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Plan

/ Lectures \

- Matrix-element, phase-space generation
*NLO and Loop
- NLO+PS and merging

-

/Tutorial

- Basic of MG5aMC
*NLO and loop-induced

*NLO+PS and MLM merging
N /
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Monte-Carlo Physics

(Our goal

Cross-section
Differential cross-section

Un-weighted events
. J
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(B)SM

Type of generation

 NLO NLO NLO  Loop
(QCD) (QCD)  (EW)  Induced
(SM) (BSM) (SM) (B)SM

Tree

Fix Order
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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 | H|gh_Q2 Scattering 2 Parton Shower
TeV = where BSM physics lies
.k.._.,’ Bl
oollce e
GeV
= process dependent
== first principles description
¥ it can be systematically improved
+ MeV o :
\_/ 3. Hadronization 4. Underlying Event



Goatos

cales

TeV

GeV

MeV

N/

What are the MC for?

|. High-Q" Scattering 2. Parton Shower
N "-7-.\
2
WL Y
:
\
E._. T |

= QCD -"known physics”
& universal/ process independent
% first principles description

3. Hadronization 4. Underlying Event



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)

N\

Important
® Parton-Showeris not ADDING radiation

® Such radiations are already included within the event-
generator

® This effect should be unitary: the inclusive cross section
shouldnt change when extra radiation is added

o




What are the MC for?
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= universal/ process independent

= model-based description
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What are the MC for?

p |. High-Q" Scattering 2. Parton Shower

cales

TeV

2 .
% low Q physics
&= energy and process dependent

&= model-based description

GeV
' -8
s U I o
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MeV " Nee '*.o".'
\__/ 3. Hadronization St 4. Underlying Event




What are the MC for?

oatos

Scales

TeV

GeV

5. Detector simulation

N,
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To Remember

 Multi-scale problem

= New physics visible only at High scale
= Problem split in different scale

- Computation used renormalised object

= Soft radiation below scale are hidden in
the pdf/strong coupling

- Hard process gives the cross-section

- Parton-Shower does not ADD radiation
(unitary process)




MASTER FORMULA FOR THE LHC

5-a,b—>X (§7 HUE, /LR)

Parton-level cross
section




Perturbative expansion

d6ap—x (S, uF, tr) 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:

3
A Born s (1) ( ) (2) | (Oés) (3)
1 | -
7 ( " 27TU " 2 o) ¢ "

|HO) INIHO) ININIHO) INEIH@) (o) INININIHO)

® |[ncluding higher corrections improves predictions
and reduces theoretical uncertainties




Improved predictions

do = Zb/dxldﬂ?z fa(x1, pr) fo(ze, pr) déap—x (8, br, LR)

~ _ Born s (1) ( ) (2) ( ) (3)
1
7Y ( i 2770 i 2T i 2T i >

T | T T T T | I
Top produstisn va pu, V3=14TeV

® [eading Order predictions can wp Dol e
depend strongly on the : st el s
renormalization and factorization :
scales

® Including higher order corrections
reduces the dependence on these
Scales L B0 100 d5eT] 200 1) 1000




LO

ﬁ_O computation (top quark pair) \

0.12

normalized to
one :

o.os|
1=

0.06

1000 1200 ’ 460 66 60 1OIOO 1200
Same variable (@

N

At LO:

- Large scale uncertainty

- but mainly in the Normalisation (in the cross-section)
- LO is good for shape




Hadron Colliders

Z dri1drod®rs fo(x1, pur) fo(xe, hr) Gap—x (S, ur, UR)

a,b

proton - (anti)proton cross sections
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Parton densities

1000 ——
§1 2' 2 0G V2 : ratios of parton luminosities ok
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At small x (small §), gluon domination.

LHC formidable at large mass —
At large x valence quarks

For low mass, Tevatron backgrounds smaller



Back to the processes

proton - (anti)proton cross sections
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To Remember

2; /dmldedq)FS fa(xla :uF)fb(aj% :uF) O-ab—>X(87 HE ILLR)
“ 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

- NLO/NNLO: Reduce scale uncertainty linked
to your division of your multi-scale problem

- Computation are inclusive (+ any jet) due to
\_  renormalization/factorization scale W,




Matrix-Element

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

\MM

<1r.. Easy

//\x enough

"« Evaluate the matrix-element @ Hard
\ M|?  =Need Feynman Rules! K= Next
/ « Phase-Space Integration <y

1 (.Hard |)
o — — M qu) n In genera
28/’ ‘ (n) /(,tl After

\_




Matrix Element

M= 62(?]’}/’“?))%—;(@71/“)

q
oM = MM

pol pol

Zﬂu:p/er

pol

3

4

= I?TTWWM 2" )T P37y, pay

= 8qi4 [(p1-p3)(P2.pa) + (P1-pa)(P2-p3)]

Very Efficient !!!



Need to compute IM,I> [IM]|* 2re(MM,)

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 . Eyvaluate 7 for fixed helicity of external particles A
=Multiply 7 with 7 -> || 72
=L_oop on Helicity and average the results
/
N

Numbers for given hellc:ty and momenta

Calculate propagator wavefunctions
Finally evaluate amplitude (c-number)

fct(pl,'lm) ulp) = w_»(p)xaA(P) )
fet(pz, m2) wx(p)x2(P)
Lines present in the fCt(p?” ms) wi(p) =1/ E £ 7.
d . ’LL4 — fCt(p47 m4) _ 1 7] + p-
coce = fet(vy, uy, e,m,, T §+—(ﬁ)ev y/«%ﬂﬁl([ﬁl +ng‘( Pz t+ipy )

® g21— m2 H%Edpy)
/% fet(vs, uy, WO, €) ety i, WhiT 20 \ 5 +5. )

o




Comparison

Analytical

Helicity




Real case

|dentical | : = Known
tical
" Identigal o
- )
M1 ’ M?2
Number of routines: §0 Number of routines: B0
_ 2(N+1) 2(N+1)/
Number of routines for both: @0
M|? = |M; + M)




Real case

mm Known

[, )

Number of routines: | Number of routines: |0
\_ 2(N+1)) L 2(N+1)
Number of routines for both: |2
NI*2(N+1) —» NI




Comparison

N particle

Analytical (N1)?

Helicity M (N1 2N

Recycling M (N = 1)1 20V=D




Can we do better? YES

- Recursion relation (used in Sherpa) [WIP]

* New in MG5aMC: Helicity Recycling 2102.00773

- 5 Dimensional helicity wave function 2203.10440
 Not full color computation [WIP]

N particle

Analytical (N!)?
Helicity M (N1 2N

Recycling M (N — 1)1 20D

Hel

~ (N _ NI2
Recycling bl 2=




Can we go faster? YES

= Was first done a while ago (cuda)
arXiv:0908.4403,arXiv:1305.0708v2

= New recent focus in this direction
=Not only cuda:

=Kokkos, syCL, tensorflow

= Good performance but not yet integrated with
9 the phase-space y

=Modern CPU can act as a baby GPU

=They can perform N identical
operation as fast as one

=First cross-section computation with
SIMD: last week




BSM and HELAS

* Original HELicity Amplitude Subroutine library A

[Murayama, Watanabe, Hagiwara]

* One routine by Lorentz structure
= VMSSM [cho, al] hep-ph/0601063 (2006)
= HEFT [Frederix] (2007)

=Spin 2 [Hagiwara, al] 0805.2554 (2008)

k =Spin 3/2 [Mawatari, al] 1101.1289 (2011) y,

Chiral Perturbation BNV Model

SLIH
Effective Field Theory NMSSM

Chromo-magnetic

Full HEFT operator Black Holes
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L — ILLINOIS

AT G L A LA AN
#2) |on

' ALOHA

Frum:[ UFO ﬂ -1 To: Helicity Translate|

Basically, any new operator can be handle by
MG5/Pythia8 out of the box!

Type text or a website address or translate a document.

cove

PYTHON

pro ‘)r‘an\n\lnq

WESLEY J. CHUN




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 (tomorrow)

~

/




Monte Carlo Integration
and Generation




Matrix-Element

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

\%

] <1r.. Easy
//\x enough
matrix-element Y@ Hard

|M‘2 =Need Feynman Rules!

"« Phase-Space Integration - ﬁ:}é

1 / 2 (in general)
oc=— | M|7dP(n °
28 M| (n) /(}l Now

\_




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 , I'4
- — Q—S/w\ 4 ()

General and flexible method is needed

Not only integrating but also generates events



Integration

1 )
T dq?
I:/O d:ccosga; /(qQ_M2+Z.MP)2 /da:'C

PE)A
Pro T

pm,z / \
-2 M 2

> 0.z 0.4 0.& 0.2 1
E /

k . .
_simpson  MC Method of evaluation )
________________ 3 | 068 03 e MonteCarlo 1/VN
.............. 25000,6633666728’2 ® Trapezium 1 / N 2
100 | 0636619065 """""" (" Smpsen L/N* /
1000 | 6,'"656615? """"" 0636




Integration

PE)A
Pro T

[
(@2 — M2 + iMT)?

/A

pppppp

o

0

/ \ 0
L]

>

-I'/2 M /2 E

N
4
2

\
/da:C

Y

Method of evaluation

® MonteCarlo 1/ vV N
® Trapezium 1 / N*
_° Simpson 1/N4

More Dimension

#

1/vVN
1/N4/d

~




Integration

1 )
v dq2
I:/O dxcosgaz /(qQ_M2+iMF)2 /dcz:C

N
PE)A
Prw T
n.s ‘/ — ‘/ N — O
n.&
: 0.4

N
— f;f f(x)da;. # IN— 513‘2—5131 %z_:f

N/
AN

1
2_361/ e dx_ﬂ# Vy = (22 —21)* 5 D lf(

1=1

\_ ['=1In=+ \/'/7N Can be minimized! -/




Importance Sampling

2 N [ 10, )

10

0'8 L 0.8 [

067

04 jmr
02} -“\\\

OIO‘H‘mH‘\HH\HH\HH\HH.
00 01 02 03 04 5

| 608 L
(s 1 T
I:/ dx cos —x B 5 cos (5x) cos % [€]

—}21

06}

Iy =0.637 £0.307/vVN In = 0.637 £ 0.031/VN

L

The Phase-Space parametrization is important to have an
efficient computation!

o




Importance Sampling

ﬁE)/\
Pr T

dq2 \
/ (¢ — M? +iMF)2
M2
b2 / \ = arctcm F M )
J
4 Whv Importance Sampling? h
,,,,,, — N

/ N

Probability of using
that point p(x)

[

The change of variable ensure that the evaluation of
the function is done where the function is the largest!




Cut Impact

- Events are generated according to our best
knowledge of the function

=Basic cut include in this “best knowledge”
=Custom cut are ignored

~

No cut Run card cut Custom cut

K 1 1A
SN LN\

\ -2 M 2 E -2 M 2 E -2 M rr2 y




Cut Impact

4 No cut Run card cut Custom cut A
|\ AN h
/ \ j \ // \

4 )

No cut Run card cut Custom cut

%

Might miss the contribution and think it is just zero.




lmportance Sampling

/Kev Point )

- 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 R
- Create an approximation of the function on
L the flight! ,




( Adaptative Monte-Carlo R
- Create an approximation of the function on

At
L the flight! )
( Algorithm
T 1. Creates bin such that
| T each of them have the
\ same contribution.
=Many bins where the

function is large

2. Use the approximate
for the importance
sampling method.

.




Example: QCD 2 — 2

1 1
= X = = X
(p1 + p2)? t

1
s

0.4

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



Multi-channel based on single diagrams*

*Method used in MadGraph

Trick in MadEvent: Split the complexity

> | Mi|? | M;|?
/\Mtot\Q = / S ,Mj‘z\Mtot\Q =2 S |Mj|2’Mtot!2
J ) J

~ 1

4 Key Idea N

— Any single diagram is “easy” to integrate (pole 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 2

— Errors add in quadrature SO NnoO extra cost

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

\ — Parallel in nature /
. Mattelaerolivieer  Montecarlo Lecture: 2019 48




> | Mi|? | M;|?
[ Myo| = / S ‘Mj‘g\MtotP = Z/ S ‘ijsztot\z
J 7 J

4 )

P1 gqg wpwm
s=725.73 + 2.07 (pb)
Graph|Cross-Section ||Error|Events (K)| Unwgt [Luminosity term of the above sum.
G222 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
Pl wpwm
s= 20.714 = 0.332 (pb)
Graph|Cross-Section ||Error|Events (K)|Unwgt|Luminosity
G122 20.7110.332 7.01] 373.0 18
o J




To Remember

~

- Phase-Space integration are difficult
« 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

*Here speed-up can be massive

= Modern machine learning are (or will be)
investigated

-
. Mattelaerolivieer  Montecarlo Lecture:2029 =50




Event generation

What’s the difference between
weighted and unweighted!?

Weighted:

Same # of events in areas of
phase space with very
different probabilities:
events must have different
weights




Event generation

What’s the difference between
weighted and unweighted!?

Unweighted:

# events is proportional to
the probability of areas of
phase space:

events have all the same
weight (“unweighted”)

Events distributed as in nature



Event generation

1 N
[f(x)dx == 2. f)
i=1

Number between 0 and 1 (assuming positive function)
-> re-interpret as the probability to keep the events

l 1 <
Jf(x)dx =~ 2 f00) == ) Pxymax(f)

Let’s reduce the sample size by playing the lottery.
For each events throw the dice and see if we keep or reject the events

I © I max(f) <
Jf(x)dx =y L= X Ppmax) = HIE 3




Event generation

R Clwa f)
[f(x)dx = Z,f(x,-) = ; —— max(f)

| PICI( X;
2. calculate f(x))
3. pick y € [0, max(f)]

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

else reject it.




Event generation

integrator
i
]
@
« @nce-Re@

do
do 1

do
dO A

O
-

-
[—

Event generator

0
300
A0
0 [ o
A
N

EDD
iz  This is possible only if f(x)<c© AND has definite sign! O




Monte-Carlo Summary
(" Bad Point I

- Slow Convergence (especially in low
number of Dimension)

 Need to know the function

\_ Impact on cut

AN

/Good Point

- Complex area of Integration
- Easy error estimate
- quick estimation of the integral

- Possibility to have unweighted events

- J




What have we learned!

Z /dﬂi‘ldﬂ?qu’Fs folxy, pr)fo(xe, ir) Gav—x (8, hr, UR)

a,b
’ Phase-space Parton density Parton-level cross

integral functions section

* The Importance of PDF
=Defines the physics
- Evaluation of Matrix Element

= Numerical method faster than analytical
formula

= cross-section prediction needs NLO
*Phase Space Integration

= Need to know in advance what we
integrate. Be careful with strong cuts!



Olivier Mattelaer
CP3/UCLouvain




What are the MC for?

. High-Q* Scattering

2. Parton Shower

Sherpa artist

4. Underlying Event

3. Hadronization




What are the MC for?

. High-Q? Scattering 2. Parton Shower

= where new physics lies

= process dependent

& first principles description

= 1t can be systematically improved

3. Hadronization 4. Underlying Event




What are the MC for?

. High-Q” Scattering 2. Parton Shower

— L _JSherpa artist
(" ’) ' 1)
= QCD -"known physics
== universal/ process independent

~N

== first principles description

\_ J

3. Hadronization : 4. Underlying Event




MASTER FORMULA FOR THE LHC

Z /dandxzd%s folxy, pur)fo(xe, ir) Gav—x (S, hr, UR)

a,b
’ Phase-space Parton density Parton-level cross

integral functions section




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)

NG /
/Important A
® Parton-Shower is not ADDING radiation
® Such radiations are already included within the event-
\_ generator )
4 )

® \We need to be able to describe an arbitrarily number of
parton branchings, 1.e. we need to ‘dress partons with radiation

® This effect should be unitary: the inclusive cross section
9 shouldnt change when extra radiation is added y




Collinear factorization

2 12

- 9—>0> : 6—>0>

N
4 , , | )
® (Consider a process for which two particles are separated by a small
angle ©.
® The inclusion of such a branching cannot change the picture set up
by the hard process: the whole emission process must be writable
L in this limit as the simpler one times a branching probabllity. y




Collinear factorization

012 .12 b
| = | 20| <

 The process factorizes in the collinear limit. This procedure it
universal

1 1 1
(po +pe)®  JEEER(I=COSE) 1

soft and collinear

divergencies

Collinear factorization:

d
M1 |2d®Ppi1 ~ | M, |*dP, —d d9 as

2m 21

a—>bc(z)

when 8 is small.



First Example

N\

4 1 =2k - q/q* = 2Eq/\/§\
do C Qg az%—l—x% vy = 2ky - q/q* = 2E;/V'S

=0
dridzs 21 (1—21)(1 — ) 73 =2ks-q/q*> = 2E,/VS
T1 + X2 + 23 =2
_ 1 2 3 y
/

Soft Divergencies
Collinear Divergencies




First Example

4 1 :2k1-q/q2:2Eq/\/§\
do o T + T3 vy = 2ky - q/q° = 2Eg/V'S
— 0oL F
dx1dxy 21 (1 — 1) (1 — o) w3 =2ks-q/q> =2E,/V'S
r1 + To + L3 — 2
- /
. )
/0 Change the variable to 23 and cos 013
do Qg
= 0gCp— — I3
dwgd COS (913 0 27
N /
(" e Collinear limit 2dcosths  dcosbs dcostrz )
| | | sin2013 1 —cosfis 1+ cosbqs
® 5plit our integral in two dcos 015 d ¢0s B
~ (1 —cosby3) (1 —cosbas)
\_ 07 63 /




First Example

, )
® Change the variable to 23 and cos 613
do Qg
= 0oCF — 43
dxsd cos 613 27T
o /
e Collinear limit 2dcosfyy  dcosths  dcosfiz )
| | | sin2013 1 —cosfis 1+ cosfis
® 5plit our integral in two dcos b d c0s fos
~ (1 —cosfy3) (1 —cosba3)
\_ 07, 03 /
4 asdf? 1+ (1 —2)? A
do = og Z Cp 5 dz
. 21 0 Z
Jjets
= 7 fraction of energy
\_ == Generic Formula )




Parton Shower basics

dgbas
2T 2

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

( MoaPdn s = [Mof2d®, T d=5” 5Py pe(e)

Pule) = Cr i(lltf)} *42
Ppo(s) = op [FEUZD] +{
Pagz) = Tr|22+(1-2)], m<1_z
Pyy(z) = CA[(liz)—{—l;z—{—z(l—z)}. ﬂliil_z

Cp=2C4=3Tg=1.

Comments:

* Gluons radiate the most

*There are soft divergences in z=1 and z=0.
* Pqg has no soft divergences.




Collinear factorization

dt . do «
C M1 ]2dPp i1 ~ |M,|[2dP,, d 2¢23 (H,,C(z))

s t can be called the ‘evolution variable’” (will become clearer later): it
can be the virtuality m2 of particle a or its pt2 or E202 ...

A62/6° = dm?/m? = dps/p
m? ~ z(1 — 2)0?E*>

P2 ~ zm?

2 [t represents the hardness of the branching and tends to O in the
collinear limit.

% Different choice of ‘evolution parameter’ in different Parton-
shower code




Collinear factorization

dt o)
( MuiPd@un = M2, S GEE Pe()

% z 1s the "energy variable™: it is defined to be the energy fraction taken by parton

b from parton a. It represents the energy sharing between b and ¢ and tends to
| In the soft limit (parton ¢ going soft)

% @ is the azimuthal angle. It can be chosen to be the angle between the
polarization of a and the plane of the branching.




Argument of Qs
C My 1)2d®, 1 ~ | M,|?d®, —d doas Hbc(z))

On 2T

® [ach choice of argument for Qs is equally acceptable at the leading-logarithmic accuracy.
However, there Is a choice that allows one to resum certain classes of subleading
logarithmes.

® [he more natural choices is to evaluated it at scale “‘t”

e (an be proof to be a good choice since it allows to include sub-logarithm
contributions.

® [ach radiation evaluates alpha_s at his own scale

e Different from fixed order computation where all value use the renormalisation
scale.




To Remember

~

J

(Collinear Limit
2 2 d¢ s
Mp1|7d®Ppy1 = [My[7dP, — Paspe(2)
27T 2T
.
® t is the evolution parameter (control the collinear behaviour)
® Z s the energy sharing variable
® alpha_s need to be evaluated at the scale t
9 ® P is the splitting Kernel (control the soft behaviour)




Multiple emission

2 a

2 ] ;
6,60 =0 xa,< xb_<

0 <06 C e

® Now consider Mn+| as the new core process and use the recipe we
used for the first emission in order to get the dominant contribution
to the (n+2)-body cross section: add a new branching at angle much
smaller than the previous one:
do asg

dt
Mypio|2d®Ppis ~ | My|2dd, —dao o
dt' . ,de¢’ o
—dz
t/ 2m 21

Pa—)bc(z)

— Py ge(2)

® This can be done for an arbitrary number of emissions. The recipe to
get the leading collinear singularity Is thus cast in the form of an
iterative sequence of emissions whose probability does not depend on
the past history of the system: a ‘Markov chain’. No interferencell!



Multiple emission

2

2 ] ;
8,60 =0 xa,< xL<
0<<6 C

® The dominant contribution comes from the region where the
subsequently emitted partons satisfy the strong ordering requirement:

B>0 >»0".

For the rate for multiple emission we get
Car toar a1y s\ ¢
k
Optk OX Qg / / /2 o) X On (ﬁ) log™ (Q*/Q%)

where Q Is a typical hard scale and Qo is a small infrared cutoff that
separates perturbative from non perturbative regimes.

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



Need to introduce resolution £, e.g. a cutoff in p, . Prevent us
from the singularity at 6 — 0.

Emissions below t; are unresolvable.

Finite result due to virtual corrections:

B0 660~ + (6666% = finite.

unresolvable + virtual emissions are included in Sudakov form
factor via unitarity (see below!).




Sudakov Form Factor

4 . N o N
- What is the probability of no emission?
Ot g A
Pnon—branching (tz) =1 - 7Dbra,nching (tz) =1 - E% dZP(Z)

» So the probability of no emission between

two scales: N
ot ag A
Pno—branching(QQ, t) — lim ] — ———= dZP(Z)
~ lim e fﬁ\;o(_%g_qf fdzﬁ(z)>
Sudakov form factor N —o0
2 / o ~ 2 ,
AQ 1)) e [T PG — oo [ At

J

:

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

)




Final-state parton showers

With the Sudakov form factor, we can now implement a final-state
parton shower in a Monte Carlo event generator!

|. Start the evolution at the virtual mass scale to (e.g. the mass of the
decaying particle) and momentum fraction zo = |

2. Given a virtual mass scale ttand  momentum fraction x; at some stage
in the evolution, generate the scale of the next emission ti+| according to
the Sudakov probability A(t;ti+i) by solving
A(ti+1,t) = R
where R is a random number (uniform on [0, I]).

3. If ti+) < tese it means that the shower has finished.

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

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



To Remember

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

A(Q2 1) ~ = ST Haz52P(e) — o= [ dp(t)

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

- Each interactions has its own scale for
alphas

- Various choice for the evolution parameter
\ %




" Matching/Merging

Olivier Mattelaer
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PS alone vs matched samples

In the soft-collinear approximation of Parton Shower MCs, parameters are used to
tune the result = Large variation in results (small prediction power)

s k
g - -
4 tt « (Pythia only)
~ 10
= —
o =
g — P of the 2-nd extra jet
1 E_ A XA
[ c=:=;‘-AA‘A-A
B TSR g T BEPRA A
= ) 9Q AxX \ A
107" o Q? (wimpy) > "‘e"’e%,‘, X2 WA
_ » NN W
- 0 Q2 (power) A
®
1025~ A PZ (wimpy)
e \ A‘l

10.3P“L I L1 1 1 I L1 1 1 I L1 1 | I 1
50 100 150 200 50 0C [ 400

GeV




Matrix Elements vs. Parton Showers

Shower MC

b

Resums logs to all orders

. Computationally cheap

. No limit on particle multiplicity

. Valid when partons are collinear
and/or soft

5. Partial interference through

angular ordering
6. Needed for hadronization

. 4

|. Fixed order calculation

2. Computationally expensive

3. Limited number of particles

4. Valid when partons are hard and
well separated

5. Quantum interference correct

6. Needed for multi-jet description

-hWN.—

Approaches are complementary: merge them!

Difficulty: avoid double counting, ensure smooth distributions



Goal for M

—-PS merging/matching

® Regularization of matrix element divergence

® Correction of the parton shower for large momenta
® Smooth jet distributions

-
o
N

N Eventbin (1 fb™)

2nd QCD radiation jet in

top pair production at
the LHC, using
loglDJR) MadGraph + Pythia




Merging ME with PS

[Mangano]
[Catani, Krauss, Kuhn,Webber]
[Lonnblad]

PS —
>WM WQ r < Q
IV V kr < Qe
ME WQ %3@
Ve

kT > Qc

kt > Qc

Double counting between ME and PS easily avoided using phase space cut
between the two: PS below cutoff, ME above cutoff.




Merging ME with PS

So double counting problem easily solved, but
what about getting smooth distributions that are
independent of the precise value of Q<!

Below cutoff, distribution is given by PS
- need to make ME look like PS near cutoff

Let’s take another look at the PS!




Merging ME with PS

Teut t
. 4 Lcut

to
[ y)
teut

\\
\
N

N
teut

® How does the PS generate the configuration above!?

® Probability for the splitting at t; is given by

o

and for the whole tree




Merging ME with PS

teut

Teut

1 tcut

teut

EAQ (teuts t0))*Ag (2, 1) (Ag (cus, t2)){%:)})gq(z) %;Q)PQQ(Z/}

Corresponds to the matrix element
BUT with as evaluated at the scale of each splitting

Sudakov suppression due to not allowing additional radiation
above the scale tu



Merging ME with PS

\ |M|2(§7p37p47“°)

® To get an equivalent treatment of the corresponding
matrix element, do as follows:

|. Cluster the event using some clustering algorithm
- this gives us a corresponding “parton shower history”

2. Reweight Qs in each clustering vertex with the clustering

scale ‘M|2 N ‘M‘Zas(tl) as(tQ)

as(to) as(to)
3. Use some algorithm to apply the equivalent Sudakov

suppression (A, (teut, t0))* Ay (t2, 1) (Ag(cus, t2))*




Matching for initial state radiation

® We are of course not interested in e*e- but p-p(bar)
- what happens for initial state radiation!?

® |et’s do the same exercise as before:

P = (Arg(teus, tO))2-(AQ(tCUt’ t2))2_

Xa’ch—)el/(ga )fq(ajlla t())fq(il?g, tO)

/s tcut
F




Matching for initial state radiation

ME with Qs evaluated at the scale of each splitting
PDF reweighting

Sudakov suppression due to non-branching above scale tcu

Leut i Teut




Matching for initial state radiation

® Again, use a clustering scheme to get a parton shower history

® Now, reweight both due to as and PDF
(t1) us(t2) fq(27,to)

M = | M2

as(to) as(to) fq(xllv t1)




Matching schemes

® We still haven’t specified how to apply the Sudakov
reweighting to the matrix element

® Three general schemes available in the literature:

m CKKW scheme [Catani,Krauss,Kuhn,Webber 2001; Krauss 2002]
= | onnblad scheme (or CKKWV-L) [Lénnblad 2002]

= MLM scheme [Mangano unpublished 2002; Mangano et al. 2007]




CKKW matching

[Catani, Krauss, Kuhn,Webber 2001]
[Krauss 2002]

® Apply the required Sudakov suppression

(Alq(tcuta tO))zAg (t27 tl)(Aq (tcuta t2))2
analytically, using the best available (NLL) Sudakovs.

® Perform “truncated showering”: Run the parton shower starting at
to, but forbid any showers above the cutoff scale tc..

v Best theoretical treatment of matrix element
- Requires dedicated PS implementation

- Mismatch between analytical Sudakov and (non-NLL) shower

® |[mplemented in Sherpa (v. |.1)




CKKW-L matching

[Lonnblad 2002]
[Hoeche et al. 2009]

v Automatic agreement between Sudakov and shower
- Requires dedicated PS implementation
= Need multiple implementations to compare between showers

® |[mplemented in Ariadne, Sherpa (v. 1.2), and Pythia 8




MLM matching

[M.L. Mangano, ~2002, 2007]
[J.A. et al 2007, 2008]

® The simplest way to do the Sudakov suppression is to run the

shower on the event, starting from to!
kT

i

kT4

kT3

/ kn

v Simplest available scheme

v Allows matching with any shower, without modification

= Sudakov suppression not exact, minor mismatch with shower

® |mplemented in AlpGen, HELAC, MadGraph+Pythia 6




Highest multiplicity sample

® |n the previous,assumed we can simulate all parton
multiplicities by the ME

® |n practice, we can only do limited number of final-state
partons with matrix element (up to 4-5 or so)

® For the highest jet multiplicity that we generate with the
matrix element, we need to allow additional jets above the
matching scale tcu, since we will otherwise not get a jet-
inclusive description — but still can’t allow PS radiation harder
than the ME partons

= Need to replace t. by the clustering scale for the softest ME
parton for the highest multiplicity



matching schemes

-

® \\Ne have a number of choices to make in the above
procedure. The most important are:

|. The clustering scheme used to determine the parton
shower history of the ME event

2. What to use for the scale of hard emission

3. How to divide the phase space between parton showers
and matrix elements

J




Cluster schemes

|. The clustering scheme used inside MadGraph and Sherpa
to determine the parton shower history is the Durham kr
scheme. For efe:

k%ij — 2min(E?, EJQ)(l — cos 0;;)

and for hadron collisions,;the innimum of:

ETibeam = m; + Pp; = (Ez + pzz)(Ez — pzz’)
and :
k%z’j = mln(p’%i?p%j)Rij

with Ri; = 2[cosh(y; — y;) — cos(¢; — ¢5)] = (Ay)* + (Ap)*

Find the smallest k1 (or KTibeam), cOMbine partons i and |
(or i and the beam), and continue until you reacha 2 — 2
(or 2 = |) scattering.

2. In AlpGen a more naive cone algorithm is used.



MLM in MadGraph

o

("« Cannot use the standard kr clustering: A

® MadGraph and Sherpa only allow clustering according
to valid diagrams in the process. This means that, e.g,

two quarks or quark-antiquark of different flavor are
never clustered, and the clustering always gives a

physically allowed parton shower history.

® |[f there Is an on-shell propagator in the diagram (e.g. a

top quark), only clustering according to diagrams with
this propagator is allowed.

/




Hard scale

2. The clustering provides a convenient choice for
factorization scale Q%

Cluster back to the 2 = 2 (here qq = W-g) system, and
use the W boson transverse mass in that system.




Phase-space division

(" 3. How to divide the phase space between PS and ME: )
This is where the schemes really differ:

AlpGen: MLM Cone
MadGraph: MLM Cone, k1 or shower-kr
Sherpa: CKKW y

kr < Q¢ kt < Q¢
e e A
T <Q*
ME Vi %Qc
! [V'
kT > Qe
kt > Qe




Back to the "matching goal”

® Regularization of matrix element divergence

® Correction of the parton shower for large momenta
® Smooth jet distributions

-
o
N

- MaEﬂx elem

m|SS|ons?rom ME

Emissions from PS

N Evient'bin (1 fb™')

2nd QCD radiation jet in

top pair production at
the LHC, using

in ¢ 2 MadGraph + Pythia
. Mattelaeroliviee  Montecarlo Lectwre:202.9 2




PS alone vs matched samples

In the soft-collinear approximation of Parton Shower MCs, parameters are used to
tune the result = Large variation in results (small prediction power)

s k
g - -
4 tt « (Pythia only)
~ 10
= —
o =
g — P of the 2-nd extra jet
1 E_ A XA
[ c=:=;‘-AA‘A-A
B TSR g T BEPRA A
= ) 9Q AxX \ A
107" o Q? (wimpy) > "‘e"’e%,‘, X2 WA
_ » NN W
- 0 Q2 (power) A
®
1025~ A PZ (wimpy)
e \ A‘l

10.3P“L I L1 1 1 I L1 1 1 I L1 1 | I 1
50 100 150 200 50 0C [ 400

GeV




PS alone vs ME matching

In 2 matched sample these differences are irrelevant since the behavior at
high pt is dominated by the matrix element.

S
5 T |
! | tt+0,1,2,3 partons + Pythia (MMLM)
- 10;
E = P; of the 2-nd extra jet
e
10757 e @ (wimpy)
E O Q? (power)
102 = 4 P2 (wimpy)
L A P2 (power) |
;...l, | | | | | | [MaldGraph]
-3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 '1\_
10 50 100 150 200 250 300 350 400




Summary of Matching Procedure

|. Generate ME events (with different parton multiplicities) using
parton-level cuts (ptME/AR or ktME)

2. Cluster each event and reweight s and PDFs based on the
scales in the clustering vertices

3. Apply Sudakov factors to account for the required non-
radiation above clustering cutoff scale and generate parton
shower emissions below clustering cutoff:

a. (CKKW) Analytical Sudakovs + truncated showers
b. (CKKW-L) Sudakovs from truncated showers

c. (MLM) Sudakovs from reclustered shower emissions

|. Apply separation cut



Tutorial

Olivier Mattelaer
CP3/UCLouvain



Tutorial map

/Learning MG5 I

 follow the built-in
tutorial

» cards meaning
- meaning of QCD/QED
- details of syntax ($/)
- tt~ processes
= Decay
= Scripting
N /




Learning MG5 _aMC



Where to find help?

® Ask us
® Use the command “help” / “help XXX”

= “help” tell you the next command that you need to do.

® [aunchpad:

= https://answers.launchpad.net/madgraph5

= FAQ: https://answers.launchpad.net/madgraph5/+fags




Minimal tutorial

-Launch the code
=python2.7 ./bin/mg5_aMC
- Type tutorial

= Follow instructions




What are those cards!?

® Read the Cards and identify what they do

= param_card: model parameters

= run_card: beam/run parameters and cuts

® https://answers.launchpad.net/madgraph5/+faq/2014




Exercise |l: Cards Meaning

® How do you change
= top mass

top width

WV mass

m)
=)
= beam energy
m)

pt cut on the lepton




Exercise Il : Syntax

® What'’s the meaning of the order QED/QCD

® What’s the difference between
= pp>tt~ = pp>tt~ QCD=0
= pp>tt~ QED=2 = pp>tt~ QED<=2
= pp>tt~ QED=0 = pp>tt~ QCDA2==2

® Compute the cross-section for each of those and check the
d- d d \\
iagram

® Generate VBF process



Exercise lll: Syntax

® Generate the cross-section and the distribution (invariant
mass) for

= PP > e+ e-

= pp~>1%zz~>ete-

= pp>ete-$z(warning set sde_strategy=| in the run_card)
m)

pp~>ete-/z

Hint :To plot automatically distributions:
mg5> install MadAnalysis

® Use the invariant mass distribution to determine the



Exercise |V:
Top pair production at LO

® Basic questions:

® Generate the process

® Which partonic subprocesses contribute?

® How many Feynman diagrams has each subprocess!?

¢ QOutput the code

® Compute the cross-section at the LHC (8 TeV) for m=170 GeV
® Extra questions:

® Are b-quarks included in the initial state? If not, how can | include

them?

® What does ‘WEIGHTED’ mean?

® Recompute the tt cross-section for m=170, 172, 174 ... 180 GeV

® Add the top decay and redo the mass scan. Anything strange!

Marco Zaro, September 2019 115



Exercise IV:Automation/Width

® Compute the cross-section for the top pair production for
3 different mass points.
= Do NOT use the interactive interface

® hint: you can edit the param_card/run_card via the “set”
command [After the launch]

® hint: All command [including answer to question] can be put
in a file. (run ./bin/mg5 PATH_TO_FILE)

[
Examples import model EWDIm6

generatepp>zz
ouput TUTO_DIM6
launch

set nevents 5000

set MZ 100
\_ J

File: How to Run: ./bin/mg5_amc PATH




Exercise V: Decay Chain

® Generate p p > t t~ h, fully decayed (fully leptonic decay for
the top)

= Using the decay-chain formalism

= Using MadSpin

® Compare cross-section

= which one is the correct one!?

= Why are they different?

® Compare the shape.




Solution Learning MG5 aMC




Exercise |l: Cards Meaning

® How do you change

= top mass

top width Param_card

WV mass

beam energy
pt cut on the lepton

§ 1 1 1

Run_card




® top mass

HUBRHHRRHHRRH R RHBRRHBRRHBRBHHRRHEY
## INFORMATION FOR MASS

B R e
Block mass

6 1.730000e+02 # MT

23 9.118800e+01 # MZ
25 1.200000e+02 # MH
## Dependent parameters, given by model restrictions.
## Those values should be edited following the
## analytical expression. MG5 ignores those values
## but they are important for interfacing the output of MG5
## to external program such as Pythia.
1 0.000000 # d : 0.0

2 0.000000 # u : 0.0
3 0.000000 # s : 0.0
4 0.000000 # c : 0.0
11 0.000000 # e- : 0.0
12 0.000000 # ve : 0.0
13 0.000000 # mu- : 0.0
14 0.000000 # vm : 0.0
16 0.000000 # vt : 0.0
21 0.000000 # g : 0.0
22 0.000000 # a : 0.0

24 80.419002 # w+ : cmath.sqrt(MZ__exp__2/2. + cmath.sqrt(MZ__exp__4/4. - (aEWxcmath.pix*MZ__exp__2)/(Gfxsqrt__2)))




HHHHH AR R R SRR RS HAA R RS HHAAH
## INFORMATION FOR MASS

Block mass
5 4.700000e+00 # MB
6 1.730000e+02 # MT
15 1.777000e+00 # MTA
23 9.118800e+01 # MZ
25 1.200000e+02 # MH
## Dependent parameters, given by model restrictions.
## Those values should be edited following the
## analytical expression. MG5 ignores those values
## but they are important for interfacing the output of MG5
## to external program such as Pythia.
1 0.000000 # d : 0.0
2 0.000000 # u : 0.
3 0.000000 # s : 0.
4 0.000000 # c : 0.
11 0.000000 # e- :
12 0.000000 # ve :
13 0.000000 # mu- : 0.0
14 0.000000 # vm :
16 0.000000 # vt : 0.
21 0.000000 # g : 0.0

A NAOOOQ

80.419002 # w+ :

cmath.sqrt(MZ__exp__2/2. + cmath.sqrt(MZ__exp__4/4. - (aEWxcmath.pixMZ__exp__2)/(Gfxsqrt__2))

W Mass is an internal parameter!
MGS5 didn’t use this value!
So you need to change MZ or Gf or alpha_ EW



Exercise lll: Syntax

® What'’s the meaning of the order QED/QCD

® What’s the difference between

Pp~>tt-

pp>tt~ QED=2
pp>tt~ QED=0
pp>tt~ QCDA2==2

§ 1 1 0




Solution | : Syntax

® What'’s the meaning of the order QED/QCD
= By default MG5 takes the lowest order in QED!
= pp>tt~ =>pp>tt~ QED=0
= pp>tt~ QED=2

® additional diagrams (photon/z exchange)

Ppp>tt~ pp>tt~ QED=2

Cross section (pb) Cross section (pb)

555 +0.84 555.8 +0.91

No significant QED contribution
. Mattelaeroliviee  Montecarlolecturesi209 23



o QED<=2 is the SAME as QED=2

= quite often source of confusion since most of the people use
the = syntax

= returns the interference between the QCD and the QED
diagram

Cross section (pb)

5.455e-17 = 4.7e-19 + systematics




Solution | Syntax

(o oomermte oo > ot )

® oenerate p p > wt w- ||
= /6 processes
= |432 diagrams
= None of them are VBF

/
® oeneratepp>wtw-]]QED =4

= /6 processes

= 5332 diagrams

S,
| QED =2

® oenerate p p > wt w- |
= /6 processes
= |432 diagrams
= None of them are VBF

" VBF present! + those not VBF )

o generate p p > w+ w- | ] QCD 23

= /6 processes

/

-

A N

® oeneratepp>wt+w-]]QCD =0
= 60 processes

= 3900 diagrams

% = 5332 diagrams y,

|
" VBF present! )

(
® oeneratepp >wt w-]]QCD =4

= /6 processes

\_ = 5332 diagrams W,




Exercise IV: Syntax

® Generate the cross-section and the distribution (invariant
mass) for

- Pp> e+ e-

= pPp~>7Z%z~>ete-
- Pp>e+e-$z
-

pp~>ete-/z

Hint : To have automatic distributions:
mg5> install MadAnalysis



1 Z Peak pp>z z> et e-

iagrams)

s f (8 diagrams)

 Correct Distribution,

Ppp>ete-/z

i N8 diagrams), NO Z Peak ;;

P © Z/a Interjerence vos— z/a interference
ail Correct tail
;10’;— ilo’;—

M [ e+ e- ] (GeV/c?) M [ e+ e- ] (GeV/c?)

No Z Z- onshell veto
. Mateelaerolivier  Montecarlolectures:i2019 27



a L =10fb")
int
=
<

N. of e+ e- pairs (
= =

20 40 60 80 100 120 140 160 180 200
M[e+ e.](GeV/cz) 20 40 60 80 100 120 140 160

180 2200 20 80 100 120 140 160 180 200
M [ e+ e- ] (GeV/cY) M [ e+ e- ] (GeV/ch)

(16 diagrams) (8 diagrams)

Onshell cut: BW _cut
IM* — M| < BWgy % T

® The Physical distribution is (very close to) exact sum of the
two other one.

(16 diagrams)

® The“$” forbids the Z to be onshell but the photon invariant
mass can be at MZ (i.e. on shell substraction).

® The“/” is to be avoid if possible since this leads to violation
of gauge invariance.



WARNING

® NEXT SLIDE is generated with bw_cut =5

® This is TOO SMALL to have a physical meaning (15 the
default value used in previous plot is better)

® This was done to illustrate more in detail how the “$”
syntax works.




$ explanation

pp>ete-/Z w.. addingpp >ete-$ L.

® / onshell veto

S

® |n veto area only
photon contribution

<

® area sensitive to z-peak

N. of e+ e- pairs (Lm=10t'b'l)

<

® very off-shell Z, the
difference between the
curve is due to

M [ e+ e- ] (GeV/c?) interference which are

need to be KEPT in
5 times width area simulation.

10*

|5 times width area
>|5 times width area

The “$” can be use to split the sample in BG/SG area
. Mattelaeroliviee  Montecarlolecturesi209 130




® Syntax Like

= pp~>z>ete- (ask one S-channel z)
= pp>ete-/z (forbids any z)
= pp>ete-$$z (forbids any z in s-channel)

e ARE NOT GAUGE INVARIANT !
® forgets diagram interference.

® can provides un-physical distributions.

Avoid Those as much as possible!

check physical meaning and gauge/Lorentz invariance if you do.



Syntax like

® pp~>2%z2z~>ete- (on-shell z decaying)
® pp>ete-$z  (forbids s-channel z to be on-shell)
Are linked to cut |M* — M| < BW,y; T

Are more safer to use

Prefer those syntax to the previous slides one




Exercise |:
Extra questions:

® Are diagrams with photons/z included!? If not, how can | include
them? How much does the cross-section change! What is that
‘WEIGHTED"?
®> display diagrams
®* No photon/z appear.
® Are we missing anything important?

2
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Exercise |:
Extra questions:

® Are diagrams with photons/z included!? If not, how can | include

them? How much does the cross-section change!

What is that ‘WEIGHTED”?

®> display diagrams

® No photon/z appear.

® Are we missing anything important? Does not seem the case

® How to have them anyway?

® MG5 exploits the hierarchy between QCD and QED
couplings in order to give the leading (i.e. with most QCD)
contribution to the cross-section by default

® |t assign WEIGHTED order =1(=2) to QCD (QED) vertices
and generates the process with minimum WEIGHTED order
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Exercise |:
Extra questions:

® Are diagrams with photons/z included!? If not, how can | include
them? How much does the cross-section change!
®> generate p p > t t~ WEIGHTED=4
®> display diagrams
®> output
®> Jaunch

2 4

o>
Cross—section : 160.8 +- 0.1999 pb 4
Nb of events : 10000
WEIGHTED=2
Cross—section : 160.4 +- 0.231 pb

Nb of events : 10000
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® Recompute the tt cross-section for m=170, 172,174 ...

GeV

Exercise |:
Extra questions:

® Be smart! Script it!
® Create a txt file myttbar scan.txt

generate p p > t t~
output mytestdir2

launch

set ebeaml 4000
set ebeam2 4000

set MT
launch
set MT
launch
set MT
launch
set MT
launch
set MT
launch
set MT

® . /bin/mg5 aMC myttbar scan.txt

Marco Zaro, September 2019
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Exercise |:
Extra questions:

® Recompute the tt cross-section for m=170, 172,174 ... 180

GeV

® Be smart! Script it!

® You can also launch an existing folder, without regenerating the
code

launch mytestdir2 <

set ebeaml 4000
set ebeam2 4000
set MT 170
launch

set MT 172
launch

set MT 174
launch

set MT 176
launch

set MT 178
launch

set MT 180
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Exercise |:
Extra questions:

® Recompute the tt cross-section for m=170, 172,174 ... 180
GeV

Results in the sm for pp >t t~

Available Results
Run Collider Banner|Cross section (pb)|Events Data Output Action
run_01,0 0 xZ(F))OO Govlze_L 169.8 024 |10000 [parton madevent|LHE | remove run | launch detector simulation
run_02 4000 xigoo GeV tag 1 160.1 = 0.28 10000 [parton madevent|LHE remove run | launch detector simulation
run_03 4000 xi(F))OO Gev|ee 1 151.1x0.2 10000 [parton madevent|LHE remove run | launch detector simulation
run_04 4000 xi(r)JOO GeV tag 1 1429 = 0.18 10000 [parton madevent|LHE remove run | launch detector simulation
run_05 4000 XZ(K))OO GeV tag 1 134.7 = 0.19 10000 |parton madevent|[LHE remove run | launch detector simulation
run_06 4000 xigoo GeV tag 1 127.3 = 0.16 10000 |parton madevent{LHE remove run | launch detector simulation

Main Page

which folder is what!?



Exercise |:
Extra questions:

® Recompute the tt cross-section for m=170, 172, 174 ... 180 GeV
® Be smart! Script it!

® You can specify the name (instead of run 01...) with -n NAME

launch mytestdir2 -n run_MT170
set ebeaml 4000

set ebeam2 4000

set MT 170

launch —n run_MT172
set MT 172

launch -n run_MT174
set MT 174

launch —n run_MT176
set MT 176

launch -n run_MT178
set MT 178

launch —n run _MT180
set MT 180
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Exercise |:
Extra questions:

® Since recently, multiple values can be specified for parameters.
Just set in the param_card, instead of the top mass
6 scan:[170,172,174,176,178]
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Exercise |:
Extra questions:

® Recompute the tt cross-section for m=170, 172,174 ... 180
GeV

Run Collider Banner|Cross section (pb)[Events Data [Output Action
run_01 4000 xa(‘))OO GeV tag 1 169.8 = 0.24 10000 [parton madevent|LHE remove run | launch detector simulation
run_02 4000 x%goo GeV tag 1 160.1 = 0.28 10000 |parton madevent|[LHE remove run | launch detector simulation
run_03 4000 xZ(F))OO GeV tag 1 151.1 0.2 10000 [parton madevent|LHE remove run | launch detector simulation
run_04 4000 xi(;))OO GeV tag 1 1429 +0.18 10000 [parton madevent|LHE remove run | launch detector simulation
run_05 4000 xigoo GeV tag 1 1347 +0.19 10000 |parton madevent(LHE remove run | launch detector simulation
run_06 4000 xa(F)’OO GeV tag 1 127.3 = 0.16 10000 [parton madevent|LHE remove run | launch detector simulation
run_MT170 4000 xi(;))OO GeV tag 1 170 = 0.22 10000 [parton madevent|LHE remove run | launch detector simulation
run_MT172 4000 xIZgOO GeV tag 1 159.6 = 0.22 10000 |parton madevent(LHE remove run | launch detector simulation
run_MT174 4000 xagOO GeV tag 1 151.1 022 | 10000 |parton madevent|LHE remove run | launch detector simulation
run_MT176 4000 xigoo GeV tag 1 142.6 = 0.19 10000 |parton madevent|[LHE remove run | launch detector simulation
run_MT178 4000 xg,goo GeV tag 1 1347+ 0.18 10000 |parton madevent(LHE remove run | launch detector simulation
run_MT180 4000 xi(‘))OO GeV tag 1 1272 = 0.24 10000 [parton madevent|LHE remove run | launch detector simulation

Main Page
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Add the decay

fl\/ladSpin )
® generatep p > tt~
MadSpin Card

= decay t > wt+ b,wt+ > e+ ve

= decay t~ >w- b~, w- > e- ve~

J

adGraph R
® generate p p > tt~ h, (t > wt b, wt > e+ ve), (t~
>w- b~, w- > e- ve~)

.
(M

By default cut does not apply to particle originated from an on
shell decay

- /
. Mattelaerolivier  Mowtecarlo Lestures:2019 |4




Mass-Scan (with decay)

‘Generatepp > tt~, t>w+ Db, t~ > w- b~
 Qutput

Launch

- Set mt scan:range(170,181,2)




Scan

Available Results
Run Collider Banner| Cross section (pb) [Events Data Output Action
run_01| 6500.0 x I; SPOO.O GeV tag 1 [462.6 + 0.72 + systematics| 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_02| 6500.0 x Ié SpO0.0 GeV tag 1 [476.2 +0.72 + systematics| 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_03| 6500.0 x 1; SPOO.O GeV tag 1 [488.2 + 0.86 + systematics| 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_04| 6500.0 x 2 SPOO.O GeV tag 1 |502.5 + 0.8 + systematics | 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_05| 6500.0 x Ié SPOO.O GeV tag 1 | 514 +0.78 + systematics | 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_06I 6500.0 x I6)5pO().O GeV tag 1 |528.6 + 0.87 + systematics| 10000 [parton madevent|LHE plots| remove run launch detector simulation

Main Page

- What’s wrong?
= Why the cross-section increase?



Mass-Scan (with decay)

- The width was not updated. Let’s fix it:
=Generatepp > t t~, t > w+ b, t~ > w- b~
=Qutput

=[_aunch
=Set mt scan:range(170,181,2)
=Set wt auto




- With the LO width

run_07| 6500.0 x ESPOO.O GeV tag 1 [524.4 + 0.89 + systematics| 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_08| 6500.0 x I;SPOO.O GeV tag 1 [496.6 +0.9 + systematics | 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_09| 6500.0 x I;SPOO.O GeV tag 1 [468.5 +0.79 + systematics| 10000 |parton madevent|LHE plots| remove run launch detector simulation
run_10 6500.0 x Ig 5p 00.0 GeV tag 1 | 446 + 0.79 + systematics | 10000 [parton madevent|LHE plots| remove run launch detector simulation
run_11| 6500.0 x 2 SPOO.O GeV tag 1 [421.8 + 0.81 + systematics| 10000 [parton madevent|]LHE plots| remove run launch detector simulation
run_12I 6500.0 x ESPOO.O GeV tag 1 [400.3 + 0.63 + systematics| 10000 |parton madevent|LHE plots| remove run launch detector simulation

Main Page




BSM Tutorial



W Durham
Exercise |: Check the model validity |

(e Check the model validity: )
= check p p > uv uv~
= check p p > ev ev~

= checkpp>tt~pl p2

. _/
: )
® This checks
= gauge invariance
= |orentz invariance
= that various way to compute the matrix element
provides the same answer
. _/

MadGraph Tutorial. 148 Beijing 2015




599}.:,533gm

Exercise |l: Width computation

® Check with MG the width computed with FR: [ FR Number

= generate uv > all all; output; launch 0.0706 GeV
= generate ev > all all; output; launch 0.00497 GeV
= generate pl > all all; output; launch 0 GeV
= generate p2 > all all; output; launch \_ 0.0224 GeV,

® Check with MadWidth

= compute_ widths uv ev pl p2

= (or Auto in the param_card)

® mlIl=1GeV m2=100GeVY miI2=05G

MadGraph Tutorial. 149 Beijing 2015

[ e Muv=400GeV Mev=50GeV A=O0.l g
(S




WDurham

Exercise lll:

® Compute cross-section and distribution
= uv pair production with decay in top and ®,/®, (semi leptonic
decay for the top

® Hint: The width of the new physics particles has to be set
correctly in the param_ card.

= You can either use “Auto’’ arXiv:1402.1178

= or use the value computed in exercise 1

® Hint: For sub-decay, you have to put parenthesis:

= example:
PpP>tt~wt (t>wtb wt>etve),(t~>b~w-,w->jj),wt>I+vl

T
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]
Too Slow? W Durham

® Use MadSpin! arXiv:1212.3460

= Use Narrow Width Approximation to factorize
production and decay

® instead of

= pp>tt~wt (t>wtb wt >et ve), (t~>b~w-,w->jj),

w+ > |+ vl
e Do
= pp~>tt~wt
. . The ?ollowing_swizches determine which programs are run:

e At the queStlon. 1 Run the pythia shower/hadronization: pythia=0FF
2 Run PGS as detector simulator: pgs=0FF
3 Run Delphes as detector simulator: delphes=NOT INSTA
4 Decay particles with the MadSpin module: madspin=0FF
5 Add weight to events based on coupling parameters: reweight=0FF

Either type the switch number (1 to 5) to change its default setting,
or set any switch explicitly (e.g. type 'madspin=ON' at the prompt)
Type '0', 'auto', 'done' or just press enter when you are done.

[0, 1, 2, 4, 5, auto, done, pythia=ON, pythia=0FF, ... 1[6@0s to answer]

e At the next question edit the madspin_card and define the decay
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CXErcise Iv. generate muitipie mulitipliCity sampic

- forpythia8

® We will do MLM matching

= in the run_card.dat ickkw=|

= the matching scale (Qcut) will be define in pythia

® in madgraph we use xqcut which should be smaller than Qcut
(but at least 10-20 GeV)




Exercise V: Have Fun

® Simulate Background

® Go to NLO (ask me the model)




Loop Tutorial



- Continue tutorial of yesterday
= Scan on top pair production

* Compare loop-induced process with Higgs
Effective Theory:

= Compare the cross-section forgg > h
O In “heft” model
O Insm(gg>h[QCD])

= Compare the jet transverse momenta for
“gg > hg”in both theory




Cross-section

-HEFT:

=Import model heft; generate g g > h;
output; launch

=17.62 pb
« SM:

=|mport model sm; generate g g > h
[QCD];output;launch

= 15.69 +- 0.05053 pb

= Why so different?




Feynman diagram

-HEFT - SM

diagram 1 QCD=2, QED=1 diagram 2 QCD=2, QED=1

diagram 3 QCD=2, QED=1 diagram 4 QCD=2, QED=1




*Remove the “b” loop:

=Import model sm-no_b_mass; generate g
g > h [QCD];output;launch

=17.59 pb

=The “b” loop itself is negligeable, the
impact here is 100% the interference
term.

=The lighter quark (mainly c) have the
same effect (at the level of the percent)

process EFT Exact loop-Induced (LI) | Exact loop-Induced m; = 0 (NoB)
g9 — h | 19.996(4) pb 17.79(6) pb 19.94(4) pb

pp — hj | 13.41(2) pb 12.86(4) pb 13.24(4) pb

pp — hjj | 6.31(2) pb 6.18(2) pb 6.13(1) pb




PT distribution

||
10 pp—>Hj pp— Hj
] —u <
0.00 —
—0.05}
—0.10f
9 o
= |
® ®
= =
ml ml
1 )
< i =
8 -0.20f ’ 8
19 10
o °
g [ top/bottom interference‘. g
'5 I ] 1 | 1 = 1 1 1
1(1 5F t t + t t . -0.25 + : f
' —%W«WMVWMW 0.05F ... )
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0 60 100 200 300 400 500 600 0 00 50 100 150 200 250 300 350 400
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-HEFT is working fine at low energy (as
expected)

- At low pt, the b diagram decrease the
cross-section



Shower Tutorial



- Compare
= Top-pair production (+ parton shower)

=Top-pair plus one jet




Matching/Merging Tutorial



matching in MadGraph+Pythia

Example: Simulation of pp—=W with O, |, 2 jets
(comfortable on a laptop)

mg5> generate p p > w+, wt > 1+ vl @O0
mg5> add process p p > wt j, wt > 1+ vl @1
mg5> add process p p > w+ j j, w+t > 1+ vl @2

mg5> output

In run card.dat:

4  Matching on
No cone matching
0 = ptj */’/ﬂﬂdfdﬂaf’/’ﬂafﬁfﬂ—ﬂﬂ—ﬂﬂﬂ

15 xgcut «~—~“"”"’—/—ﬂﬂf’/ﬂﬂﬂfﬂﬂﬂﬂ

|
Matching automatically done when run through
MadEvent and Pythia!

Merging scale can be defined in PY8 card (or left auto)

1 = ickkw

kr matching scale




How to do validate the matching

e The matching scale (QCUT) should typically be chosen
around 1/6-1/2 x hard scale (so xqcut correspondingly lower)

 The matched cross section (for X+0,1,... jets) should be close
to the unmatched cross section for the 0-jet sample
(found on the process HTML page)

e The differential jet rate plots should be smooth

e When QCUT is varied (within the region of validity), the
matched cross section or differential jet rates should not vary
significantly




Differential Jet Rate Plot

("« This are the clustering scales in the kt-jet A
clustering scheme

* DJR1: pT of the last remaining jet

- DJR2: The minimum between the pT of the

second to last remaining jet and the kt between
the last two jet.

- Only radiative jet (not those from decay) should

\_ enter those plot. )
— ofe
.§ sam
:

-
(=)

&)
T

0 05 | 15 2 g 3
log10{DJR1)



Matching Valigation

W+jets production at the Tevatron for MadGraph+Pythia
(kt-jet MLM scheme, g2-ordered Pythia showers)

match = match =
0 10 GeV Qmatch = 30 GeV.
_ | = |
'§ l Sum of contributions § - l
% 1 oy, S T e 'ﬁ 17
: 1
o [
2 £ F 4
c c - N
o L2 L
g °
: a_scale x 0.5/2 b
10" | - 40"
37 F o
¢ 8 f
(&) i o
2
107 102
10.3—[L Laaal ol Ll E;“ ot Ll J‘L*;; ————— 10.3*111[111leLll;llLJllJIJ[Lt;I;i.Jlllenjjl11]11L
0O 02 04 06 08 1 12 1.4 1.6 1.8 2 22 0 0204 0608 1 12 14 16 1.8 2, 22

log(Differential jet rate for | — 2 radiated jets ~ pT(2nd jet))



Matching Validation

W+jets production at the Tevatron for MadGraph+Pythia
(kt-jet MLM scheme, g2-ordered Pythia showers)

— Sum of contributions

Cross section (normalized)

—
e
N
T

.3"—11]lIlJllLJLlllllLJlll|JlL‘;l§li:dlllJllJJl llllLL
0 02 04 06 08 1 12 14 16 1.8 2 2.2
Iog(d)(GeV)

10

Jet distributions smooth, and stable when we vary the matching scale!
. Mattelaerolivieer  Montecarlo Lecture:2019  1gm



MLM

® Generatepp > tt~
® Add processpp>tt~|j

® Output; Launch

= Ask for MadSpin and Pythia8 and MA5

set mpi OFF # This is for speed issue for the tuto

decay t > w+ b, w+ > e+ ve

decay t~ > w- b~, w- > e- ve~

set xqcut 30 #minimal distance between quark/gluon @tree-level

set jetmatching:Qcut 60 #the MLM matching scale

§ 8 3 1 13
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Validation of MLM

DJR1 log10d01 []
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PT distribution

pt [GeV]
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Exercise VI: Matching+Merging

e 8.35E+04 | 1 58E+04 | 8,7E+03 | 3,5E+03
matching

1GeV 10GeV 20GeV 50GeV 100GeV 500GeV

8 35E+04

w+0 8,35E+04 8,35E+04 | 8,35E+04 | 8,35E+04 | 8,35E+04

0+1 1,07E+05 | 9,09E+04 | 8,91E+04 | 8,61E+04 | 8,40E+04 | 8.35+04

robes | 1,12E+06 | 9,29E+04 | 9,03E+04 | 8,66E+04 | 8,44E+04 | 8,35E+04

Lol 1,20E4+05 | 9,47E+04 | 9,0/E+04 | 8,68E+04 | 8,40E+04 | 8,35E+04

Slow Fast
low efficiency High efficiency
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Exercise VI: Matching+Merging

8,35E+04 | 1,58E+04 | 8,7E+03 | 3,5E+03

O J |

"M matching

1GeV 10GeV 20GeV 50GeV 100GeV 500GeV

w+0 ‘ 5E+04 | 8,35E+04 | 8,35E+04 | 8,35E+04 | 8,35E+04 | 8,35E+04 Lg

0+1 1,07E+05 | 9,09E+04 | 8,91E+04 | 8,61E+04 | 8,40E+04 | 8.35+04

robes | 1,12E+06 | 9,29E+04 | 9,03E+04 | 8,66E+04 | 8,44E+04 | 8,35E+04

Lol 1,20E4+05 | 9,47E+04 | 9,0/E+04 | 8,68E+04 | 8,40E+04 | 8,35E+04
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Exercise VI: Matching+Merging

O matching.

1GeV

w+0 8, 35E+04

10GeV

8 35E+04

20GeV

8 35E+04

50GeV

8,35E+04

100GeV

8 35E+04

500GeV

0+1

1,07E+05

9,09E+04

8,91E+04

8,61E+04

8,40E+04

8.35+04

Lol | 1,12E+05

9,29E+04

9,03E+04

3,66E+04

8,44E+04

8,35E+04

Lol 1,20E+05

9,47E+04

9,07E+04

8,68E+04

8,40E+04

MadGraph Tutorial.
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Exercise VI: Matching+Merging

7 O | 7

10GeV 20GeV 50GeV 100GeV 500GeV

8 35E+04

8,35E+04 | 8,35E+04 | 8,35E+04 | 8,35E+04

1,07E+05 B9,09E+04 | 8,91E+04 | 8,61E+04 | 8,40E+04 | 8.35+04

1,12E+05 §9,29E+04 | 9,03E+04 | 8,66E+04 | 8,44E+04 | 8,35E+04

0+1+2+3, RAe=t30

\ 9,47E+04 | 9,07E+04 | 8,68E+04 | 8,40E+04 | 8,35E+04
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Exercise VI: Matching+Merging

: 8,35E+04 | 1,58E+04 | 8,7/E+03 | 3,5E+03
| matching

10GeV 20GeV 50GeV 17wV 500GeV

8,35E+04 | 8,35E+04 | 8,35E+04 §8,35E+04 § 8,35E+04

1,07E+05 ®9,09E+04 | 8,91E+04 8,40E+04 W 8.35+04

1,12E+05 §9,29E+04 | 9,03E+04 | 8,66E+04W 8,44E+04 B3,35E+04

0+1+2+3 1,20E+O 9,47E+04 | 9,07E+04 | 8,68E+04 8,35E+04
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xgecut=1GeV

xgcut=100GeV

Sumofcontributions Sum ofcontributions
5 E A 000000 B O-jet sample = e ————— O-jet sample
= v 1-jet sample a =  1-jet ssmple
-g_ - 2-jet ssmple =] - 2-jet ssmple
] =% >
~ Z-jet =ample g Z-jet sample
s - 4-jet sample Sﬂ]:J - 4-jet ssmple
- 3 -
o 10 3
b #
4 !
8 S
10% -
10° |- -
i i 10
10 i i o s s s saes g s
- Culiriiel e B ::l::‘.::l - U DA 10 PR Vet A i | ST, t.; 0 0.5 1 1.5 3
0 05 1 1.5 2 25 3 log10{DJR1)
log10{DJR1)

LA

Sumofcontributions
----- O-jet =ample
v 1-jet sample
- 2-jet =smple
Z-jet z=ample
- 4-jet sample

Cross section {pb/bin)
[—)

xgecut=20GeV
smooth transition”

10} i 1
= i i H {l
" AT A VTGN R O R VAT O DRV 00 DNkt Tl | L AL o ety B WP | W L | B (B
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log10{DJR1)
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w+0

0+1

0+1+2

0+1+2+3

Exercise VI: Matching+Merging

"M matching

1GeV

8, 35E+04

8 35E+04

1,58E+04 | 8,7E+03

3,5E+03

10GeV

8 35E+04

20GeV

8 35E+04

50GeV

8,35E+04

100GeV

8 35E+04

500GeV

8 35E+04

1,07E+05 8,91E+04 8,40E+04 | 8.35+04
1,12E+05 9,03E+04 | 8,66E+04 | §,44E+04 | 8,35E+04
1,20E+05 9,07E+04 8,40E+04 | 8,35E+04
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