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Monte Carlo Event generator

EXPERIMENT
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Monte Carlo Event generator
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Monte Carlo Event generator

[J generate a cascade of emissions.

Parton Showers:

] simulate the rich structure of the events or the jets

[ play a key role in the
resummation of soft and collinear

emissions :
[J help to simulate the
hadronization process
[J help in modeling jet production in
hadronic collisions

] provide insights into the
dynamics of QCD

Comparision with ATLAS measuremen ts
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Monte Carlo Event generator

[J generate a cascade of emissions.

Parton Showers:

] simulate the rich structure of the events or the jets

[ play a key role in the
resummation of soft and collinear
emissions

] help to simulate the
hadronization process

[J help in modeling jet production in
hadronic collisions

] provide insights into the
dynamics of QCD
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transition

A pythia

O pythia had.

4

TFR resum

EIC: e(18GeV)+p(275GeV), Q=20GeV
— free particle
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Monte Carlo Event generator

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

Lq)event — @Hard ® Lq)Decay 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

[JLow energy soft regime

mmlm hadronization
—fragmentation

Fragmentation
stable particles
Parton shower: for the evolution from high scale to hadronization scale|
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Parton Shower

In the collinear or soft limit, the matrix element can be factorized as

‘ ‘M("°9pi9pj9 "°) ‘

| M-+, P g s -+

n+1 external legs n external legs
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Parton Shower

In the collinear or soft limit, the matrix element can be factorized as

MGy ) |

’ |M(...,pi, q,pj, coe

n+1 external legs n external legs

Together with phase space integration, the cross section is

1
d0n+1 — Z_SJ'd¢n+1 ‘Mn+1 |2 — dgn ® d¢n—>n+1 X
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Parton Shower

In the collinear or soft limit, the matrix element can be factorized as

MG pipyy ) |

’ |M(...,pi, q,pj, ceoe

n+1 external legs n external legs

Together with phase space integration, the cross section is

2
do . =—|dp . IM.. P =do ®d Mt
Op+1 = 2_S ¢n+1 ‘ n+1 | — uo, ® ¢n—>n+1 X H
| My | M
If we want to get the single unresolved limit correct, dad > — can be written as universal functions.
| M, |

higher multiplicities can be obtained recursively
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Parton Shower

Non-branching effects ,
‘Mn+1 ‘

|
d0n+1 — 2_SJ'd¢n+1 ‘Mn+1 ‘2 — dan X d¢n—>n+1 X ‘M ‘2
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Parton Shower

Non-branching effects M

|

1
do,,| = Z_SJ'dCan | M, ‘ =do, ® dp,,_, .1 X
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Parton Shower
Non-branching effects

1
d0n+1 — 2_S Jd¢n+l ‘Mn+ dan ® d¢n—>n+1 X

In the exact single-unresolved limit]

m!
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Parton Shower

Phase space mapping

‘ﬁﬁnan+1 —

2
‘Mnl q2

Monte-Carlo Technigue and resummation

Sudakov factor A (0% 03)
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0,/ distribution generated by
2) = A (Qz’ q2> X dqbn—>n+1

dA/dx

dzP ji(Z)

2

d9*> dg*  dk?
¢ Kk}

many choices for the evolution variables

>
M, |
2
| M, |

10 -

0.10 -

0.01 -

|

|

|

—— Analytical

® MC Simulations

50000 points

0.0 0.2

0.4
x=Q2/Q1

0.6

0.8 1.0

new phase space point generated
according to the new scales



Parton Shower

] start from Sudakov form factor: Non-branching probability

7 M, |°
for example A(Q%, g*) = exp J do,_nt1 n+“2
2 M

n

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

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

Jrepeat the above algorithm recursively
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Parton Shower

Infrared structure for single unresolved limit is well known

Pg—qg(2q) , Pg—ag(23)

| DGLAP
5 Sqg Sg4q
q N, s, e
g-collinear g-collinear
g
; Kqug;a(Zq) | KéHag;q(Zc'r) CS Dipoles
; Sag Sgq
2 —————— N——
W‘< g-(soft-)collinear  g-(soft-)collinear
2Sqg | 1 83 | Sag Antennae
SqggSgg S \ Sqg  Sggq
S ~—
soft collinear
2 21,2
Phase space mapping |d¢, ., ., — = > dzP;(z)
| M, | 2 K27 ) oy
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DGLAP splitting functions used

applied widely used CS dipole subtraction terms

antenna function obtained directly from

matrix element square

do? B dq* B dk?
02 ¢ K
many choices for the evolution variables



Parton Shower

LO parton shower

From parton shower

1 T Ai(Qza Qz)

O-radiation  {-radiation (Sudakov suppressed)
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Parton Shower

LO parton shower

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
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Parton Shower

LO parton shower

From parton shower

1 — Ai(Qza Q2

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

From NLO calculations

integrated

virtual subtracted real
subtraction
tn
NLO 0 (1) (1)
0 t

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.
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Parton Shower

NNLO QCD corrections with subtraction method

OONNLO = <

do,V, +

1
d®, ,,S") +

oJ

d(Dn+ZSn+2> @n + (

d(Dn+ 1 VR @n+ |

oJ

dq)n+1Si§1)@n +

dq)n+25n+l @n+1 )

_|_

-~

double virtual

dq)n+2(R@n+2 o n+1@n+1 o Sn+2@n)

7

double real (doublel/single u

-~

nresolved,and double resolved)
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Parton Shower

NNLO QCD corrections with subtraction method

1
dq)n+25rg+)2

40,15,.2) 0,+ (

d(Dn+ 1 VR @n+ 1

o dq)n+1Si§1)@n +

d®, 55,41 @n+1>

-~

double virtual

T dq)n+2(R @n+2 o

n+1@n+1 o Sn+2@n)

-~

double real (doublel/single unresolved,and double resolved)

-~

real virtual(single unresolved and resolved)

In kinematics, there are n + 2, n + 1, and n particle final state

lo tn+l
— 1
[

0 t

n
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Parton Shower

NNLO QCD corrections with subtraction method

1
dq)”l+25r§+)2

40,15,.2) 0,+ (

d(Dn+ 1 VR @n+ 1

o dq)n+1Sigl)@n +

d®, 55,41 @n+1>

-~

double virtual

T dq)n+2(R @n+2 o

n+1@n+1 o Sn+2@n)

-~

double real (doublel/single unresolved,and double resolved)

-~

real virtual(single unresolved and resolved)

In kinematics, there are n + 2, n + 1, and n particle final state

t tn+l
OONNLO =J' do ) + J

0 t

n

+1
da(”z) + [
[

n+1

d 6n+2

How to defined a NLO parton shower?

B expected to have a similar structure as NNLO does

B expected to resummed the singular terms in NNLO corrections
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Parton Shower

In kinematics, there are n + 2, n + 1, and n particle final state

fy Lt 1

— 1 2

OONNLO = J Oz + J doyy” + [ doyy)
0 [ [

n n+1

Parton shower algorithm requires P(unresolved) + L(resolved) = 1

L1
we want to get J' dd(’”‘;)rl + J da(’”l;)rz correctly
[ [

n n+1

fo
J da(’”’z) is obtained from unitarity
0

non-radiation

with radiation
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Parton Shower

In kinematics, there are n + 2, n + 1, and n particle final state

fy Lt 1

— 1 2
OONNL O = J dogy, + J da(’/‘;)r + [ da(’”‘;)r
0 t, t

+1

Parton shower algorithm requires

@- — 1

da(’”l;)rz correctly

non-radiation

with radiation
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Parton Shower

d dd
o5 (1= A3 09) = - | S22 8(0* - 0*(®y) afa(03. 0

dQ? _ do, K\

LO antenna function

LO parton shower

2103 phae space mapping
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Parton Shower

d dD
T7 (1= 8403.09) = — | 2% 502~ 0*(@) aiA(03.0
Q _J do, R\

LO antenna function

LO parton shower

2103 phaée space mapping

What we expect for NLO showers

(1-8(0307) == [526(07- 0% (o) (a+al) A (€5.07)

NLO parton shower do? 4D,

branching probability “born and virtual correction

dD
- |Gt (02 - 0% (@,)) afa (€307
2

real correction
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Parton Shower

9 £ 4999 91.2 GeV SN Z— 9997 91.2 GeV
% without 2— 4 shower § i with  2— 4 shower
@ i
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1 i
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: : : double
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2 — 4 shower fills in the unordered phase space, and, in the limit O, ~ QOx,
consistently matches onto the 2 — 3 result.
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Parton Shower

Resummation of NLO parton showers

Evolution kernel reproduces the singular of

the matrix element at NNLO ALO matrix , NLO corrections
element

3 parton final state 3+4 parton final state

Two-loop anomalous dimensions are included correctly at leading color

_ o _ resummation beyond NLL
Many efforts In this direction _ _
NNLL if three loop cusp included

Dulat, Prestel, Hoche, 2018; HTL, Skands, 2017

And also parton showers beyond Leading color,
Nagy, Soper, 2019; DeAngels, Forshw, Platzer, 2020; Hamilton etal 2021
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NLO Matching
Matching using NLO antenna shower

Ly L

AT (1, 1) =exp 4 — | dD,; AD (D) w9 (@, @) p Xexp — | dPTAD (D) w0, (0, D)

Expanding the Sudakov factor to NNLO and compare it with full NNLO corrections First fully differentially matching
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Summary

] 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,

J Showers generate singular parts of higher-order matrix elements and evolve events from high
scale to hadronization scale.

1 Briefly discussed antenna shower and its NLO corrections

d The NLO shower can be matched to NNLO QCD corrections fully differentially

Indispensable tools for particle physics phenomenology at hadron colliders.
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Summary

] 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,

J Showers generate singular parts of higher-order matrix elements and evolve events from high
scale to hadronization scale.

1 Briefly discussed antenna shower and its NLO corrections

d The NLO shower can be matched to NNLO QCD corrections fully differentially

Indispensable tools for particle physics phenomenology at hadron colliders.

Thank you!

17/17



