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Figure taken from Bierlich et al., 2022 (Pythia8.3 manual)
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Hadronisation

The shower stops if all partons are characterised by a scale at
the IR cut-off: Qo ~ 1 GeV

Physically, we observe hadrons, not (coloured) partons

We need a non-perturbative model in passing from partons to
colourless hadrons

There are two models, based on physical and
phenomenological considerations
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Cluster model

The structure of the perturbative evolution including angular ordering,
leads naturally to the clustering in phase-space of colour-singlet parton
pairs (pre-confinement). Long-range correlations are strongly
suppressed. Hadronisation will only act locally, on low-mass colour
singlet clusters.
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Lund string model

From lattice QCD one sees that the colour confinement potential of a
quark-antiquark grows linearly with their distance: V(r) ~ kr, with k ~
0.2 GeV, This is modelled with a string with uniform tension (energy
per unit length) k that gets stretched between the qq pair.
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Fig. 2.9, QCD potential va. R (in lattice units) from lattice QCD. Figure from
ref. [23].

When quark-antiquarks are too far apart, it becomes energetically more
favourable to break the string by creating a new qqg pair in the middle.
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Exclusive observable

A parton shower program associates one of the possible histories
(and pre-histories in case of pp collisions) of an hard event in an

explicit and fully detailed way, such that the sum of the probabilities of
all possible histories is unity.



Parton Shower Monte-Carlo
event generators

A parton shower program associates one of the possible histories
(and pre-histories in case of pp) of an hard event in an explicit and
fully detailed way, such that the sum of the probabilities of all possible
histories is unity.

« (General-purpose tools
« Always the first experimental choice

« Complete exclusive description of the events: hard scattering,
showering & hadronisation (and underlying event)

 Reliable and well-tuned tools

« Significant and intense progress in the development of new
showering algorithms with the final aim to go beyond (N)LL in QCD
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Pythia, Herwig & Sherpa

» Significant differences between shower implementations
(choice of evolution variable and kernel, momentum mappings, phase-
space boundaries, massive quarks, photon emissions, etc.)

* All are tuned to data, and describe it reasonably well
(typically better than expected from their formal accuracy)

« Some are (formally) more correct than others

 However, not easy to assess accuracy for a general
observable

* Assessment (and improvement!) of formal accuracy is an
active field of research



Improving Parton Showers
LO merging



Collinear approximation

* The parton shower is correct in the collinear limit

But we use it also outside of this limit

Induces great dependence on the details of the
implementation
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Matrix elements vs. Parton showers

Shower MC

4 4

Approaches are complementary: merge them!

Avoid double counting, ensure smooth distributions
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Matrix elements

Possible double counting

Parton shower
—

>WW
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Matrix elements
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o X G
o L

=
/

13



Matrix elements

Possible double counting

Parton shower

% / Possible double counting
between partons from

/ matrix elements and parton

shower easily avoided by

applying a cut in phase
space
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Possible double counting

Parton shower

>’va mm
KT < teut
kT > Q¢

kT > tcut

Matrix elements

kT < tcut

KT < teut

Possible double counting
between partons from
matrix elements and parton
shower easily avoided by
applying a cut in phase
space

13



Merging ME with PS

* So double counting no problem, but what about getting smooth
distributions that are independent of the precise value of tcut?

» Below cutoff, distribution is given by PS
- need to make ME look like PS near cutoff

 Let's take another look at the PS!

14



UUUUUUU

[ cut

 How does the PS generate the configuration above (i.e. starting from
ete  -> qgbar events)?

* Probability for the splitting at t1 is given by
(8g(Q2 1))? 25

and for the whole tree

Pyq(2)

(@ o) Ay (1) (B2, teu))? 20 Py () 22 21

ITET
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[ cut

 How does the PS generate the configuration above (i.e. starting from
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Merging ME with PS

t cut
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Merging ME with PS

t cut
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Merging ME with PS

t cut
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Merging ME with PS
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Merging ME with PS

[ cut
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 How does the PS generate the configuration above (i.e. starting from
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and for the whole tree
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[ cut
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[ cut

(Aq (Q27 tcut))QAg (tla t2) (Aq(

2,

Leading Logarithmic approximation of the matrix element
BUT with a5 evaluated at the scale of each splitting
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Merging ME with PS

[ cut

£

[ cut

[(Aq(QQatcut))QAg(tla752)(Aq(t27tcut))}a;(:)f)gq(z) o qu(Z/)J

Leading Logarithmic approximation of the matrix element
BUT with a5 evaluated at the scale of each splitting

Sudakov suppression due to disallowing additional radiation
above the scale fcu
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Merging ME with PS
7
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To get an equivalent treatment of the corresponding matrix element,
do as follows:

1.

Cluster the event using some clustering algorithm
- this gives us a corresponding “parton shower history”

. Reweight as in each clustering vertex with the clustering scale

s(t1) as(t2)

as(Q?) as(Q?)

Use some algorithm to apply the equivalent Sudakov
SUPPTESSION (A (Q7, teut))*Ag(t1, t2)(Ag(ta, tent))’

M2 = IMP2

17
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Merging ME with PS

CKKW (2004) and MLM (2004)

In summary:

Double counting no problem: we simply throw events away when the
matrix-element partons are too soft, or when the parton shower
generates too hard radiation

Applying the matrix-element cut is easy: during
phase-space integration, we only generate events
with partons above the matching scale

For the cut on the shower, there are two methods. Throwing events away
after showering is not very efficient, although it is working (“MLM
method”)

Instead we can also multiply the Born matrix elements by suitable product
of Sudakov factors (i.e. the no-emission probabilities) A(Qmax, teut) and
start the shower at the scale teut (“CKKW method”).

For a given multiplicity we have
ULO — Bn@(kT,n — tcut)An(Qa tcut)

n,excl
18
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Collinear approximation

* Dependence on internal parameters reduced

» greater predictive power!
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Collinear approximation

* Dependence on internal parameters reduced

» greater predictive power!
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do/ddy; [pb/GeV]

do™O(Qeut) /do™C (20 GeV)

Merging results

pp = £ 7+0,1,2] @13 TeV
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« WH+jets production: diff. jet
rate for 0—>1 transition (~ pt
of hardest jet)

« Small dependence on the
merging scale for small
values, ~10%

 When taken too large, the
parton shower cannot fill
the region all the way up
to the merging scale
anymore, leading to large
deficits

[Kallweit, Lindert,
Maierhofer, Pozzorini,
Schonherr 2016]

21



ME+PS (at LO)

Merging matrix elements of various multiplicities with parton
showers improves the predictive power of the parton shower
outside the collinear/soft regions

- These merged samples give good description of the data
(except for the total normalisation)

There is a dependence on the parameters responsible for the cut
iIn phase-space (i.e. the matching scale)

By letting the matrix elements mimic what the parton shower does
in the collinear/soft regions (PDF/alphas reweighting and including
the Sudakov suppression) the dependence is greatly reduced

In practice, one should check explicitly that this is the case by
plotting differential jet-rate plots for a couple of values for the
matching scale

22



Improving Parton Showers:
NLO matching



At NLO

* We have to integrate the real emission over the complete

phase-space of the one particle that can go soft or collinear to

obtain the infra-red poles that will cancel against the virtual
corrections

* Hence, we cannot introduce a "cut" that says that:

* hard radiation needs to be described by
the matrix elements

* and soft radiation by the parton shower

* We have to invent a new procedure to match
NLO matrix elements with parton showers

24



Naive (wrong) approach

PETE D

 In a fixed order calculation we have contributions with m final state
particles and with m+1 final state particles

oNLO / d*®,, B(P,,) + / d*®,, / ULV (®,,) + / d®,, 11 R(®py1)
loop
* We could try to shower them independently

* Let Iﬁf()j(O) be the parton shower spectrum for an observable O,
showering from a k-body initial condition

* We can then try to shower the m and m+1 final states
iIndependently

doONLOWPS /
= |d®,, (B V
dO [ ( " loop )

[ 15201+ [aw o] 5 10)

25
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NLO+PS: sources of double counting

Parton shower
e —— e —

Born+Virtual: >vvw
Real emission: 21/\%
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NLO+PS: sources of double counting

Parton shower

o o

Real emission:
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NLO+PS: sources of double counting

Parton shower

Real emission:
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NLO+PS: sources of double counting

Parton shower

Born+Virtual: M/X‘M/sz
Real emission: zw zm

26



NLO+PS: sources of double counting

Parton shower

Born+Virtual: >\N\/\«/2VVV/:§WV
Real emission: zlm Em

There is double counting between the real emission matrix elements and the parton
shower: the extra radiation can come from the matrix elements or the parton shower

There is also an overlap between the virtual corrections and the Sudakov
suppression in the zero-emission probability

We have to integrate the real emission over the complete phase-space of the one
particle that can go soft or collinear to obtain the infra-red poles that will cancel
against the virtual corrections

We can NOT use the same merging procedure as used at LO (MLM or CKKW):

requiring that all partons should produce separate jets is not infrared safe
26



Double counting 1n virtual/Sudakov

* The Sudakov factor A (which is responsible for the resummation
of all the radiation in the shower) is the no-emission probability

 It's defined to be A=1 - P, where P is the probability for a
branching to occur

* By using this conservation of probability in this way, A contains
contributions from the virtual corrections implicitly

« Because at NLO the virtual corrections are already
Included via explicit matrix elements, A is double
counting with the virtual corrections

* In fact, because the shower is unitary, what we are
double counting in the real emission corrections is
exactly equal to what we are double counting in the
virtual corrections (but with opposite sign)!

27



Avoiding double counting

* There are two widely methods to circumvent this double
counting

« MC@NLO (Frixione & Webber)

« POWHEG (Nason)
« KRKNLO (Cracow group), Vincia (Skands et al.), Geneva (Alioli et al.), ...

28



MC@NLO procedure

Frixione & Webber (2002)

* To remove the double counting, we can add and subtract the
same term to the m and m+1 body configurations

dovcaNLo
dO

_|_

AP, 1 (R — MC)

— dcbm(3+/ V+/d<1>1MC) i (0)
i loop 1

)i (0)

Where the MC are defined to be the contribution
of the parton shower to get from the m body Born
final state to the m+1 body real emission final state

29



MC@NLO procedure

Parton shower

Born+Vfrtu.aI: . >~N\> 2;; 2}

* Double counting is explicitly removed by including the “shower
subtraction terms”

doNLOw | £t
ONLOWPS _ d<I> B+/ +/d<I>1MC) 11&4(;)(0)
dO loop

b [0 (R-MC) | I D(0)

30



Negative weights

dO’NLOWPS _ d(I) B_l_/ +/dq)1MC) ]15/[”8(0)
dO loop

+ d<I>m+1 (R—MC)| 1LY (0)

We generate events for the two terms between the square brackets
(S- and H-events) separately

There is no guarantee that these contributions are separately
positive (even though predictions for infra-red safe observables
should always be positive!)

Therefore, when we do event unweighting we can only unweight
the events up to a sign. These signs should be taken into account
when doing a physics analysis (i.e. making plots etc.)

The events are only physical when they are showered

31
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Cost of negative weights

* The computational costs to generate events negative weights
can be enormous: for physical observables they cancel against
positive weight events, but the overall sample still carries the
statistical uncertainty of the full sample:

Correlation S
” Cy =0% T - I - R4
50 | ---e Ci—50% — T A
......... Cy =100% S
3o — S L e )
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Relative cost, c¢(f)
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Fraction of negative weights, f [%] 32
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NLO+PS

* Advantages:

* Total cross section and differential distributions related to
the hard process are NLO accurate

e Reduced renormalisation and factorisation scale
uncertainties

« Shower to include multiple emissions; there are models for
hadronisation and underlying event

* Fully exclusive description of the event
* Disadvantages

* Other observables (e.g., "multi-jet") are only LO accurate, or
only generated by the shower

33



Merging ME+PS at NLO accuracy



Merging LO ME with PS

CKKW (2004) and MLM (2004)

In summary:

Double counting no problem: we simply throw events away when the
matrix-element partons are too soft, or when the parton shower
generates too hard radiation

Applying the matrix-element cut is easy: during k< Q°
phase-space integration, we only generate events
with partons above the matching scale kt > Qe

For the cut on the shower, there are two methods. Throwing events away
after showering is not very efficient, although it is working (“MLM
method”)

Instead we can also multiply the Born matrix elements by suitable
product of Sudakov factors (i.e. the no-emission probabilities) A(Qmax, Qc)
and start the shower at the scale Q¢ (“CKKW method”).

For a given multiplicity we have
O-f%gxc] — Bn@(kT,n — QC)An(Qmaxa QC)

35



Merging at NLO

* To make a LO prediction exclusive in the number of jets, we need to
multiply it by a Sudakov damping factor; this is CKKW method:

Uqlv,l,(gxcl = Bn,O(krn — Q°)An(@max, Q)
This makes the prediction exclusive at leading logarithmic accuracy

« Similarly we can make an NLO prediction exclusive at leading logarithm

U}i%gd, LL — {Bn -+ Vn - /dq)l Rn—l—l} (kT n QC) (Qmaxa QC)

 We can improve here and use the real-emission matrix elements
instead of just the Sudakov:

QC
071:1,%;)(;1, LL — {Bn + Vi + / APy Rpy1 — BnAgzl)(Qmaxv QC)}
0

(kT n QC) (Qmaxa QC)

36



Exclusive MC@NLO:
FxFx merging and MEPS@NLO

* Converting the NLO exclusive predictions in the number of jets
to the MC@NLO event generation is straight-forward:

S-events: {Bn + Vi, + /OQCCZCI)1 MC — B, AL (Quax, Q°) }
O(kr,, — Q°)An(Qiax, Q°)
H-events: {Rn+1@(k‘7@,n — Q°) — MC @(k%n — QC)}
O(Q° ~ k714 1) An(Qniax> Q°)

 But the evil is In the detalls...

37
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FxFx merging: Higgs boson production

[RF and Frixione]

I LR
1.000 pp » H @ LHC 8 TeV in pb/bin § L100F pp » H @ LHC 8 TeV in pb/bin -
0‘500: pq=50 Gevn. ——N=1 ] 0.50 - Hq=50 GeV —— N=1 -
N i=0 J 1 = === i=0 ]
........ i=1 e =1
0.100 3 0.20
0.050 | ] 010}
' 0.05 |- :
0.010 F . - [ :
[ o '-L 3 1 |
0.005 - ' — | :
[ aMC@NLO o ] 0.02 aMC@NLO : |
e e e L e L e L ::::!:::.;:!:::::!::::!::::!::::!_
=0 Ratio over N=1: =----H - H+1j 2.0 Ratio over N=1: ----H - H+1j
1.0 __------_'__.___.,___,.----.-n-,,._,.._'"’”“--'-.I..: 1.0 ___:g.__-...-:.-"-"A-a..__..:..,,_.,..:.,:_:_::-7.-._‘_».1_?__.__-_'_.‘::.._.".__...,,..:___.._.”":.“...,_“:.__...:...:":
0.7F / IRt T B I S
?g  Ratio over N=1: pq=30 GeV  -=-- ug=70 GeV  j ?g Ratio over N=1: ,u,Q=éo GeV - MQ='70 GeV
1.0 bosmsmnzarcna o SR TN E s L ST AR AR 1.0 b e e JAd b
0.8F _ {1 o8t
. . Alpgen x 1.5 (ug=30 GeV) , : | . Alpgen x 1.5 (ug=30 GeV) |
0O 20 40 60 80 100 120 140 160 0 20 40 80 80 100 120
pr(H) [GeV] pr(jy) [GeV]

* Transverse momentum of the Higgs and of the 1st jet.

« Agreement with H+0j at MC@NLO and H+1j at MC@NLO in their
respective regions of phase-space; Smooth matching in between;
Small dependence on matching scale

38



do/ddy; [pb/GeV]

do™(Qeut) /de™C (20 GeV)

104

103

10

10

10

10

104

Merging scale dependence

pp = ¢ 7+0,1,2] @ 13 TeV

I ‘ NN‘NNNN‘ ‘ NN‘NN

— cht =10 GeV - cht =30 GeV
_ cht - 15 Gev — cht — 40 GeV
= Qcut =60 GeV

= Qcut =20 GeV

—— Qcut =100 GeV
5 : = Qcut =200 GeV
L e inclusive

T

T

500
d01 [GeV]

do/ddy; [pb/GeV]

dodEs (Qeut) /dodER (20 GeV)

104

103

pp = ¢ 740,12 @13 TeV

NNNN‘

_—— cht =20 GeV

‘ I I ‘ 1T 1T ‘ ‘ I I ‘ 1T N%
= Qcut =10 GeV — Qcut =30 GeV j
— Qcut =15 GeV — Qcut =40 GeV 3

— Qcut =60 GeV ]

== Qcut =100 GeV =
== Qcut =200 GeV
inclusive

‘‘‘‘‘
......

« Besides having the benefits from higher-accurate matrix elements,
there is also a smaller merging scale dependence at NLO

UNIVERSITET

[Kallweit, Lindert, Maierhofer, Pozzorini, Schonherr 2016]

SHERPA+OPENLOOPS
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ATLAS data vs HERWIG++ 10° ATLAS data vs PYTHIA8
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Conclusions

* In the last couple of years the accuracy of event generation has
greatly improved, and full automation has been achieved at NLO

accuracy
* Alot of freedom in tuning has been replaced by accurate theory
descriptions:

* More predictive power
» Better control on uncertainties
» Greater trust in the measurements
* Recent developments for which | have had no time
« NLO EW corrections and the parton shower
e Combining NNLO in QCD and the parton shower: MINNLO
« MC@NLO-Delta: reducing negative weights in MC@NLO
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