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and reduces theoretical uncertainties
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® As an example, consider Drell-Yan Z/y*
production
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LO calculation is not reliable,

but the perturbative series
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NLO estimation of the
uncertainties (by scale variation)
works reasonably well




Higgs at N3LO oy

S50 10 8 NLO 8 NNLO B NNNLO

® | O calculation is not reliable,

® but the perturbative series
stabilises at NNLO/N3LO
® NLO estimation of the

uncertainties (by scale variation)

| works reasonably well

Lets focus on NLO



Infrared safe observablegvutn
)

/0 For 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, if piis a momentum occurring in the
definition of an observable, it most be invariant under

the branching
Pi — Pj + Pk,
\_ Whenever pjand pk are collinear or one of them is soft. ,

N

(@ Examples

® “[he number of gluons” produced In a collision Is not an infrared
safe observable

® “[he 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 )
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- 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
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1O Real Virt
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t

e Total cross section

* Transverse momentum of the top quark

* Transverse momentum of the top-antitop pair

* Transverse momentum of the jet

e Top-antitop invariant mass

e Azimuthal distance between the top and anti-top
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- 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

RS (TR : Wﬁ:r R el 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 /
* Azimuthal distance between the top and anti-top X
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® NNLO is the current state-of-the-art. There are

only a few results available: Higgs (N3LO available),
Drell-Yan, ttbar

pp - (Z¥")+X at Y=0

S N I R R A i I IR Y R
® Why do we need it? =

>
® control of the uncertainties in a 3

calculation 5 :

E‘ 50— Vs = 14 TeVv —

' ( )y ' :c\” : o -

® [t is"mandatory” if NLO corrections « | g N

are very large to check the behavior : o, T

of the perturbative series T T T T

/M

® |t s needed for Standard Candles

and very precise tests of perturbation theory, exploiting all

the avallable information, e.g. for determining NNLO PDF
sets
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only a few results available: Higgs (N3LO available),
Drell-Yan, ttbar

pp - (Z¥")+X at Y=0
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® Why do we need it? =
£y
® control of the uncertainties in a 3
calculation 5 f
E‘ 50— Vs = 14 TeV —
Y yy ' \’?* : g

® [tis"mandatory” if NLO corrections « I e )

are very large to check the behavior : oy T

of the perturbative series B e e e F R R S

/M

® [t s needed for Standard Candles

and very precise tests of perturbation theory, explorting all
the avallable information, e.g. for determining NNLO PDF

sets
Let’s focus on LO
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proton - (anti)proton cross sections
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g 1.8 Q™=10000 GeV
f 1.6 — up
S 14 — down
s — gluon/10
= 1.2 — bottom
g
g
= 0.8
g _
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0-4 3 2 1
10 10 10 10

At small x (small ), gluon domination.
At large x valence quarks

Parton densities
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LHC formidable at large mass —
For low mass, Tevatron backgrounds smaller
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proton - (anti)proton cross sections
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Back to the processes
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proton - (anti)proton cross sections
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Back to the processes #eur

proton - (anti)proton cross sections
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To Remember W Durham

4 A

2; /dﬂfld@dq’FS fa(xi, pr) fo(r2, pr) Cab—x (5, LF, LR)
“ 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




Matrix-Element W puham

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

\%M

diagram 2 QCD=2, QED=0

|M |2 =Need Feynman Rules!

» Phase-Space Integration
_1 2
- — 28/\/\/1\ 4 (1)

o /




Matrix-Element W puham

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




Matrix-Element W puham

/“Calculate a given process (e.g. gluino pair) I
- Determine the production mechanism
Easy
//N\ <1'. enough
"« Evaluate the matrix-element | Hard
- M| =Need Feynman Rules! Thuesday
+ Phase-Space Integration - ﬁ%
1 in gener
o= 5o [ IMPde() ngeners)
\_ %




Matrix-Element W puham

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

\% Easy
<t’. enough

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

"+ Evaluate the matrix-element

Hard
- M| =Need Feynman Rules! Thuesday
|+ Phase-Space Integration very

1 Hard
g — 2_8 / \M\qu)(n) (in general)

/<:l Now

\_




Monte Carlo Integration
and Generation
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Monte Carlo Integration ot

4 )

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

_ 1 2
- — 28/|/\/l\ 4 (1)




Monte Carlo Integration ot

4 )

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)




Monte Carlo Integration ot

4 )

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




Integration
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Integration W e
4 1 N
T dq?
I:/O dx cos 52 /(q2—M2+z'MF)2 /dazC
4 \
N .1
K 2 Mm% E /
Method of evaluation A

e MonteCarlo 1 / vV N
® Trapezium 1 / N

UN'

< ® Simpson




Integration Wt

1 d i / dg” dax C h
; L oS 5t (¢2 — M2 + iMT)?
/ N
/ \ > 03 » e " N
| | q12 M 2 E /
_simpson . MC Method of evaluation A
________________ 3 063803 ® MonteCarlo 1/ vV N
________________ 5 0636708 ® Trapezium /N2
.............. 2 0 06366206 ® Slmps()n :_/N4
____________ 100 | 0636619 065 /
1000 | 0.636619  0.636




Integration
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1
I:/ dx cos ZZE
0 2

o

P{E)
P T

dq?

[

q?> — M? 4 iMT)?

ﬂ
/ / \\

~
/dxC

" ~ ,1
oM IR £ /
Method of evaluation )
/ o 1/v N
® MonteCarlo 1/ N More Dimension /
® Trapezium :_/ZV2 # 1/N2/d
\o Simpson :_/N4 1/N4/d y




Integration W putzm

1 )
s dq2
I:/O da;cosgaz /(qQ—M2+z'MF)2 /dxC




Integration W Durham

-
dx cos §x

[

dq? )
g2 — M2+ iMT)? /dxC
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I:/O dx cos §x /(q2—M2+z'MF)2 /dxC
/\ V= Vy =0
/ N\

| ~_ |
N Y
- ™




. am
Integration i
4 1 h
T dq
[ = /O dx cos 5513 /(q2_M2—|—z’MF)2 /dwc
N P //\ V — VN — O
/ \\
_ PR TR s /
p )

= fff f(z)dx

v:(xz—m/:[f

2

1 N
# Iy = (zg —21) NE_If
(z))*dx — I? # VN = (22 — 1)

1
< @ -

=1

T 2
I =1IN=< \/'W Can be minimized!
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importance sampling  @outa
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I:/ dx cos —x B o cos () pgs o cos Zx[€]
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\
The Phase-Space parametrization is important to have an

efficient computation!
N P y
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Importance Sampling ~ ¥ouae
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/\ / (¢* — Mciq+ tMT)?
/// \ ¢ = arctan (QZF_]\y 2)
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Importance Sampling e

ﬁp‘f’:: / dq2 \
/\ (47 ' |
/ q 1.55

\ T2 M I :
(" Why Importance Sampling?

//\

\

\

/ \ Probability of using

_// | ~_| that point p(x)
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ﬁp‘_‘}:: / dq2 \
//\ (g2 — M? 4 i MT)? _
9 9 ':"" 1.5 - ||'\|
_ - M \ | /
/ \\ ¢ = arctan ( i ) {, o |‘,
| - |
' 05: |
/ N\ * | ": |
| S~ | ST .
\ T 2 " —10 -05 : 0.5 1.0 ‘/
(" Why Importance Sampling? A
[\
f —
/ \ Probability of using
- N that point p(x)
\_
/

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

J
. Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2045 =4




Importance Sampling ~ ¥oui

/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 A
- Create an approximation of the function on
L the flight! )




W Durham

( Adaptative Monte-Carlo h
 Create an approximation of the function on
iaht!
L the flight! )
( Algorithm A
T~L_ 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.

\_ J




VEGAS W Durham

More than one Dimension N

- adaptive methods works only with 1(few)

dimension (memory problem)
N\ y,




VEGAS W Durham

More than one Dimension N

- adaptive methods works only with 1(few)
dimension (memory problem)

\_ Y,

/Solution A
- Use projection on the axis

_ P(x)= p(x)*p(y)*p(2)... )




VEGAS W Durham

More than one Dimension )

- adaptive methods works only with 1(few)
dimension (memory problem)

o

( Solution
- Use projection on the axis

VAN

P(X)= P(X)*P(y)*P(2).--.




VEGAS W Durham

More than one Dimension )

- adaptive methods works only with 1(few)
dimension (memory problem)

\§ J
 Solution A
- Use projection on the axis
X)= X)® °D(Z)...
_ P(X)= p(x)*p(y)*P(2) ,
4 )
« We need to
ensure the
factorization !
= Additional
change of
variable

J




Monte-Carlo Integration  ¥eur

» The choice of the parameterisation has a
strong impact on the efficiency

Yo

> >

U (9A]

The adaptive Monte-Carlo Technigue pieks polnt
Ln Lnteresting areas
—» The technique Ls efficient




Monte-Carlo Integration — ¥eutar

» The choice of the parametrization has a
strong impact on the efficiency

Y2

The aalaptwe Mowte-Carlo Tech mques pwk&s
POLWCS evergwhere
—» The integral converges slowly




Monte-Carlo Integration  ¥eur

» The choice of the parametrization has a
strong impact on the efficiency

Y2

Rotatlon

Griol

I Yy — Y2

The adaptive Monte-Carlo Technigues pieks polnt
Ln Lnteresting areas
—» The technique Ls efficient




Multi-channel W Durham

What do we do if there is
no transformation that
aligns all integrand peaks
to the chosen axes!

Vegas is bound to fail!




Multl-channel W Durham

What do we do if there is
no transformation that
aligns all integrand peaks
to the chosen axes!

Vegas is bound to fail!

Solution: use different transformations = channels
mn mn
p(l‘) — Z Oéz'pz'(l‘) with Z a; = 1
i=1 i=1

with each pi(x) taking care of one “peak’ at the time
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Exemple of use W Dutan

+ Phase-Space integration
- Parton Shower
- Hadronization

\M Z\M
/U/mm%s 1/%%%%4
§  (p1+p2)? t (p1—p3)? a  (p1—pa)?

Three very different pole structures contributing

to the same matrix element.
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2015 a4z



Fxemple of use W puiee

(. Phase-Space integration A
- Parton Shower

- Hadronization

\_ Y
~ o N
ocl— 1 ocl— 1 OCE_ 1

\_ 5 (p1+p2)? i (p1—p3)? i (p1—pa)? )

Three very different pole structures contributing

to the same matrix element.
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2015 a4z
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Multi-channel based on single diagrams™ Whurham

*Method used in MadGraph

Does a basis exist?

S| M;|? 5 | M |2 5
M2 = / AT VANER / Mo
/ Zj Mj‘z Z Zj ‘Mj‘Q
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Multi-channel based on single diagrams™ Whurham

*Method used in MadGraph

Does a basis exist?

S| M;|? 5 | M |2 5
M2 = / AT VANER / My
/ s e Mol = 2 | s
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Multi-channel based on single diagrams™ WDhurham

*Method used in MadGraph

Does a basis exist?

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

/ Key Idea \

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

— Divide integration into pieces, based on diagrams

K — All other peaks taken care of by denominator sum /
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Multi-channel based on single diagrams™ Whurham

*Method used in MadGraph

Does a basis exist?

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

/ Key Idea \

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

— Divide integration into pieces, based on diagrams

K — 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 |12 calculation

\ — Parallel in nature /




To Remember

+ Phase-Space integration are difficult

- We need to know the function

= Be careful with cut (they change the
function)

» Split the function in a sum (one for each

structure) and integrate each of those
separately

= This splitting should not be physical

A ]
\ [ 4 Purham
Jnversity




To Remember W Durham

(.

- We need to know the function

~

Phase-Space integration are difficult

= Be careful with cut (they change the
function)

» Split the function in a sum (one for each
structure) and integrate each of those
separately

< = This splitting should not be physical y
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Event generation

|. pick x
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Event generation

|. pick x

2. calculate f(x)
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Event generation

|. pick x
2. calculate f(x)

3. pick 0<y<fmax

Wweld ez ot

A
¥ Durham
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Event generation

|. pick x
2. calculate f(x)

3. pick 0<y<fmax

4. Compare:

A
¥ Durham

University

if f(x)>y accept event,




cvent generation W puha

| pick x
2. calculate f(x)

3. pick 0<y<fmax

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

else reject it.




~@-  Eventgeneration Ve

| pick x
2. calculate f(x)

3. pick 0<y<fmax

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

else reject it.

accepted

= = efficiency
total tries
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mv Cl’Slly

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
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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



g’?urrh‘?_m

Event generation

Improved by combining with importance sampling:

|. pick x distributed as p(x)
2. calculate f(x) and p(x)
3. pick 0<y<f/p(max)

4. Compare:
if f(x)>y p(x) accept event,
else reject it.

much better efficiency!!! (need to check
this page likely wrong in the description)
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Event generation

MC egrtr
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Event generation W Durham

H;
&= @ance RejectD

Event generator

T A A
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Event generation
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T A A

dO

H! m!egra!or

]

UH M

o =

i
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d(’)

Event generator

A

[
0
o
o
o
o

>

1=  This is possible only if f(x)<coc AND has definite sign! O




To Remember W Durham

» Sample of unweighted events

= Events distributed like nature
= Need the function to be

Borned

Always positive

= More efficient if the integration is more
efficient

Same dependencies in the cut

~

/




Monte-Carlo Summary — ¥our
/" Bad Point N

» Slow Convergence (especially in low
number of Dimension

- Need to know the function

\_ - Impact on cut )




Monte-Carlo Summary %o
/" Bad Point ™

» 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
\ /




Type of MC simulation ~ Wnuham

Type of MC Simulation
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4 )

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




Parton shower Wouham

4 )
® \/Ve need to be able to describe an arbrtrarily number of
parton branchings, 1.e. we need to ‘dress’ partons with radiation

® This effect should be unitary: the inclusive cross section
shouldn’t change when extra radiation Is added




Parton shower W Durham

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

This effect should be unitary: the inclusive cross section
shouldn’t change when extra radiation Is added

Remember that parton-level cross sections for a hard process
are inclusive in anything else.

E.g. for LO Drell-Yan production all radiation is included via PDFs (apart
from non-perturbative power corrections)




Parton shower W Durham

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

This effect should be unitary: the inclusive cross section
shouldn’t change when extra radiation Is added

Remember that parton-level cross sections for a hard process
are inclusive in anything else.

E.g. for LO Drell-Yan production all radiation is included via PDFs (apart
from non-perturbative power corrections)

And finally we want to turn partons into hadrons (hadronization)...




Collinear factorization #punm

6
C
4 | | , N
e (onsider a process for which two particles are separated by a small
angle 0.

® |n the limit of @ = 0 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.
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e (onsider a process for which two particles are separated by a small
angle 0.

® |n the limit of @ = 0 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 #punm
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4 N

e (onsider a process for which two particles are separated by a small
angle 0.

® |n the limit of @ = 0 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 #punm
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4 )

/
e (onsider a process for which two particles are separated by a small
angle 0.

® |n the limit of @ = 0 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 tactorization ¥eute

' )
.2

> | & 6=3 > |I4§ o

4 )

/
e (onsider a process for which two particles are separated by a small
angle 0.

® |nthe limit of @ = 0 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 Imit as the simpler one times a branching probabllity.

- /
 Mattelaeroliviee ~ Monte-carlo Lectwre: FT2045 55




Collinear factorization ¥eu
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* The process factorizes in the collinear limit. This procedure it
universall
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* The process factorizes in the collinear limit. This procedure it
universall
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soft




Collinear factorization ¥t

0L | = |28

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

2 b
xa—<

1 1 1

(po +pc)?  JEEEA(I=COSO)

soft and collinear

divergencies




Collinear factorization ¥eu

0L | = |28

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

2 b
xa—<

1 1 1

(po +pc)?  JEEEA(I=COSO)

soft and collinear

divergencies

Collinear factorization:

dt = do o
|Mn_|_1‘2dq)n_|_1 ~ |Mn‘2dq)n ¢ >

—d Pa C
7 P9 oy Parbel?)

when 0 is small.




Merging ME with PS W Durham

PS —»

e e




PS alone vs matched samples  #outan

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

c
s L :
2 10— tt « (Pythia only)
- —
% —
3 - P, of the 2-nd extra jet
© .
1=
1 B N = mya A\ A
107" o Q* (wimpy) PRy g XK W
[ Yy R @
-~ O Q7 (power) v °°°
4,
102~ 4 Pr(wimpy)
A LA

10-3M I L1 1 1 I L1 1 1 I L1 1 1 I 1
50 100 150 200 50 0( 5( 400

GeV
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~de>~Matrix Elements vs. Parton Showerswourham

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 |




~de>~Matrix Elements vs. Parton Showers?uham

Shower MC

4

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

AW —
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Shower MC

4

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

AW —

Approaches are complementary: merge them!




~d>~Matrix Elements vs. Parton Showerswnuhan

Shower MC

4

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

AW —

Approaches are complementary: merge them!

Difficulty: avoid double counting, ensure smooth distributions



Goal for ME-PS merging/matching wouham

University

N Event/bin (1 fb™)

2nd QCD radiation jet in
| top pair production at
10® the LHC, using

3.5

log{DJR) MadGraph + Pythia
 Mattelaer olivier  Mowte-carlo Lectwre: (FT 2015 0




Goal for ME-PS merging/matching wouham

University

® Regularization of matrix element divergence

N Event/bin (1 fb™)

2nd QCD radiation jet in
| top pair production at
10® 1 the LHC, using

3.5

log{DJR) MadGraph + Pythia
 Mattelaer olivier  Mowte-carlo Lectwre: (FT 2015 0




University

Goal for ME-PS merging/matching ouham

® Regularization of matrix element divergence

® Correction of the parton shower for large momenta

N Eventbin (1 fb™)

2nd QCD radiation jet in
top pair production at
105 the LHC, using

3.5

log{DJR) MadGraph + Pythia
 Mattelaer olivier  Mowte-carlo Lectwre: (FT 2015 0
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Goal for ME-PS merging/matching ouham

® Regularization of matrix element divergence

® Correction of the parton shower for large momenta

® Smooth jet distributions

N Eventbin (1 fb™)

2nd QCD radiation jet in
top pair production at
10% 11 the LHC, using

3.5

log{DJR) MadGraph + Pythia
 Mattelaer olivier  Mowte-carlo Lectwre: (FT 2015 0
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Goal for ME-PS merging/matching ouham

® Regularization of matrix element divergence

® Correction of the parton shower for large momenta

® Smooth jet distributions

N Eventbin (1 fb™)

2nd QCD radiation jet in
top pair production at
10% Al the LHC, using

3.5

log{DJR) MadGraph + Pythia
 Mattelaer olivier  Mowte-carlo Lectwre: (FT 2015 0




Merging ME with PS W Durham

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

[Lonnblad]

PS —»
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Merging ME with PS W Durham

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

pS —
kT < Q¢ kTt < Qc
kt < Qc

kr < Q¢

kr > Qe

T> Qe

kt > Q¢

>Wm
o
S




Merging ME with PS W Durham

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

PS —»
kT < Q¢ kT < Q°
kt < Qc
kt < Qc
ME o > Q

kt > Q¢

kt > Q¢

NORY

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




PS alone vs matched samples  #outan

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

c
s L :
2 10— tt « (Pythia only)
- —
% —
3 - P, of the 2-nd extra jet
© .
1=
1 B N = mya A\ A
107" o Q* (wimpy) PRy g XK W
[ Yy R @
-~ O Q7 (power) v °°°
4,
102~ 4 Pr(wimpy)
A LA

10-3M I L1 1 1 I L1 1 1 I L1 1 1 I 1
50 100 150 200 50 0( 5( 400

GeV




PS alone vs ME matching ~ #outan

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

c E
S t _
! | tt+0,1,2,3 partons + Pythia (MMLM)
a 10§
§ u P; of the 2-nd extra jet
=y
1075 o Q2 (wimpy)
E O QF (power)
0% 4 PZ (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 A
10 50 100 150 200 250 300 350 100




Short Description of Tools — Wpuhan

Tools for MC Simulation




Which kind of MC? W Durham

L0 N

= fix order (plus parton-shower)
= matched-merged
*NLO
= POWHEG / MC@NLO
= merged sample
*NNLO / re-summation / N3LO
* Default:

= Do the most advanced possible
generation.

= Speed issue? check faster possibilities
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2015 o5




NLO: merged sample ~ ¥outar
@IadGraphS_aMC@NL@ICSherpa ) L(\--.+Matchbox )

s NLO in QCD
» Only SM support

_ free list of process

*MC@NLO
and POWHEG
. Need to A
provide events

¢ -MC@NLC; method )

4 N/ )

*Need to link to a [+ Need to link the
Shower program one loop tool

(Pythia8) .Need to link to

* UNLOPS matrix element

*FxFx /' UnLOPS merging (both tree and
. Merging ) )  loop) )




NLO (one multiplicity)

(POWHEG

A |
W Durham
University

)

) | (VBF@NLO

[« Fixed list of processes A
e Some BSM )
4 N\ | - N
» POWHEG matching » QED@NLO
+ Less negative - very dedicated
events
o Not pure NLO J1 L y

@IadGraphS_aMC@NLO

(- BSM possible




NLO (cross-section) W Duham

(MCFM ) | (MadGraph5_aMC@NLO )
s ~N (Sherpa )
+ Fixed list of processes | | ((Powheg )
- Some BSM (VBF@NLO )
- No events generation (HPAIR )
. Y,

(NJETS )




|O (matched/merged) ¥
(Sherpa ) | (... +Pythia )

)
. Fully built in "+ MLM / UMEPS / CKKW
CKKWL

» Full BSM supports

- Starts BSM supports

» CKKW-L CMS default (with
 CMS default (wit
\ . ATLAS Default ) MG5._aMC)
\ J
( + Herwig )
"« MLM /CKKW )
CKKWL

 Full BSM supports




A |
L O s

CODE Main advantage highest multiplicity

MG5 aMC BSM normal: 6

decay: 14

Sherpa fast for QCD muli-leg ré%rge;{:;
CalcHep very fast for 2 > 2 ng;rgzb??
Whizard ILC physics ggégﬁl:%
: N normal: 3
pythia low multiplicity decay: 100
: o normal: 3
herwig low multiplicity decay: 100



MadGraph5

Olivier Mattelaer
IPPP/Durham



Matrix-Element W puham

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

\%M

diagram 2 QCD=2, QED=0

|M |2 =Need Feynman Rules!

» Phase-Space Integration
_1 2
- — 28/\/\/1\ 4 (1)

o /




Matrix-Element W puham

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




Matrix-Element W puham

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

\/% Easy
//N\ <1'. enough

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

"« Evaluate the matrix-element /jg Hard

- ‘M‘Q =Need Feynman Rules! Now
- Phase-Space Integration - xi?é
1 In genera
”— 2_/\/\/1\2@(71) n genera)
\_ i /




Matrix-Element W puham

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

\% Easy
<t’. enough

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

"+ Evaluate the matrix-element

Hard
- ‘M‘Q =Need Feynman Rules! Now
|+ Phase-Space Integration very

1 Hard
g — 2_8 / \M\qu)(n) (in general)

/<:l monday

\_




Plan For Today

-~

\_

- Computation of the matrix-element
» Tree Level
- Loop

» Tools/functionality of MG5_aMC

~

B
¥ Durham
University




Matrix Element W Durham

M = 62(717“@)9; - (07"u)




Matrix Element

M= 62(1‘&7“?})9“” (07" u)

EZW‘Q Z/\/l M

pol pol

" Durham
rsity




Matrix Element

M= 62(?17“@)9“” (07" u)

EZW‘Q ZM M

pol pol

pol

" Durham
rsity

Zﬂu:pf—l—m




Matrix Element

M = e? (ﬂv“v) i

pol pol

3
pol

—Trpiy" gy 1T P37, a7 ]

> (07 u)

T3 IMP = ZMM

" Durham

ersity

Zﬂu:pf—l-m




Matrix Element

M= 62(?17“@)9“" (07" u)

%ZW\Q Z/\/l M

pol pol

3
pol

—Trpiy" gy 1T P37, a7 ]

— [(p1.p3) (P2.p4) + (P1.p4)(P2.D3)]

A ]
¥ Durham
University

Zﬂu:pf—l—m




Matrix Element W Durham

M= 62(?17“@)9“" (07" u)

1
ZZW‘Q Z/\/l M

pol pol
3 Z uu =y +m
pol
G T
i 1Y Py | Tr [Py upayy ]
e

= q_4 (p1-p3)(P2.pa) + (p1.p4)(D2-P3)]
Very Efficient !!!




Matrix Element W Durham

M= 62(?17“@)9“" (07" u)

T IMP =1 MM

pol pOl
Z uu =y +m
° pol
64
= 4—q4TT[ﬂl”Y“}@VﬂTT[}fSVuZZLVu]
Set

e q_4 (p1-p3)(p2-pa) + (p1-pa)(P2.P3)]

Very Efficient !!!
Only for 2—2 and 2—3



Matrix Element W Durham

M= 62(?17“@)9“" (07" u)

T IMP =1 MM

pol pol

Zﬂu:p/—l—m

pol

=»>  — Ty "y | Tr3yupa )

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

3

Very Efficient !!!
Only for 2—2 and 2—3

Because the number of terms rises as V2
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2015 74



W Durham

(Idea A
o Evaluate 7 for fixed helicity of external particles

= Multiply 7 with 7¢* -> |7 |72

_ = Loop on Helicity and average the results

AN

4

M = (ﬂefy“v)g;; (Ve u)




A
¥ Durham

University

o

M= @er) 5 Qe @)

Numbers for given helicity and momenta

(Idea . : h
o Evaluate 7 for fixed helicity of external particles
= Multiply 7 with 7¢* -> |7 |72
= Loop on Helicity and average the results y
4 A




28
W Durham

(Idea . : h
o Evaluate 7 for fixed helicity of external particles

= Multiply 7 with 7¢* -> |7 |72

_ = Loop on Helicity and average the results y
4 g N\
%
M= Qe )@@

Numbers for given helicity and momenta

Lines present in the
code.

o J




W Durham
\

(Idea . :
o Evaluate 7 for fixed helicity of external particles

= Multply 7 with 7% -> |7 |72

= Loop on Helicity and average the results Y

4 p
M= @er) 5 Qe @)

Numbers for given helicity and momenta

-

7~ U1 = fet(pr,ma) Dol
o . _ W xlP) X
U2 = jictgpzymz; u(p) ( wx(p)x2(P) )
. . Vg = ct _’3,m3 '
Lines present in the o B w4 (p) = \/E + |5].
code. g = fet(ps, ma) 1 5]+ P2
xp) = Vv 2[p1(1p] + p-) ( Pz T 1Py )

| _ 1 —Pe +1ipy
x-7) x/2|13'|(lf31+pz)( 7]+ p. )'/

N ,
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W Durham

(Idea . : h
o Evaluate 7 for fixed helicity of external particles

= Multiply 7 with 7¢* -> |7 |72

_ = Loop on Helicity and average the results y
4 g N\
%
M= Qe )@@

Numbers for given helicity and momenta

Lines present in the
code.

o J




%’Durham

University

(Idea . : A
o Evaluate 7 for fixed helicity of external particles

= Multiply 7 with 7¢* -> |7 |72

_ = Loop on Helicity and average the results

AN

Numbers for given helicity and momenta
Calculate propagator wavefunctions

( 17m1)

(_)27 m2)

Lines present in the vs = fet(ps, ms)
code. Uy = fct(Pa, ma)

o J




28
W Durham

(Idea A
o Evaluate 7 for fixed helicity of external particles

= Multiply 7 with 7¢* -> |7 |72

_ = Loop on Helicity and average the results

Numbers for given helicity and momenta

Calculate propagator wavefunctions

Finally evaluate amplitude (c-number)
P1,m1

)
P2, m3)
m3)

fct
fct
fct

Lines present in the
code. Ugy = fCt

P4,
W (’Ul,’U/Q,ma,Fa)

k M fCt(Ug, U4, ) /

(P
fet(p
(P
(P, M)




28
Real case W Ducham
= Known
~
M1 M?2

Number of routines: 0 Number of routines: 0
\_ VAN J
"Number of routines for both:( h
\_ ‘M|2: |M1_|—M2|2 )
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Real case W Ducham
= Known
~
M1 M?2

Number of routines: | Number of routines: 0
\_ VAN J
"Number of routines for both: | h
\_ ‘M|2: |]\41_|_]\42|2 )




28
Real case W Dy
|dentical = Known
~
M1 M?2

Number of routines: | Number of routines: |
\_ VAN J
"Number of routines for both: | h
L (M|? = | My + M| y




28
Real case W Durham
= Known
2 )
| M M2
Number of routines: 6 Number of routines: 6
\_ VAN J
"Number of routines for both: 6 h
\_ ‘M|2: |M1_|—M2|2 )




Real case W Durham
= Known
2 )
| M M2
Number of routines: 7 Number of routines: 6
\_ VAN J
"Number of routines for both:7 h
L (M|? = | My + M) Y




Real case W Durham
= Known
|dentical
- / ) A
| M : M2
Number of routines: 7 Number of routines: 7
\_ VAN J
"Number of routines for both:7 h
\_ ‘M|2: |M1_|—M2|2 )




Real case W Durham
\dentical ™™ Known
~
M1 M?2
Number of routines: 8 Number of routines: 8

\_ VAN J
"Number of routines for both: 8 h
L (M|? = | My + M) Y




Real case W Durham
= Known
2 )
| M M2
Number of routines: 9 Number of routines: 8
\_ VAN J
"Number of routines for both:9 A
L (M|? = | My + M) Y




Real case W Durham
= Known
2 )
| M M2
Number of routines: | 0 Number of routines: 8
\_ VAN J
"Number of routines for both: |10 A
L (M|? = | My + M) Y




M1
Number of routines: | 0
\_

/

= Known

M2
Number of routines: 9

\_

/

o

"Number of routines for both: | |
IM|? = | My + M,

N

/

Real case W Durham



M1
Number of routines: | 0
\_

/

Real case

= Known

M2
Number of routines:

\_

o

/Number of routines for both: |2
(M|? = | My + M)




A ]
Real case Wi
= Known
2 )
| M ; M2
Number of routines: | 0 Number of routines: |0

_ 2IN+1) 2(N+1)/

"Number of routines for both: | 2 A

_ (M|® = |My + Msf* )




Real case WDyt

mm Known
~
Number of routines: | Number of routines; 10
\ 2(N+1)) 2(N+1)
"Number of routines for both: |2 h
_____ N"2(N+1) — NI /




Real case WDyt

mm Known
~
Number of routines: | Number of routines; 10
\ 2(N+1)) 2(N+1)
"Number of routines for both: |2 h
L NI*2(N+1) — N recursion | N )




HELAS W Durham

(. Original HELicity Amplitude Subroutine library A

[Murayama, Watanabe, Hagiwara]




HELAS W g

* Original HELicity Amplitude Subroutine library A

[Murayama, Watanabe, Hagiwara]

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

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

_ =Spin 3/2 [Mawatari, al] 1101.1289 (2011) .




HELAS WDurham

(. Original HELicity Amplitude Subroutine library A

[Murayama, Watanabe, Hagiwara]

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

=»HEFT [Frederix] (2007)

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

_ =Spin 3/2 [Mawatari, al] 1101.1289 (2011) .

Chiral Perturbation BNV Model

SLIH
Effective Field Theory NMSSM

Chromo-magnetic
Full HEFT operator Black Holes



;.“’ il [0 10
l‘ %0 |8

' ALOHA

me:[ UFO ﬂ 1 To Helicity  Translate

Type text or a website address or translate a document.

FORTRAN 77

and Numerical
Methods for
Engineers
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PYTHON
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T ALOHA

me:[ UFO ﬂ 1 To Helicity Tranﬁlate|

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

Type text or a website address or translate a document.

covre

PYTHON

P" QO ',"CHY\H\H\C’

FORTRAN 77

- — . ot P A

I Rk

WESLEY J. CHUN




To Remember

Al
W Durham
University

-~

.

- Numerical computation faster than
analytical computation

- We are able to compute matrix-element

= for large number of final state
= for any BSM theory

~

/




L. oop Computation

Loop Computation

A ]
W Durham

ISILy




One Loop ¥tz
4 N

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




= Oneloop e
N

-

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

" o The integral to

compute is

/ddl N (1)
D0D1D2 « o e Dm—l

Di = (l+pi)°" —m,
B /




Integrand reduction  woute

4 Key Point )

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

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




Basis of scalar integrals ¥t

® Thea, b, c,dand R coefficients depend only on external
parameters and momenta

1-loop
M P = E dioili2i3BOXioi1i2i3
10<11<12<13
-+ g C'L’giliQTﬂangleioiliz
10<11 <12

-+ Z b’ioil BU_bbleZ‘Oil

1
Tadpole, = [ d%
10<1%1 AP / D;,
1
d
+ E aiOTadpoleiO Bubble; ;, = / d®l DDy
10 1
: - d
R4+ O(e) Triangle; ; ;. = /d lDz'oDiqu;Q
1
BoXiy i iviy = | d°l
OX 0¢1t2t3 Dio DilDiQ Di3

* All these scalar integrals are known and available in computer libraries (FF
[v. Oldenborgh], QCDLoop [Ellis, Zanderighi], OneLOop [v. Hameren])



Divergences W Qi

® Thea,b,c,dand R coefficients depend only on
external parameters and momenta

1-1
M P = Z dioi1i2’i3BOXi0i1i2i3 D; = (l ‘|’pi)2 - m?
10<11<12<13 d 1
. Tadpole, = / d”l
+ Z C'io'i1 ’1:2 Trla’ngleioil i2 ’ DiO
Eseang 1
i0<i1<ia Bubble; ;, = [ d¥ b, D.
+ Z bi,i, Bubble;,;, . d 1
i0<11 Triangle; i, = [ d lDiODilDiQ
| 1
* Z a;, Ladpole;, Boxipiriaiy = [ d'l D;, D;, D;, D,
10
+ R+ Ofe)

= The coefficients d, c, b and a are finite and do not contain poles in |/e
= The |/e dependence is in the scalar integrals (and the UV renormalization)

=>VWVhen we have solved this system (and included the UV renormalization) we have
the full dependence on the soft/collinear divergences in terms of coefficients in front
of the poles. These divergences should cancel against divergences in the real

emission corrections (according to KLN theorem)
. U1 (9%

Virtual ~ vg 4 |
€ €




Integrand reduction  weur

4 Key Point )

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

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

\_ J
/Two methods )
® Passarino-Veltman
e OPP
\_ J




Integrand reduction  ¥eur

4 Key Point )

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

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

\_ J
/Two methods )
® Passarino-Veltman
e OPP
\_ J




Standard Approach

A
¥ Durham

Umiversity

-

o

® Passarino-Veltman reduction:

~

N (1) 1
d?l > ff; [ d¥
/ DoD1 Dy Dy ;Coe / DoD; -+

® Reduce a general integral to “scalar integrals” by “completing
the square”

/




Standard Approach

] |
¥ Durham

University

-

® Passarino-Veltman reduction:
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(Main Idea , » )
/ (2m)™ (12 = m3)((I + p)? = m3)((l 4 q)? — m3)

® T[he only independent four vectors are pH and g¥ . Therefore,
the integral must be proportional to those.We can set-up a
system of linear equations.
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the integral must be proportional to those.We can set-up a
system of linear equations.
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® The only independent four vectors are p# and gH . Therefore,
the Integral must be proportional to those.VWe can set-up a
system of linear equations.
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® The only independent four vectors are p# and gH . Therefore,
the Integral must be proportional to those.VWe can set-up a
system of linear equations.
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fl\/lain ldea d™ JH \
/ (2m)™ (12 = m{) (1 +p)? — m3)((l + q)* — m3)

® The only independent four vectors are p# and gH . Therefore,
the Integral must be proportional to those.VWe can set-up a
system of linear equations.

d"l I VRN e
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/Resolution (dropping the mass)
® contracting with 2*p and 2*g
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® T[he only independent four vectors are pH and g¥ . Therefore,
the integral must be proportional to those.We can set-up a
system of linear equations.
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/Resolution (dropping the mass) \
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/Resolution (dropping the mass) \
® contracting with 2*p and 2*g

2l p f (d”l 20-p
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\_ Gram Determinant: G W,
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® cxpress the integral as simpler integral
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/Resolution (dropping the mass) \
® contracting with 2*p and 2*g

d"l 21-
2091 =] (2m)" l2(l+p)2zzl+q)2

(2 )we(s) - (&) (52)

\_ Gram Determinant: G W,

/Resolution (dropping the mass) \

® cxpress the integral as simpler integral
/ d"™l 20 - p _/ d*l (I+p)? —1? —p?
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/Resolution (dropping the mass) \
® contracting with 2*p and 2*g

d"l 2l
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(2 )we(s) - (&) (52)

\_ Gram Determinant: G
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/Resolution (dropping the mass)

° express the integral as simpler integral
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Scalar Integral: Know analytically
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/Resolution (dropping the mass) \
® contracting with 2*p and 2*g
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® contracting with 2*p and 2*g
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® contracting with 2*p and 2*g
n 2l-
20-p] = | oy mumr e
p
<2pu>(pﬂqu)<01> _ Cy :<[21.p]>
24, C2 C T 2 - ¢
\_ Gram Determinant: G W,
/Final Step A
® |nverting the Gram Determinant ( C ) —G! ( 20 - p) )
CQ [2[ . q]
® \We have an expression in term of scalar integral
d"l [H C
| e a7 (o)
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4 Key Point )

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

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

\_ J
/Two methods )
® Passarino-Veltman
e OPP
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/0 The decomposition to scalar Y )

integrals presented before works
at the level of the integrals

1-loo
M b= E : di0i1i2i3BOXioi1i2i3

10<11<12<13

+ E Cigiyi, Lr1ANGlE; ; ;o
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® The decomposition to scalar h
integrals presented before works
at the level of the integrals

1-loo E
M g dioiligigBOXiOiliQi?)

10<11<12<13

+ E Cio’il’izTrla’ngleioilig
10<11<1%2

-+ E bioilBUbbleioil
10<7?1

-+ E a;, Tadpole;
10

+R 4+ O(e)

€ If we would know a similar relation at )
the integrand level, we would be able
to manipulate the integrands and
extract the coefficients without doing
the integrals
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at the level of the integrals to manipulate the integrands and
extract the coefficients without doing
the integrals
1.1 m—1 ~ m—1
MIP =N 1, BOXigi i N = ) [dz‘oiligz‘g + dioiliziB(l)i| D;
10<11<12<13 10<t1<i2<13 1#10,11,12,13
. m—1 m—1
_|_ Z CioilizTrlangleioi1i2 —I— Z |:C’i0’i1’i2 —|— 6’i0’i1’i2 (l>:| H D’L
to<t1<%2 i0<i1<is iio i1, iz
+ Z bioilBUbbleioil m—1 ~ m—1
10<1 + ; {b’io’il + bio’h (l)] #H D;
+ Z a;, Tadpole; m—1 m—1
10 + Z {aio + &io (D} H D;
LR+ O(e) . i#io
+P(1) 1] D




integrals presented before works the Int.egrand Ie.vel, we would be able
at the level of the integrals to manipulate the integrands and
extract the coefficients without doing
the integrals
m—1 m—1
M-toor — Z Uigiyinis BOXigiqinis Ny= > [dioiligz‘g D;
10<11<12<13 10<t1<i2<13 1#10,11,12,13
_|_ Z 010@112Tr1anglez()zlz2 _|_ Tnz_:l |:Ci i
i0<'i1<’i2 10<11 <19 v
+ Z bioilBU—bbleioil m—1
10<11 i ; {biOil
+ Z a;, Tadpole; m—1
10 + Z |:afi0
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S N 01l Spurious term,




spurious terms W Rutam

® The functional form of the spurious terms is known (it depends on the

rank of the integral and the number of propagators in the loop) [del
Aguila, Pittau 2004]

® for example, a box coefficient from a rank | numerator is

~

] Voo v P o
Aigiyigis (1) = Aigiyigis €7P7 IFDY Pop]

(remember that p; Is the sum of the momentum that has entered the
loop so far; so we always have po = 0)

® The integral is zero

~

gy Qiginizis (1) _ 5 /ddle‘“’p" Ipiphrs _

DoD1DyDy tontais DoD;1 Dy D5




How It works...
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To solve the OPP reduction,
choosing special values for the
loop momenta helps a lot
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m—1 m—1
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10<11<12<13
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(l)} H D;

1#£10,81,12
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10<11 1#£10,11
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To solve the OPP reduction,
choosing special values for the
loop momenta helps a lot

~

For example, choosing | such that
Do(I*) = D1 (I*) =
= Dy (1) = D3(IF) =0

sets all the terms in this equation
to zero except the first line




HOw It WOrks... Wyt

e N A
m—1 . m—1 . To solve the OPP reduction,
N = . [dioil“'m i dioilm?’(l)} L1 ™11 choosing special values for the

10<11<12<13 1#10,11,12,13

loop momenta helps a lot

For example, choosing | such that
Do(I*) = D1 (IF) =
= Dy (1) = D3(IF) =0

sets all the terms in this equation
to zero except the first line
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m—1 - m—1
NO= > [dz‘oz‘lz‘gz‘g + dioilizig(l)} D;
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To solve the OPP reduction,
choosing special values for the
loop momenta helps a lot

For example, choosing | such that
Do(I*) = D1 (IF) =
= Dy (1) = D3(IF) =0

sets all the terms in this equation
to zero except the first line

There are two (complex)
solutions to this equation due to
the quadratic nature of the

propagators

o J
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m—1 m—1
+ Z [Cioiliz + Cigiris (l)] H D;
i0<i1<is i£i0 1,02
m—1 m—1
+ Z [bioil +bioi1 (Z)} H D;
10<11 1#£10,11
m—1 m—1
+ Z [aig + ai, (l)} H D;
io iig
m—1
+P(1) 1] D
N\ /

- Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2015 9%
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[
d m—1 _ m—1
N(l) — Z [di0i1i2i3 + dioi1i2i3 (l)] H D
10<11<12<13 ’i;ﬁio 11,12,13
m—1 m—1 [ \
T Z | {%“"Q T Ciginis (l)} 11 | D Now we choose | such that
10<11 <12 1£10,11 ,12
m_l o . o
+ Z [bioil +Biozl } H D; D()(lz) — D1 (lz) = D2 (ZZ) =
10<1?1 ( 7,0 11
m—1 . . .
sets all the terms in this equation
io T D;
2. {a o T o } Zg) to zero except the first and
N second line
+2() T] D \_ /
N\ /

C) Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2015 9%



HOW It WOrkKs... Wpuham

4 m—1 _ m—1
N(l) — Z [dioi1i2i3 T d’ioilizis (l)] H D
10<11<12<13 ’i;éio,’il,’iz,’ig
m—1 m—1 / \
t Z | {Cioim + Cioiio (l)} | H | Di Now we choose | such that
10<11 <12 1£10,11 ,12

Do(1") = D (I") = Dy(I") =0

sets all the terms in this equation
to zero except the first and
second line

N J

= (

o /

C) Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2015 9%
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- Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2045 97




How It WOrks... W Durharn

[
4 m—1 _ m—1
N(l) — Z [dioi1i2’i3 T dioi1i2i3 (l)] H D
10<11<12<13 17£10,41,12,13
/~ m—1 ) T — 1
H > [C’io’il’bé + Cigiria (l)] 1] D - ~
(’?jjl‘” 7o Now, choosing | such that
£ 3 [bigis + bioi (1) H D, Do(I") = D1(1") = 0
10<%1 1#£10,11
sets all the terms in this equation
+ Z [a”iO + a’io(l)} H D to zero except the first, second
o 7 _ and third line Y
+P(1) ][ D
o J

C) Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2045 97
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/
C m—1 _ m—1
N(l) — Z [di0i1i2i3 + di0i1i2i3 (Z)] H D

to<t1<12<%3 17#10,01,12,13
1 T —1

1 Z [C’io’ilzé + 6io’iliz (l)] H D;
Q:,:l% — CalLE 4 Now, choosing | such that A

+ 3 [ + b 0] T D Do(1") = Dy (') = 0
10<%1 1#£10,11

sets all the terms in this equation
to zero except the first, second
\_ and third line )

= (
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C) Coefficient computed in a previous step
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O Y

Now, choosing | such that
D:i(1") =0
sets the last line to zero

\_ /

- Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2045 98
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[
- m—1 _ m—1
N(l) — Z [di0i1i2i3 - dioi1i2i3 (l)] H D

10<11<12<13 ’l:;éi() 11,12,13
/~ m—1 T — 1

H D [Cio’il’bé + Cigiria (l)] H D;
(50<731 <i2 1710,11,12 / . \
1 Now, choosing | such that

a Z [bzo’tl 1011 } H D ) -
\G0<i1 170,11 Dl(l ) o O
m—1 .

sets the last line to zero
+3° [a + aio(z)} H D; \_ y
io iig

o J

C) Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2045 98
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( Now, choosing arbitrary | )

\_ /

- Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2045 99
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( We have our Numerator! )

\_ /

- Coefficient computed in a previous step
 Mattelaeroliviee ~ Monte-carlo Lectwre: (FT2045 100




d dimensions W Durham

® In the previous consideration | was very sloppy in considering
if we are working in 4 or d dimensions

® |n general, external momenta and polarization vectors are in
4 dimensions; only the loop momentum is in d dimensions

o J
4 N
® TJo be more correct, we compute the integral
N(l.1 (=141
/ddl . _(7 )_ f T \
DoD1 Dz -+ D1 d di epsilon dim
M 4 dim P
Di=0+p)?—mi=(1+p)—m?>+1?>=D;+1°
[-1=0 [-pi=1-p; [ l=1-14+1-1
N\ J




' . A
Implications W D
4 - )
® [he decomposition in terms of scalar
iIntegrals has to be done in d dimensions
® T[hisis why the rational part R is needed
\_ /
/ m—1 - 1 \
. d(l@%llzig)/dd€ DiODilDi2Di3
0<10<11<12<13
m—1 - 1
* A C(ZOZliz)/ddé DioDilD’iQ
0<19<11 <12
m—1 - 1
Y o) [ 5
0<109<11
m—1 1
+ 3 aio) / 297 —
10=0 w0
N\ + f /
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® |n the OPP method, they are split into two
contributions, generally called

R =Ry + Rs

® Both have their origin In the UV part of the model,
but only R| can be directly computed in the OPP
reduction and Is given by the CutTools program
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® |n the OPP method, they are split into two
contributions, generally called

R :-l- Ro

® Both have their origin In the UV part of the model,
but only R| can be directly computed in the OPP
reduction and Is given by the CutTools program

® R|[:originates from the propagator (calculate by Cutlools)
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® |n the OPP method, they are split into two
contributions, generally called

Rle

® Both have their origin In the UV part of the model,
but only R| can be directly computed in the OPP
reduction and Is given by the CutTools program

® R|[:originates from the propagator (calculate by Cutlools)

_ ® R:originates from the numerator (need in the model) y
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4 )

® |n the OPP method, they are split into two
contributions, generally called

R:R1

® Both have their origin In the UV part of the model,
but only R| can be directly computed in the OPP
reduction and Is given by the CutTools program

® R|[:originates from the propagator (calculate by Cutlools)

_ ® R:originates from the numerator (need in the model) y
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4 Key Point N

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

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

\_ J

/Two methods N
® Passarino-Veltman
e OPP

\_ /

" One Tool N
® MadlLoop

\_ /




Numerator W Durhar

4 e We want to use (modified) HELAS method A

gt

>
e Closing the lorentz trace :
- SHE g

External Wavefunction for HELAS Y,




= MaalLoop W Durhan
.

¢ Other modifications :

= Allow for the 1oop momentum to be Complex

w Remove the denominator of the loop propagators

<J>IO|_>)

w Close the color trace

AN

C e Ok, now this gives you N (l H ), the integrand numerator to be fed to CT!
[

e But this 1s SLOW!!
e We have to compute this numerator ~ 50 times for each phase-space point!

e Idea instead of computing the numerator compute the polynomial form

Tmaa:
-
N(U#) =7 Oy 101 - 11
r=0
\_ [S. Pozzorini & al. hep-ph/1111.5206]/




Numerical Stability — ¥eute

[a—

o
L
I

10-2 =

Fraction of events B(A)

=g >tf

[w—

<
w
T

=00 > tfg
“4-gog—tfgg

——090—e" Vep-V,,bE

10717 1071 10713 1071 10°° 1077 1073 1073 1071 10!
e For 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)




IREGH

(. New Solution use IREGI: a TIR program A

= Slower than previous method but faster than quadruple precision

\_ = Usually less uncertainty (and not for the same PS point) Y,

/ SteiByity plot for g g > t t~ [ virt = QCD ] (optimized mode, 10000 points) Stal%idity plot forg g > tt~ g [ virt = QCD ] (optimized mode, 1000 Poh

e—e CutTools e—e CutTools
e—e |REGI e—e |REGI
101}
"n (9] 10.1_
< <
[ (]
] >
s 102} 5
S 5
= 102}
103}
10-4 I I I I I ; I 10.3 -17 I-16 .-15 I-14 l-13 I412 l-11 1410 ‘-9 ]~B I-7 ]~6 -5
10V 10 100 104 101 1012 1012 1010 10° 107 10 10" 10 10 10 10 10 10° 10® 107 10° 10

Stability plot for g g >z b b~ [ virt = QCD ] (optimized mode, 1000 points) Stality plot for a a > t t~ a [ virt = QED ] (optimized mode, 1000 point

e—e CutTools e—e CutTools
e—e |REGI e—e |REGI

107} 107}

Fraction of events
Fraction of events

102} 102F

.

10-3 L L L L L L L ! 10-3 L ! ! ! L L
10 10 10 10 10 10 10™ 10 10° 10® 107 10° 10V 10%° 1013 101! 107 107 107 103 I I h
Maximal precision Maximal precision . -S ao




To Remember
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-

integral
- OPP: works at the integrand level
» TIR: works at the integral level
- Loop evaluation is very slow

» Loop evaluation can be “unstable”

N

- The main trick is to decompose in scalar

~

/




MadGraphb5 : The platform — Wnuhm

Various package in MG5 aMC@NLO




Plan W Durham

(" exemple: HEFT A
» Model Description

» Width Computation
» Decay Chain

 Interference

- J
/Will not be cover A
» Re-Weighting method <+ MadWeight
- Scale Variation » Standalone
- TauDecay - external matrix element
. provider (Pythia8 and
\_ MadDM Matchbox) Y.




MadGraph W Durham

1994 MadGraph
2002 MadEvent / . \
* Computing Matrix Element for a fixed
2006 MG/MEv4 Helicity and sum over the felicities.
\_ /
2011 M hs : - ° ‘
0 adGraphS s SQuite of Routine, which allow to write
the matrix element for any (SM)
MadGraph5_ rocess
2014 aMC@NLO p

o /




1991

2002

2006

2011

2014

HELAS

MadEvent

MG/MEv4

MadGraph5

MadGraph5_
aMC@NLO

] |
¥ Durham

University

-

* Automate the creation of the diagram
generation and the writing of the

HEILAS routine

~

o
-

/
~




MadGraph W uttgm

1

5 \

)
|

. Nomh

Dakota had
¥ ‘Mwnescta
R ~

Y

TN vas -

MadGraph5

MadGraph5_
aMC@NLO

2014




1991

1994

2006

2011

2014

MadG raph W Durham

HELAS
MadGraph

(. Multi-Channel Method! A
MG/MEvd » Automatic phase-space Integration

e Generation of Events

-
MadGraph5 /

* Support for the MSSM
MoBNLO (SMADGRAPH)
N\




MadG raph W Durham

1991 HELAS
1994 MadGraph
2002 MadEvent
4 )
* Support for BSM
* Decay Chain
* Pass to a platform (MadOnia/MadWeight/...)
* Matching/Merging
2014

\_
MadGraph5_
aMC@NLO [

J
» Ofhcial/Main SM generator for CMS ]




MadGraph W Dutan

1991 HELAS
1994 MadGraph
2002 MadEvent / 1 . \
e Full restart of the MadGraph part in
Python
2006 MG/MEv4 | .
e Fully Automatic BSM
Various Output Format
 Huge Improvement
\_ J
5014 MadGraph5_

aMC@NLO
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University

1991 HELAS

1994 MadGraph

2002 MadEvent

2006 MG/MEv4

2011 MadGraph5 / \

* Fully Automatic computation at
» NLO* (cross-section)

. ° NLO* matched to PS )
*NLO= NLO in QCD




Effective Field Theory  ¥our

® Only few Operators for one process and different

effects
/Weak Boson production A
/Conserving CP 2 ( Not Conserving CP A
Owww = Tr[W,, WPWH] Ovirww = Te[Wy, WPW]
Ow = (D,®)"W"" (D, ®) Oy = (D,®) W (D, ®)
= (D,®)'B"" (D, ®
\_ /




2-body decay W putzm

(2 body decay c )

1 9 LI N
= —— [ dP2| M b
T <




2-body decay W putam

(2 body decay c )

_ 1 2

By Lorentz Invariance the matrix element is
constant over the phase-space.

A M
16%5]\423

ANM? mi,m3) = (M? —mi —m3)" — 4mim3




2-body decay W putan

/2 body decay )

— 1 2

By Lorentz Invariance the matrix element is
constant over the phase-space.

O E)MP
16%5]\423

ANM? mi,m3) = (M? —mi —m3)" — 4mim3

- Calculable analytically by FeynRules
\_ /




. .Durh.
MadWidth hep-ph/1402.1178 iaed
[Z-body )

- Use FeynRules formula (instateneous)




MadWidth _

-ph/1402.1178

[2-body

J

Fast-Estimation of 3-body

*Only use 2-body decay and
PS factor )

- Use FeynRules formula (instateneous)

<

A
\ [ 4 Purham
Jnversity




MadWidth _

-ph/1402.1178

[2-body

J

Fast-Estimation of 3-body

*Only use 2-body decay and Relevant?
PS factor )

- Use FeynRules formula (instateneous)

<

A
\ [ 4 Purham
Jnversity




[2-body

Fast-Estimation of 3-body
*Only use 2-body decay and Relevant?

PS factor &

MadWIdth W Durham

-ph/1402.1178

/

Use FeynRules formula (instateneous) [\




MadWidth _

p-ph/1402.1178

[Z-body

]

Fast-Estimation of 3-body

*Only use 2-body decay and
PS factor

%

<

Relevant?

No
/ Maybe

*Remove Sequence of 2-
body/radiation diagram

o

(ChalysedeeynRoles formula (instateneous)

/

A
¥ Durham
University

oo




MadWidth

p-ph/1402.1178

[Z-body

]

Fast-Estimation of 3-body

*Only use 2-body decay and
PS factor

%

<

Relevant?

No
/ Maybe

*Remove Sequence of 2-
body/radiation diagram

o

%

("Estimation of 3-body

PS/Matrix-Element

~

- Based on the diagram. Approx.

/

(ChalysedeeynRoles formula (instateneous)

Relevant?

A ]
¥ Durham
University

oo

_/




MadWidth

p-ph/1402.1178

[Z-body

]

Fast-Estimation of 3-body

*Only use 2-body decay and
PS factor

%

<

Relevant?

No
/ Maybe

*Remove Sequence of 2-
body/radiation diagram

o

%

("Estimation of 3-body

PS/Matrix-Element

~

- Based on the diagram. Approx.

/

(ChalysedeeynRoles formula (instateneous)

/

Relevant?

A ]
¥ Durham
University

oo

No

o~

_/




(g - am
- MadWIdth hep-ph/1402.1178 "

- ]

Fast-Estimation of 3-body \
*Only use 2-body decay and | Relevant?
PS factor ) /Maybe

-
(Chalyse GreeyriRotes formula (instateneous) |\

*Remove Sequence of 2-
body/radiation diagram

. Y
(Estimation of 3-body ) // No
-Based on the diagram. Approx. |reievant?
PS/Matrix-Element )
K(es?

\_
K (Numerical Integration ) /




MadWidth

p-ph/1402.1178

[Z-body

]

Fast-Estimation ofjoody

*Only use 2-body decay and
PS factor

%

<

Relevant?

No
/ Maybe

*Remove Sequence of 2-
body/radiation diagram

o

%

(ChalysedeeynRoles formula (instateneous)

(" Estimation o‘)ody

PS/Matrix-Element

-Based on the diagram. Approx. | rejevant?

R

A ]
¥ Durham
University

oo

No

o~

2
Yes?

-
K (Numerical Integration

)




Decay W Durham

Resonant Diagram )




Decay

Resonant Diagram

2

W+

] |
¥ Durham

University

5

oce%mplicated to haye the

! process :
N | S L J
/Problem ; A
J

Y\ (Non Resonant Diagram )

ful




Decay

Resonant Diagram

] |
W Durham

University

~

process

oce%mplicate

b

_/

/Problem

-

Mgn Resonant Diagram _g#"

)
o ‘ol
- - 1
0
2
4

w+ Ve 6

.'o‘. - ‘\ e+

o~
d ;
5

)
o
'S
CJ S
LJ

A g .
”;",,,o-‘ e the fu I "‘J.)_

Cc

-

Solution

» Only keep on-shell contribution




Narrow-Width Approx.

A
¥ Durham
University

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

\_ %
/Comment A
\ %




A
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University

Narrow-Width Approx.

Theory )
|
2 — §(q® — M?
/dq 2 — M2 — iMT MF (@ )

* This @ﬁﬂ#@gﬁﬂimﬂ@ﬂw(ﬁ))
\ —This-ferce-the-particte-to-be-on-sheit <

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




University

=Durham

Decay chains

® pp>tt~wtH (t>wtb wt>I+vl))
(t~ > w- b~ w->jj),\
: ] 1)
w+ > |+ vl

® Separately generate core process and each decay
- Decays generated with the decaying particle as
resulting wavefunction

® |teratively combine decays and core processes

® Difficulty: Multiple diagrams in decays



Decay chains W oiee

» Decay chains retain full matrix element for
the diagrams compatible with the decay

Full spin correlations (within and between
decays)

 Full width effects

* However, no interference with non-resonant
diagrams

= Description only valid close to pole
mass

= Cutoff at Im = nl'| where n is set In
run__card.




Decay chains ¥tz

| | Online Event Generation

& = C () file//localhost/Users/alwall/MadGraph/version_1_0_1/PROC_gogo_tltx_tnl_ballall/HTML/crossx.html w5

Results for g g > go go , (go > tl t~,t~>b~allall/ h+ ,(t1 >tnl ,t > b all all / h+)) in the mssm

Available Results
_ Links |  Events  Tag Run _ Collider  |Cross section (pb) Events
= S |
results banner | [Parton-level [LHE lfmm ms‘i7000xg(l))00 GeV'I 33857E-03 || 10000
Main Page

Thanks to developments in MadEvent, also (very) long

decay chains possible to simulate directly in MadGraph!
. Mattelaerolivieer ~ Momtecarlo Lectwre: (FT2015 199



MadSpin W puta

[Artoisenet, OM et al. 1212.3460]

[Frixione, Leanen, Motylinski,Webber (2007)] . ]
offshell spin unweighted

No | No . YES
One Event | i ;




MadSpin W puham

[Artoisenet, OM et al. 1212.3460]

[Frixione, Leanen, Motylinski,Webber (2007)] . ]
offshell spin unweighted

No | No . YES
One Event | i ;

- smear the mass
- flat decay

( Decay Events )




MadSpin W puham

[Artoisenet, OM et al. 1212.3460]

[Frixione, Leanen, Motylinski,Webber (2007)] . ]
offshell spin unweighted
No | No  YES
One Event S S F
- smear the mass ......................................

- flat decay

.........................................................................................................................

CO v




MadSpin W puham

[Artoisenet, OM et al. 1212.3460]

[Frixione, Leanen, Motylinski,Webber (2007)] . ]
offshell spin unweighted
No | No  YES
One Event S S F
- smear the mass ......................................

- flat decay

.........................................................................................................................

CO v

l - re-weight by [M 4P 12| pmProl”

C Decay Events D




MadSpin W puham

[Artoisenet, OM et al. 1212.3460]

[Frixione, Leanen, Motylinski,Webber (2007)] . ]
offshell spin unweighted

No No . YES
One Event S S

- smear the mass ______________________________________
- flat decay ’ ’

.........................................................................................................................

CO v e

l - re-weight by |[MPFP 2| pProl” ______________________________________

C Decay Events D R i
YES @ YES = No

.........................................................................................................................




~ D~ MadSpin W Durham

[Artoisenet, OM et al. 1212.3460]

[Frixione, Leanen, Motylinski,Webber (2007)] . ]
offshell spin unweighted
No | No  YES
One Event S S F
- smear the mass ......................................

- flat decay

.........................................................................................................................

CO v e

l - re-weight by [V 372/ 1M " rol’ ______________________________________

C Decay Events D e iil Bl L
YES |  YES No
l - accept/reject method ..,  CPiPiLL

- reject the decay not the event

C Final Sample )




~ D~ MadSpin W Durham

[Artoisenet, OM et al. 1212.3460]

[Frixione, Leanen, Motylinski,Webber (2007)] . ]
offshell spin unweighted

No No . YES
One Event S S

- smear the mass ______________________________________
- flat decay ’ ’

.........................................................................................................................

CO v e

l - re-weight by [V 372/ 1M " rol’ ______________________________________

C Decay Events D e iil Bl L
YES |  YES No
l - accept/reject method ..,  CPiPiLL

- reject the decay not the event

C Final Sample ) YES YES YES
. .




=Durham

University
| | NLOI Spinlcorrellationsl on I _ NLO Spinlcorrelationslon |
LO Spin correlations on - - | 0.6 - " 'LO Spin correlations on -~ i .
~ - NLO Spin correlations off - NLO Spin correlations off -
> 0.01 | ", LO Spin correlations off - - LO Spin correlations off - _|—'_'_
S [ ]
- ' - = 0.55 :
= @
B :
3 S 05
T 0.001 | s 7
O [ <
\b i ~—
™ Scalar Higgs 0.45
00001 I ' L L L 1 A
0O 25 50 75 100 125 150 175 200 0.4 ' ' |
-1 -0.5 0 0.5 1
pr(I") [GeV]




Non Definite positive ~— ¥eutar

(" Motivation: )
O(AO) O(A) O(A?)
SM BSM
Model independent Model dependent
\_ Dominant Sub-Dominant )




Non Definite positive W Durham

(" Motivation: )
O(AO) O(A) O(A?)
SM BSM
Model independent Model dependent
\_ Dominant Sub-Dominant Y,




Non Definite positive W Durham

(" Motivation: )
O(AO) O(A) O(A?)
SM BSM
Model independent Model dependent
\_ Dominant Sub-Dominant Y,




Non Definite positive W Durham

(" Motivation: )
O(AO) O(A) O(A?)
SM BSM
Model independent Model dependent
\_ Dominant Sub-Dominant Y,




~@-  Non Definite positive ~ ¥oun

( Motivation: A
O(AO) O(A) (/)(AQ)
SM BSM
Model independent Model dependent
\_ Dominant Sub-Dominant Y,
" Idea: N

» Compute them separately

* Have a new syntax for such selection (NP*2=)

o

\_
Status:
* Not compatible with decay chains

Mattelaer Olivier Mownte-Carlo Lecture: IFT 2015 12=




Type of generation W Dy

e | Tres NLO NLO NLO NLO Loop Loop
¢sm) (Bsm) (QCD). (QCD)  (EW) : (EW) Induced Induced
(SM) (BSM) (SM) (BSM) (SM)  (BSM)

Fix Order

Shower

Loop Induced:




Type of generation ¥ pusier

Tree Tree NLO NLO NLO NLO Loop Loop
(SM) 5 (BSM) - (QCD) (QCD) (EW) | (EW) | Induced Induced
(SM) (BSM)I (SM) (BSM) (SM) : . (BSM)

Fix Order

Shower

/[ooplnduced: )
» 2 to 2 processes: OK on a laptop

» 2 to 3 processes: OK on a small size cluster

\_* 2 to 4 processes: Specific case )




-~ MadGraph Functionality

A
¥ Durham
University

-

~

» Leading Order Option
» Support of BSM
+ Computation of the Width
- Narrow width Approximation
* Decay Chain
» MadSpin
- Systematics
- NLO
+ SM with merging




Tutorial

Olivier Mattelaer
IPPP/Durham



. Al ]

Tutorial map » Rt
/Learning MG5 N\ | /BSMCASE N\

: fOllO\_N the built-in . check the mode]

tutorial - width computation
» cards meaning . .
| - signal generation
* meaning of QCD/QED . decay chain
- details of syntax ($/) .
| * merging sample

* SCript generation

- width computation - background/NLO

- decay chain \_generation /




Learning MG5_aMC



Where to find help? W Durham

® Ask me

® 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

MadGraph Tutorial. 129 IFT 2015



https://answers.launchpad.net/madgraph5
https://answers.launchpad.net/madgraph5/+faqs

What are those cards?

® Read the Cards and identify what they do
= param_card: model parameters

= run_card: beam/run parameters and cuts

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

MadGraph Tutorial. 130

A
¥ Durham

University

IFT 2015



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

. . 28
Exercise ll: Cards Meaning W Durham

University

® How do you change
= top mass

= top width

= W mass

= beam energy

-

pt cut on the lepton

MadGraph Tutorial. |31 IFT 2015




Exercise |l : Syntax W Durham
® 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~ QCDAN2==2

® Compute the cross-section for each of those and
check the diagram

® (Generate VBF process

® check that you have the
diagram that you want

MadGraph Tutorial. 132 IFT 2015



. A
Exercise lll: Syntax W Durham

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

->PP> e+ e-

-»PP>Z,Z>e+e-
-»Pp>e+e-$z
-

pp>ete-/z

Hint :To plot automatically distributions:
mg5> install MadAnalysis

® Use the invariant mass distribution to determine
the meaning of each syntax.

MadGraph Tutorial. 133 IFT 2015



Exercise IV: Automation/Width

® Compute the cross-section for the top pair
production for 3 different mass points.

= Do NOT use the interactive interface

4+ 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)

= Remember to change the value of the width

*

“set width 6 Auto” works

4+ cross-check that it indeed returns the correct width

] |
¥ Durham

University

@xamples

\_

File:

import model EWDIim6

generatepp>zz

;“upn‘ghTUTO—D'ME; How to Run: ./bin/mg5_amc PATH
set nevents 5000
set MZ 100

J

MadGraph Tutorial.

|34

IFT 2015




. . 28
Exercise V: Decay Chain W Durham

® 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.

MadGraph Tutorial. 135 IFT 2015
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%’Durham

Exercise |: Check the model validity

® Check the model validity:

NECK P P =~ UV Uv~

NECK p p =~ ev ev~™

heck pp>tt~pl p2

® This checks
= gauge invariance

= |orentz invariance

= that various way to compute the matrix element
provides the same answer

MadGraph Tutorial. 137 Beijing 2015




W Durham

Exercise ll: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)

® Muv =400 GeV Mev =50 GeV A=0.I

o Ml =1GeV m2=100GeV ml2=0.5 Ge

MadGraph Tutorial. |38 Beijing 2015




g‘*{_)ul_rh?m

Exercise |ll:

® 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 >et ve),(t~>b~w-,w->jj),wt > [+ Vl

.

MadGraph Tutorial. 139 Beijing 2015




28
~Ap~ Too Slow? W Durham

e Use MadSpin! arXiv:1212.3460

= Use Narrow Width Approximation to factorize
production and decay

® instead of

- PP >t t~ W+,(t>W+ b,W+ >et ve),(t~ > b~ W=, W- >jj)’

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

» 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: rewelght=0FF

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

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

® At the next question edit the madspin_card and define the decay

MadGraph Tutorial. 140 Beijing 2015



Exercise IV: generate multiple W Durham
multiplicity sample for pythia8

® VWe will do MLM matching

= in the run_card.dat ickkw=1

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

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

MadGraph Tutorial. |41 IFT 2015



Exercise V: Have Fun

® Simulate Background

® Go to NLO (ask me the model)

MadGraph Tutorial. 142
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Exercise |l: Cards Meaning

® How do you change

MadGraph Tutorial.

)

4
4
4
4

top mass
top width
W mass
beam energy

pt cut on the lepton

Param card

I Run_card

144
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® top mass

FHHFRH L IRV RN R R HR R AR R R R EHARBANR
## INFORMATION FOR MASS
SHEVBLRBBIBBUBABBRBBVRARBRBRERARBRNE
Block mass

6 1.73000€e+02 # MT

23 9.11880¢e+01 & ML
25 1.20000€c102 # MH

## Dependent parameters, giver by model restrictions.

## Those values should be edited following the

## analytical expression. MGS ignor2s those values

## but they are important for interfacing tne output of NG5

## to external program such as Pythia.
1 0.000000 # d : 0.0
2 0.000000 ®# U : @
3 0.000000 # s : 0.
4 0.000000 # c : 0
11 0.000000 # e- :
12 9.0D0000 & ve :
13 0.000000 # nu- :
14 0.000000 # vm : €.0
16 0.000000 # vt : €.0
21 0.000000 # g : @
22 0.000000 # a : 0.
24 80.3419002 # w+ :

MadGraph Tutorial.
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= Qufrh;;lm

® VV mass

FHEBHLRBLHBRBAR BB BRBAR B RRGRIRB RS
## INFORMATION FOR MASS
FREBBLBBIBBBBABBRBBEBABBRBBERABRRNE
Block mass
5 4.70000€c 100 # MB
6 1.73000Ce+02 # NT
15 1.77700Ce+00 # MTA
23 9.11880¢e+01 # ML
25 1.20000€c102 # MH
## Dependent parameters, qgiver by model restrictions.
## Those values should be edited following the
## analytical expression. MG5 1ignor2s those values
## but they are important for interfacing tne output of NG5S
## to external program such as Pythia.
1 0.000000 # d : 0.¢€
Z 0.,000000 ® u : @
3 0.000000 # s : O
4 0.000000 # c : @
11 0.000000 # e- :
12 9.000000 # ve :
13 0.000000 # nu- :
14 6.000000 # vm : €
16 0.000000 # vt : €
21 0.000000 # g : 0.

,,,,,,

4
e
le
e
4

00.419002 # w+ : cmath.scrt(MZ__exp__2/2. + cmath.sqrt{MZ__exp__4/4. - (aEWscmath.pixMI__exp__2)/(Gfxsqrt__2)

W Mass is an internal parameter!
MG5 didn’t use this value!
S0 you need to change MZ or Gf or alpha EW

MadGraph Tutorial. 146 IFT 2015




Exercise lll: Syntax

® VWhat’s the meaning of the order QED/QCD

® VWhat’s the difference between
Pp~tt~

pp>tt~ QED=2

pp>tt~ QED=0
P

i 1 1 1

b >t t~ QCDA2==2

MadGraph Tutorial. 147
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Solution | : Syntax W Durham
® 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

4+ additional diagrams (photon/z exchange)

Pp>tt~ pp>tt~ QED=2

Cross section (pb) Cross section (pb)

3558 +0.91

555 +0.84
No significant QED contribution



® QED<=2 is the SAME as QED=2

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

e QCDA2==2

= returns the interference between the QCD and the
QED diagram

Cross section (pb)

D.455e-17 + 4.7e-19 + systematics

MadGraph Tutorial. 149
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. A
Solution | Syntax W Durham

-

= /6 processes

= |432 diagrams

~

® oenerate p p > Wt w-| |

= /6 processes

= 5332 diagrams

. - None of them are VBF y
a - )
® oeneratepp >wtw-]] QED =4

-

.~ VBF present! + those not VBF y

® oenerate pp > wt w-] QCD =>
= /6 processes

S = 5332 diagrams y

MadGraph Tutorial.

150

C generate p p > wt+ w- | ] QED = 2\
= /6 processes
= |432 diagrams
= None of them are VBF y

\_
A N
® oceneratepp>wtw-]]QCD =0
= 60 processes

= 3900 diagrams

|
" VBF present! y

/
® oceneratepp>wt w-]]QCD =4

= /6 processes

\_ ™ 5332 diagrams )

IFT 2015
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Exercise IV: Syntax

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

= pp~> ete-
Dp~>12z,z~> et e-

-
= pp>ete-%$z
-

bp>ete-/z

Hint :To have automatic distributions:
mg5> install MadAnalysis
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(16 diagrams)
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(8 diagrams)
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/L Peak pp>z,z>ete-
(8 diagrams)

> e+ e-
P P (16 diagrams)
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(16 diagrams)
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(16 diagrams)

Onshell cut: BW cut
IM* — M| < BWy #T

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

® 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.
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® 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)

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

MadGraph Tutorial. | 54 IFT 2015




See previous slide warning =£)urham
niversity
pp>ete-/”L

(red curve) (blue curve)

=10fb™)

N. of e+ e- pairs (L
[ -
2 =
IIIIII| L IIII 1 IIIII L

in

S
ﬂﬂﬁb

102:] L.l Ill lll Illlll
0 20 40 60 80 100

(-1
S

:

lllll
120

Ill 1 1 | - 1
140 160 1B0 200

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

MadGraph Tutorial. 155 IFT 2015




See previous slide warning W Durham

University
P P > e+ e (r{dcé addlng P P > e+ e- $bIEjrve)

|

—

=
»

in

S
ﬂ%b

0 20 40 60 80 100 120 140 160 IB0 200
2.
M [ e+ e- | (GeV/c*)

(-1
S

N. of e+ e- pairs (L
[y
4
IIIIII| L IIII 1 IIIII L

MadGraph Tutorial. 155 IFT 2015




See previous slide warning W Durham
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addingpp>ete-$~Z
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See previous slide warning W Durham
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pp>ete-/”L addingpp>ete-$~Z

(red curve) (blue curve)

® / onshell veto

—h
=

® |n veto area only
photon contribution

2

® area sensitive to z-peak

N. of e+ e- pairs {Lm=10fb")

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

M[e+e 1 (GeV/cd) interference which are
need to be KEPT in
5 times width area simulation.

2
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|5 times width area
>15 times width area
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pp>ete-/”L addingpp>ete-$~Z

(red curve) (blue curve)

® / onshell veto

® |n veto area only
photon contribution

—h
=

2

® area sensitive to z-peak

N. of e+ ¢ pairs (L_ =10fb”)

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

M[e+e 1 (GeV/cd) interference which are

need to be KEPT in

5 times width area simulation.

2

10?

|5 times width area
>15 times width area

The “%’ can be use to split the sample in BG/SG area
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® 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.
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® 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)

o ARE NOT GAUGE INVARIANT !

® forgets diagram interference.

® can provides un-physical distributions.

Avoid Those as much as possible!
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® 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)

o 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.
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® Syntax like
O PP>Z’Z>e+e'

O Pp>e+e-$z

A
¥ Durham

University

(on-shell z decaying)

(forbids s-channel z to be on-shell)

® Are linked to cut |[M* — M| < BW_u T

® Are more safer to use

® Prefer those syntax to the previous slides one
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Exercise V: Automation W Durham

® | ook at the cross-section for the previous process
for 3 different mass points.

= 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.
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Exercise V: Automation W Durham

® File content:

import model sm
generate p p > t t~
output

launch

set mt 160

set wt Auto

cljgzﬁch ® RUI"\ it b)’
set mt 165
set wt Auto ® /bin/mg5 PATH

launch
set mt 170

set Wi Auto ® (smarter than ./bin/mg5 < PATH)
aunch
set mt 175

set wt Auto ® |[f an answer to a question is not
launch

set mt 180 present: Default is taken automatically
set wt Auto

launch

set mt 185]

set wt Auto
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Exercise VI: Decay W Durham

/I\/IadSpin )
® generatepp >tt~h

MadSpin Card
= decay t > wt+ b,w+ > e+ ve

= decay t~ >w- b~, w- > e- ve~ 2m18.214s

- decav h > b b~ 0.004707
N ! y
[I\/IadGraph A

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

9m30.806s
0.003014

kDifferent here because of cut (not cut should be applied since 2.3.0) y
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