black curve is K(NLO) obtained from a perturbative calculation using
MCFM [78] with µf = Q. The purple, dashed curve is the analytic result of Becher, Neubert, and
Xu, comparable to the NNLO curve of figure 8 of ref. [37].

of d�(full) with these two scale choices to d�(full) with µf = Q. Based on this result, one

might estimate a ±5% uncertainty. The precision of the Deductor calculation could be

improved by matching to a NLO calculation of the Drell-Yan cross section, but we have

not done this.

It is di�cult to see small e↵ects in semilog plots like figure 1, so, in figure 3, we show

ratios K of cross sections to the Born cross section, d�(std.)/dQ = d�(LO)/dQ. In each

case shown, we use µf = Q.

We show first, in red, K(full), corresponding to the cross section with the threshold

correction, d�(full)/dQ. We see that the threshold correction is quite substantial and

increases with Q.

We next show, in green, K(no �) for the cross section including just the part of the

threshold correction in which we omit the term proportional to �
ak

in eq. (7.21). The

ratio K� ⌘ [d�(full)/dQ]/[�(no �)/dQ] is of some interest. For the Drell-Yan process, the
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FIG. 2. Impact of the simulation of triple-collinear parton splittings on final-state (top row) and initial-state (bottom row)
evolution with final-state (left panels) and initial-state (right panels) spectator. Top panels show the ratio between the leading-
order result and the leading-order simulation including triple-collinear branchings. Middle and bottom panels show a comparison
between the simulation of up to one triple-collinear splitting and arbitrarily many (both not including the leading-order result).
For details, see Fig. 1.

Nagy, Soper (’16) Hoeche, Prestel (’17)

So far, these ideas have not increased the overall formal 
accuracy of showers, but will probably see more ideas soon



Combining FO with showers

FO Resum

Shower



Extending	the	validity	of	parton	showers

Goal of combination of FO and parton showers is  

• For given hard multiplicity, results correct to given FO 
accuracy 

• Higher mult only correct in large NC limit 
• Higher mult only correct for collinear / soft radiation 
• Leading logarithmic resummation of logs

LO match LO Merge NLO Match …

Lowest 
multiplicity 

correct to LO

Several 
multiplicities 
correct to LO

Lowest 
multiplicity 

correct to NLO
…



LO	matching	included	in	essen/ally	every	shower

Start again from the expanded parton shower expression

hOi = d�

d�2

h
⇧2(Q, tc)hOi�2 +

Z Q

tc

dt1 ⇧2(Q, t1) SP(t1)⇧3(t1, tc)hOi�3 + . . .
i



LO	matching	included	in	essen/ally	every	shower

Start again from the expanded parton shower expression

hOi = d�

d�2

h
⇧2(Q, tc)hOi�2 +

Z Q

tc

dt1 ⇧2(Q, t1) SP(t1)⇧3(t1, tc)hOi�3 + . . .
i



LO	matching	included	in	essen/ally	every	shower

Start again from the expanded parton shower expression

hOi = d�

d�2

h
⇧2(Q, tc)hOi�2 +

Z Q

tc

dt1 ⇧2(Q, t1) SP(t1)⇧3(t1, tc)hOi�3 + . . .
i



LO	matching	included	in	essen/ally	every	shower

Start again from the expanded parton shower expression

hOi = d�

d�2

h
⇧2(Q, tc)hOi�2 +

Z Q

tc

dt1 ⇧2(Q, t1) SP(t1)⇧3(t1, tc)hOi�3 + . . .
i

Separate the fixed order pieces from the resummed pieces 



d�2

d�2

d�2

d�2
SP(t1)

⇧2(Q, tc) ⇧2(Q, t1)⇧3(t1, tc)

Φ2 Φ3

LO	matching	included	in	essen/ally	every	shower

Start again from the expanded parton shower expression

hOi = d�

d�2

h
⇧2(Q, tc)hOi�2 +

Z Q

tc

dt1 ⇧2(Q, t1) SP(t1)⇧3(t1, tc)hOi�3 + . . .
i

Separate the fixed order pieces from the resummed pieces 



d�2

d�2

d�2

d�2
SP(t1)

⇧2(Q, tc) ⇧2(Q, t1)⇧3(t1, tc)

Φ2 Φ3

LO	matching	included	in	essen/ally	every	shower

Start again from the expanded parton shower expression

hOi = d�

d�2

h
⇧2(Q, tc)hOi�2 +

Z Q

tc

dt1 ⇧2(Q, t1) SP(t1)⇧3(t1, tc)hOi�3 + . . .
i

Separate the fixed order pieces from the resummed pieces 

Lowest multiplicity always correct at LO



LO	merging	requires	combina/on	of	FO	with	LL	resumma/on

Change the fixed order pieces in the original expression

d�2

d�2

d�3

d�3
✓(t1 > tM )

+
d�2

d�2
SP(t1)✓(t1 < tM )

⇧2(Q, tc) ⇧2(Q, t1)⇧3(t1, tc)

Φ2 Φ3

d�2

d�2

d�2

d�2
SP(t1)

⇧2(Q, tc) ⇧2(Q, t1)⇧3(t1, tc)

Φ2 Φ3

to something that has LO correct for both Φ2 and Φ3

both multiplicities correct at LO (at large t1)

Catani, Krauss, Kuhn, Webber (’01)



NLO	matching	can	be	obtained	by	a	“simple	replacement”	in	the	
original	formula

For NLO matching

need to change both fixed order and resummed pieces

d�2

d�2

d�2

d�2
SP(t1)

⇧2(Q, tc) ⇧2(Q, t1)⇧3(t1, tc)

Φ2 Φ3

d�NLO
2

d�2

d�NLO
2

d�2


d�3

d�3
/
d�2

d�2

�

⇧R
2 (Q, tc) ⇧R

2 (Q, t1)⇧3(t1, tc)

Φ2 Φ3

Inclusive 2-jet at NLO, 3-jet at LO

Frixione, Webber (’02) 
Nason (’04) 



Another	recent	development	is	NNLO	+	PS

There are three main methods available at this point
MINLO-NNLOPS UNNLOPS Geneva

The state of the art : NNLO + PS

I Interfacing NNLO calculations to a parton shower is more complicated: general
approach presented in [SA, Bauer et al. 1311.0286]

I Three different approaches available, implemented only for color singlet production:

MiNLO - NNLOPS

10-1

100

101

102

103

dσ
/d

p T
,l 

[p
b/

G
eV

]

LHC 7 TeV

DYNNLO
Wj-MiNLO
NNLOPS

 0.9
 1

 1.1

LHC 7 TeV

 0.9
 1

 1.1

 0  20  40  60  80  100  120  140

pT,l [GeV]

LHC 7 TeV

[Hamilton,Nason et al. ’13, ’14, ’15, ’16]

I Implemented V , H, V H

I Multi-dimensional
reweight to external
NNLO program.

I
0-jet events (2-loop
virtuals) are showered
with fudge factor

I Combined with 2j NLO
[Hamilton, Frederix ’16]

UNNLOPS

Sh
er

pa
 M

C

LOPS2UN
NNLO
MC@NLO

 = 14 TeVs

H<2m
R/F
µ/2< H m

H<m
Q
µ/4< H m

 [p
b]

H
/d

y
σd

2

4

6

8

10

12

Ra
tio

 to
 N

NL
O

0.9
1

1.1

H
y-4 -3 -2 -1 0 1 2 3 4

[Hoeche, Prestel et al. ’14, ’15]

I Implemented V , H
I NNLO by N�jettiness

slicing and imposing
unitarity

I Never showers 0-jet
events (2-loop virtuals)

GENEVA

[SA, Bauer et al. ’13, ’15, ’16]
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Simone Alioli | GRC 25/6/2017 | page 9
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Another	recent	development	is	NNLO	+	PS
NNLO + PS predictions are already being used by 

experimental collaborations

Josh McFayden    |   QCD@LHC 2017   |   28/8/2017 

! Neither prediction provides a fully satisfactory description of the data. 
! In lower-order splitting scales 
! both predictions underestimate 

the peak region by 10–20% 

! At higher values of √di  
! MEPS@NLO agrees well 
! NNLOPS systematically 

overestimates the cross section.  

! In the soft region: 
! Both overshoot data in  

lower-order splitting scales 
! NNLOPS improves significantly 

for higher-order splitting scales. 
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Recently	resonant	aware	NLO	matching	schemes	have	been	
developed

The problem can easily by understood from the previous table
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“Φ3”              “Φ2” 

Unless one is careful, mapping from “Φ3” onto “Φ2” does not 
maintain resonance, such that [d𝜎3/dΦ3 / d𝜎3/dΦ3 ] can be 

large away from collinear / soft limit

Jezo, Lindert, Nason, Oleari, Pozzorini (’16)

With resonance aware mapping, this problem is avoided
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Figure 3. NLO+PS predictions for the invariant mass of the WjB (left) and of the ljB (right)
systems obtained with the new bb4l generator. We compare our default resonance-aware predic-
tions (res-default) against the “traditional”, i.e. resonance-unaware, implementation (res-o↵) and
a prediction where the event-by-event resonance information is obtained from a guess based on
kinematics. In the ratio plot we illustrate relative deviations with respect to res-default.

di↵erences in shape in the region that is most relevant for a top-mass determination, with

more pronounced di↵erences in the res-o↵ case.

The above findings suggest that the width of the peak is determined both by the

shower generator being aware of the resonances in the Les Houches event, and by the

hardest radiation generation being performed in a way that is consistent with the resonance

structure. In order to assess the e↵ects that originate solely from resonance-aware matching

and showering in a more accurate way, in Fig. 4 we disable the multiple radiation scheme
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Figure 4. Invariant mass of the WjB system obtained with the bb4l generator. We compare
our resonance-aware predictions without employing the multiple radiation scheme (res-singlerad)
against the “traditional”, i.e. resonance-unaware, implementation (res-o↵) and a prediction where
any resonance information is stripped o↵ the Les Houches event file (res-strip). In the ratio plot
we illustrate relative deviations with respect to res-singlerad.

of Eq. (2.6) (by setting allrad 0) and compare the resulting resonance-aware predictions

(res-singlerad) against the cases where resonance information is removed from the Les

Houches event before showering (res-strip) or the case where the resonance-aware system
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Combining all three calculations

FO Resum

Shower



Merging	higher	logarithmic	resumma/on	with	parton	showers	
has	received	less	a^en/on

For several observables both higher fixed order as well as 
higher resummed order is important for precise predictions 

and reduced theoretical uncertainties

Geneva event generator combines NNLO calculations with 
NNLL’ resummation and a parton shower 

One calculates jet cross sections at high order in perturbation 
theory and then lets a parton shower fill jets with radiation

Higher logarithmic resummation means that expressions can 
no longer be expressed as FO x Sudakov

Alioli, CWB, Tackmann (’14-’17)
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Merging	higher	logarithmic	resumma/on	with	parton	showers	
has	received	less	a^en/on
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can not separate the two pieces any longer

To get combined higher fixed and resummed orders

Combining FO with resummed accuracy gives the right result

Alioli, CWB, Tackmann (’14-’17)
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FIG. 5. Comparison of Geneva with the NNLO rapidity
distribution of the vector boson. The orange curve shows the
results from Dynnlo, while the black histogram shows the
Geneva result. For Geneva, the uncertainties shown are the
FO uncertainties as described in the text.

parton shower. As required, the parton shower changes
the T0 spectrum only within the perturbative uncertain-
ties. In fact, over most of the T0 range the spectrum is
essentially unchanged.

The nonperturbative e↵ects are shown in Fig. 4, where
we compare the predictions for the T0 spectrum after the
shower (again in blue) and after the addition of proton
remnants, intrinsic kT smearing, and hadronization by
Pythia 8 in orange. These e↵ects change the T0 distri-
bution significantly in the peak region, while they become
power corrections in the transition and tail regions. This
behaviour is precisely as dictated by factorization, from
which one expects that these e↵ects should behave for T0
analogous to thrust in e+e�. Comparing to our e+e� re-
sults [24], this is precisely what we observe. A benefit of
the Geneva approach is that it allows to directly com-
bine the higher-order analytic resummation with these
nonperturbative corrections provided by the hadroniza-
tion model in Pythia 8.

B. Partonic NNLO0 Observables

We now show that Geneva reproduces fully inclusive
observables at NNLO accuracy, by comparing to dedi-
cated NNLO calculations. In this section, we only con-
sider the profile scale variations that reproduce the FO

FIG. 6. Comparison of Geneva with the NNLO rapidity dis-
tribution of the negatively charged lepton. The orange curve
shows the results from Dynnlo, while the black histogram
shows the Geneva result. For Geneva, the uncertainties
shown are the FO uncertainties as described in the text.

scale variations, as described in Sec. 2B 2.

In Fig. 5 and Fig. 6 we show the result for the rapid-
ity distribution of the vector boson and the negatively
charged lepton from its decay, respectively. The orange
band shows the NNLO result from Dynnlo [77]. We
show the results of Geneva as a black histogram, with
the error bars representing FO uncertainties as described
above. In the lower part of each plot, we show the ratio
to the Dynnlo central value.

The central value of Geneva agrees very well with
the fixed NNLO prediction. The perturbative uncertain-
ties from Geneva are also in reasonable agreement with
those from Dynnlo. The few fluctuations observed in
the plot are of statistical nature, as evidenced by the fact
that they grow larger toward larger rapidities, where the
statistics is poorer. The rapidity distribution of the vec-
tor boson has also been validated against the independent
NNLO calculation provided by Vrap [78].

In Fig. 7 we show the result of the transverse momen-
tum distribution of the negatively charged lepton. For
pT ` < m`+`�/2 this observable is a true NNLO distri-
bution and Geneva agrees very well with the NNLO
prediction. The region above and below m`+`�/2 is very
sensitive to Sudakov shoulder logarithms [79]. It is known
that the FO calculations perform very poorly in this re-
gion and fail to provide an accurate description of the
physics. On the other hand, Geneva will have some of
these logarithms resummed and should therefore provide
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Figure 9: The di↵erential charged particle multiplicity (top) and transverse momen-

tum (bottom) distributions in the toward region (left panels) and transverse region (right

panels).

calculations matched to parton showers can reproduce the hard physics at fixed order,

usually they do not account for soft perturbative physics associated with the primary

interaction. For this reason, it is di�cult to disentangle the perturbative e↵ects of the

primary interaction, MPI, and nonperturbative physics when tuning the underlying-event

model.

By choosing an observable for which the underlying primary perturbative physics is

known precisely, one can get a better handle on the e↵ects due to MPI. Recently, ATLAS
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Completely inclusive 
observables

correct to NNLO

Observables sensitive to 
underlying event still well 

described

Alioli, CWB, Tackmann (’14-’17)



In	conclusion,	the	development	of	event	generators	is	a	very	
ac/ve	field	of	research

Many ideas of including new effects in parton showers

Merging with fixed order calculations is becoming ever more 
sophisticated

Combination of all three types of approximations is becoming 
a reality



In	conclusion,	the	development	of	event	generators	is	a	very	
ac/ve	field	of	research

Many ideas of including new effects in parton showers

Merging with fixed order calculations is becoming ever more 
sophisticated

Combination of all three types of approximations is becoming 
a reality

Stay tuned!


