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1.Introduction

The purpose of Monte Carlo event generators is to generate events in as much
details as nature (generate average and fluctuation right)

Lq)event — quHard ® Lquecay X ‘@ISR ® Lq)FSR ® L?JMPI & &P Had ™

[_JHard process in high energy hard scale

] Transition from high energy to
low energy

— parton shower

Parton shower

[J Low energy soft regime

mmlm hadronization
—fragmentation

Fragmentation

stable particles
Parton shower: a the evolution from high scale to hadronization scale|
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1.Introduction

‘gjevent in p+p & tg)FSR in QGP

Jet in Vacuum Jet in QGP (Heavy lon Collision) In heavy-ion collisions

> |nitial state: PDFs to nPDFs

> branching probabilities are
modified by the presence of the
QGP

> alters the Sudakov form factor
and introduces medium-induced
emissions

Physical consequences

% e "', R g ;‘, .
Heavy lon:®. . “r&
. Collision. =
8 - ol

A : ' - Y A ~,'.-".SC_"5tterin.g - Bartons lose orey o they .
N through the QGP

e

F .
.,

» Jet substructures, such as jet
mass, fragmentation, and angular
distributions, are modified
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2. Parton Showers
Starting points

Parton showers approximate higher-order In the collinear or soft limit, the matrix element can be factorized as
real-emission corrections to the hard

scattering process

n+1 external legs n external legs

Together with phase space integration, the cross section is

2
kA4ﬁ+l‘
2
| M, |

1
do, | = 2_5 [d¢n+1 M, ‘2 = do, @ d,_,,, 11 X
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real-emission corrections to the hard

scattering process

e @66@

i P “‘ n+1 external legs n external legs
'Mh!ul’
CAN Together with phase space integration, the cross section is
% :
do,,. = — | gy, |, |* = do, ® d M
Opt1 = 2_ ¢n+1 ‘ n+1 ‘ — Uo,, & ¢n—>n+1 X 2
. M, |
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2. Parton Showers

Starting points
‘Mn+1 ‘2
M, |°

Sudakov form factor: Non-branching probability exp ‘[d¢n_>n+1

choose kinematic variable as
the evolution scale

Probability that there is no branching from Q to g is A, (Qz, qz)

2

a M1 |7
A (Qz’ q2) = CXp { J d¢n—>n+1 - }

M, |

Probability for one observed branching 1 —A (QZ, qz)

Probability one branching between the scale q2 to q2 + dq2

d M, ‘2
d_qu (Qza q2) = A (sz q2) X d¢n—>n+1 ‘M )

Additional radiations can be added according to the function A (Qz, qz)
(/22



2. Parton Showers

NNDL accuracy tests Lund multlpI|C|ty

Improve the splitting kernels

{ | W|th double soft

1L 2

NLO corrections to resummation kernel st

[ I
© o o o o o
mm-bNON

lim
as—0
I
=
o

What we expect for NLO showers | FarXiv:2307.11142 -

1 [ NLO 2-jet matching

12: o | —n 'JC.A._.ZAC,F._,i.l.I,.1....1....'
o 50 1 2 3 4 5
QQQ E=asl?
Thrust y23 (Durham)
| e*e-—Z-hadrons s l ; ., l
10 VS =Mz;=91.2 GeV e __M ‘.‘ 0.1
" 1} as(Mz)=0.118 ° . -
NLO parton shower 2 z-Jet@V/ - . Joor
ke il P - =
8 v arXiv:24086. 02661' PGie" T . 102
dq)3 2 2 0 1 2 2 0.01 & PG _}_'-hgdrloani.sation =:.
2 0? o : * 21104
_2 (1 — A (QO’ Q )) = — J 5 (Q — Q (@3)) (613 -+ CZ3) A (Q()’ Q ) 10-3 B NNLL PGy, (tunes PG, -24A) - 10
dQ \ 3 , do, 1.4F ' ' 1.4
branching probabilit ‘ — - ’ 1.2} 1.2
gp y born and virtual correction g é-gr 3'2
dd, 5 5 0 5 o 0.6f 0.6
N = A4 F 1.
[ -0 (@))aa(e) £ 5 ¥
2 - 10E 1.0
HTL, Skands, arXiv:1611.00013 —— ’ i i
real correction
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2. Parton Showers

Improve the Colors

Leading Color Approximation: Dipole Shower

> \{/E> >\< JJUL»<—>—=—< %)ﬁ—/{, :<

QCD radiation in this approximation is always simulated as the radiation from a
single color dipole, rather than a coherent sum from a color multipole.

i @/OOW\\,

a color density operator Deductor, arXiv:1902.02105 CVolver, arXiv:2502.12133

aWIT)

simulates parton showers at the amplitude level with full color information

\ / — Tr( / \ ) A,(F) :VE,EnDﬁ:An—l(En)DIWVE,En@(E < E,),
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2. Parton Showers

Fixed order

Fixed order should look like i,

Sunshine by @vector_corp on freepik.es . .
matrix element ratio 0—->1Dx(A->2)X--xXm—1-n)

R — Usually showers will give (O — n)
| Sudakov Nesting of Integrals|

' Using generalized parton |
shower to generate fixed |
___order corrections |

Altmann, HTL, Scyboz, Skands, arXiv:2507.00111
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2. Parton Showers

Fixed Order keep the parent events after branching, and ask the event branches m
times at stage 0 — 1. then shower them afterwards

dPmo..0 dPoo 0 I
io, = H/tl anto,_>1 )dt

Sunshine by Gvector_corp on freepik e keep all the intermediate states and shower them 1, times

Sunsh | ne from k — 1 partons to k partons

de ma...Mn dPOO .0 -1 = =
5(1)2 = H H / anty 1k (tk,) dig,

k=19=1
e o AP iiraciis d’Poo i
' Using generalized parton | Summ 1o infinity 2;0 ao, H Ax( tk i)
. . ' mg =
shower to generate fixed |
order corrections | .
SUNSHINE : E 5(1)2'“ ~ = |Moy| H ant; i1 -
n :

Altmann, HTL, Scyboz, Skands, arXiv:2507.00111 my 20 =0
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2. Parton Showers

Fixed order

Sunshine by @vector_corp on freepik.es

°

' Using generalized parton |
shower to generate fixed |
order corrections |

Altmann, HTL, Scyboz, Skands, arXiv:2507.00111
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2. Parton Showers

Resummation and accuracy

ety ‘
TLEm'ﬂ'% NLL: PanScales, Alaric, Herwig et al
o _NLO SNI;O NI;N%O with higher order effects: Vincia, DIRE et al
z—— X 2z + — a1 9lnz + [—S} as 410 2 + [—9] &3‘611152 +--- LL
oo dz 4 47 ’ 41 |
2 P .
+ %al,l +- [Z—;] a2,311'12z+ Z—; a3,51n4z + -+ NLL E Panscales
Qs Ak _ Ak 3 * Dipole PanLocal = PanLocal  PanLocal PanGlobal PanGlobal
-+ 1 31,02 + .| 2.2 Inz + 1| @34 In°2 +--- NNLL *u (I;YS-/DIre|V1)(B IOdIF) (B I=%d;)) .(...=.%.'.a.n+t.'). ...(.B. =0)+ llll (I=%)*
Rk fas 3 2 Vyas [ T | . , |
— — 3 11 ... NNNLL ! !
* lan) 1t [gg] etz 4 ole gD §IS DIw I lIw o
TAL e wpML g LA § LOK g LOC g LOC g fOC .
—= — 1 a ...NNNNLL I l :
e R - FCafmo® | 1 +i I I | 1 I i I 1 -
T 9 e v I I I I -
+ |—| a3, + --- "y - ‘
4] TP maX[Uf_j]_Bom:l/Z a i T i T i T i T i i
£k Thrust | A + T+ + + -
+ R : _|. |
L 47 43,22 max[uf =] fp,,. =1 AT + T + T + T + T + 3
: : .  slicefygs 4 T ® T ® T T T ¢
For observables that involve scale hierarchies woewaot . $ + . % 1 . b  SLBSREANE TR I

resummation Is required

-0.05 0.00 -0.05 0.00

-0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00

Relative deviation from NLL for a;—0

arXiv:2002.11114
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2. Parton Showers

Resummation and accuracy
Bt N

- —— N4LL NNLL+NLO -
NLO NNLO NNNLO 250 | ]
1 do Qg g 72 . g3 . Tt | —— Pythia = N4LL+NNLO |
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2. Parton Showers

Resummation and accuracy

NLL accuracy is the becoming the new standard

Logarithmic accuracy of parton
showers: a fixed-order study
Dasgupta, Dreyer, Hamilton, Monni,

Salam [1805.093271
Colour and logarithmic accuracy ir

final-state parton showers

Hamilton, Medves, Salam, Scyboz, Soyez
[2011.10054]

Soft spin correlations in final-ste
parton showers

Hamilton, Karlberg, Salam, Scybg
[2111.01161]

PanScales parton sho Panscales

collisions: all-order vé

van Beekveld, Ferrario Ravasio, Hamilton, Salam,
Soto Ontoso, Soyez, Verheyen [2207.09467]

Parton showers beyond leading

logarithmic accuracy
Nasgupta, Dreyer, Hamilton, Monni, Salam,

Soyez [2002.11114]
Spin correlations in final-state parton

showers and jet observables
Karlperg, Salam, Scyboz, Verheyen [2103.16526]

PanScales parton showers for hadron
isiens: formulation and fixed-order studies

Ferrario Ravasio, Salam, Soto Ontoso,
ez, Verheyen [2205.02237]
Next-to-leading-logarithmic
PanScales showers for deep inelastic
scattering and vector boson fusion

i van Beekveld, Ferrario Ravasio [2305.08645]

Introduction to the PanScales framework, version 0.1

van Beekveld, Dasgupta, EI-Menoufi, Ferrario Ravasio, Hamilton,
Helliwell, Karlberg, Medves, Monnim Salam, Scyboz, Soto Ontoso,
Soyez, Verheyen [2312.13275]

Building a consistent parton shower
Forshaw, Holguin, Platzer [2003.06400]

Improvements on dipole shower colour

DIS2025 - 24/03/2025

Forshaw, Holguin, Platzer [2011.15087]

Melissa van Beekveld

A new approach to color-coherent parton
evolution
Herren, H6che, Krauss, Reichelt, Schénherr [2208.06057]

—y

I Newapproach to QCD final-state evolution i
processes with massive partons
| Assi, Hoche [2307.00728]

The Alaric parton shower for hadron colliders
Hbéche, Krauss, Reichelt [2404.14360]

A partitioned dipole-antenna shower
with improved transverse recoil

Preuss [2403.19452]

Summation of large
logarithms by parton showers

Nagy, Soper [2011.04773]

- T—

Summation by parton showers of large
logarithms in electron-positron annihilation

Nagy, Soper [2011.04777]

Logarithmic accuracy of angulars
ordered parton showers

Bewick, Ferrario Ravasio, Richar
Seymour [1904.11866]

Initial state radiation in the Herwig 7 angular-
ordered parton shower

Bewick, Ferrario Ravasio, Richardson, Seymour [2107.04051]
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Matching and Merging

LO-+PS NLO-+PS LO,+PS (Merging)
5 o 2 5 o o? o 5 o2 o2
m 1 1 1 m m
il o [ o | o 5 e | Bl o [ oo |
o || o® RO > o0 | o || o® o0 o ORI o || o@ |0 50
0 1 2 3 saem 0 1 2 3 o 5 2 0 1 2 3
k (legs) k (legs) k (legs)
Matching:

J combine a fixed-order (typically NLO) calculation with a parton shower, avoiding double-counting in
overlap regions

Merging:
d combine multiple inclusive (N)LO event samples into a single inclusive one with additional shower

radiation, accounting for Sudakov suppression and avoiding double-counting in overlap regions
(typically via phase-space slicing)
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3. Matching and Merging

From Showers

From parton shower

1 T Ai(Qza Qz)

O-radiation

1-radiation (Sudakov suppressed)
From the definition of Sudakov factor, we have

SP(unresolved) + L(resolved) = 1

probability conservation from the definition of A

Resummation from Showers +

From NLO calculations

dd V +

ONLO = Op T (

virtual integrated

subtraction

subtracted real

d6n+1

Ly
[

0

n

1, as the resolution scale for 1-radiation

LO parton showers reproduce the NLO singular behavior
of the underlying hard process with unitarity assumption

v+ |R=0.

Hard emissions From fixed orders (695



3. Matching and Merging

Matching

Integrated
born loop subtraction
Additive (MC@NLO-like) x |
0 Using Parton Shower evolution kernel as infrared AMCENLO _ g [B (@) + ¥, (@) + a8 (@) ®[d<1>1|oP (%o)]
subtraction terms

; ]
A (0% 0F) dz,—>p 02, g?
a Multiply LO event weighted by Born-local K factor § ’ J gt J "2z a) 4 _

including the loop corrections and integrated
subtraction terms

+d®,a [Rl () - B (®y) @ P (q)uo)]
generated by
subtracted real shower
0 Add hard remainder function consisting of subtracted

real corrections
Preserves logarithmic accuracy of PS

Parametrically O(«,) correct
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3. Matching and Merging

MatChing Modify the Sudakov factor for first emission

o _ using full MEC
Multiplicative (POWHEG-like)

A (0% ¢q%) = exp _Jd®1|0(>q2)as
1 Use matrix-element corrections to replace parton-shower :
splitting kernel in first shower branching NLO-local k factor

0 Multiply LO event weight by Born-local NLO K-factor B (@) = B (®) +aV; (¥) + “st®1|051 (@)

O Eliminate negative weights. +“sjdq’1|0 [Rl (®1) =S, (‘D1>]

D NLO corrections
(1 In order to cover full phase space for real-emission

correction. dePOWHES = 4P B (D) [A (0% 05)

U Enhance the large p; contribution n

enhanced hard radiation
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3. Matching and Merging

Matching@NNLO

Triple-Collinear 1, — 3, — 4, ete” — qggq Q /s = 240 G‘eV Triple-Collinear 2; — 4, — 3, ete”™ = qg9q Q /s = 240 Ge
100 Splittings ete” — 4j @ /s = 240 GeV - | - )
— et s
_ 107! Ordered to = s, te = (5 GeV)?2, 2-loop as 1.02 1 1.02 1
E Unordered
D X = 8134781234 X = 834/81234
[ Sharp cut-off for Strongly ordered sector shower Subtraction terms from Shower kernel V.S. Double Real
[ Ordered phases space with Matrix element corrections (1 Convergence in triple-collinear limit
[0 With 2to4 showers the full phase space is populated L1 With full spin correlations upto 2 radiations

A first study by Campbell, Hoech, HTL, Pruss, Skands, arXiv:2108.07133
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4. Showers and Jet

Phase space is always exact

0
pr=(1— kb)pﬁ )+ kp©,

0
pe=(1—kJ)p® +kyp'? ,

2 2 2 2 2
ma—\/(mg—m —m2)?2 —4miym2 = (mZ —m3)

b b
5 X
2ma

pr. . =2(1—2)Q* = 2(1 —z)(m2 —m?)

kb,c —

Splitting kernel is approximated

dINVac e Cr y 1+ (1—2)? C22(1 - z)m?
dzd?k | Q0-Qq 272 k3 + 22m?2 z k3 + 22m?

Leading power From SCET

dNVac as Tgr 5 5  2z(1— z)m2>
= X122+ (1—=2)" 4+
(dzdsz>g_>QQ 212 k3 + m? ( ( ) k3 + m?

actual splitting function in Pythia
as dm? (q
dPg—*QQ - I m2 9

(z2 + (1 —2)* + 8rqz(1 — z)) d2 5

Norrbin, Sjostrand arXiv:hep-ph/0010012
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4. Showers and Jet

Phase space is always exact

0
pr=(1— kb)Pg, )+ kp©,

0
pe=(1—k)p® +kypl”

m2 — \/(mg —m3 —m2)2—4mim2 + (m? —m3)

pievol =2(1—2)Q* = 2(1 —z)(mczl, — mczl)

b
k. =
b.c 2m2 |
100+ 30<pTJ<40 GeV 70<pTJ<90 GeV 120<pTJ<140 GeV -
_ . . @ - B jet |
D i
Splitting kernel is approximated S I B quark jet
Ag S0 gluon jet ] v j
AN vac ez CF % \
<dZd2kJ—>Q—>Qg - 22 ki + 22m?2 = 1
Leading power From SCET P ettt D e Tt PSP o
(% 2005‘ 200<p,, <240 GeV 300<p,, <400 GeV 600<p, <800 GeV
&2 1500 1 :
s 5
actual splitting function in Pythia =100y, ;
as dm? (q Z i \
dF e2QQ T 9r m2 2 ( © 50\ ]
N R (R 5. 3 P N S TN N e 9 PN (P s,
$010.02 0.1 0.2 0.010.02 0.1 0.2 0.010.02 0.1 0. 1
/R /R o/R

Norrbin, Sjostrand arXiv:hep-ph/0010012 Jiang, HTL, Li, Si, arXiv:2401.09033
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UN dN/dz,

K factor

4. Showers and Jet..

8 ] 8 ]
VSun=5:02 TeV p+p b—bg . C VSun=5:02 TeV p+p g—bb 3
70 - 7 - v
n ant-k R=0.4 Injetl<1.3 - MLL . = ant-k, R=0.4 h‘|jct <13 . MLL . g
6 140 < P, <160 GeV ] 6 140 <p_. <160 GeV —
- Jet ia- ] C T jet ia- .
3 Soft-Drop =0 z_=0.1 DP’“‘T“ rarton 3 3 Soft-Drop =0 z_=0.1 DP’“‘T“ rarton 3 >
5 - D Pythia-Hadron E -gu, 5 g D Pythia-Hadron E -
4- E Z 4 E
ER
2 - 2F E
(3 ; 1 -
O: | | | e | | | = 0: | | | ol | | | .
1.4 - —; 1.4 .
1.2F = . 1.2F
5 L
]
: g
0.8} —— : 2 0.8
0'6:_....1111.I....1.11.llllll....l.n.ll.l..—: 06 e o ey o by by b e b by by %
01 015 02 025 03 035 04 045 05 01 015 02 025 03 035 04 045 05 "D
Zg Zg 2>
)
. . =
HTL, Vitev, arXiv:1801.00008 2
S
- ch,leading track >
B ALICE Data --- PYTHIA8LQ/inclusive pp Vs =13 TeV P inclusivejet = 2.8 GeV/c
no dead-cone limit
—— PYTHIA 8 charged jets, anti-k;, R=0.4 k> 200 MeV/c
—_— - .. SHERPA LQ/ inclusive .
SHERPA no dead-cone limit C/A reclustering 17,q5! < 0-5 6 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08 0.05
8 L I ] UL I LI ] LI L | L I | L I I | L | | L | | L L I L
E’ 5 = ERadiator & 10 GeV 10 < ERadiator <20 GeV 20 < ERadiator <35 GeV
1.5F S 999 el LEEE LT
e S -
1 o ..*.-.:=:=:::!:==::::-:r SIoFIIin | - - ; !
o = *I——+7
—_— 1 . |
n
0.5F w 1
ol RSN N N AUV T N NV U N U T T N N T T T W U U T W T T U AU T M A A O MO SO N N O
1 1.5 2 2.5 1.5 2 2.5 1.5 2 2.5 3

In(1/6)

p pp 301pb’ (5.02 TeV)
K pp 30t (502Te) 8 10T
BULELE BLRLELIL BLELELELE BRI T T B t -
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5.Summary

1 Parton showers are built on soft and collinear approximations to the full cross sections
O conserve flavor and four momentum, and
O constructed with the assumption unitarity,

1 Matching and merging

1 Briefly discussed antenna shower and its NNLO expansions

[J Present several examples of jet distributions

Indispensable tools for phenomenology studies in p+p and A+A colliders
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