Recent Developments in Vincia & Pythla

Peter Skands — U of Oxford & Monash U.

1. Perturbative Uncertainties (in Showers)
2. Sector Showers & NNLO Matching

3. EW Showers and Resonance Decays

4. From Showers to Jets: Colour Confusion

... including some questions for discussion ...

Note: see talk by Silvia (Monday) for N™LL showers (PanScales, Alaric, etc)
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@ Perturbative Uncertainties in Showers X

Standard for Shower Uncertainties: Renormalization-scale variations
—xample: PYTHIA's DGLAP-based shower

MC,,,2
a, (4, P(z)
M~ ) =5 @ 0 M, |* At 1)
zEpartons - — Jzéff]:rr;tz:(’ l ) Sudakov factor j
/41'2 X pJ2_i b ~ ~ [ is the shower evolution/

DGLAP Splitting Kernel

ordering variable
(Or dipole/antenna/...)

Varying 4. only induces terms proportional to the shower splitting kernels

Actual higher-order MEs also have:

Non-singular terms (dominate far from singular limits),

Vary up and these
[Hartgring, Laenen, PS

Non-trivial colour factors outside collinear limits,
Higher-order log terms not captured exactly by A (7,7, ) JHEP 10 (2013) 12/]
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https://arxiv.org/abs/1303.4974
https://arxiv.org/abs/1303.4974

Non-Singular Variations: Example

Example from Mrenna & PS, “Automated Parton-Shower Variations in Pythia 8”, PRD 94 (2016

Can vary renormalisation-scale and non-singular terms independently

o - 1-Thrust (udsc)
w 1.5 o
a - :
= - o
8 1 o _':4_- Vil s
C ~ . "Shower region” “Hard region”
— -~~~ Renormalization-scale Non-singular variations
0.5 — variations (blue) dominate (red) dominate
mi R N r I I ‘ I ‘ I I ‘ I I
0 0.1 0.2 0.3 0.4 0.5

1-T (udsc)

Note: ME corrections were switched off for illustration here. Would reduce red band, but not blue.
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https://arxiv.org/abs/1605.08352

(Non-Singular Variations: Effect of Matching to Matrix Elements)

Example from Mrenna & PS, “Automated Parton-Shower Variations in Pythia 8”, PRD 94 (2016

Can vary renormalisation-scale and non-singular terms independently

91.2 GeV

With MECs/Matching/Merging
for this process o
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Non-singular variations reducead
by matching to hard ME
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So tar, up and non-singu
Being re-implemented in VINCIA. P
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an to add colour and Sudakov variations as well.

0.3 0.4

ar variations implemented in PYTHIA


https://arxiv.org/abs/1605.08352

(Uncertainties: note on the size of uncontrolled log terms)

Schematic Example: starting scale Q, = 100 GeV

"Sudakov Region” : : “Peak Region”
« Different Log Countings —

10 o 10
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S 0.019 . > a; 0010 .
S * N3LL ‘\ .
X" 0.004 - . a 0001 ,
10‘5 S B — S W\ 1074 \ :
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LT E E X Q GeV 0‘
Conventional (“Caesar-style”) log counting Exponentiated “double-log” counting
Based on a, L ~ 1 Based on aSL2 ~ 1
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®d Sector Showers in VINCIA

PS & Villarejo JHEP 11 (2011) 150
Brooks, Preuss, PS JHEP 07 (2020) 032

VINCIA's shower is unique in being a “Sector Shower”
Partition N-gluon Phase Space into N “sectors” (using step functions).

Each sector corresponds to one specific gluon being the “softest” in the event — the one
you would cluster if you were running a jet algorithm (ARCLUS)

Inside each sector, only a single kernel is allowed to contribute (the most singular one)!

Sector Kernel = the eikonal for the soft gluon and its collinear DGLAP limits for z > 0.5.

=>» Unique properties: shower operator becomes bijective and is a true Markov chain

KI' he crucial aspect: PN \
Only a single history contributes to each phase-space point ! </ “—%i c/\:::/;\
—> Factorial growth of number of histories reduced to constant! \\//&L\“ /
(And the number of sectors only grows linearly with the number of gluons) D

K (g = gq =¥ leftover tactorial in number of same-flavour quarks; not a big problem) J
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https://arxiv.org/abs/1109.3608
https://arxiv.org/abs/2003.00702

Sectorized CKKW-L Merging publicly available from Pythia 8.306

Brooks & Preuss (2021) “Efficient multi-jet merging with the VINCIA sector shower”
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- : : /M i -
| == VINCIA MESS | CPU time o | =—a  VINCIA MESS
- . ) wn s
o 102k S DYTHIA MEPs | A | £ || e— PYTHIA MEPS
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= : :
-— _ — : : _ & - :
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D 107 R S / — I Sector Mergi |
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2 102 > ----- : : I -5
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: : ] 8
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Extensions now pursued:

(Sectorized matching at NNLO (proof of concepts in arXiv:2108.07133 & arXiv:2310.18671) )
Sectorized iterated tree-level ME corrections (demonstrated in PS & Villarejo arXiv:1109.3608)

Sectorized multi-leg merging at NLO (active research grants, with C. Preuss, Wuppertal)
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https://inspirehep.net/literature/1905669
https://arxiv.org/abs/2310.18671
https://arxiv.org/abs/1109.3608
https://arxiv.org/abs/2008.09468

Sectorized Matching at NNLO (in VINCIA)

ldea: harness the power of showers as efficient phase-space generators
a.k.a. "ME Corrections” Sjostrand et al. (1986, 2001); Giele, Kosower, PS (2011); Lopez-Villarejo, PS (2011)

a.K.a. "Forward-Branching" PS generation Weinzierl, Kosower (1999); Draggiotis, v. Hameren, Kleiss (2000);
Figy, Giele (2018)

Conventional Fixed-Order phase-space generation (eg VEGAS)

n Bom+1 Born +2

Nested phase-space generation in a Shower Markov Chain

Need:
(1) Born-local NNLO K-factors: knnpo(P2)
(2) NLO MECs in the first 2 — 3 shower branching: w).Q(®3)

(3) LO MECs for second (iterated) 2 +— 3 shower branching: wi® ,(®a)
(4) Direct 2 — 4 branchings for unordered sector with LO MECs: wi© ,(®4)
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(D Weight each Born-level event by local K-factor

Campbell, Hoeche, Li, Preuss, PS (2023)

V(P2) | IgHO(P2)  VW(dy)  Ip(dr)  Ig(Po)
B(®,)  B(®2) = B(P2)  B(P)  B(Py)

/dCD . {R(¢2v¢+1) SNLEO(dg, 1)  RV(P2,d41) T(¢2,¢+1)}
_|_

knNLoO(P2) = 14

B(®2) B(®2) B(®2) B(®2)
RR by, O S(Po, P
N dc|>+2 (P2, P42)  S(P2 +2)}
B(®,) B(®2)
Fixed-Order Coefficients: Subtraction Terms (not tied to shower formalism):
2 Legs 0 1 2 Legs
| - N [
2 2 ls, It

Note: requires “Born-local” NNLO subtraction terms. Currently only for simplest cases.
Interested in discussing & exploring connections with local subtraction schemes
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@, @, (4) Shower Markov chain with Second-Order Corrections

Key aspect
up to matched order, include process-specific NLO corrections into shower evolution:
@ correct first branching to exclusive (< t’) NLO rate: [Hartgring, Laenen, PS (2013)] A A
t N Iterated:
Born — Born + 1 NLO NLO
Sudakov Factor 223 (0, t') = exp { - / A®+1 A2003(P41)up 57 (P2, P41 g (Ordered)
t’ y
0
' - [Giele, K . PS (2011); L -Villarejo, PS (2011
@ correct second branching to LO ME: [Giele, Kosower, PS (2011); Lopez-Villarejo, PS (2011)] %l" > ¢
r t/ % {
Born+ 1 — Born + 2 9
Sudakov Factor 3%4(t t) = expq — / d(b A3'—>4(¢ 1) ((b ®’ 1) ’
\ t
@ add direct 2 — 4 branching and correct it to LO ME: [Li, PS (2017)] Direct:
\ (Unordered)

Born — Born + 2

to
LO
Sudakov Factor 2|—>4(t t) — &Xp { / d(b_|>_2 A2|—>4(¢+2)W2._>4(¢2, ¢+2) > tO
t

/

2~

4

— entirely based on MECs and sectorisation

—- by construction, expansion of extended shower matches NNLO singularity structure

But shower kernels do not define NNLO subtraction terms! (!)

P Skands 1 This would be required in an “MC@NNLO" scheme, but difficult to realise in antenna showers.



Size of the Real-Virtual Correction Factor (2)

NLO _  LO V
W23 “‘Néhﬁ3(1'+'mﬁh+§>

studied analytically in detail for Z — gg in Hartgring, Laenen, PS JHEP 10 (2013) 127

\Y v ‘
ﬁ : 15 1@ f
2l \\{ _ 2L \ .
—~ | —~ ' 112
4 IR
20 20
= =
-0 -6
-3 1 L L L | 12 | _8 \ 11
-8 -6 -4 -2 0 -8 -6 -4 -2 0
log(yi;) log(yij)

=> now: generalisation & (semi-)automation in VINCIA in form of NLO MECs
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(Combining iterated n — n 4+ 1 and direct n — n + 2 branchings)

A priori, direct 2 — 4 and iterated 2 +— 3 branchings overlap in ordered region.

In sector showers, iterated 2 — 3 branchings are always strictly ordered.

Divide double-emission phase space into
strongly-ordered and unordered region:
[Li, Skands 1611.00013]

dd,, = dd)iz dCID_f2
S~ =

u.o. S.0.

d®=,: single-unresolved limits = iterated 2 — 3
dd>i2: double-unresolved limits = direct 2 — 4

Restriction on double-branching phase space enforced by additional veto:

> 2 a2 t
dPi, = E :9 (PL,+2 - PL,+1) ik 4P+2
j

P. Skands Recent Developments in Pythia & Vincia



Preview: VINCIA NNLO+PS for H — bb

Coloretti, Gehrmann-de Ridder, Preuss, JHEP 06 (2022) 009

Fixed-Order Reference = EERAD3 NLO H — bbg: already quite optimised

Uses analytical MEs, “tolds” phase space to cancel azimuthally antipodal points, and uses antenna subtraction (—
smaller # of NLO subtraction terms than Catani-Seymour or FKS).

VINCIA NNLO+PS: shower as phase-space generator: efficient & no negative weights

» Looks ~ 5 x faster than EERAD3 (for similar unweighted stats) + is matched to shower = includes
resummation; can calulate any IR safe observable; can be hadronised — IR sensitive observables, etc.

1-Thrust (parton level) —— H — bb NNLO+PS (VINCIA) Note:
H — bbg NLO (EERAD3)

NNLO accuracy in H — 2j implies NLO correction in first
emission and LO correction in second emission.

, - (@) So for Thrust,
( -
NNLO H — bb
0 1 2

0.4 -

is effectively

NLO fort < 1/3
LO forz > 1/3

o)

s . 13 CPU Hours

loops

o

3

11‘_-1 legs
_ e, /
0.1 : Proof of concepts done for H & Z — 2
Plot miade by C. P .
VINCIA ° © Y & TTEUSS Work remains to extend to pp, ep, and ee —» n > 3
0.0 - - - —
0.0 0.1 0.2 03 3 0.4 05 (& on marrying this formalism with NnLL accuracy)

T
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https://arxiv.org/abs/2202.07333

® Electroweak Radiation in VINCIA

Main component: soft photon emission

n
S
[Dittmaier, 2000] ‘Mn_|_1 ({p},pj) ‘2 = — 8T« Z UmQxayQy S :B;/ . ‘Mn({p}) ‘2
T,y X]<YJ

Example: Quadrupole final state (4-fermion: eTe e e~

Opposite-charge pairs » positive terms
Same-charge pairs » negative terms <= Not well suited for showers

(— HERWIG & SHERPA use YFS)
_I_ / )

e’ et N - )6
—\ - N N
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QED Multipole Showers in VINCIA

Sectorize QED phase space: for each possible photon emission kinematics p,, find
the 2 charged particles with respect to which that photon is softest » “Dipole Sector”

Use dipole-antenna kinematics for that sector, but sum all the positive and negative

antenna terms (w spin dependence) to find coherent emission probability > 0
p

~

—> QED shower with full soft multipole coherence and DGLAP collinear limits
and no negative weights [Kleiss & Verheyen (2017); PS & Verheyen (2020)]

Available in PYTHIA 8; directly applicable also to ete™ — Z/y* — ffand ete™ > WTW™ — 4f
Also accounts for initial-final interference via interleaved resonance decays; discussed later

P. Skands
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https://arxiv.org/abs/1709.04485
https://arxiv.org/abs/2002.04939

Example of QED multipole interferences

uii — Z/v" — eTe v (Dressed, no QCD, Py, <5GeV)

High-mass Drell-Yan

"3 B | | | | ‘ | | | | ‘ | | | | ‘ | | | ]
_ 7 _ /% _ —— Vincia (Coherent) ——
uu — yoT —> € € L85 0999 ™ —— Vincia (Pairing) ]
0 %D; ~ — Pythia =
Mee >1TeV, pi e > 25 GeV and ne] <3.5 & - —— Fixed Order |-
plL~ > 0.5 GeV and |n,| < 3.5 3 i a -
0.0002 :— | _:
PYTHIA - i
. _ _ . . 0.0001 — == _
Factorizes uit and e™e™ radiation - -
0O : I I I I | I I I I | I IPS &Iverhe.yen (.202.0):
VINCIA 1:431- g: | | | | ‘ | | | | ‘ | | | | | | é
1) Coherent = full multipole treatment g "E . S E
.« . : % 0.9 E —=
2) Pairing ~ PYTHIA: only consider AT -
"maximally screening” charge pairs; 9eE . 1 | 1 =
: : _[_-_F -1 -0.5 0 0.5 1
no genuine multipole effects cos(8)

+ - — o+

cos 0 — 2 pge Pe+Pe— T P+ P,

Next: QED matrix-element corrections & CS

> )
2 2

Angle between the incoming quark and the outgoing electron in the Collins-Soper
frame, using longitudinal boost of ee pair as stand-in for ambiguous quark direction

applications to QED corrections in B decays
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https://arxiv.org/abs/2002.04939

Weak Showers

Real corrections: EW gauge bosons, tops, Higgs part of jets

a
Virtual corrections: Universal incorporation of Sudakov logs — In*(s/ Qéw)

T
—1
Features Of VINCIA's EW ShOWQI" [Brooks, PS, Verheyen (2022)] . —1
: . . i +1 500
: .« o Larkoski, Lopez-Villarejo, PS (2013); é oy Q0 GO
— o 200
Chiral HGlICIty showers Fischer, Litson, PS (2017) (; v:}q LA > & R0 ¢
. . N\ 7ZII\ 1
EW-scale mass corrections & exact massive phase spaces NALA ¥

Longitudinal polarisations / Goldstone bosons

Treatment of neutral boson interference

Overlap vetos to eliminate double-counting between QCD and EW

Resonance-decay like branchings —>[Inter|eaved Resonance Decays}

Caveat: Our EW antenna functions constructed from collinear limits (~DGLAP)
Soft multipole coherence so far only for pure QED, not full EW
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Radiation in Decays

III

Narrow-Width Limit & Conventional “sequential” treatment

Treat each decay (sequentially) as if alone in the universe

Observation: these
are also EW vertices.

Example: QED radiation in » Treat decays on

1t production and decay° A b similar footing as other
' shower branchings.

| r 4 3
> +1
- )@ OwQi =
"l/ 1 1 ] \n\r—
) -3r -2r -r 4 +I" +2I" +3I° e

+4 _ =
~00: = ? Q0w = 3 \/ Ow0Q, = +Tz

Beyond Narrow-Width Limit:

Expect interferences to become important for E ST, (and E < ['y)

(Note: for charged resonances, VINCIA utilises unique coherent “resonance-final” antenna patterns with global recoil [ Brooks, PS (2019)])
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Physics Motivation for Interleaved Resonance Decays

Long-wavelength radiation should not be able to resolve short-lived
intermediate states

For long wavelengths 1 > (7ic)/I" expect interterences (& recoils) between decays

Example: QED radiation in Long Wavelengths
_ , b

1t production and decay: ‘ QED quadrupole:

+1

— 0O+ = T

2y
) |

Affects radiation spectrum, for energies £, S T°

+ Interferences and recoils between systems => non-local BW modifications
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— Interleaved Resonance Decays (VINCIA)

Hard system Resonance system Resonance system

t —_
Done for both EW and QCD radiation (incl y — ffand g = gg)

and for any (SM or BSM) resonance

2
Qt%bW

Figure from: Brooks, PS, Verheyen, Interleaved resonance decays
and Electroweak radiation in the Vincia parton shower (2022)
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https://arxiv.org/abs/2108.10786
https://arxiv.org/abs/2108.10786
https://arxiv.org/abs/2108.10786

O After the Shower

High-energy pp collisions — with ISR, Multi-Parton Interactions, and Beam Remnants

Final states with very many coloured partons Example (from arXivi2203.11601)
: : . : pp — tt (all-jets)
With signiticant overlaps in phase space v =<

Who gets confined with whom?

LD

\\
\
\
\
\
\
\
\\
\

Each has a colour ambiguity ~ 1/N(% ~ 10 %

) 6 U
"/I’ (/
/ ’4 ’I
()
() 250
070
’ 4
v
II
200 0 @
l‘:
‘.'."' -
"
,"”

E.g.: random triplet charge has 1/9 chance to
be in singlet state with random antitriplet:

3@3=8¢a1
33=603 ; 38=1506H3 &
8®8=270100 10D 8D 8, D1

Many charges =» Colour Reconnections* (CR) more
ikely than not — “"Colour Promiscuity!"” [J. Huston] “Parton Level”

(Event structure before confinement)
*): in this context, QCD CR simply refers to an ambiguity beyond Leading N¢, known to exist.

Note the term “CR” can also be used more broadly to incorporate further physics concepts.




QCD Colour Reconnections «— String Junctions

Open Strings SU(3) String Junction
Closed Strings
(T o T T

% Gluon rings

qq strings (with gluon kinks) E.g., H — gg + shower Qpen strings with N = 3 endpoints
E.g., Z = gg + shower Y — ggg + shower E.g., Baryon-Number violating
H — bb + shower neutralino decay 7’ = ggq + shower
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Fragmentation of String Junctions

Assume Junction Strings have same properties as ordinary ones
(u:d:s, Schwinger pr, etc)

> Nome\v}v string-fragmentation parameters

ga1 [Sjostrand & PS, NPB 659 (2003) 243]
141 '\O [+ J. Altmann & PS, in progress]
qA2
dqca qca  4c3 qe3 4oz o2 4ot 4ci
d9AB O—e o—e o—e o—=e o—e 4Co
4B3 \
dB2 /) . . 11 . 11
I The Junction Baryon is the most “subleading
g hadron in all three “jets”.
d49B1
44B1 . . .
P Generic prediction: low pr
4dB0

A Smoking Gun for String Junctions: Baryon enhancements at low pr
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https://arxiv.org/abs/2309.01557

Confront with Measurements

o 0.8
5 + Lots of interesting new
o . ALCEpp13TeV measurements showing
"Iz WITH JUNCTIONS 4 crie, changes in strange vs
.S o CR new with gluon-approx
0 oo nonstrange strange hadrons
5 [J. Altmann & PS, in progress]
e & evidence of flow-like
“ R T effects in pp collisions
mmmsmavs | + | — modifications to pr spectra
O ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
14f
T 12 F .
S i Not reproduced by baseline
= - string/cluster models

Very exciting! Lots of Activity

P. Skands Recent Developments in Pythia & Vincia



Particle Composition: Impact on Jet Energy Scale

Variation largest for gluon jets
&%5) ATLAS PUB Note y For Er = [30, 100, 200] GeV
EXPEI!TMENT ATL-PHYS-PUB-2022-021 >~ Max JES variation = [3%, 2%, 1.2%]

29th April 2022

Fraction of jet Et carried by baryons
Dependence of the Jet Enel'gy Scale on the Particle Content (and kaons) va ries Significa ntly

of Hadronic Jets in the ATLAS Detector Simulation . o
Reweighting to force similar baryon

and kaon fractions
The dependence of the ATLAS jet energy measurement on the modelling

in Monte Carlo simulations of the particle types and spectra within jets is Max variation =¥ [1.2%, 0.8%, 0.5%)]
investigated. It is found that the hadronic jet response, i.e. the ratio of

the reconstructed jet energy to the true jet energy, varies by ~ 1-2% Slgn ficant poten’ual for |mproved Jet

depending on the hadronisation model used in the simulation. This Energy Scale uncertainties!

effect is mainly due to differences in the average energy carried by

kaons and baryons in the jet. Model differences observed for jets Motivates Careful Models & Careful

initiated by guarks or gluons produced in the hard scattering process are Constraints

dominated by the differences in these hadron energy fractions indicating

that measurements of the hadron content of jets and improved tuning nterp | ay with advanced UE models

of hadronization models can result in an improvement in the precision . .

of the knowledge of the ATLAS jet energy scale. n-situ constraints from LHC data
Revisit comparisons to LEP data

L ————————— R
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https://cds.cern.ch/record/2808016/files/ATL-PHYS-PUB-2022-021.pdf

Summary

Entering era of percent-level perturbative g
accuracy, with NNLO+N®LL accurate MCs o\
O
. . L )
+ much new work on hadronization & CR .
. o . . = 32\2}1\35:‘.;:;.;.;.',.,.,.,.,.,.,.,.,.;.;.;,. "2:53’;5”
Driven by LHC physics program e e @ g R vY
'..‘ %/ o090 A
But ee often used as test bed < synergy ® %0 o°
N
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A Baryon

WV Antibaryon
© Heavy Flavour


https://arxiv.org/abs/2203.11601
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Note on Ditferent alpha(S) Choices

7))
3 o
S s MSbar 0.1188 2L nf_ =5
(¢b] - max—
= the_QCD IR pole ---4--- Pythia Monash 2013 (0.1365 1L n__=5)
> shifts upwards | O Sherpa (CMW 0.1188 2L n|:_ =5)

@4 Pythia Monash Tune
. .._,5.-7_%7=?7@}1_;-é-5_:_ o

.._._ e ‘._.- .

Slower pace of 1-loop

running allows to have
similar Aqacp as PDG

P SR ~
o Yooy

// ..O"'G--.O’"'O"'

Ii‘a@tio to PDG MS

Default PYTHIA uses a large value ot as(My) to

agree with NLO 3-jet rate at LEP

R SR
-9 g}--v-*——o——o——r—w——o--o—+—+—o—-¢—+
BASARN CARN S LR R O RN XN O BN s MY o W WP W SR

e—o—~o—o0o—0—0—0—0—0—0—0—0—0—0C—0—0—0—0
I I I I I I I
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Correlated or Uncorrelated?

What | would do: 7-point variation (resources permitting = use the automated bands?)

Increasing only ISR
m More Ht and Niets; similar core jet shapes

l Increasing both ISR and FSR
m More Ht in the events.

m More OOC loss (from FSR) but also more HT and more
hard ISR jet seeds — partial cancellation in Njets?

Increasing only FSR

wMore OOC loss (FSR jet broadening), acting on similar
number of seed partons (no increase in ISR).

aISR

wSimilar Hy

Increasing FSR, Decreasing ISR -> Exclude?

w»Double counting? Fewer ISR partons, and more
smearing of those that remain. (Easy to rule out?)

»Also from theoretical/mathematical point of view, the
artificially induced discrepancy is now proportional to

OzFSR - In(16) = 2.8 instead of In(4) = 1.4.

P. Skands Recent Developments in Pythia & Vincia



O Perturbative Uncertainties in Showers

First guess: renormalisation-scale variations,

,u]% — Kk, //t]% , with constant k, €10.5,2] or [0.25,4], ...

v
0!
+ e.g., do for ISR and FSR separately — 7-point variations —» <
Induces “nuisance” terms beyond calculated orders
11N, —4Tyn
Running of a(ku?) = a(u? with by=——— %7 0.6
g ot a(kp”) )T b GO 0 =

—> ME proportional to a’(u*) | 1 £ bya,(u?) Ink" + ...

variation
| think many of us suspect this is unsatisfactory and unreliable

Problem: little guidance on what else to do ...
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Invitation for Discussions (after talk)

Issue #1: Multiscale Problems (e.g., a couple of bosons + a couple of jets)

Not well captured by any variation k, around any single scale

More of an issue for hard-ME calculations than for showers (which are intrinsically multiscale)

Best single-scale approximation = geometric mean of relevant (nested) QCD scales

My recommendation: vary which scales enter this geometric mean

Issue #2: Terms that are not proportional to the lower orders
Renormalization-scale variations always proportional to what you alreadly:
pp variations = do — (1 £ Aa,)do
No new kinematic dependence

But tull higher-order matrix elements will also contain genuinely new terms at each
order, not proportional to previous orders:

More general = do — do £ Ado
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Parton Showers: Theory

see e.g PS, Introduction to QCD, TASI 2012, arXiv:1207.2389

Most bremsstrahlung is
driven by divergent

propagators — simple structure 2(Da - 3)
Mathematically, gauge amplitudes 5666
factorize in singular limits

Partons ab 2 a’”b 2
— collinear: Mpya(...ab,.. ) g:C

2(% pb)\/\/lF( a-+b,...)

P(z) = DGLAP splitting kernels”, with z = E /(E,+ E,)

Gluon j |./\/l 2 Jg—>0 2 (pi 'pk) - 2
et Fa1(e..,2, 0, k... g:C Mp(... 0k, ..
soft: (pi - i) (pj - D)

Coherence — Parton j really emitted by (i,k) “dipole” or "antenna” (eikonal factors)

These are the building blocks of parton showers (DGLAP, dipole, antenna, ...)

(+ running coupling, unitarity, and explicit energy-momentum conservation.)
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Scale Variations: How big?

What do parton showers do?

In principle, LO shower kernels proportional to Qs

Naively: do the analogous factor-2 variations of pups.

There are at least 3 reasons this could be too conservative

1. For soft gluon emissions, we know what the NLO term is

— even it you do not use explicit NLO kernels, you are effectively NLO (in the soft gluon limit)
if you are coherent and use pps = (kemw pT), with 2-loop running and kepw ~ 0.65 (somewhat
ni-dependent). [Though there are many ways to skin that cat; see next slides.]

lgnoring this, a brute-force scale variation destroys the NLO-level agreement.

2. Although hard to quantity, showers typically achieve better-than-LL accuracy by
accounting for further physical effects like (E,p) conservation

3. We see empirically that (well-tuned) showers tend to stay inside the envelope
spanned by factor-2 variations in comparison to data
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(lllustration of the “Magic Trick")

Hartgring, Laenen, PS, arXiv:1303.4974

Proof-of-Concept NNLO LEP tune (NNLO Z Decay, ie with NLO 3jet corrections — using VINCIA)
NNI_O tune (3—]8’[ NLO) Wlth (XS(MZ) — 0122 (2-loop running, CMW) Comparable
NLO tune ~ Monash (3-jet LO) with as(Mz) = 0.139 t11ccs ring sy values for Aqcp

— = O - Q =
- 1-Thrust (udsc) S T C Parameter (udsc) S r D Parameter (udsc)
Q 1 0 E_ _01 02 §_ = L
S - m L3 <t = L3 < 102 m L3
Z — —
— 10p —~NNLO on 105 — NNLO on - — NNLO on
i -~ NNLO off o all -~ NNLO off 1= -~ NNLO off
e . NLO tune - - NLO tune
: st 4 AL
107" 1 10
= 107 E -
- - 2|
102 . 102k . 107E )
: : - 0 = o
B Data from Phys.Rept. 399 (2004) 71 < B Data from Phys.Rept. 399 (2004) 71 1 L Data from Phys.Rept. 399 (2004) 71 <
1 0-3 | Vincia 1.030 + MadGraph 4.426 + Pythia 8.1%5 o 1 0-3 i Vincia 1.030 + MadGraph 4.426 + Pythia 8.175 o 1 0-3 - Vincia 1.030 + MadGraph 4.426 + Pythia 8.175 o
E | | | | | | | | | | | | | | | | | | | | | | | | ; E ‘I | | | | | | | | | | | | | | | | | | ; E | | | | | | | | | | | | | | | ;
o 1.4 o 1.4 o 1.4F
5 1.2 éﬂ 1.2 éﬁ 1.2:
> 1 e e e = | e nall > s
@) . N o) C A 9N o C
2 08F ‘ 2 08F - 2 0.8F
— - — =
0.6 F 0.6 F . 0.6
o SRR BN SRR I SN R BN R O A S R S R R N B N A RN R A RN )
0) 0.1 0.2 0.3 0.4 0.5 0) 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
1-T (udsc) C (udsc) D (udsc)

P. Skands Recent Developments in Pythia & Vincia
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Scale variations: How Big?

Poor man’s recipe: Use /2 instead?

Sure ... but still somewhat arbitrary 1-Thrust (udsc)
. 145 9D W
Instead: add compensation term to preserve soft- g8 LBt s o P
« . e 7 T
gluon limit at O(a,2) 2 : | o Pythia n=0.5p_
. . . - S : Pythia u=2.0p
Still allowing tull factor-2 outside that limit. 2 08F . .
% Too onservative®
06 __dé:l | | | | [ | | | | | | I"'f‘
Pythia includes such a compensation term, at least 9 |
. . - + compensation terms R
in context of automated uncertainty bands L ool o o
R o12p 0 et
Since aggressive definitions can lead to S s,
. . . . . . = o S S
overcompensation / extremely optimistic predictions é 0.8 E
. |_ B ecommenae
— very small uncertainty bands, we chose a rather 06 | | |
. o Al || | L1 | L1 | L1
conservative definition for PYTHIA — larger bands. AL
% 1'2 - X \/5 (with no compensation terms)
ok o) P(z o “E |
P(t,2) = s(hp1) () (1—¢) s(max) g 1) PL2) S | Wittt
2T 27 t S : D
l* Kills the compensation outside the soft limit —T Small absolute size of I_E 0.8 - Too Aggressive?
z for splittings with a 1/z singularity compensation 06F, vl v b L
¢ = 1—2 for splittings with a 1/(1 — z) singularity 0 0.1 0.2 0.3
min(z,1 —z)  for splittings witha 1/(z(1 — 2)) singularity S. Mrenna & PS: PRD94(2016)074005; arXiv:1605.08352
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Matrix-Element Merging — The Complexity Bottleneck

For CKKW—L style merging: (incl UMEPS, NL3, UNLOPS, ...)

Need to take all contributing shower histories into account.

In conventional parton showers (Pythia, Herwig, Sherpa, ...)

Fach phase-space point receives contributions from many possible branching
"histories” (aka “clusterings”)

# of histories grows ~ # of Feynman Diagrams, faster than factorial

Number of Histories for n Branchings

Starting from a single ¢g pair T, = ]_ T, = 2 T, — 3 T, — 4 T — 5 1N — 6 n — 7

CS Dipole 2 8 48 384 3840 46080 645120

Bottleneck for merging at high multiplicities (+ high code complexity)
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EW Showers: Longitudinal Polarisations / Golstone bosons

Pi, )\Z
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Lots of Antenna Functions

~ 2
)2 mi] ) 2:133
FE - =2v—)Xa (m?j —mj)
- 1 a';»;\HfAf—A -9
9 mz) v 5 m,-j I2
T 5T 2
FF 2(1) — /\a) (mt? -— ml) J e _ 2(’0 -+ /\a) 2 _ 'rn,%)2 T 2
f,\f—) ~ 2 2 av‘,' l—)f_AfA . . —_
ij Ti A iy (v — Aa)m; ;
— 9(0 — Aa)? 2 _m2) g, 2 1 (v + Xa)m, z;
a}'P Vo, (L (mzj - : FP =2 2 _ms )2 ~ 2
s fy R W 2 Ve foafox T 2 = m3 Aa)ymj)?
L (v — ’\a')‘m“'_:z:i mpm; T; '+ Aa)m; — (v — ’ 2. —m?)?
2)2 ] ((L + (mz 1
EF 9 2 m2) 2 4 VTi + (v + Xa) m; /T . _ ™2 j
Afr—f_AVa (mw m?2 m; —2mj—— J Ao £ f
Lz - = Vi i 2
1 (v — Aa) . m; 1 m; 1
FF = 2 _m2)2 ) ~ 9 af' F = 2 _m2)2 2 T. Y )m 2
af/\y—>f)\ 0 (mU I ( )\a))2 m,-j z;. vjp_)f)‘f— (mzj I m2 2 mj il 4 (’U + Aa m Lilj
—mi(v — Aa 2)2 TV et Y e
(my(v+ 5 (mu 1) xa) | 2miyziz; m; \ z; I
EF = m; 2 X [(v—
pr—f-aVo 1
. ; ’ ) ~ 2
FF 3 2 2 m?)Q F 292 2 2)2 g, T j
. ? — y — (3
a'fAf/\H 4S'U.’ Su) (m'l] - a,{:rl\,,_)‘f’:\ ‘,',,\ 5 (ml] mI 5
62 mf m;; 2)2$j. , ﬁlfj x;
FF 2 mz mj 'F = 2q,, 2 2)2 Ly
me; i
2 m2)2
'K pams 29 ) 2 x"’ : y
2 a{‘,\’—)‘/ AV ‘ ('m'l'] T 2 2 _ Ltz m?)z
2 m2 W 1 (mp —mi — =,
/ ’ e X
FF — 2 2 _ 'mj) H*—*fAf/\ 45y, Sw v : xT; Ay, ViV v (m 1+z; 2)2
ay. —V\H 32 msg, (mU 1 €Iy —-J . 9 2 _ m;
A =2 e2 m? z; \z ’ (my — m; z;
> my Mg TiT; P = - —m3)? 2 m?
V3 - — m?)2 ay I 482 82 (m? ! e =08 2. —m?)2 '
av vl = 253, m3, (mZ; $ H= 30— v AVr—VoVa (m; . 222 ]
Vi Vo w 5 _ 2 _m2 —m?) ij TiTj.
2 .2 m;; Zj 92 (ml —m; J 5 m2)2
€" mg 2)2 . 'F =7t m2m? (.m'ij !
L — 2 m2 (m —my ) @ 1 2 ai; A CLCI M
AV Vi H 285 m2 5 N )) . Vi
: 2 | i T
e? 1 . )2 (ml —2m; | T Ti
FF = 2 —m
Ay Vo H 482 my, (m !



Collinear Limits

AT N )\j f — f/V
p) p)
Pure vector
p) p)
A =) Pure vector
A — A
A Vector + Scalar
2. | 2 m?j
A =X 0 (m?j_%j?ﬁ)Q (1—2) (ﬁ; (v —Aa) — 2—5(?} + )\a)) P(z) o (m2, —m2)? (1—2) Pure scalar



A Brietf History of MPIl in PYTHIA

Oparton-parton(?1) -
> 1 N Sjostrand & PS, 2005:
0]
hadron-hadron Plmax F========="=" Interleave MPI & ISR evolutions in
—> several parton-parton interactions per hadron};ha dron jpigractio one common sequence of pr
11 ==~~~ -~ == ~°
N 8 TeV pp Corke & Sjostrand, 2011:
E E 0, ,(P=p__)Jvsp_ ISR Also include FSR in interleaving
g I —=— TOTEMo, . (data) P |
g 10° = —e— 0,,=0.130 NNPDF2.3LO
o - —5— a,=0.135 CTEQSL1
2 B D12
o
E 102 :_ inelastic pp cross section
o
Y10
- P13
1= 'é .
- yihia 8.183 : Plas F==-F=====~ Sjostrand & PS, 2004:
A R -t Ly ] 00000 __ Simple multi-parton PDFs with
Pt I momentum & flavour correlations
Sjostrand & van Zijl, 1985: e DRRReEe TSRS~
Colour Screening (“plﬂ”) | Hadronization

Cast as Sudakov-style evolution equation, analogous to the OX+jetlP1)/0X ong of showers
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QCD Colour Reconnections «— String Junctions

. . - . [Christi & PS
Stochastically restores colour-space ambiguities according to SU(3) algebra JHEP 08 (2015) 003]

> Allows for reconnections to minimise string lengths

» I i Dipole-type reconnection

What about the -green- colour singlet state?

q q q
R
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https://arxiv.org/abs/1505.01681

w*" |n Progress: Strangeness Enhancement from Close-Packing

ldea: each string exists in an effective background produced by the

: if|i tli‘ ii?liffl"fl ‘fI"fll‘ Tli‘li'
Close-packing A+ At +27) :
scits 6 §—25—86 AR s e

A /K tune '

-T-

I Close-packing
: . I i
— String breaks \ Results in strangeness enhancement + strange junctions

. + diquark suppression ]
focused in baryon sector

vs. /Q(.\ : _

String tension could be different from the e
vacuum case compared to near a junction B e

nnnnn

= p=2
= C8 — 2 25CF q=0 C6 —_ 25CF /
—e— ALICE
Dense string environments e s
. . . i ) ) /7 tune
— Casimir scaling of effective string tension ¢ T imlmne
. ‘e 4 6 8 10 12 14 6 8 20
— Higher probability of strange quarks 16 1 (Yo
,]_[._| I)I t. | | | | | | o | | | +l | | | | | | | ‘ \ | |
: Mot (Q+ Q) (x4 7 )
Strange Junctions [ s eI
| = p/ztune —

|

[ | B
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LHCDb: also in Bottom

A, asymmetry

S N BN N X

Without junction CR, an important

source of low-pr A, production is
when a b quark combines with the
proton beam remnant.

Not pOSSible for /_\b (no p remnant at LHC)

LHCb, JHEP 10 (2021) 060 e arXiv: 2107.09593

'\Rw'w"'w"k

LHCDb
Vs =7 TeV

—4— Data 1fb™!
&\\\\§ QCD-based CR

- “Gluon-Move” CR
Default (Monash)

-

A
20

Ay p. [GeVic]

QCD CR adds large amount of low-pr junction A, and A,, in equal amounts.

Dilutes asymmetry!
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Non-Linear String Dynamics?

MPI — lots of coloured partons scattered into the final states

Count # of (oriented) flux lines crossing y = 0 in pp collisions (according to

PYTHIA)
BAﬁd classify by SU(3) multiplet: — — Confining fields may be
= E/\ p— reaching higher effective
E g representations than simple
O — quark-antiquark (3) ones.
o q 3 —= =
10 — ‘\ 64
- Two approaches in PYTHIA:
oz 1) Colour Ropes (Lund)
- 2) Close-Packing (Monash)
OJ ] é 1 I‘IlO ] |15 1 |20| ] |25 | 1 '30 | 1 35 | 1 |4-|OI | |4|5| | 1 ISJO

(n_)

Ch’lyl<0.5

Number of tracks >
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