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Who am |

Research scientist at University of Louvain in Belgium
Since 2017

- partially for the Physics department (60%)

- also managing the HPC cluster (40%)

@ IT @ Physics
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participants from 12 different countries !




Before my current job

2005' Quantum Gravity
PhD in Belgium I MadWeight: Monte-Carlo Integrator

2011
Post Doc in Belgium I CP3 Sys Admin

2012
Post-Doc in USA

(Tim Stelzer) 2013

MadGraph: user support, development
2014 and phenomenological studies

Post Doc in UK 2015

2016

Post Doc in Belgium
based at CERN 2017
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Monte-Carlo Physics

(Our goal
* Cross-section

- Differential cross-section
- Un-weighted events

- /
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Simulation of collider events

Simulation of collider events




What are the MC for”/
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What are the MC for”/
(Soales |

cales |. High-Q" Scattering 2. Parton Shower
TeV = where BSM physics lies
.b.‘_.: e i
oo e-h ..
GeV
s process dependent
= first principles description
¥ it can be systematically improved
{ MeV o :
U 3. Hadronization 4. Underlying Event




What are the MC for”/
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= QCD -"known physics”

& universal/ process independent
= first principles description

{ MeV
U 3. Hadronization 4. Underlying Event




What are the I\/IC for?
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What are the MC for”/

TeV

GeV
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To Remember

-~

» Multi-scale problem
= New physics visible only at High scale
= Problem split in different scale
- Factorisation theorem




MASTER FORMULA FOR THE LHC

.TlE ZBQE

Gab—x (S, LF, UR)

Parton-level cross
section



MASTER FORMULA FOR THE LHC

fa(xlv IUF)fb(x% ,UF) &ab—>X(§a HE, ,UR)

Parton density Parton-level cross
functions section




MASTER FORMULA FOR THE LHC

Z /d$1d$2dq)FS folz1, pr) folze, ur) Gap—x (S, ur, LR)

a,b

Phase-space Parton density Parton-level cross
integral functions section




FPerturpative expansion

dGap—x (8, up, ur) Parton-level cross section

The parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

~ __ _Born | (1) ( ) (2) ( ) (3)
1+
7 ( 27T " 2T " 2T o >




FPerturpative expansion

dGap—x (8, up, ur) Parton-level cross section

The parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

Ao Born | (1) ( ) (2) ( ) (3)
1
7 ( 27T " 2T " 2T o >
A

4 p
HO)

predictions
\W J




FPerturpative expansion

dGap—x (8, up, ur) Parton-level cross section

» The parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

5 — gBorn( 1 () ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T o )

A A A A
4 N N O N h
HO) INE® NINIHG) INSE@orINININE®

\_ Y, - Y, - Y, - Y,

* Including higher corrections improves predictions
and reduces theoretical uncertainties



Improved predictions

do — Z / dordzs folw1, ir) fo(@a, i) dasx (5, s 1)

~ _ Bornfq . % _(1) (O‘> (2) ( ) (3)
— 1 |
=9 ( 2770 T 27T T 27T T

* Leading Order predictions can
depend strongly on the
renormalization and factorization
scales

* Including higher order corrections
reduces the dependence on these
Scales %o L v 200 T ew 10




Improved predictions

(

a_ _ O_Born (1

g
2T
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u[Gev]
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Improved predictions

5 _ oBom (1 Qs (1) (%)%(2) (%)%(3)
2T 27 2T




Improved predictions

As (1) (%)QO@) (%)%(3)
2T 27 2T

[ [ [ [
b i - & B
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1
100

00 Z00
u[Gev]

* Leading Order predictions depend
strongly on arbitrary scales

* Poor accuracy (error at ~40%)



Improved predictions

NLO

4 _ o Bom (1 Qs (1) (%)20@) (%)%(3)
2T 27 2T

[ [ [ [
b i - & B
1 1 1 1

1
100

00 Z00
u[Gev]

* Leading Order predictions depend
strongly on arbitrary scales

* Poor accuracy (error at ~40%)
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/Error on LO prediction (top quark pair) \

Error on Normalisation
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- Large scale uncertainty
- LO is good for shape
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/Error on LO prediction (top quark pair) \

Error on Normalisation
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\ Large Error (30-50%) /

- Large scale uncertainty
- LO is good for shape
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/Error on LO prediction (top quark pair) \

Error on Normalisation Error on Shape

do/d\/g

/o do/d\/g

O .00
2 1.2
.0 1.0
.8 0.8
SOO 4(50 6CI)O 800 1000 1200 OSOO 4(I:)O 6(I:)O 8(I:)O 1(:)IOO 1200
Vs NS
\ Large Error (30-50%) More reasonable (~1 O%)/

- Large scale uncertainty
- LO is good for shape
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To Remember

4 A

E; /dﬂ?ld@dq’FS folzy, pr) fo(xe, pr) Gap—x (S, Ur, UR)

Phase-space Parton density Parton-level cross
integral functions section

- PDF: content of the proton

= Define the physics/processes that will
dominate on your accelerator

- LO: good for shape
- NLO/NNLO: Reduce scale uncertainty

- Computation are inclusive (+ any jet) due
to renormalization/factorization scale

- /




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
» Determine the production mechanism

\SN\M

'l
/S/Ng\
1 3

diagram 1 D=2, QED am 2 QCD=2, QED=0

« Evaluate the matrix-element

‘M |2 =Need Feynman Rules!

» Phase-Space Integration
_ 1 2
- — 28/\/\/1\ 40 (n)

\_ /




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
» Determine the production mechanism
Easy
sl <
//N\ <1l.enough
- Evaluate the matrix-element (@ Hard
\M|2 =Need Feynman Rules!
- Phase-Space Integration - ?ﬁ%
1 .
o= / \/\/I\Zd(ﬁ(n) (in general)
N 25 /




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
- Determine the production mechanism
Easy
//N\ <1'. enough
- Evaluate the matrix-element (@ Hard
|/\/l|2 =Need Feynman Rules!
- Phase-Space Integration - ﬁ?}ﬁ
1 In gener
o= 5o [ IMPde( ngenera)
| 28 fBNOW




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
- Determine the production mechanism
Easy
sl <
//N\ <1'.enough
- Evaluate the matrix-element <‘. Hard

\./\/1\2 =Need Feynman Rules! Next
|+ Phase-Space Integration - ﬁiﬁ
1 / 9 (in general)
oc=— [ [M[*d®(n :
| 28 M () fBNOW




Monte Carlo Integration




Monte Carlo Integration

Calculations of cross section or decay widths involve A
integrations over high-dimension phase space of very
peaked functions:
- [ IMPaom)
o= — n
25
/




Monte Carlo Integration

Calculations of cross section or decay widths involve A
integrations over high-dimension phase space of very
peaked functions:
Dim|®(n)| ~ 3n
, /W‘qu)( ), P(n)]
o= — n
25
/




Monte Carlo Integration

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

» Dim|®(n)| ~ 3n
1 2
o= 2—8/|./\/l\ dP(n)

General and flexible method is needed




Monte Carlo Integration

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

Dim|®(n)] ~ 3n

| , "4
;= Q—S/w\ 4 (n)

General and flexible method is needed

Not only integrating but also generates events



How to Integrate

* Fix step

* Fix step

* Quadratic
interpolation

* Fix step

* Linear
interpolation

- Approximate by
rectangle

 Trapezium » Simpson

Compute the average instead
-> Use same method as pool estimate
-> Use random number point in the x direction

Average

- Monte-Carlo
 Mattelaeroliviee ~ Japamw202e . 2z



N

tegration

-
dx cos §x

PE)A
Pror T

[
(g2 — M? +iMT)?

~N
/dazC




N

tegration

-
dx cos gx

PE)A
Pose T

/ dq” dx C A
(g2 — M? +iMT)?

: E : > u.lz u.l4 u.le. u.la ‘1
-2 M /2 E /

"Method of evaluation )
¢ MonteCarlo 1/ v.IN
® Trapezium 1 / N

YNt

9 ® Simpson




Integration

1 N
T dq?
/0 dx cos 52 /(QZ_MQJFZ.MF)Q /dxC

P(E)4
[

_simpson  MC "Method of evaluation )
________________ S 063803 ® MonteCarlo 1/ \/N
________________ 510637 08 | 4 esum 1/N
______________ 20 | 06362 08 | 4 Simn QD |
100 0,636619 | 0,65
1000 | 0636619 0636
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Integration

4 1 ™\
I = d i / dq” dx C
— ; T COS §ZC (C]2 — M2 Z'MF)Z
\ S T T T— -T/2 M /2 E " " " "o 1/
"Method of evaluation )
® MonteCarlo 1 / vV N More Dimension 1/ N

® Trapezium /N2 # 1/N2/d

L ® Simpson :_/N4 1/N4/d y




Integration

1 )
TT dq?
1 :/O dx cos 533 /(QQ—MQ—I—iMF)Z /dxC'




Integration

-
dx cos §x

[

dq? A
> — M2 + iMT)? / dz C




Integration

-
dx cos §x

[

dq? A
> — M2 + iMT)? / dz C




Integration

4 1 ™\
s dq2
I:/O dx cos 52 /(qQ—M2+z'MF)2 /dxC
V=VNy=0
\_ T
-

~
I = fff f(x)dx # In = (v2 — 1) Jsz\;f 0@
Vz(xz—aﬁl)/:[f(w)]de—P # VN:(ZEQ—:El)Z%Z[f( )2 —

1=1

T 2
\_ I'= IN - \/‘W Can be minimized!




Importance Sampling

- R

Iy = 0.637 £ 0.307/V/N

\_ J




Importance Sampling

= N N\
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Iy = 0.637 £ 0.307/V/N

\_ AN J




Importance Sampling

| Iv = 0637+ 0.307/vV'N
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Importance Sampling

| Iv = 0637+ 0.307/vV'N

~

J
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Importance Sampling

= N . n ™
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Importance Sampling

| Iv = 0637+ 0.307/vV'N
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Importance Sampling

an N . I, )
08 I8
06} It
04 # 04
02 2 \
] LRI VRN TR TR ow e e
I = / d cos —x [ 2y €08 (52) & .08 Zalg]
: : 1_/0 a1t =) By = [ TR,
=) ~ |
Iy =0.6374+0.307/V'N In = 0.637£0.031/VN

\_ L

\
The Phase-Space parametrization is important to have an

efficient computation!
N\ P y




lmportance Sampling




Importance Sampling

/ A A
(¢ — M? +iMT)?
2 2
B q- — M
f—arctan( i )
/




Importance Sampling

ﬁf)z:
/ dq? ! )
(q2 — M? —I—iMF)2
2 g2
& = arctan (q M )
I' M
_




Why importance”

P(E)A
Prae T

-I'72 ‘ M 'F/Z

E

/Why Importance Sampling? A
We probe more often the region where
the function is high!

\_ )




Why importance”

P(E)A
Prax T

-’ /2’ M ’F/Z

/Why Importance Sampling? A

We probe more often the region where
the function is high!

\_ /
 Mattelaeroliviee ~ Japamw202e a3y




Why importance”

P(E)A
Prae T

-’ /2’ M ’F/Z

/Why Importance Sampling? A

We probe more often the region where
the function is high!

\_ /
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lmportance Sampling

/Kev Point h

 Generate the random point in a distribution
which is close to the function to integrate.

» This is a change of variable, such that the
function is flatter in this new variable.

*Needs to know an approximate function.

_ y,
( Adaptative Monte-Carlo )
- Create an approximation of the function on
L the flight! ,




VEGAS

( Adaptative Monte-Carlo h
 Create an approximation of the function on
iaht!
L the flight! ,
( Algorithm
T~ 1. Creates bin such that
TN each of them have the
\ same contribution.

=Many bins where the

function is large

2. Use the approximate
for the importance
sampling method.

\_




Can we do Better?

 Importance sampling/VEGAS is learning a
function

= HOT TOPIC: Machine Learning
= |_ot of work in progress

VEGAS

1 f—
0.
0.6
0.4
0.z
0.2 0.4 0. 0. 1

i

~20 times more efficient




Example: QCD 2 = 2

Three very different pole structures contributing
to the same matrix element.



Single-Diagram-Enhanced technique

*Method used in MadGraph

Trick in MadEvent: Split the complexity

S| M;|? 5 | M |2 5
M2 = / AT VANER Mo
/ Zj Mj‘z Z Zj ‘Mj‘Q




Single-Diagram-Enhanced technique

*Method used in MadGraph

Trick in MadEvent: Split the complexity

AL A
[l = [ S5 e = 5 [ e
J ) J

— Any single diagram is “easy” to integrate (pole =~ 1
structures/suitable integration variables known
from the propagators)

— Divide integration into pieces, based on diagrams

— All other peaks taken care of by denominator sum




Single-Diagram-Enhanced technique

*Method used in MadGraph

Trick in MadEvent: Split the complexity

AL A
[l = [ S5 e = 5 [ e
J ) J

— Any single diagram is “easy” to integrate (pole =~ 1
structures/suitable integration variables known
from the propagators)

— Divide integration into pieces, based on diagrams

— All other peaks taken care of by denominator sum

N Integral N

— Errors add in quadrature SO no extra cost

— “Weight” functions already calculated during [#/1? calculation

\ — Parallel in nature /




|2
M 2 Zz MZ ‘ M. 2 M 2
J J i i J
4 Pl gg wpwm )
s=725.73 £ 2.07 (pb)
Graph|Cross-Section |[{Error|Events (K)| Unwgt [Luminosity term of the above sum.
G2.2 377.6] 1.67| 142.285| 7941.0 21
G3 239] 1.16 220.04{10856.0 45.5 each term might not be
Gl 109.110.378 70.88] 3793.0 34.8 gauge invariant
P1 wpwm
s=20.714 £+ 0.332 (pb)
Graph|Cross-Section ||Error|Events (K)|Unwgt|Luminosity
Gl.2 20.7110.332 7.01| 3730 18
J
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To Remember

"+ Phase-Space integration is difficult N

\_

We need to know the function
= Be careful with cuts

MadGraph split the integral in different
contribution linked to the Feynman Diagram

=Those are not the contribution of a given
diagram y




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
» Determine the production mechanism

\SN\M

'l
/S/Ng\
1 3

diagram 1 D=2, QED am 2 QCD=2, QED=0

« Evaluate the matrix-element

‘M |2 =Need Feynman Rules!

» Phase-Space Integration
_ 1 2
- — 28/\/\/1\ 40 (n)

\_ /




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
» Determine the production mechanism
Easy
sl <
//N\ <1l.enough
- Evaluate the matrix-element (@ Hard
\M|2 =Need Feynman Rules!
- Phase-Space Integration - ?ﬁ%
1 .
o= / \/\/I\Zd(ﬁ(n) (in general)
N 25 /




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
» Determine the production mechanism
] Easy
//N\ <1'. enough
'« Evaluate the matrix-element X@ Hard
- M|? =Need Feynman Rules! K& Now
- Phase-Space Integration - ?ﬁ%
1 in genera
o= 5o [ IMPde() (n geners)
\_ 25 /




Matrix Element

" M=) T (0" )




Matrix Element

M= 62(1‘&7“?})9“” (07" u)

EZW‘Q ZM M

pol pol




Matrix Element

4 M _ 62(?17“@) gMZV (/l—],yl/u)

q
P M =33 MM

pol pol

Zuﬁ=zf—|—m

pol

3

4

- 46—q4T7“[zfﬂ“%VqTT[VBVum%]




Matrix Element

M= 62(?1’)/“@)9“21/ (07" u)

q
P M =33 MM

pol pol

Zuﬁ=zf—|—m

pol

3

4

- 46—q4T7“[ﬂw“ﬂ27y]T"“W3”YuV4%]

e 8qi4 (p1-p3)(p2-pa) + (p1-pa)(P2.P3)]




Matrix Element

M= 62(?1’)/“@)9“21/ (07" u)

q
P M =33 MM

pol pol

Zuﬁ=zf—|—m

pol

3

4

- 46—q4T7“[ﬂw“ﬂ27y]T"“W3”YuV4%]

e 8qi4 (p1-p3)(p2-pa) + (p1-pa)(P2.P3)]

Very Efficient !!!






Need to compute |M,1> M |* 2Re(M*M)



2
|

Need to compute IM,I° [IM,I" 2ReM:M,)

So for M Feynman diagram we need to compute M?
different term



Need to compute IM,I° [M° 2ReM:M,)

So for M Feynman diagram we need to compute M?
different term

The number of diagram scales factorially with the number
of particle



Need to compute IM,I° [M° 2ReM:M,)

So for M Feynman diagram we need to compute M?
different term

The number of diagram scales factorially with the number
of particle

In practise possible up to 2>4



Helicity Amplitude

(Idea . Eyaluate 7 for fixed helicity of external particles h
=Multiply 7 with 7 -> |7 |2
=[_oop on Helicity and average the results
N\ /
[ ‘ 2 )
M = ((fey"v)=—)(Pey'u))
q
N\ /




Helicity Amplitude

(dea . Evaluate 7 for fixed helici
=Multiply 7 with 7 ->

ty of external particles
ALY

=[_oop on Helicity and average the results

~

Lines present in the
code. ug = fet

o

/
N




Helicity Amplitude

(Idea . Eyaluate 7 for fixed helicity of external particles A
=Multiply 7 with 7 -> |7 |2
=[_oop on Helicity and average the results
/
¢ )

= ((ue

Numbers for given heI:c:ty and momenta

V1 = fCt(ph ml) ulp) = w_x(P)xn (P )
Uy = fCt(ﬁQ, m2) WA(P)XJ«(@
Lines present in the vs = fet(ps, ms) wi(p) = \/E £ .
code. Uy = fct(ps, ma) _ 1 ( |f|+p)
© X+ () V2[1(P] + p=) \ P=+ipy )’
@) = ! (—PH%)
X \/Zﬁ(ﬂ'i'Pz) |ﬂ + p: .

o




Helicity Amplitude

(Idea . Eyaluate 7 for fixed helicity of external particles A
=Multiply 7 with 7 -> |7 |2
=[_oop on Helicity and average the results
/
S _ A
)(vey“u))

M = ((ney"v)
q2
Numbers for given helicity and momenta
Calculate propagator wavefunctions

Lines present in the
code. Uy = fct(py, my) p

W = fct(vy,u,,e,m 1" ) = evy*u ~
a f 1> %2 a>* a 17 2q2—m§+imara

/

o




Helicity Amplitude

(Idea . Eyaluate 7 for fixed helicity of external particles A
=Multiply 7 with 7 -> |7 |2
=[_oop on Helicity and average the results
/
8 A

M = ((er™y) =) (Feru)

Numbers for given helicity and momenta

Calculate propagator wavefunctions
Finally evaluate amplitude (c-number)

v1 = fet(pr, m)
us = fet(pa, mo)
U3 = fCt(ﬁfi? m3)

Lines present in the
code. ug = fct(pa, ma)
W, = fet(v, uy,e,m,I' ) = evy*u, >

Suv

qg?—mz2+im,[,

M = fct(vs, uy, W7, e) = evsy, u,W,

o /




Question time

° Allez sur wooclap.com Code d'événemen t
@ Entrez le codt'e Q'événement dans le MADG RAP
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| et's modernise

fv1io_  fvi fvize A WWisenr e e H
Matrix-Element (~95%) H

|

|

1

|l

|

|

BEFORE




Total execution time: 10.94 s

~ 15%




140

105

70

tt~gg

1 Unweighting and
write to file

Phase space

Host-device Matrix element

communication

.=

I[llbcuda.so..'ﬂo 124. | -
[libcuda.0.570.124..

B libcudasoSTOL.
[libcuda.s0.570.124.06 <7f.
O E—— (e o570 12406 <71

[libcuda.s0.570.124.06 <7fbl..
B libcudart_static_90..
W | cudaMemcpy
1B

.
! . 1 -
. _ »
oo
— wve..
-
hda A‘. IMALE.. LV ,-;I. ICTICT « -I.‘A PONNE DUV A - QI i 4‘. (d
2CDACO: F\ Y.y (7127
3S[ i G lor..ge 1



To Remember

-~

-

- Numerical computation faster than
analytical computation

- We are able to compute matrix-elment
= for large number of final state
= for any BSM theory
= actually also for loop

» Big Improvement for MadGraph?

~

/




Decay

Resonant Diagram )




Decay

Resonant Diagram Y\ (Non Resonant Diagram

\_ N
4 .
Problem . process complicated to have the full
process
_ =|ncluding off-shell contribution




Decay

(Resonant Diagram A Mgn Resonant Diagram
6 .
N J &
/Problem : A
» Process complicated to have the full
process
_ =|ncluding off-shell contribution Y

Solution
» Only keep on-shell contribution




Narrow-Wiath Approx.

Fl'heory , )
1
2 5 o M2
/dq 02 — M2 + iMT MF (@ )
I
O full = Oprod * (BR T O(M))

N /
Comment N
N /




Narrow-Wiath Approx.

Fl'heory )
|
dq? — §(q® — M?
/ T2 = M2+ iMT MF (@ )

I'
O full = Oprod * (BR T O(M))

.

-

/

(Comment
 This is an Approximation!

 This force the particle to be on-shell!

« Recover by re-introducing the Breit-
wigner up-to a cut-off

» The loop is not a free parameter
\_ /




Decay chain

4 ® pp>tt~wt (t>wt b wt >+ v, )
(t~ > w-b~,w->jj),\

9 wt > [+ vl D

\

very long
decay chains possible to simulate
directly in MadGraph!

\ diagram 2 QED=10, QCD=4 /
a )
\_ J




Decay chain

4 ® pp>tt~wt (t>wt b wt >+ v, )
(t~ > w-b~,w->jj),\
9 w+ > [+ vl D
(% e h
| 1s very long
Yy 4 decay chains possible to simulate
3~ directly in MadGraph!
k diagram 2 QED=10, QCD=4 /
. This syntax has an invariant mass cut associated to\
t/t~/W

+ Other syntax/tools exists for NWA (like MadSpin)

\ /
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To Remember

4 A

E; /dﬂ?ld@dq’FS folzy, pr) fo(xe, pr) Gap—x (S, Ur, UR)

Phase-space Parton density Parton-level cross
integral functions section

- PDF: content of the proton

= Define the physics/processes that will
dominate on your accelerator

- LO: good for shape
- NLO/NNLO: Reduce scale uncertainty

- Computation are inclusive (+ any jet) due
to renormalization/factorization scale

- /
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Collider Physics

- Hard process
~» Depends on the model (SM/BSM)
|« Perturbative QCD

e Core #| of this talk

% | Parton showering
wte * Universal (QCD)

b )

- Hadronisation
. * Model-based, universal

;*t Underlying event

;‘:ji} * Model-based, non-universal

- Detector simulatio

P Baryon
g¥# W Antibaryon
@ Heavy Flavour

From pythia8 manual




To Remember

4 A

E; /dﬂ?ld@dq’FS folzy, pr) fo(xe, pr) Gap—x (S, Ur, UR)

Phase-space Parton density Parton-level cross
integral functions section

- PDF: content of the proton

= Define the physics/processes that will
dominate on your accelerator

- LO: good for shape
- NLO/NNLO: Reduce scale uncertainty

- Computation are inclusive (+ any jet) due
to renormalization/factorization scale

- /




Matrix-Element

/“Calculate a given process (e.g. gluino pair) N\
» Determine the production mechanism
Easy
sl <
//N\ <1l.enough
- Evaluate the matrix-element (@ Hard
\M|2 =Need Feynman Rules!
- Phase-Space Integration - ?ﬁ%
1 .
o= / \/\/I\Zd(ﬁ(n) (in general)
N 25 /




Importance Sampling

an N . I, )
08 I8
06} It
04 # 04
02 2 \
] LRI VRN TR TR ow e e
I = / d cos —x [ 2y €08 (52) & .08 Zalg]
: : 1_/0 a1t =) By = [ TR,
=) ~ |
Iy =0.6374+0.307/V'N In = 0.637£0.031/VN

\_ L

\
The Phase-Space parametrization is important to have an

efficient computation!
N\ P y




To Remember

"+ Phase-Space integration is difficult N

\_

We need to know the function
= Be careful with cuts

MadGraph split the integral in different
contribution linked to the Feynman Diagram

=Those are not the contribution of a given
diagram y




Goal of today

(. Event Generation N

- Learn how we evaluate (tree-level) matrix-
element

» Learn Narrow-width Approximation

- /




Event Generation




What is the goal?

s | ™
» Cross-section

- But large theoretical uncertainty}
\_

. ™
- Differential Cross-Section

 Provided as sample of events
- Sample size is problematic

- Those events will need to
have full detector simulation

\_ J




How to get sample?

4 ™
- Monte-Carlo integration use

random points

* We can keep those

* (Uncorrelated) sample

J
~N

Y4

- Points not distributed as the
real function

do *Need to keep track of the
dO D importance of each point
(weight)

‘ \"‘D‘ \ ‘ h = y Iyplcally a lot of event have
H H HHH: . .
KlOW ||||O||||at|0|| )

(9
. Mattelaeroliviee ~ Japamw202e e




lTypical choice

/\/Veighted sample N ( Unweighted sample h
* Output of the MC
° Easy ° Event diStribUted I|ke
in nature
- Large file
_ _ | - All event have the
 Histogram with weight same weight.
- Y, . . .
— « - Weight is physical
Biased sample (proportional to cross-
.Modify the weight to section of the sample)
enhance (in number of - Larger statistical error
events) a part of the on tails
phase-space - Smaller file
o i I
_ For tails ! )L )
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Add one dimension!

3D Surface Plot of y < cos(pi/2 * x)




Add one dimension!

3D Surface Plot of y < cos(pi/2 * x)




Monte-Carlo

Mattelaer Olivier Japan 2026



Event generation

mﬂ@ﬂ@ﬁ] I II:I.IEI I II:I.I-=1I I II:I.IE-I I II:I.IE!I II 1




Event generation

|. pick x;




Event generation

|. pick x;

2. calculate f(x;)




Event generation

|. pick x;

2. calculate f(x;)

3. pick y € [0, max(f)]

y < f(x;)




Event generation

|. pick x;

2. calculate f(x;)

3. pick y € [0, max(f)]

wedld vz ve

4. Compare:
if y < f(x) accept event,




Event generation

|. pick x;

2. calculate f(x;)

3. pick y € [0, max(f)]

wedld vz ve

4. Compare:
if y < f(x) accept event,

else reject it.




Do we need to keep small weight?

View from above




Do we need to keep small weight?

View from above




Importance sampling

—

l

0.

0

0

0

00

(

8

6

ﬁi B

00 01 02 03 04 g5 v




Importance sampling

1

08}

06}

00-

00 01 02 03 04 g5 v

04

02




lmportance Sampling

10
08}

06}

00-

00 01 02 03 04 05 \%

04

02

X

-

\_

Having smaller variance (flatter function) also allows to
have better unweighting efficiency (i.e. faster code)

~

J




lmportance Sampling

10

08}

06}

00-

00 01 02 03 04 05 \%

04

02

X

4 )
- Having smaller variance (flatter function) also allows to

have better unweighting efficiency (i.e. faster code)

\_ J
4 Limitations: )
* Positive sign only
* The maximum should exists
\_ J
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Monte-Carlo Summary
/" Bad Point N

- Slow Convergence (especially in low number
of Dimension)

* Need to know the function

\_ - Impact on cut Y




Monte-Carlo Summary
/" Bad Point N

- Slow Convergence (especially in low number
of Dimension)

* Need to know the function

\_ - Impact on cut

J
/Good Point \

- Complex area of Integration

- Easy error estimate
- quick estimation of the integral

- Possibility to have unweighted events
g /




What to remember

4 )
 Analytical computation can be slower
than numerical method

- Any BSM model are supported (at LO)
- Phase Space integration are slow

- need knowledge of the function
» cuts can be problematic

- Event generation are from free.

- All this are automated in
MG5_aMC@NLO

- Important to know the physical
hypothesis




Parton Shower

Olivier Mattelaer
CP3/UCLouvain



What are the MC for”/

. High-Q* Scattering

2. Parton Shower

Sherpa artist

4. Underlying Event

3. Hadronization




Parton shower

(" Goal

® \We want to an explicit description of the SOFT radiation

that are ALREADY included implicitly in the LO
events (via the scale)




Parton shower

(" Goal

® \We want to an explicit description of the SOFT radiation
that are ALREADY included implicitly in the LO
events (via the scale)

\_
(Important
® Parton-Shower is not ADDING radiation

® 5Such radiations are already included within the event-
\ generator

AN




Parton shower

(" Goal )

® \We want to an explicit description of the SOFT radiation
that are ALREADY included implicitly in the LO
events (via the scale)

- /
(Important h
® Parton-Shower is not ADDING radiation
® 5Such radiations are already included within the event-
\_ generator Y
4 )

® Ve need to be able to describe an arbrtrarily number of
parton branchings, 1.e. we need to ‘dress’ partons with radiation

® [his effect should be unitary: the inclusive cross section
\ shouldnt change when extra radiation are described y
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Collinear factorization

ge
o

-

® (onsider a process for which two particles are separated by a small
angle B,

~




Collinear factorization

12

b2
0 40
C e—>0> C

-

® (onsider a process for which two particles are separated by a small
angle O.

® |n the limit of 8 = O the contribution is coming from a single parent
particle going on shell: therefore its branching is related to time
scales which are very long with respect to the hard subprocess.

~




Collinear factorization

4 > 19

°12
S 1.6
- G—>0> - G—>O>

o
4 : : | )
® (onsider a process for which two particles are separated by a small
angle O.
® |n the limit of 8 = O the contribution is coming from a single parent
particle going on shell: therefore its branching is related to time
scales which are very long with respect to the hard subprocess.
\_ /




Collinear factorization

2 % ap i
C e—>o> |jz/l§ xa—<c

~
2

/

Consider a process for which two particles are separated by a small
angle O.

In the limit of 8 = O the contribution is coming from a single parent
particle going on shell: therefore its branching is related to time
scales which are very long with respect to the hard subprocess.

~




Collinear factorization

2 % 2 | 2 i
> | = |I4§ T

4 N

® (onsider a process for which two particles are separated by a small
angle O.

~
2

/

® |n the limit of 8 = O the contribution is coming from a single parent
particle going on shell: therefore its branching is related to time
scales which are very long with respect to the hard subprocess.

® [he inclusion of such a branching cannot change the picture set up
by the hard process: the whole emission process must be writable
in this limit as the simpler one times a branching probability.

/
 Mattelaeroliviee ~ Japamw202e 19




Collinear factorization

[ = 7o

g
* The process factorizes in the collinear limit. This procedure it
universall

2 2 T
xa—<

C

1 1
(pb =+ pc)2 N 2EbEc(1 — COS (9)




Collinear factorization

[ = 7o

g
* The process factorizes in the collinear limit. This procedure it
universall

2 2 T
xa—<

C

1 1

'Y

(Po +pc)*  JEPEE(1 — cos0)

soft




Collinear factorization

[ = 7o

g
* The process factorizes in the collinear limit. This procedure it
universall

2 2 T
xa—<

C

1 1

'Y

(v +pc)? (1= cos0)

soft and collinear

divergencies




Collinear factorization

[ = 5]

g
* The process factorizes in the collinear limit. This procedure it
universall

2

C

1 1

'Y

(v +pc)? (1= cos0)

soft and collinear

divergencies

Collinear factorization:

d
Myt |2dPr1 ~ [ M,|2dP, —d ¢ s

27 27

Pa—>bc (Z)

when 8 is small.



First Example




First Example

\_
4 x1:2k1-q/q2:2Eq/\/§\
do C g $%+$% vo = 2ks - q/q* = 2E/V'S
— 0
dridry 0 21 (1 — 1) (1 — ma) @3 = 2ks-q/q> = 2E,/V'S
r1+ 1o + 13 = 2
L 1 2 3 Y




First Example

o
4 x1:2k1-q/q2:2Eq/\/§\
do o Qs T3 + x5 Ty = 2ko - q/q® = 2E;/V'S
— 0
dridry 0 21 (1 — 1) (1 — ma) @3 = 2ks-q/q> = 2E,/V'S
r1+ T+ x3 =2
\
® Divergentat 1 = land 2 =1 (1—2,) = 5’;25’53(1 — cosfy3)
® 5Soft Divergencies
Coll 5 | (1 — ZUQ) — 51312333 (1 — 608913)
o
L ollinear Divergencies Y




First Example

-
4 x1:2k1-q/q2:2Eq/\/§\
do o Qs T3 + x5 Ty = 2ko - q/q® = 2E;/V'S
— 0
dridry 0 21 (1 — 1) (1 — ma) @3 = 2ks-q/q> = 2E,/V'S
1+ o+ 3 = 2
\_ _/
2R )
® Divergentat 1 = land 2 =1 | — costys)
o | Soft Divergencies
4l — cosb3)
S ® (ollinear Divergencies




First Example

g

4 x1:2k1-q/q2:2Eq/\/§\
do C g w% + x% vo = 2ks - q/q* = 2E/V'S

— 0
dridry 0 21 (1 — 1) (1 — ma) @3 = 2ks-q/q> = 2E,/V'S
—= 2
L X1+ T2 T+ T3 Y
/

® Divergentat 1 = land 2 =1

® 5Soft Divergencies

e | Collinear Divergencies




First Example

4 x1:2k1-q/q2:2Eq/\/§\
do O Qg x% —+ m% xo = 2ko - q/q2 = QEQ/\/E
— O
dxdxs O o (1 —21)(1 — x0) x3=2ks-q/q° = 2E,/VS
T1 + Xo + x5 = 2
_ 1 2 3 Y




First Example

4 x1:2k1-q/q2:2Eq/\/§\
do e T3 + x5 vy =2k - q/q® = 2E4/VS
=
dridry 0 21 (1 — 21)(1 — ma) @3 = 2ks-q/q> = 2E,/V'S
r1+ To + 13 = 2
_ 1 2 3 y
/0 Change the variable to x5 and cos 613 A
d S 2 1 1 — 2
o — O _ + (1 — z3) s

d.ilfgd COS (913 27 \ sin (913 X3

\_ J




First Example

4 x1:2k1-q/q2:2Eq/\/§\
do o G T3 + 25 ro = 2ky - q/q® = 2E;/VS
=0
dx1dxo o (1 —21)(1 — 29) z3=2ks q/¢* =2E,/VS
T1 + Xo + x5 = 2
_ 1 2 3 Y
4 )

® Change the variable to x3 and cos 013

do Qg 2 1+ (1—x3)* >
L3

— O'()CF P
diEgdCOS (913 27 Sin2 (913 L3
§ sin” f1s.

/




First Example

4 x1:2k1-q/q2:2Eq/\/§\
do o G T3 + 25 ro = 2ky - q/q® = 2E;/VS
=0
dx1dxo o (1 —21)(1 — 29) z3=2ks q/¢* =2E,/VS
T1 + Xo + x5 = 2
_ 1 2 3 Y
4 )

® Change the variable to x3 and cos 013

do o, O 2 1+ (1—x3)* N
— 0oL Fr— 3
d.ilfgd COS (913 27 Sin2 (913 L3
§ (- (%) )




First Example

4 x1:2k1-q/q2:2Eq/\/§\
do o, Qs T4 + T3 vy = 2ky - q/q° = 2Ez/V'S
dxdzo Mo (1 —21)(1 — 29) z3=2ks q/¢* =2E,/VS
T1 + Lo + T3 = 2
- /
/0 Change the variable to x3 and cos 63 A
do Qg
— O'()CF — L3
dil?gd COS (913 27
- /
(e Collinear limit 2dcosbhs  dcosbs dcosfyz )
| | | sin2013 1 —cosfiz 1+ cosbis
® 5plit our integral in two dcos b1 d ¢os 0o
~ (1 —cosbi3) (1 —cosbhs)
\_ 0fs 03 /




First Example

/0 Change the variable to x5 and cos 613 A
do Qg
— 0gCp— 3
d.fL‘gd COS (913 27T
- /
(" e Collinear limit 2dcosbths  dcosbrs dcosfiz )
| | | sin2013 1 —coshi3 1+ cosOis
® 5plit our integral in two d cos 015 d cos fo
~ (1 —cosfi3) (1 — cosbas)
\_ 07, 03 /
4 asdf? 14 (1—2)? A
do = o Z CF2 02 dz
jets i <
= 7 fraction of energy
\_ =~ Generic Formula )




Parton Shower basics

agp o
PCL C
2 2T 0 (Z)

The spin averaged (unregulated) splitting functions for the various types
of branching are (Altarelli-Parisi):

at
( |Mn_|_1‘2d(1)n_|_1 ~ |Mn‘2d(1)n?d2

i) = Or[75], ﬁé
Ppa(z) = (:'F-H(lz_g)g-, *{iz
Pog(2) = Tr [jz%(l—z)ﬁf, @<
Pu) = COa|gis+ " +2(1-2) =4




Parton Shower basics

Ao Qg
PCL C
o 2. 4P (2)

The spin averaged (unregulated) splitting functions for the various types
of branching are (Altarelli-Parisi):

at
C |.A/ln_|_1‘2d(1)n_|_1 ~ \/\/ln\zd(I)anz

. 1 4 22 ;E
P ey C 1—%
qq(ﬁ) F _(1 —E):| ) z
A -1+ 1 _E 2- f
HQ(E) — CF ( ) ’ 1=z
B Z Z
4 _ T 2 1 o 2_ \_‘L‘L<
qg(2) R [27+( z) | 1—z
4 1 —_—
Pgg(2) = CA[ - + E+E(1—3)}- ‘w’gi
(1 —2) z 1-z
Cp=3,Ca=3Tr=3.
Comments:

** There are soft divergences in z=| and z=0.
** Gluons radiate the most

K Pqc has no soft divergences

** all soft divergences are gluon related.
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Collinear factorization

[ = 7o

g
* The process factorizes in the collinear limit. This procedure it
universall

2 2 T
xa—<

C

1 1
(pb =+ pc)2 N 2EbEc(1 — COS (9)




Collinear factorization

[ = 7o

g
* The process factorizes in the collinear limit. This procedure it
universall

2 2 T
xa—<

C

1 1

'Y

(Po +pc)*  JEPEE(1 — cos0)

soft




Collinear factorization

[ = 7o

g
* The process factorizes in the collinear limit. This procedure it
universall

2 2 T
xa—<

C

1 1

'Y

(v +pc)? (1= cos0)

soft and collinear

divergencies




Collinear factorization

[ = 5]

g
* The process factorizes in the collinear limit. This procedure it
universall

2

C

1 1

'Y

(v +pc)? (1= cos0)

soft and collinear

divergencies

Collinear factorization:

d
Myt |2dPr1 ~ [ M,|2dP, —d ¢ s

27 27

Pa—>bc (Z)

when 8 is small.



To Remember

4 )
‘Mn+1‘2dq)n_|_1 =~ ‘Mn‘Qd(I) Td 62{¢ ;S Pa—>bc(z)

_ nen Y,

4 )

\_ J




To Remember

(Collinear Limit )

do o
‘Mn+1‘2dq)n_|_1 ‘Mn‘Qd(I) Td 2?_ Q;Pa—ﬂ)a(z)

\_ /
4 )




To Remember

(Collinear Limit ” A
Q
‘Mn—l—l ‘qu)n—l-l = ‘./\/l ‘qu) Td o 2; Pa—>bc(z)
\_ /
® ¢ is the evolution parameter (control the collinear behaviour)
\_ /




To Remember

(Collinear Limit A
Myi17d®yy1 =~ |M,|2d, 7d gji ;‘; Pospe(2)

\_ /
® ¢ is the evolution parameter (control the collinear behaviour)
® Z is the energy sharing variable

\_ /




To Remember

(Collinear Limit )

At do o
M1 PdPpq ~ | M, 2d®, —dz " Py pe(2)
t 2w 2w
\_ /
® ¢ is the evolution parameter (control the collinear behaviour)
® Z is the energy sharing variable
® alpha_s need to be evaluated at the scale t
\_ /




To Remember

(Collinear Limit i do A
t o
M1 PdPpq ~ | M, 2d®, —dz " Py pe(2)
t  2m2w
\_ /
4 ® ¢ is the evolution parameter (control the collinear behaviour)
® Z is the energy sharing variable
® alpha_s need to be evaluated at the scale t
9 ® P is the splitting Kernel (control the soft behaviour) D




Multiple emission

2 2| 2

6,6 = 0 xL< xL<

0’ << 6 C e

® dominant contribution: 8 > 8 > §"...

® (ollinear Factorisation does not include interference term

® [otal rate for k emissions:

" at dt’ R (=) s\ 5o k22
Ontk X O / / /2 (1) X Op (%) log™(Q°/Qp)

® [ach power of Os comes with a logarithm. The logarithm can be easily
large, and therefore It can lead to a breakdown of perturbation theory.




Sudakov Form Factor

-

- What is the probability of no emission?




Sudakov Form Factor

(- - What is the probability of no emission?

0t g A
7Dnon—branching (tz) =1- 7Dbranching (tz) =1 t ;ﬂ' / dZP(Z)
\_ /




Sudakov Form Factor

~ | . . N
- What is the probability of no emission?
ot .
7Dnon—braunching (tz) =1 7Dbramching (tz) =1 . ;ﬂ' / dZP(Z)
» So the probability of no emission between
two scales:
\_ Y,




Sudakov Form Factor

4 . - . )
- What is the probability of no emission?
0t g A
7Jnon—branching (tz) =1- 7Dbramching (tz) =1 t gﬂ' / dZP(Z)

» So the probability of no emission between
two scales:

N —00 -
1=0

0 0t o
Pno—branching(Q27t) = lim (1 5 /dZP(Z))

ti 27T




Sudakov Form Factor

4 . - . )
- What is the probability of no emission?
0t g A
731r101r1—bran(:hing (tz) =1- 7Dbra,nching (tz) =1 t ;7'(' / dZP(Z)

» So the probability of no emission between
two scales:

0 0t o
Pno—b’ranchz'ng(QQat) = lim (1 y 5 /dZP(Z))

N — o0




Sudakov Form Factor

4 . - . )
- What is the probability of no emission?
0t g A
731r101r1—bran(:hing (tz) =1- 7Dbra,nching (tz) =1 t ;7'(' / dZP(Z)

» So the probability of no emission between

two scales: N
9 . 0t g q p
Pno—branchzng(@ ,t) — ]\;gnoo _—: (1 t° 9 / < (Z)>
~ Jim Zio(~% 3 dPG)
- N — o0
o S Wiz G5 P(z) — o~ [ dp(t))
\_ Y,




Sudakov Form Factor

o

» So the probability of no emission between
two scales:

N —00 t; 2T

SN (558 [dzP(2))

4 . - . )
- What is the probability of no emission?
0t g A
731r101r1—bran(:hing (tz) =1- 7Dbra,nching (tz) =1 t ;7'(' / dZP(Z)

0 0t o
Pno—b’ranchz'ng(QQat) = lim (1 5 /dZP(Z))

~ Jlim e
Sudakov form factor N—o0
2 / g A 2 ,
A(Q?, 1) ~ e ST 2SI P() = = [P dp(®)

/




Sudakov Form Factor

N ot o
Pno—branching(Q27t) = lim (1 y 5 /dZP(Z)

4 . - . )
- What is the probability of no emission?
0t g A
7Jlrlon—bran(:hing (tz) =1- 7Dbra,n(:hing (tz) =1 t ;7'(' / dZP(Z)

» So the probability of no emission between
two scales:

N — o0

~ lim e i
Sudakov form factor N—o0
2 / Y ~ 2 ’
A(Q?, 1) ~ e [ TR P() = = [ dn(t)

/

-

Property: A(A,B) = A(A,C) A(C,B)

)
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Parton shower

% The Sudakov form factor i1s the heart of the parton shower. It gives the
probability that a parton does not branch between two scales

2 Using this no-emission probability the branching tree of a parton is generated.

¢ Define dPy as the probabllity for k ordered splittings from leg a at given scales

dPi(t1) = A(Q% t1) dp(t)A(t1,QF),
dPy(t1,t2) = A(Q% t1) dp(ty) A(t1,t2) dp(te) A(te, Q5)O(t1 — ta),
e = L
APt nte) = AQ% QD) H Oti—1 — 1)

% Qo? Is the hadronization scale (~1 GeV). Below this scale we do not trust the
perturbative description for parton splitting anymore.




Unitarity

4 . )
dPy(t1, . tr) = AQ%,Q5) ][ dp(t)O(ti—1 — 1)
=1
® [he parton shower has to be unitary (the sum over all

branching trees should be |).We can explicitly show this by
integrating the probability for k splittings:




Unitarity

4 . )
dPy(t1, . tr) = AQ%,Q5) ][ dp(t)O(ti—1 — 1)
=1
® [he parton shower has to be unitary (the sum over all
branching trees should be |).We can explicitly show this by
integrating the probability for k splittings:
— 9 - k
@
P, = /de(tl, ) = A(Q?,Qg)% / )| . VE=01,..
- [/ Q3 |
\_ /




Unitarity

4 . )
dPy(t1, . tr) = AQ%,Q5) ][ dp(t)O(ti—1 — 1)
=1
® [he parton shower has to be unitary (the sum over all
branching trees should be |).We can explicitly show this by
integrating the probability for k splittings:
— 9 - k
@
P, = /de(tl, ) = A(QQ,Q(%)% / )| . VE=01,..
- [/ @3 |
® Summing over all number of emissions
\_ /




Unitarity

4 . )
dPy(t1, . tr) = AQ%,Q5) ][ dp(t)O(ti—1 — 1)
I—1

® [he parton shower has to be unitary (the sum over all
branching trees should be |).We can explicitly show this by
integrating the probability for k splittings:
- 1k

1| @
Pk — /dpk(tl, ...,tk) — A(Q%Qg)y / dp(t) ] Vk = O, 1,
- |/ Q2 ]

® Summing over all number of emissions

00 o0 1k
S P=AQLADY.
k=0 k=0

Q> Q7 |
[ ao| =a@t e | [ ap)| ~1

2 2
QO | B 0

o /




Unitarity

4 . )
dPy(t1, . tr) = AQ%,Q5) ][ dp(t)O(ti—1 — 1)
I—1

® [he parton shower has to be unitary (the sum over all
branching trees should be |).We can explicitly show this by
integrating the probability for k splittings:
- 1k

1| @
Pk — /dpk(tl, ...,tk) — A(Q%Qg)y / dp(t) ] Vk = O, 1,
- |/ Q2 ]

® Summing over all number of emissions

00 o0 1k
S P=AQLADY.
k=0 k=0

Q> Q7 |
[ ao| =a@t e | [ ap)| ~1

2 2
QO | B 0

® Hence, the total probabillity i1s conserved

o




singularities

® \WVe have shown that the showers Is unitary. However, how are
the IR divergences cancelled explicitly! Let's show this for the
first emission:
Consider the contributions from (exactly) O and | emissions

from leg a:
dO dt do aq
= AQ Q)+ AQ Q) YT 5 5 P ()

® [xpanding to first order in Qs glves

Q° dt’ d dt d
d_O- ~ 1 — Z/ ¢ 048 a,—>bc Zdz ¢ o a—>bc(2)

t’ 27T 27 27 27

® Same structure of the two latter terms, with opposite signs:
cancellation of divergences between the approximate virtual
and approximate real emission cross sections.

® [he probabillistic interpretation of the shower ensures that
infrared divergences will cancel for each emission.
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Implement your parton shower 101
|. Start at scale tp and momentum fraction zo = |

2. Generate the scale of the next emission:

|. Solve A(¢,,,%;) = R (where R is a random number)




Final-state parton showers

Implement your parton shower 101
|. Start at scale tp and momentum fraction zo = |
2. Generate the scale of the next emission:

|. Solve A(¢,,,%;) = R (where R is a random number)

3. If ti+1 < teur : Stop




Final-state parton showers

Implement your parton shower 101
|. Start at scale tp and momentum fraction zo = |
2. Generate the scale of the next emission:

|. Solve A(¢,,,%;) = R (where R is a random number)

3. If ti+1 < teur : Stop

4. Otherwise, generate z = zi/zj+| with a distribution proportional to (Qs/
2M)P(z), where P(z) is the appropriate splitting function.




Final-state parton showers

Implement your parton shower (0]

. Start at scale to and momentum fraction zo = |

Generate the scale of the next emission:
|. Solve A(¢,,,%;) = R (where R is a random number)
If ti+1 < tewe : Stop

Otherwise, generate z = zj/zj+| with a distribution proportional to (Qs/
2M)P(z), where P(z) is the appropriate splitting function.

For each emitted particle, iterate steps 2-4 until branching stops.




To Remember

4 N
- Sudakov Form-Factor: Probability of No-
emission between two scale.

A(Q2 1) ~ =[S #az52P() — o~ [2 dp(t))

 Parton shower is unitary (and IR save)
- Parton shower is a Markov Chain
=0One emission at the time

- Each interactions has its own scale for
alphas

- Various choice for the evolution parameter
\_ /
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Perturpative expansion

dGap—x (8, up, ur) Parton-level cross section

® [he parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

5 — gBorn( 1 () ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T o >
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Perturpative expansion

dGap—x (8, up, ur) Parton-level cross section

® [he parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

5 — gBorn( 1 () ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T o >

A A
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Perturpative expansion

dGap—x (8, up, ur) Parton-level cross section

® [he parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

5 — gBorn( 1 () ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T o >

A A A

4 T N R
HO) INEO® ININIHO)

Lp)t?‘(‘-;(ﬂi@ flons COLLECGEtIoNS COFEEECGEIoNS
\_ J 4 Y \ J




Perturpative expansion

dGap—x (8, up, ur) Parton-level cross section

® [he parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

5 — gBorn( 1 () ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T o >

A A A A
4 T N N )
HO) INEO® ININIHO) INEIHO) IFINININIXG)
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Perturpative expansion

dGap—x (8, up, ur) Parton-level cross section

® [he parton-level cross section can be computed as a
series in perturbation theory, using the coupling
constant as an expansion parameter, schematically:

5 — gBorn( 1 () ( ) (2) ( ) (3)
1
7T ( 27T " 2T " 2T o )

A A A A
4 N N O N h
HO) INE® NINIHG) INSE@orINININE®

\_ Y, - Y, - Y, - Y,

® [ncluding higher corrections improves predictions
and reduces theoretical uncertainties



NLO corrections

® NLO corrections have three parts:
® [he Born contribution, I.e. the Leading order.

® Virtual (or Loop) corrections: formed by an amplitude with
a closed loop of particles interfered with the Born
amplitudes

® Real emission corrections: formed by amplitudes with one
extra parton compared to the Born process

® Both Virtual and Real emission have one power of
as extra compared to the Born process




NLO predictions

® As an example, consider Drell-Yan Z/y*
production




NLO predictions

® As an example, consider Drell-Yan Z/y*
production

6:0301‘]“(1 | &Sg(1>+...>

27




NLO predictions

® As an example, consider Drell-Yan Z/y*
production

6:0301‘]“(1 | &80(1)4—...)
27
A

>Ww




NLO predictions

® As an example, consider Drell-Yan Z/y*

production
G=cgBom(14 S,
27
f\
2 2 \
>f\/\/\/v %\/‘N + ...
Y




NLO predictions

® As an example, consider Drell-Yan Z/y*

production

a_ _ O_Born(

A

>Vm

1 &80(1)4—...)

27

2 Re

%:wv +

J




NLO predictions

® As an example, consider Drell-Yan Z/y*

production

6:030”1(1 | &80(1)4—...)

A

>Vm

Not definite positive

27

2 )
7 Re %vvw x>vvw
. J
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Branching

ONLO :/agdao+/ag+1dav+/ a’tldop
n n n+1

6000 |- ' o ' ' ' v'ect<'>r t;oso'n p'T ' ' o ' _
Z
1 o
[ I / LO 4
4000 ' g -
|
2000 “NLO” zf\/\/y _
0 I e e K —oe—ca— —
| R I R . e
0 5 10 20

| . .
1
transverse momentum [éeV]

asCp dz dk?
T 1—2z k?

O-h—l—g ~ Op




Branching

UNLO=/a2d00+/aZ+1daV—I—/ Oég_l_ldO'R
n n n+1

socoll " vector boson pT

2000

. . . . . . . . . | . . . .
0 5 10 1 20
transverse momentum [éeV]

a.Cr dz dk?

T 11—

Oh+g = Oh




Branching

ONLO = / aldog + / o’ ldoy + / o’ ldog
n n n+1

P P 6000 . vector boson pT

| ot }N\M _'

Also divergent! 2000 - , i
. . | NLO
- negative sign 1] «—
- loop computed in dimensional | |
regUIarisatiOn olml------ - T -
- divergence appears as pole in the | | | _
regularisation parmeters ransverse hoomentum [GeV] 20

aCp dz dth
T 1—=z ktz

Oh+V = —0Op




Branching

® Real:

p zP asCr dz dk?
S~ O Oh ~ Op
. £33 9 T 1—z k2

® \irtual

asCr  dz dkf

. /
\ /
\,
O, >p > P Oh+V = —0Op 9
I

® KLN:The sum is finite
for observables that cannot distinguish between two collinear
partons (ki — 0);a hard and a soft parton (z — 1); and a single

parton (in the virtual contributions)




Fixed Order calculations

6000 vector boson pT _
¥ I
] “ )
4000 ! ] -
[
[
2000 “NLO” zj\/\/y _

0 5 10
transverse momentum [ﬁeV]

This observables is not infra-red safe: suitable for NLO computation!




Fixed Order calculations

6000 - vector boson pT >\,\M/ _
“LO” j
4000 - — ] _
2000 |- “NLO” _
] «— 2}/\% |
Negative R T N — .

transverse momentum [&eV]

contribution of the

0-bin

This observables is not infra-red safe: suitable for NLO computation!




INnfrared safe observables

® [or an observable to be calculable in fixed-order
perturbation theory, the observable should be
infrared safe, i.e., it should be insensitive to the
emission of soft or collinear partons.

® [n particular, it piis a momentum occurring in the
definition of an observable, it most be invariant under
the branching
Pi — PBj + Pk,
\_ whenever p; and pk are collinear or one of them is softj

(@ Examples )

® “The number of gluons” produced in a collision is not an infrared
safe observable

® ""The number of hard jets defined using the kr algorithm with a
transverse momentum above 40 GeV," produced in a collision is
\_ an infrared safe observable )




NLO...”

- Are all (IR-safe) observables that we can compute using a
NLO code correctly described at NLO? Suppose we have
a NLO code for pp — ttbar

g - t g i £ g

[ Rea E Virt
> i 9 U -

t




NLO...”

- Are all (IR-safe) observables that we can compute using a
NLO code correctly described at NLO? Suppose we have
a NLO code for pp — ttbar

g - t g i £ g - t

LO [ Real Virt

PR o ; Wa%:; : TS 0T + NLO?
e Total cross section v
® Transverse momentum of the top quark v
®* Transverse momentum of the top-antitop pair X
e Transverse momentum of the jet X
e Top-antitop invariant mass o/
 Azimuthal distance between the top and anti-top X
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-

® Consider this m-point loop

One Loop
X

diagram with n external momenta




-

® Consider this m-point loop
diagram with n external momenta

One Loop
N

® The integral to
compute is

4 N

D; = (14 p;))* —m?
\

DoD1Dg -+ Dyp—q

/




Integrand reduction

(¥ Key Point )

® Any one-loop integral can be decomposed in scalar integrals

® The task is to find these coefficients efficiently (analytically or
numerically)




Integrand reduction

(¥ Key Point )

® Any one-loop integral can be decomposed in scalar integrals

® The task is to find these coefficients efficiently (analytically or
numerically)

\_ /

/Two methods N
® Passarino-Veltman
e OPP

\_ /

" One Tool )
® Madloop

\_ /




Numerical Stability

[a—

o
L
I

10—2 =

Fraction of events S(A)

=g >tf

[w—

<
w
T

=00 > tfg
“4-gog—tfgg

——090—e" Vep-V,,bF

10717 1071 1071 1071 10°° 1077 1073 1073 1071 10!
e IFor 2 to 4 processes, ~7% of the Phase-space point have a precision worse than le-3

= Previous solution pass to quadruple precision (extremelly slow)
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loop
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phase-space Integration

o0 / d*®,, B(® / d*® / ALV (P / d°®,, 1 R(®pyp1)
loop

(" e This sum is Finite (KLN theory) A

® [ach piece Is divergent

® (Cannot use a finite value for the dimensional regulator
and take the Iimit to zero in a numerical code

® Ve have to cancel the divergences explicitly

® [wo class of methods:

\ ® Slicing and Subtraction y




Example

- N

/dx f(z) f(x) — M g(:v) Finite everywhere
0 X

> %

g )
® [ype of Divergencies of the real Z:M +

) %

. N

Let’s introduce a regulator

g(x) _

:El—l—e

lim daj

e—0 0 e—0 0

for any non-integer non-zero value for € this integral is finite

_ be canceled explicitly against the virtual corrections

® Ve would like to factor out the explicit poles in € so that they can

/




Slicing method

1

lim [ dex™ € f(x) f(x) =

e—0 0

V4

1
limJ 39 im j PN J dx
e—=0 ) xl-e e—0 0 xl-e 5




Slicing method

4 | )
lim [ dex™ € f(x) f(x) = 9(z)
e—0 0 €T
o /
(o Split the integral in two )
1
limJ 38 _ i (j 8L J ax 2
e=0Jy x17¢  e=0\ J, e 5  XlT€
. /




Slicing method

4 1 )
lim [ dex™ € f(x) f(x) = 9(z)
e—0 0 €T
\ /
(o Split the integral in two )
1 5 1
limJ dx 89 =lim<j x5 +J dxg(x)>
e—0J)y x1=¢ =0\ J, xl7¢ [ xl=e
~ lim [5dx 80) + r dx 8)
- e—0 0 xl-¢ 5 xl—e
\_ /




Slicing method

4 1 )
lim [ dex™ € f(x) f(x) = 9(z)
e—0 0 €T
o /
(o Split the integral in two )

1 o) 1
limj 89 im [ PIpiC) +J PIpiC)
e—0J)y x1=¢ =0\ J, xl7¢ [ xl=e

5 1
0
~ lim<[ dxg( ) +J dxg(x))
6—3‘0 O xl—E 5 x1—€

5¢ r g(x)

= lim —g(0) + | dx=
e—>0 € 5 X

1
= lim <l + log(é)) 2(0) + J dx&

k e—>0 \ € 5 X /
 Mattelaeroliviee ~ Japaw202e 19




Slicing method

2 1 )
lim [ dxx™°f(x) f(x) = 9(z)
e—0 0 X
\_ J
(o Split the integral in two )
1 5 1
limj x5 =lim<[ i 8 +J dxg(x)>
e=0J)y xI7¢  es0\ J, xlTe 5 xl=€
5 1
~ lim ([ dx s©) -+ J dx g(x))
e—0 0 x1-e 5 xl-e
€ 1
= lim 5—g(0) + J dx@
c—>0 € 5 X
1
= lim log(é)) 2(0) + J dx&
k e—>0 Y € 5 X /




Slicing method

2 1 )
lim [ deax™f(x) flz) = _g(a;‘)
e—0 0 X
\_ J
(o Split the integral in two )
1 5 1
limj x5 :lim<[ i 8 J dxg(x)>
e—0J)y x1=¢ =0\ J, xl7¢ [ xl=e
~ lim ([ s©) J dx s) )
c—0 0 xl—e 5 _xl—e
= lim 5—€g(0) + J dx&
c—>0 € 5 X
1
= lim log(é)) 2(0) + J &
k e—>0 Y € 5 X /




Slicing method

4 1 )
lim [ dxx™°f(x) f(x) = 9(z)
e—0 0 €T
o /
(o Split the integral in two )

1 5 1
limj 89 im [ PIpiC) +J PIpiC)
e—0J)y x1=¢ =0\ J, xl7¢ [ xl=e
’ [ g(0) J g(x)
~ lim
e—0 0 X1_€ 5 X1_€

56
= lim —g(0) + dx&
e—0 €

\ €—>O




Subtraction method

4 1 ~
lim [ doa™¢f(z) f(a) = I
e—0 0 T
\ Y
4 D
lim 1dat r~“f(x) = lim 1dx r € 9(0) f(z) 9(0)
e—0 0 o c—0 0 o r
\ Y




Subtraction method

4 1 )
lim [ dex™ € f(x) f(x) = 9(z)
e—0 0 €T
\_ Y
4 ® Add and subtract the same term A
1 1 -
. e | 9(0) g(0)
!1_{1(1) Odata: f(x)—ll_{% de:c B f(x) .
\_ /




Subtraction method

4 1 )
lim [ deax™f(x) flz) = _g(a:‘)
e—0 0 X
\_ Y
4 ® Add and subtract the same term A
1 1 -
. e | 9(0) g(0)
21_{]% Odata: f(x) = 21_1')1(1) Odmx B f(x) .
1 B _
z= ¢  g(x)—g(0)
— 11_1)]% Odaz _g(()) i -
\_ J




Subtraction method

4 1 ~
lim [ doa™¢f(z) f(a) = I
e—0 0 T
\ Y
4 ® Add and subtract the same term )
1 1 _ 0 0
li_I}(l) de:z:_ef(a:) :y_{% dex—e gi;) f(z) 9;)
1 _
- z= ¢ g(x) —g(0)
— 11_1)]% Odaz g(0) Pl T
1
— lim __19(0) 4 /d:z; g(z) — g(0)
e—0 € 0 T
\ Y




Subtraction method

4 N
N g(x)
lim [ deax™f(x) f(x) =
e—0 0 T
N Y
4 ® Add and subtract the same term )
1 —
im [ dza—<f(z) = tim [ dza—<|?Y + py— 90
e—0 Jq e—0 Jq o T |
1 - _ _
)z ©  g(x)—g(0)
= hm | peEe
e—>() €
Same pole !




Subtraction method

4 )
Y S g(x)
lim [ deax™°f(x) flz) = =—=
e—0 0 €T
\_ /
4 ® Add and subtract the same term N
! )
0 0
lim [drz”“f(z) =1lim [ dra° 9(0) f(x) 9(0)
e—0 0 e—0 0 I €T €T ]
1 ] B _
B )3 ‘ g(fﬂ) — g(0)
lgr(l) plte
—1
m-
Same pole ! Numerically integrable.




Slicing vs Subtraction

® |n both cases the pole is extracted and we end up with a finite
remainder:

g(0) log d + /51 d:c@ /01 da;g(:v) —g(0)

T T
® Subtraction acts like a plus distribution

® Slicing works only for small 0: 0-independence of cross section
and distributions must be proven; subtraction is exact

® Both methods have cancelations between large numbers. If for a
given observable lim O(z) # 0(0) or we choose a too small bin
size, instabilities will arise (we cannot ask for an infinite
resolution)

® Subtraction is in general more flexible: good for automation

Slide from M. Zaro

Mattelaer Olivier _)apan 2026 121



Subtraction

4 . 4 4 4 A
ONLO = d P, B + d P,V + d P, 1R
\_

4 Doing subtractions:

ONLO Z/d4q)n8

+ / d*®, (v+ / dd<I>1€>
e—0

- / d*®,.1 (R —-C)

\_ /
 Mattelaeroliviee ~ Japamw202e 22
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counter events

I

Real emission Subtraction term

® [hisis not possible without changing any of the other
momenta In the process

® \When applying cuts or making plots, events and counter events
might end-up In different bins

® [Jse |[R-safe observables and don't ask for infinite resolution!
(KLN theorem)



4 charged lepton

® [he NLO results shows a typical peak-dip structure that
hampers fixed order calculations
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Counter-Events

Dipole subtraction FKS subtraction
Catani, Seymour, hep-ph/9602277 & hep-ph/9605323 Frixione, Kunszt, Signer, hep-ph/9512328
® Recoil taken by one parton ® Recoil distributed among all particles
— N3 scaling — N2 scaling
® Method evolves from cancelation of @ Method evolves from cancelation of
soft divergences collinear divergences
® Proven to work for simple and ® Proven to work for simple and
complicated processes complicated processes
¢ Automated in MadDipole, ® Automated in MadGraph5 aMC@NLO
AutoDipole, Sherpa, Helac-NLO, ... and in the Powheg box/Powhel




No sample of events (FNLO)

6000

- S v'ectc'>r t;oso'n p'T ! - -

s >\/\/\N |
] “ »

i I / LO 1

4000 |
|

2000

Issue to generate (unweighted)

events
Since two different kinematic (and

they are not bounded
iIndependently

Need to fill histograms (on the flight)




Question time

° Allez sur wooclap.com Code d'événemen t
@ Entrez le codt'e Q'événement dans le MADG RAP
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To Remember

® Virtual and real matrix element are not finite, but their sum is.
Subtraction methods can be used to extract divergences for
real-emission matrix elements and cancel explicitly the poles
from the virtuals

® Event and counterevents have different kinematics. Unweighting
is not possible, we need to fill plots on-the-fly with weighted
events

® For plots, only IR-safe observable with finite resolution must be
used!
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Plan

(. NLO Introduction

* Loop Computation

» Dealing with Singularities

| * Matching@NLO )




Matching NLO

* At NLO one faces even more severe double-counting issues:

Parton shower

-
Born+Virtual: >V\M Z‘N" :Z\/VV e
- oot
Real emission: zjm 2\M

* And also part of the wvirtual contribution 1s double counted

through the definition of the Sudakov factor A




Question time

° Allez sur wooclap.com Code d'événemen t
@ Entrez le codt'e Q'événement dans le MADG RAP
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Nalve Implementation

® | et us assume we can generate events separately for Born,
virtuals and real emissions, and that we pass them to a parton

shower
do N;ngps = [B+V]d®, I}c(0) + d®, 1R I} (0)

® Do we get the NLO cross section?
® | et us expand the shower operator at order as (0 or | emission)

Do = Aa (@ Q0) + 0 (Q.Q0) 4, 5V P,

Aa, (Qa QO) — €XP [_/dq)l o a—)bc] ~ 1 — /dq)l a—)bc
as(t
2T

) p

a—)bc

S (t
IMC’ ~ 1 —/dq)laz( )Pa_>bc—|—d(I)1

(s

Mattelaer Olivier _japan 2026 132



dmchzgws” = [B+V]d®, It (0) + d®n 1 R I (O)

® At order as we get

do«NLO+PS”
dO

= B+ V]d®, +d®,11R

s s(t
_ qu)n / d(I)l a2—(t)Pa—>bc =+ qu)ndq)l a2—()Pa—>bc

v v
® Which is not the NLO




MC@NLQO procedure

[Frixione & Webber (2002)]

4 N

® [o remove the double counting, we can add and subtract the
same term to the m and m+ 1 body configurations

dUNLOWPS _ d(I) B_|_/ —|—/d(I)1MC) Ilg/[fné)(o)
dO loop -

+ azcbm+1 (R—MC) | I (0)




MC@NLQO procedure

[Frixione & VWebber (2002)]

4 N

® [o remove the double counting, we can add and subtract the
same term to the m and m+ 1 body configurations

dUNLOWPS _ d(I) B_|_/ —|—/d(I)1MC) Ils/lfnzjj)(O)
dO loop -

+ al<1>m+1 (R—MC) | I (0)

N\ /
4 )
\_ /




MC@NLQO procedure

[Frixione & VWebber (2002)]

4 N

® [o remove the double counting, we can add and subtract the
same term to the m and m+ 1 body configurations

dUNLOWPS _ d(I) B_|_/ —|—/d(I)1MC) Ils/[fnzjj)(O)
dO loop

+ al<1>m+1 (R—MC)| 1LY (0)
\_ - - /

(o Where the MC are defined to be the contribution of the A
parton shower to get from the m body Born final state to the
m+| body real emission final state




MC@NLQO procedure

[Frixione & VWebber (2002)]

4 N

® [o remove the double counting, we can add and subtract the
same term to the m and m+ 1 body configurations

dUNLOWPS _ d(I) B_|_/ —|—/d(I)1MC) Ils/[fnzjj)(O)
dO loop

+ al<1>m+1 (R—MC)| 1LY (0)
\ - - /

(o Where the MC are defined to be the contribution of the A
parton shower to get from the m body Born final state to the
m+| body real emission final state

8(tMC,zMC,gb) 1 a1
0D, tMC 2 271

MC = P(ZMC)B

\ /
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MC@NLQO procedure

[Frixione & VWebber (2002)]

4 N

® [o remove the double counting, we can add and subtract the
same term to the m and m+ 1 body configurations

dUNLOWPS _ d(I) B_|_/ —|—/d(I)1MC) Ils/[fnzjj)(O)
dO loop

+ al<1>m+1 (R—MC)| 1LY (0)
\ - - /

(o Where the MC are defined to be the contribution of the A
parton shower to get from the m body Born final state to the
m+| body real emission final state

8(tMC,zMC,gb) 1 a1
861)1 tMC 21 2

MC = P(zMC)B




Double counting avoided

-

o

i loop -

+ [dP i1 (R-MCO) | Ife ™ (0)

Expanded at NLO

M MC
I&@(O)dazl—/dcbl C - dd ..

B B

~

/
N

-

do«prcaNLO”

0 [B+V+W0]d¢n+d%+1[73 ¢

|




0 per bin [pb]

108

0.1

Smooth matching

10% &

1072 ;

10 |

?ttproduction at the LHC

fNLO —— -
NLO+HW6 — -
LO+HW6E — =

MadGraph5 aMC@NLO

—— e~

L Ratio over NLO+HW®

10




Stability & unweighting
- | N
doNLowes _1g (B + / + /dcblMC) I (O)

dO

+ d<I>m+1 (R—MC)| 1LY (0)

® [he MC subtraction terms are defined to be what the shower
does to get from the m to the m=+1 body matrix elements.
Therefore the cancellation of singularrties is exact in the (R -

 MC) term /
0 The integral 1s bounded all over phase-space; we can therefore A
generate unweighted events!
® "“S-events’ (which have m body kinematics)
® "H-events' (which have m+| body kinematics




MC@NLQO properties

[ N

® (ood features of including the subtraction counter terms

|. Double counting avoided: The rate expanded at NLO
coincides with the total NLO cross section

2. Smooth matching: MC@NLO coincides (in shape) with the
parton shower Iin the soft/collinear region, while 1t agrees

with the NLO In the hard region

3. Stability: weights associated to different multiplicities are
separately finite. The MC term has the same infrared
behavior as the real emission (there Is a subtlety for the soft
divergence)

. /




Negative weights

1 _

00Op

+ | d®pyr (R—MC) | IV (0)

® \/\Ve generate events for the two terms between the square
brackets (5- and H-events) separately

® J[here is no guarantee that these contributions are separately

positive (even though predictions for infra-red safe observables
should always be positive!)

® T[herefore, when we do event unweighting we can only
unweight the events up to a sign. [ hese signs should be

taken into account when doing a physics analysis (1.e. making
plots etc.)

® The events are only physical when they are showered.



Question time

° Allez sur wooclap.com Code d'événemen t
@ Entrez le codt'e Q'événement dans le MADG RAP
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What we have learned

~
 That all observable of an NLO computation

are not NLO accurate.
- How to evaluate the loop
- NLO computation done with counter-events
= bin miss-match possible
- NLO+PS generation allow event generation

= Events Physical only after the Parton-
Shower.

= The Events should be generated for a

given shower (in MC@NLO)
\_ %




