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Monte Carlo Event Generators

From PYTHIA 8.3
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Monte Carlo Event Generators

[J generate a cascade of emissions.
Parton Showers: | | |
] simulate the rich structure of the events or the jets

] start from Sudakov form factor: Non-branching probability
2

2
! ‘Mn+1 ‘

for example A(Q%, g°) = exp U ddp_n+1 >
02 ‘ Mn ‘

LJuse Monte Carlo Method to generate kinematics variables such as k|, z, ¢

U use these variables to construct ¢, = ¢, .,

[ repeat the above algorithm recursively
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Monte Carlo Event Generators

2
‘Mn+1 ‘

| M, |

Sudakov form factor: Non-branching probability exp quﬁn_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)
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Monte Carlo Event Generators

[J generate a cascade of emissions.
Parton Showers: | | |
] simulate the rich structure of the events or the jets

———————— PYTHIA Event Listing (complete event) ————— e e e e e e e e e e

no id name status mothers daughters colours p_X p_Yy p_Z e m
%) 90 (system) -11 0 0 0 0 0 0 0.000 0.000 0.000 91.188 91.188
1 11 (e-) -12 0 0 3 0 0 0 0.000 0.000 45.594 45.594 0.001
2 -11  (e+) -12 0 0 4 0 0 0 0.000 0.000 -45.594 45.594 0.001
3 11 (e-) -21 1 0 > 0 0 0 0.000 0.000 45.594 45.594 0.000
4 -11  (e+) =21 2 0 S 0 0 0 0.000 0.000 -45.594 45.594 0.000
5 23 (Z0) -22 3 4 6 7 0 0 0.000 0.000 0.000 91.188 91.188
6 3 (s) -23 5 0 8 9 101 0 -29.975 1.918 34.298 45.594 0.500
7 -3 (sbar) -23 5 0 10 10 0 101 29.975 -1.918 -34.298 45.594 0.500
8 3 s 51 6 0 0 0 103 0 -19.155 -0.555 22.389 29.474 0.500
9 21 (9g) -51 6 0 13 13 101 103 -10.768 2.470 11.849 16.200 0.000
10 -3 (sbar) =52 7 7 11 12 0 101 29.923 -1.915 -34.238 45.514 0.500
2 ki | -3 sbar 5l 10 0 0 0 @ 105 16.893 -1.870 -20.679 26772 0.500
12 21 (g) -51 10 0 14 15 105 101 13.009 —-0.040 -13.535 18773 0.000
13 21 (g) =52 9 9 16 16 101 103 -10.747 2.465 11.825 16.168 0.000
14 21 (9g) -51 12 0 25 25 105 106 12.378 -0.798 -12.329 17.488 0.000
15 21 {4g) =51 12 0 19 19 106 101 0.527 0.782 -1.092 1.442 0.000
16 21 (g) -52 1.3 13 17 18 101 103 -10.642 2.441 11.710 16.011 0.000
17 -2 ubar 51 16 0 0 0 @ 103 -4.526 1.098 4.097 6.212 0.330
18 2 (u) -51 16 0 22 22 101 0 -6.103 1.363 7.586 9.836 0.330
19 21 (g) -52 15 15 20 21 106 101 0.513 0.762 -1.064 1.405 0.000
20 24 (9) =51 19 0 23 24 106 107 0.518 0.239 -1.029 o WO« b7 0.000
21 21 g 51 19 0 0 o 107 101 -0.390 0.609 0.444 0.849 0.000
22 2 U 52 18 18 0 0 101 0 -5.718 1.277 7.107 9.216 0.330
23 21 g 2 | 20 0 0 0@ 110 107 39T -0.501 -4.105 5.481 0.000
24 21 g 51 20 0 0 @ 106 110 1.334 0.455 -1.320 1.932 0.000
25 21 g 52 14 14 0 @ 105 106 7.964 -0.514 -7.933 11..253 0.000
Charge sum: ©0.000 Momentum sum: 0.000 —-0.000 -0.000 91.188 91.188

———————— End PYTHIA Event LiSting = e e e e e e e e e e e e e e e e e e e e e e e ES //1 ES




Monte Carlo Event Generators
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hadronization effects 2

parton level

o N A~ OO 0 O

Monte Carlo Event Generators

—é (ubar)

3322
-3222

(Xie)
(Sigmabar-)

21 (g)

28 29 0 103 .526 1.098 .097

21 (g)

hadron+UE

hadronization

0.1 0.2 O 02 04 0.6
Banfi, Salam and Zanderighi 2010

2 y/dy(pb)

6.212
46 47 0 0 .278 -0.490 .555 24.723
48 49 0 0 ALK 1.034 .932 10.963
36 45 101 0 .718 1.277 .107 9.216
36 45 107 .390 0.609 AN 0.849
36 45 110 .597 -0.501 .105 5.481
r T T [ T I T [ T T T T | T T T T T T T T T ] - T T T B ]
_ free hadron gas transition TFR resum hard ]
: AN SBANAG ..QA
L A\ ‘hs x .
I ,‘A /) AA A

O AN
L ~O A A
\ O~ A , /\

CEBAF: e(22GeV)+p(2GeV), Q=3GeV

A pythia — free particle ]

O pythia had. — free hadron :

y=In(tan[6/2])
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Monte Carlo Event Generators

"HIERARCHY" OF FINAL MESONS

3 3 2 | | = RANK
@df) (fc) (cv) (be) (€a)

A PARAMETRIZATION OF THE PROPERTIES OF QUARKJE' .. \/ | 1 fresome

3 2 | = RANK
R.D. FIELD and R.P. FEYNMAN T L S
California Institute of Technology, Pasadena, California 91125, USA ‘e U UU
NEW QUARK PAIRS
dd ce bb bb, cc, ... ARE FORMED

Received 11 October 1977
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OF FLAVOR "a"
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A PARAMET
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California Instii

Received 11 Oc

Monte Carlo Event Generators

/STRING Hadronization \

.........

"HIFRARCHY'" OF FINAI

o
/ CLUSTER Hadronization

Pythia

N

MESONS

= RANK
a)

SOME "PRIMARY"
MESONS DECAY

RANK

'PRIMARY" MESONS
ARE FORMED

‘W QUARK PAIRS
, CC, ... ARE FORMED

UGINAL QUARK
" FLAVOR "o"

The two main hadronization classes in current use are the string and cluster ones
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Lund String Model

90 90 Initial string gyq,
i) 00 — »
90 90 . .

ii) . 8 - The string begins to form between them
q z do
= 7 g G4q d A string break occurs, creating a new gqg pair.
iv) & O

. /‘> et More string breaks occur.
V) (,/ & \/] il e

\\,///“‘\\ ( / i :

(S hadrons from the fragmentation process

string with energy density k & 1 GeV/fm ~ 0.1 GeV? GeV/fm
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Lund String Model

Probability for string beak: a fragmentation function

f(z) l(1 — 2)* exp ( bmi)

& <

7, hadron production time N — (/17)2

2

dP/dl' x I' exp(—bI") [y =(1-2) (F1 | ml) (Tz> ~ 2 fm

<

Heavy quarks, i.e. charm and bottom, are not produced at new string breaks (see below), but may be at the
endpoints of a string.

bm2
f(2) 1+1bm2 (1 — 2)* exp ( mL)

< Q &
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Lund String Model

If the quarks have mass or transverse momentum, they must classically be produced

1 dP
Kdsz_

o< exp(—nmi/K) = exp(—nmz/K)exp(—npi/K)
Gaussian broadening ¢ ~ 0.25 GeV
Quark masses lead to strangeness suppression

The suppression is viewed as a free parameter, and tuned to LEP data.

wid:s:c~1:1:03:10""1

A quark and an antiquark may combine to produce either a pseudoscalar or a vector meson..

T r r g g r

baryon-antibaryon pair example
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Lund String Model
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Lund String Model

message passing graph neural network extracting f(z)
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Cluster Hadronization Model

hard process parton shower hadronization model

pert. branching forced gluon splitting, cluster formation

reshuffling to const. masses possible further fissions,

cluster decay to hadrons,
— hadron decays

no branching reshuffling to const. masses cluster formation Cluster fission
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Cluster Hadronization Model

hard process parton shower hadronization model
mq Mgq . ‘ 30 0 M
mY
5 My,d €V
8
X - —— = @
ert. branchin forced gluon splitting, cluster formation 45 O |\ /I \ /
/ E - reshuffling to const. masses possible further fissions, ms N e
cluster decay to hadrons,
. hadron decays
\ mgy ~ Qo ~ 1 GeV

massless quarks and gluons reshuffled to constituent quarks and massive gluons.
gluon is forced to split into a light quark-antiquark pair.

Isotropic in the gluon rest frame, and the flavor of ight quark-antiquark pairs are assigned randomly
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Cluster Hadronization Model

hard process parton shower hadronization model

no branching reshuffling to const. masses cluster formation Cluster fission

d2p
My — M, — M M M g(M;) =
dMlsz(X@( 0 1 2) X g(My) x g(M>)

1 1

Heavy clusters

My —mi1 —my My —mg —my |
W, Wy sa,sbpz,b

P(a’(ch,@)’ b(q,§2)|Q17 62) =

qN(Q1 ,Q) N(qaq_Q) wma‘x(ql)q) wma‘x(anZ) p:nax

The decay products for hadrons with the relevant flavour of the cluster

The hadrons produced are then selected according to this weight

the basic cluster model does not include interaction between clusters,
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Cluster Hadronization Model

1/0k dog/dny

Replace the part of the cluster
decayer inside Herwig with a GAN

arXiv:2203.12660
arXiv:2305.17169

1/0p doy/dy
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Conclusion

Hadronization Models In

Monte Carlo Event Generators

@ @ (a) String hadronization (b) Cluster hadronization
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Hadronization Models In
Monte Carlo Event Generators é ?E

(a) String hadronization (b) Cluster hadronization
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