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QCD event generators

N

do ~ L xdog(Q) x PS(Q) — 1) x MPI x Had(p — A) X
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* Driven by QCD coherence * Driven by large-N dipole
* Recoil global pattern and colour flows
g * Links to analytic use of * Momentum conservation for
coherent branching each emission
Parton branchings * Advantageous for matching &
Herwig 7 Dipole branchings order merging

order in angle. .
in transverse momentum.

Herwig 7, Pythia 8, Sherpa, PanScales, Deductor
Sequences of emission scales and momentum fractions as Markov process.

Restore momentum conservation per emissions or at end of evolution.
Deemed to perform resummation of logarithmic enhancements.
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Current release  Hard matrix Shower : . : . Shower
: : NLO Matching Multijet merging Hadronization .
series elements algorithms variations
Internal, Internall Internall Clusters
Herwig 7 libraries, QTilde, Dipoles Y Y Eikonal , ’ Yes
automated automated (Strings)
event files
Internal Pt ordered Internal, ME via
Pythia 8 ’ ’ External ’ Interleaved Strings Yes
4 event files  DIRE,VINCIA event files 8
Internal, CSShower, Internall Internall . Clusters,
Sherpa 2 , , 4 4 Eikonal , Yes
libraries DIRE automated automated Strings
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Curr:g:izlease HZ{:mn;iizlx alzlclii\fcv :ni;s NLO Matching Multijet merging Hadronization Sh.ovyer
—~ 72 internal, Internally Internally
. G . . . |
Herwig 7 libraries, QTilde, Dipoles 2 utomated utomated Eikon> ﬁ‘\ed.
event files  <\S €
g ®
ALC
. Internal, Pt ordered, LO ) QS ﬁu\\Y . 05
Pythia 8 N .\ \€
eventfiles  DIREVINCI e o)A -\
rpo° 6,250 | o unc®
('3\ % O\Ne( ’ S e
— Ge‘\e (-e S\\ \Ne\\ 2
| A eC\L \ O S
Internal, CSShower, \)Oﬁ'\e -\ S\Q ‘1,3(‘\0“
Sherpa 2 he W\© oM Yes
ibraries DIRE 1 o~ 20f
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E.g. for exponentiating observables:

H(ag) X exp (Lgi(asL) 4+ go(asL) + asgs(asl) + ...)

LL — qualitative NNLL — precision a.L ~ 1



UNIVERSITAT GRAZ

Accuracy for massive event shapes UNIVERSITY CF GRAZ

Coherent branching jet mass

A Q=700 GeV, A=1.0 GeV
. . . . . 179.0 — .
distribution including mass effects £ E
5 8- 178.5 -
2 2 C [
m- T . S\ I
z(1— 2) 52 = —m*% + — : I 2 y780L -
wooz o 1=z z(1-2) g5
Cr 9 2m(21 5 % 1775+
Pq_>qg — 1+ 2z - - & ‘ analytic :
A 4~ _ :82 7ol T
[Gieseke, Stephens, Webber — JHEP 0312 (2003) 045] & sl / ....... :
?:’3, . analytic no change in mass scheme :
. . D.176_0_1111l11ll1111111111111111111111_
NLL accurate for global observables with massive quarks. 06 08 10 12 14 16 18 20
Qo [GeV] shower cutoff
Analytically calculate mMC mpole 4 4 Anon-pert 4 ANIC
to the t I m "
top mass as predicted by parton
branching algorithms CR | .
ole
my o (C)0) = my + O(a?)

[Hoang, Platzer, Samitz — JHEP 1810 (2018) 200]
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Global event shapes from coherent branching Non-globals for large N from dipole branching
_ T, 2%
% - = — + .. aagi(t) . i—%wab(k)Gab(t)%— t%wab(k) [Gak(t)Gkb(t)—Gab(t)}
[Catani, Trentadue, Webber, Marchesini ....] [Banfi, Marchesini, Smye — JHEP 08 (2002) 006]

basis of Herwig angular ordered shower even at NLL: [Banfi, Dreyer, Monti — JHEP 10 (2021) 006]
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. . NLL with coherent branching Issues in coherent branching
NLO with matching Issues in dipole showers LL with dipole showers
Global eve ~ >e branching
S e Lo grq OG ot do do
2__ : (.’ —_— : © ( -+ v gb( ) _ —kwab<k)Gab(t) 4+ —kwab(k) [Gak(t)Gkb(t) . Gab@)}
e_ t in 4 out 4
[Catani, Trentadue, Webber, Marchesini ....] [Banfi, Marchesini, Smye — JHEP 08 (2002) 006]

basis of Herwig angular ordered shower even at NLL: [Banfi, Dreyer, Monti — JHEP 10 (2021) 006]
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Various choices of recoil possible:

Minimal number of Across the entire
recoilers. event.
After each emission. “local”
(4§ 9
After all emissions. glObal

Recoil is crucial to an algorithm’s accuracy.

Closely linked to how we implement the soft radiation

pattern and the initial conditions. Some choices
invert initially assumed strong ordering.

Piy, * Pjn
Pi, " A4n Pj, " 4n

——

Pin Pin  _L-pju L Topin 1 [Dasgupta, Dreyer, Hamilton, Monni, Salam — PRL 125 (2020) 5]
Pin Gn Pjo " Gn L0 Py dn 1o Pi - G [Forshaw, Holguin, Platzer — JHEP 09 (2020) 014 & EPC C81 (2021) 4]
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Demonstrate NLL accurate evolution:

Dipole PanlLocal PanlLocal PanLocal PanGlobal PanGlobal
. (Py8/Dire v1) (B=0,dip.) (B=3dip.) (B=3.ant) (B=0) (B=1)
* PanScales — numerical mR TR T T it FTTT ﬁ
BT [ no ' Tho T P | | | T |
[Dasgupta, Monni, Salam, Soyez + ....] By | NLL ’ ik d Lox 4 Lok b Lok ib' Lok $ -
* Deductor — numerical/analytical I ot s anennti o ampanner e pasmen s apanrs o qnenensy o
[Nagy, Soper] SO | ERTAE S SRGIRRR Je SRCRICN S0t SLSERLLt Yo SUCGINN 0 SUSLOLR 10
.. LIS AR IR IR IR I AR I
* Forshaw/Holguin/Platzer — analytical =28 matef s 4 1 i Rssetn oo i R -
C. = | NGLs 1 ! ! | !
[aim at improving Herwig 7 dipole shower] 5835 wrwewl 31 A1 b tid &
P Sherpa . numericallanalytlcal Relative deviation from NLL for as—0
[Herren, Hoche, Krauss, Reichelt, Schonherr] [PanScales]
Analyses need to build on squaring = ~_

amplitudes with many additional legs,
then reduce by using coherence and/

or large-N limit. < A

@
o 9o & )

@ collinear
soft

At least analyse two emissions. Amplitude Conjugate Amplitude
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Demonstrate NLL accurate evolution:

ipole anlLocal X % anGloba

. oS, O Ay

* PanScales — numerical T O G o T F
.@«\ AN

[Dasgupta, Monni, Salam, Soyez + ....]

* Deductor — numerical/analytical
[Nagy, Soper] 08 g
* Forshaw/Holguin/Platzer — analytical =S g R
[aim at improving Herwig 7 dipole shower] ,(:_)s. §' S AC . =
* Sherpa — numerical/analytical O /
[Herren, Hoche, Krauss, Reichelt, Schonherr] [PanScales]
Analyses need to build on squaring = ~.
amplitudes with many additional legs, ; 1 collienr
then reduce by using coherence and/ ) ~ @

or large-N limit. < L soft

At least analyse two emissions. Amplitude Conjugate Amplitude
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[Holguin, Forshaw, Platzer — JHEP 05 (2022) 190]

Coherent branching full-colour accurate for global observables: - ~_
Colour correlations for two (and three) partons are trivial. @ ' T
Basis functions for soft radiation patterns then allow us to \\‘\ AT
express three-jet global cross sections to the same level of
acCuracy. amplitude conjugate amplitude
collinear
L soft
d(cos 6;,)d -
( in) ¢n@(0in <0)— (”_1)Sg’k E,,Z,J O(0;n < 0)d(cosb;,)don,
1 — cosb;,
(n—1)gik _ SijSnk T SikSnj — SjkSni .
? 281 8nd Sk Large-angle soft
gluon only resolves
. o three-jet system.
Simple generalisation of angular ordered showers. : ;

Not a recipe for showers which are generally colour exact.



Complexity factorized?

/,,..

do ~ 1r _P

S(Q = ;)dH(Q)PS'(Q — y)Had (i1 — A)




Amplitude evolution

@ d]{f / / / ,
Anle) = / — Pe Je WD D, (k) Ay (k) D] (k) Pem Ja T
q

Markovian algorithm at the amplitude level:
Iterate gluon exchanges and

Different histories in amplitude and conjugate
amplitude needed to include interference.

[Angeles, De Angelis, Forshaw, Platzer, Seymour — JHEP 05 (2018) 044] . . .
[Forshaw, Holguin, Plitzer — JHEP 1908 (2019) 145] amplitude conjugate amplitude



Colour flow evolution
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Resummation of general, in particular, non-
global observables requires colour evolution

> 1] — —>— 1 —

e R |
N

<« 2 <

< 4 —> L <«— 3 <

1123) 1213) 1312)

Dipole flips from virtual corrections,
known up to two loop order.

[Platzer, Ruffa — JHEP 06 (2021) 007] L
[Plitzer — EP] C 74 (2014) 2907]

Dipole,“string” and “ring”’ radiation patterns
at subleading colour [Holguin, Forshaw, Platzer — JHEP 05 (2022) 190]

® ) g C; ® < > C; ®, . —
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rings free of collinear singularities — related to conformal cross ratios

Leading N diagonal Subleading N flips
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CVolver solves evolution equations in colour flow space [De Angelgzsi‘:jrsohna‘fﬁlzltiffiEDJPELAZ(%?Z)Z '2)9(');}

@ dk , B ,
An(g)= [ — Pe S WTEID (k) Ay y(k) D] (k) Pe Jo W T
q

singlet — gg spectrum

gaps between jets

QO g alld=0 : : : : : :
t), all, d =2 1 ! | | 1 1 1 1
Q 7T L LCyv+r | | | 1 1| ! ! .
07 —0 | | | o |
) Z: 1 : I o 1 L | /r(’ : ‘;’
7] 6 - B 5 ! - Y A1 YA 1. | - 1 5
8 n=2 | | | 2 2 | | |
O 5 F n=3 ! ! ] - ! !
@ 3 » —— — : : : —
E S | | | | | |
(g} 3 | 3 | | | | |
=) 3 | | | | | |
| | | | | |

N 73) [13] Dm) [l VIm) [ H o1l (o1|VT|oy] (09 DT |og] (o
v A [/ | | | | | |

Lt - T | | | | | |

V== e
0 == ———— 7'3:(312) 7'2:(21> 7'1:<12) 0'1:(21) 0'2:<21> 0'3:(231)
0.01 .
Gr— —
amplitude conjugate amplitude

Agrees with Hatta & Ueda using equivalent Langevin formulation.
[Hatta et al. — Nucl.Phys.B 962 (2021) 115273]
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:Z/o/gé Tr (A, + A,) S, HM dng (pi)

dressing of hard process ~ parton shower

as corrections to tower of
logarithms present in A

Redefinitions of “bare” measurements provides infrared
subtractions, renormalised hard operator can then be
redefined to sum up logarithmic enhancements.

s>1

Framework dedicated to higher orders and accuracy investigation, currently focus
on soft evolution and colour correlations. Second order under control. [Plitzer — arXiv:2204.06956]



UNIVERSITAT GRAZ

Evolution Sle uations UNIVERSITY CF GRAZ ij »LVO:\é%"Sltat

. . , [Platzer — arXiv:2204.06956]
We can now obtain the evolution equations we asked for:

OsAn =I'nsAnp Anrjz,S - Z aSSRSZL n— SR(S) Os = 0/0log s Q
s>1
Hs
n-—+s 3
9sSy, = ~T% S, — S rSn+ZaS/Rf52j+ssn RS T [dpild:)
s>1 1=n-+1

Coupled system of evolution equations: For each resolution we have chosen, we get one.
Directions of evolution are different in scale and multiplicity.

Evolution variables are related to resolution criterion, defining
anomalous dimensions at the level of the integrand:

@n 1 =1 — @n,le(En — /Ls) “soft or collinear”

Match these resolutions to observable to ensure accurate predictions.
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. . , [Platzer — arXiv:2204.06956]
We can now obtain the evolution equations we asked for:

OsAn =Ty oA, + AT o~ S 03RO A, RY) Os = 0/0log s Q
s>1
Us
8SSn — F S — S FSn T Z aS / Rgr),lT+SSn+SR§21_|_S H [dpz]é(pz)
s>1 1=n-+1
Evolution equation for a

hadronization model!

Features which relate to the high-
energy dynamics of the Herwig
cluster model.

[Gieseke, Kirchgaesser, Platzer — EP) C 78 (2018) 99]
[Gieseke, Kirchgaesser, Platzer, Siodmok — JHEP 11 (2018) 149]
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[Platzer, Sjodahl — arXiv:2204.03258]

Reconsider factorisation properties of amplitudes in presence of electroweak physics.
Recoil and mass shell conditions are crucial in “quasi-soft” limit — also to obtain proper wave-function
renormalisation for factorized building blocks.

Systematic factorisation parametrised around Eikonal propagators:

M{gi}n; {kidm)) = Y Se({aticn.. {kitm)IM({pitn))

2 2 _

(Qz’ + Ki,S) _ Mz’ = 2p; - Qi,s Pi - Qi,s L P; "N s = Si,s
Amplitudes now become vectors < p - > - A-,>_ YT s el <
in the space of colour & isospin T - < - <= YA »X

| ) | 4 .
° ° L — - — _I\
flows, as well as chirality flow: K pe_ <. A C <o t-<--) <>

Framework to build and analyse electroweak showers at same level of understanding as QCD showers.



ummary & Outlook

Multi-purpose event generators are working horses of collider phenomenology.
Matching & merging has been focus of last decade.

, Herwig’s cluster model versus factorisation
As we aim to use more and more of the complex

structures, shower accuracy becomes the bottleneck.

parton level =, -

0.10 .

Resummation and design of parton
showers needs to go hand in hand: amplitude
evolution can serve as a theoretical tool and an scanan '
algorithm in its own right.

The understanding of hadronization effects and hadron level 1 ow
models, and their interplay with parton showers will
be one of the main topics in the future, not only in

light of measuring fundamental parameters. [Hoang, Platzer, Samitz — in progress]



Thank you!




