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. Introduction to MCEGs
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(O Hard Interaction
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B MECs, Matching & Merging
B FSR
W |SR*
QED
Weak Showers
W Hard Onium
(O Multiparton Interactions
[1 Beam Remnants*
Strings
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Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac
B Primary Hadrons
M Secondary Hadrons

™ Hadronic Reinteractions
(*: incoming lines are crossed)



1. Introduction to MCEGs

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 ® LqiDecay 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: the evolution from high scale to hadronization scale|
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2. Parton Showers

Parton showers approximate higher-order real-emission corrections to
the hard scattering process

(] Generate cascades of radiation automatically
(] Locally conserved four momentum
(] Locally conserved flavor

(1 Unitarity by construction
Parton showers
[1sample infrared configurations

[ simulate the evolution of parton (resummation)

Parton shower indispensable tools for particle physics phenomenology
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2. Parton Showers

2
‘Mn+1 ‘

| M, |

Sudakov form factor: Non-branching probability exp J'dqﬁn_mﬂ

choose kinematic variable as
the evolution scale

nqz ‘Mn ‘2
A (Qza C]2> — CXP d¢n—>n+l +12
J Q2 ‘Mnl

Probability that there is no branching from Qto gis A, (Qz, qz)

Probability for one observed branching 1 —A <Q29 q2>

Probability one branching between the scale q2 to q2 + dq2

d I
d_qu <Q29 q2> = A (Qza q2) X dqbn—>n+1 |M 2

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



Phase space mapping

d¢n—>n+1 —

2. Parton Showers

2
‘Mn+1 ‘2 JQ dk2 U

‘]‘4n|2 q2 k2 27[

Monte-Carlo Technigue and resummation

Sudakov factor A (0% 03)

J 1-Q3/k?
Q3/k>

1.0 w

0.8 |-

Generate
random number "
Re(©0,1) .

0.0

test function

0.0

Q2/Q1

Solve R = A for Q1/Q2

11, Q1, 1. Qf
=— Log[—1% + —Log[~—
20 "9t T 2079,

| 0.2 | O|4 016 O|8 | 1.0

dzP ji(Z)

do? B dq? B dk?
2 g2 k?
many choices for the evolution variables

0,/ distribution generated by

dA/dx

d | M, |

— A (O? 4%2) = A (0O? 42
e (0%.¢%) = A(Q%q%) X dby 41 P

—— Analytical
10 -

® MC Simulations

50000 points

0.10 -

0.01 -

| | | | | | | | | | | | | | L @

0.0 0.2 0.4 0.6 0.8 1.0

x=Q2/Q1
new phase space point generated
according to the new scales



2. Parton Showers

For multi-scale problem

ey FYA, 4 : :
BEEMITH NLL: PanScales, Alaric, Herwig et al
NNLO NNNLO - : : :
o NLO AR e with higher order effects: Vincia, DIRE et al
z—— X 2z + — a1 9lnz+ [—9} as 4 1n° 2 + [—9] azeln”z +--- LL
oo dz 4 47 ‘ 47 |
2 "y 13 .
b %+ [ aaiet [ agslnts +o N BB PanScales:
41 47 | 477 | *
g Ak , Ak 3 Dipole PanLocal PanLocal PanLocal PanGlobal PanGlobal
Y 4™ b |gp] @210F gy ®alTF +NNLL o (Py8/Dire v1) (B=0.dip) (B=}dip) (B=jant) (B=0) _ (B=3)
-+ —%-2091 -+ Pa_s-ga-ggh'lQZ —|—NNNLL \/E—+ E 1 + ! * i + + #
Tt T ole gD §IS DIw I lIw o
EAL L L A 1 A ] 1 ] o S
+ 1. @202 -+ [E] azolnz + ---NNNNLL il oh $ p | il Hil ;-
ol ) + S SRR T R T A
+ | : + - 1 | ! ' ' ‘
L4 ] 12 max[uf_f]'ﬁobsﬂ/z T I T T I T I T 4 i
(s 1° Thrust e + ¢ + + )+ Q .
T g %827 i max[uf =] =1 4 T * T * T A G ?
. . sieehgy TR e
For observables that involve scale hierarchies wo=wat _, &+ . &+ . 8+ b T t
_ _ _ ©0.05 000 -005 000 -0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00
resu m matlon IS req u I red Relative deviation from NLL for as—0
arXiv:2002.11114



2. Parton Showers

To which order can Parton Showers do?

NLO corrections to resummation kernel

What we expect for NLO showers

L G <

NLO parton shower

dQ?

Nps — NnnpL
asNpL

lim

as -0

NNDL accuracy tests: Lund multiplicity

L no double-soft —j - with double-soft ':

I o e o e e e e S [ -

— PG, |

—— PGg-o
—— PGg-1 ]

507.11142

" NLO 2-jet matching

| | | | I |
TR il i i
N © ® o A N O

[ Ca=2Cr=1 [ Ca=2Cr=1

[
= o

1/odo/dv
o
Vi

(1-8(030%) == |G20(0*~ 0% (@) (af+al) & (03.0%)

branching probability

HTL, Skands, arXiv:1611.00013

born and virtual correction

(0% = 0%(®y)) a) A (05, 0°)

ratio to data

dd,
_[_5

real correction

o
3r
6_

O 0 =

Thrust y23 (Durham)

| e*e-—Z-hadrons g e ’M_,..--"""""v._
Vs =Mz=91.2 GeV adl “e

| ay(My)=0.118 = Al “a
2-jet@NLO - 0.01
! - L ALEPH  ® B
= SAf -+ e =e =
B {0 +Pythia8.311 10
- PGy — hadronisation = "
E* NNLL PGy (tunes PG, -24A) 310
il 1.4
11.2
11.0
10.8
10.6
11.4
= % | 1.2
e annne -“f'-':‘-:-'-=:-_‘:'!=’="_'===='=—"‘=" M_ ..... “ 1.0
= 10.8
. . . NNLL . . . 10.6
0.6 0.1 0.8 0.9 1.0 2 4 (§) 8 10
v=T v=In1l/y,3
arXiv:2406.02661



2. Parton Showers

Leading Color Approximation: Dipole Shower

> \{{Z> >\< \suu.,<—>—=—< qu.Qi>—=—/\/<\, :<

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 @/QOW\\,

a color density operator Deductor, arXiv:1902.02105

oUIT)

simulates parton showers at the amplitude level with full color information CVolver, arXiv:2502.12133

,/

2. B — Tr( wa ) An(E) = Vg g, D!An_1(E,)DL, VL 5 O(E < E,),

\ E
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2. Parton Showers

LO parton shower

From parton shower

_1-A(0% 02
A

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 (

integrated
subtraction

virtual 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 .



2. Parton Showers

Fixed order should look like

Sunshine by @vector_corp on freepik.es . . g
matrix element ratio 0> DX(1->2)Xx-Xnm—1—->n)

M — — Usually showers will give (0 — 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

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

dP,, d .
Pmo...0 = POO L H/ anto+—>1 )dtj
t1

d®,,
Sunshine by @vector corp on freepik.es keep all the intermediate states and shower them 1, times
Sunsh | ne from k — 1 partons to k partons
e ' e ey delmg m dPOO 0 - mk ] = o
| = anty_ tr.) dts.
d®, dd,, k et ) k—1-k (L, ) dtg,
| | | | | WP dPmims..m dPoo 0
. Using generalized parton k m%() d®, H A tk 1,tk)
shower to generate fixed |
order corrections | 4P n—1
SUNSHINE : E m&gz“'m” = | Mp|? H ant; ;41 .
mn ;
Altmann, HTL, Scyboz, Skands, arXiv:2507.00111 my 20 1=0
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2. Parton Showers

Sunshine by @vector_corp on freepik.es fl%
Sunshi
Sudakov Nesting of Hard Integrals

Using generalized parton .

shower to generate fixed
order corrections
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3. Hadronization models
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3. Hadronization models

-2 (ubar) 28 29 0 103 .526 .098 .097 6.212

, ] 3322 (Xie) 46 47 0 0 .278 .490 .555 24.723
h d 't ﬁ 't ~3222 (Sigmabar-) 48 49 0 0 .403 .034 .932 10.963
adaronization erects 2 (u) 36 45 101 0 .718 8077 .107 9.216

21 (g) 36 45 197 .390 .609 444 0.849
21 (g) 36 45 110 =097 .501 .105 5.481

r T T | T T T [ T T T T | T T T T ] T T T T I T T T Iz ]

parton level hadronization hadron+UE ‘ _ free hadron gas transition TFR resum hard

10 10" : ) AAAAAAAAAAA,‘@QQ’ .,QA

L ,‘AA AAA A

i ~O~ A
8 ,:cji,g 4 23\_ \ O\/C AAMAA 1
/ > i

6 \ g |
N 1L .
4 / ) o : CEBAF: e(22GeV)+p(2GeV) Q=3GeV !
\ ;
o / A pythia —— free particle ]
& : O pythia had. — free hadron ]
0 0 S :
/ 10—1 - ! T =
0 01 02 0 02 04 06 | "5 4 5 2 o 1

y=In(tan[6/2])

Banfi, Salam and Zanderighi arXiv:1001.4082 _ _
Cao, HTL, Mi, arXiv:2312.07655
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3. Hadronization models
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3. Hadronization models
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From PYTHIA

@® Meson
A Baryon

W, ¥ Antibaryon
@ Heavy Flavour

(O Hard Interaction

® Resonance Decays

B MECs, Matching & Merging

M FSR

W |SR*
QED

W Weak Showers

W Hard Onium

(O Multiparton Interactions

[0 Beam Remnants*

Strings

[ Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac

M Primary Hadrons

M Secondary Hadrons

M Hadronic Reinteractions
(*: incoming lines are crossed)

1.0 ————tm :
1 default model -
1Q =45 Gev k[GeV] [
0.879Qp =125 GeV — 0.025 |
—I"_' j - 0.375 [
> 0.6
> ]
O, ]
% 0-4“_
n .
0.2 ]
0.0 y
—2
1.0 1 1 1 1 1 L 1
1 default model A
1Q =45 GeV k [GeV]
087 Q0 =1.25GeV — 5.025

Physics should be independent on the transition scales

I 1 1 I

1 1 1 1

1 1 I

1.0

0.8

1 default model
1Q =91.2 GeV

] Qo = 1.25 GeV

k [GeV]

— 0.025 [
— 0.375 [
— 0.725 [
— 1.075 [
— 1.425 [
L.775 [

I 1 1 I

1 default model
1Q =912 GeV
1 Qo = 1.25 GeV

1.0 1 1 1 1 1 1 1 1 1 1

1 default model A

| Q =200 GeV k [GeV]
0.87Qp =1.25 GeV — 0.025 [

; — 0.375 [
0.6 1 — 0.725 |
0.4
0.2
0.0 +—

—9
1.0 1 1 1 1 1 1 1 1 1 1

] default model A

| @ =200 Gev k [GeV]
08700 =1.25 GeV — 5.025

Matching the evolution of the perturbative evolution with hadronization arXiv:2404.09856
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3. Hadronization models
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] dynamic model
1Q =45 GeV
] Qo = 1.25 GeV

] dynamic model
1Q =45 GeV
- Qo = 1.25 GeV

1 1 1 1

] dynamic model
1Q =91.2 GeV
1 Qo = 1.25 GeV

k [GeV]

0.025 [

Physics should be independent on the transition scales

Matching the evolution of the perturbative evolution with hadronization arXiv:2404.09856
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0.8 1

] dynamic model
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1 Qo =1.25 GeV

0 4
] dynamic model &
Q = 200 GeV k [GeV]
1 Qo =1.25 GeV - 5.025




4. Summary

MCEGs are essential computational tools for
experimentalists and theorists

Starting from hard processes to generate the perturbative
and nonperturbative QCD radiations

Systematic uncertainty [%]

Recently, a lot progresses on improving the logarithmic
resummation order of Parton Showers

Also, subleading color effects are discussed

Hadronization model, multiple parton interactions (MPI), and
underlying event descriptions introduce uncertainties

IIIIIIlIIIIlIIl

e
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I I I I I I I 1
TEEC — Total syst. --- JES

LI I LI I L l L

\s=13TeV: 139"’ - MC Mod. .- JER
Unfolding —JAR

e Xiv:2301.0951

f4?#1|1|||1|1|—
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TIII|I

-08 06 04 02 O

W I I T
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—
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Starting from hard processes to generate the perturbative
and nonperturbative QCD radiations

Recently, a lot progresses on improving the logarithmic
resummation order of Parton Showers

4. Summary

MCEGs are essential computational tools for
experimentalists and theorists

Systematic uncertainty [%]

Also, subleading color effects are discussed

Hadronization model, multiple parton interactions (MPI), and
underlying event descriptions introduce uncertainties

Thank you!
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