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Caveats

Mainly From a user’s point of view
Try to be practical.

Focusing on hadron collider

Not meant to be exhaustive
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Event Format: LHE, HEP

ME-PS Matching/Merging
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The SM: 3 interactions
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QED vs QCD
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The Nobel Prize in Phys1cs
2004 QCDHit

David J. Gross H. David Politzer Frank Wilczek
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 2004 was awarded jointly to David ).
Gross, H. David Politzer and Frank Wilczek "for the discovery of
asymptotic freedom in the theory of the strong interaction”.



QCD cutoff :

Non-perturbative Region
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Anatomy of a LHC Collision

LHC collision: QCD machine Factorization Theorem:
Separate Short Distance
Physics from Soft one

QCD Machine

Factorization
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PT and (pseudo-)Rapidity

(AR)* = (An)* + (Ag)’
1L orentz Invariant Distance

LHC typical:
PT>20-30GeV

In|<2.5, 4.7

AR >0.3,0.4,0.5,0.7,0.8




Lightcone kinematics and boosts

Introduce (lightcone) p™ = E + p; and p~ = E — p,.

Note that p*p~ = E? — p2 = m?

J_.

Consider boost along z axis with velocity 3, and v = 1/+/1 — 32

P,
!

P
EJ’

Px.y
v(pz + B E)
Y(E + 3 pz)
1
v(1+B)p" = I;%P+=kﬁ%
- B
Y(1-B)p" = II%F_:%T
1. p*t 1, kp*
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Pseudorapidity

If experimentalists cannot measure m they may assume m = 0.
Instead of rapidity y they then measure pseudorapidity n:

o VM 4Pt n=1 1 lpl+pz _ ol +pe
\/mz +p2—ps Pl — Pz pL

or

1I p+pcost 1 1+ cosb
T — — 1IN = — = -
/ 2 p—pcosd 2 1-—cost
1, 2cos?6/2 cosf/2 0
= —lIn = In — = —Intan =
2 2sin%4/2 sinf/2 2

which thus only depends on polar angle.

7 is not simple under boosts: 75 — 1} # 12 — n1.

You may even flip sign!

Assume m = m; for all charged = y;; intermediate to y and 7.
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Mandelstam variables

For process 1 +2 — 3+ 4
P2

s = (p+p2)?=(p3+pa)
t = (p—p3)°=(p2—pa)’
u = (pm—p)=(p2—p)° m

In rest frame, massless limit: my = my = m3 = my = 0,

E'['ITL
P1,2 — 2 (laoaoﬁj:) P3
E{.‘m . A ~
P34 = (1; +=sin#,0, + cos ) g
| 2 P1 P2
S - E'[.'2H1
t = —2p1p3 = —g(l — cosf) pa

S ~
u = —2p2p4:—§(1+c059) s+t4+u=20
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s-, t- and wu-channel processes

Classify 2 — 2 diagrams by character of propagator, e.g.

u \ U
*XZO
Y
s-channel t-channel u-channel 7
Singularities reflect channel character, e.g. pure t-channel:
do(qq’ — qq') T4 8%+ u®
= — —Q
dt 529 t2
peaked at t - 0 = u~ —s, so
do(qq — qq') _ 8ma? 32ma? _ 8maf _ 8maf
dt 9t? 9s2(1 —cosf)2  9s2sin*d/2  9p]

I.e. Rutherford scattering!
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Parton, Jet

b Hadrons

Jets make this
correspondence

I .'
What we calculate What we measure



Type of event N
ete~™ —+ hadrons event on the Z peak 40
HERA direct photoproduction (dijet) or DIS 41
HERA resolved photoproduction (dijet) G0
Tevatron (/s = 1.96 TeV) dijet event 200
LHC (/s = 14 TeV) dijet event 4010
LHC low-luminosity event (5 pileup collisions) 1000
RHIC AuAn event (/5 = 200 GeV /micleon ) 3000
LHC high-luminosity event (20 pileup collisions) | 4000
LHC PbPb event (/s = 5.5 TeV /nucleon) 30000

Table 3: Orders of magnitude of the event multiplicities N (charged 4+ neutral) for various kinds
of event. The ete~, photoproduction, DI2 and pp results have been estimated with Pythia 6.4[102,
100], LHC PbPb with Pythia + Hydjet [103] and RHIC has been deduced from [104]. Note that
experimentally, algorithms may run on calorimeter towers or cells, which may be more or less
numerous than the particle multiplicity.



Parton, Jet

K. Jet Algorithm
* Form nredusters out of seed towers
% Had. cal. cone with R = 0.4, R=0.7 or R=10
, : !
Calorimeter jet !
] T EEEEEE % Em. cal. dij=mi-“(Ei,i!Ei‘,j)ﬁ1] dij :E?r,i
TRyl D
o - _ _
RIEEE
\
\ f —
Particle jet \ ] ™ Kete. ; Kr jet Cone jet
\ ! Move i to list of jets All clusters withr < D are merged
| i Clusters wath r > D can be merged if AE > >(
R | - - 7 No
Parton jet
Jet Shapes are more naiural
* no arbitrary spl/mer param
> > - *1no Ry, param at parton leve
P P * Produce list of jets (AR=D)




Jet Algorithm

. Work out all the d;; and d;g according to eq. (8],
. Find the minimum of the d;; and d;p.

. If 1t 15 a d;;, recombine ¢ and j into a single new particle and return to step 1.

. Otherwise, if it is a d;g, declare i to be a [final-state| jet, and remove it from the lLst
of particles. Return to step 1.

. stop when no particles remain.

Ky J.FI n — L min {Ili_“ ’ F-_;;:)

D:_I QO QI Cambridge/Aachen d

Jujz =

anti-ky dj j, =
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4-momenta, hits/deposits, digitalize
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Your study can be cut at some level, depending
on what you want



Simulation at all levels

Event Generator Position

“real life” “virtual reality”

_ produce
]
Machine = events events Event Generator

Tevatron, LHC PYTHIA, HERWIG

\’ observe & store events /

Detector, Data Acquisition Detector Simulation
ATLAS CMS,LHC-B ALICE Geantd, LCG

“\‘ ‘_',_..-""

Event Reconstruction
knowable? ORCA, ATHENA ‘quick

and dirty”

what is

r

compare real and , _
Fhysics Analysis

simulated data ROOT, JetClu

'

conclusions, articles, talks, . .




Generator Landscape

General-Purpose Specialized
Hard Processes a lot
HERWIG
Resonance Decays HDECAY, ...
Parton Showers PYTHIA Ariadne/LDC, NLLjet
Underlying Event ISAJET DPMJET
Hadronization none (7)
SHERPA

Ordinary Decays

TAUQOLA, EvtGen

specialized often best at given task

, but need General-Purpose core



Parton Distribution Function

parton interactions
fin(x, u2): parton density function

;'I;\'*.
i \
®

K e

o x is momentum fraction
e/ . . .

Parton Model Up IS factorization scale
Non-perturbative functions., from
clobal fit

o0

The scattering particle only sees
the valence partons. At higher

energies. the scattering particles
also detects the sea partons.



PDF and LHAPDF

Many choices on the market

NNLO, 0 =0.118, Q = 100 GeV

“rEmOVeRFN.] " J§ Default choice in
o 2= Wweor MG_aMC@NLO
M98 i MMHT 14 |||' Is NNPDF2

It was CTEQ6L1 before

X _1 https://lhapdf.hepforge.org/

LHAPDF is a general purpose C+t+ interpolator, used
for evaluating PDFs from discretised data files.



Scale/PDF Uncertainties: PDF4LHC

UCL DEPARTMENT OF PHYSICS AND ASTRONOMY »

PDF4LHC

PDFALHC http://www.hep.ucl.ac.uk/pdf4lhc/

Recommendation for LHC cross section calculations

The LHC experiments are currently producing cross sections from the 7 TeV data, and thus need accurate
predictions for these cross sections and their uncertainties at NLO and NNLO. Crucial to the predictions and
their uncertainties are the parton distribution functions (FDFs) obtained from global fits to data from
deep-inelastic scattering, Drell-Yan and jet data. A number of groups have produced publicly available PDFs
using different data sets and analysis frameworks. Given the necessity of having an official recommendation
from the PDF4LHC working group available on a short time frame, the prescription outlined at the the link
below has been adopted.

NLO Summary:

For the calculation ol uncertainties at the LHC, use the envelope provided by the central
values and PDV 4, errors from the MSTWOS, CTEQ6.6 and NNPDIF2.0 PDFs, using each
group’s prescriptions for combining the two types ol errors. We propose this definition of



Hard Scattering:

Hard Scattering: ;c’wp
LO, NLO, NNLO QCD, QED..

1O: Born term

1 1 . . ‘ dt’%} '
dﬂ'hlhg — Z /D d;.'f-‘?; /{; d;.’f-‘j Z / d(;[]f fiﬂll (;I.'f.;;_ 4“%:) fj,fhg ("'I".j' ﬁf%i) dor df:‘({{bf
ij ' f i'

Factorization scale Ur
Penormalization Scale o,
Phase Space do;



Hard Scattering: Higher order

loops (virtual corrections) or legs (real corrections)

A J\f)

@ effect: reducing the dependence on ur & ur

(NLO first order allowing for meaningful estimate of uncertainties)

@ additional difficulties when going NLO:
ultraviolet divergences in virtual correction
infrared divergences in real and virtual correction

. 8TeVLHC
% Higgs inclusive

— NNLO
: ~~'NLO

xsec |- Lo

5
.
: £y

.
-
.
.




Next-to-leading order (NLO) calculations

|. Lowest order, l. First-order real, lll. First-order virtual,
C](f_‘rem}l ﬂ(ﬂemi_‘rs}l E}{.{'hE[ﬂ{"tS_}:
qq — Z0 aq — Z‘jg etc. qq — Z9 with loops

de/dp | de/dp
lowest order
finite o
> P
virtual, —~c
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Higher order Calculation is not easy

pp 2 W + 0 jet 1978 Altarelli, Ellis, Martinell
pp 2 W+ 1 jet 1989 Arnold, Ellis, Reno
pp 2 W + 2 jets 2002 Campbell, Ellis
pp =2 W + 3 jets 2009 BH+Sherpa

Ellis, Melnikov, Zanderighi
pp 2 W + 4 jets 2010 BH+Sherpa

pp ->W +5 jets 2013 BH+Sherpa



Hard Scattering: Matrix Element

Fevynman LRules >

e~ (p) ,u+ k)
iM =0 (p')(—iey*)u* (p) (_;gj") i (k)(—ien” o (k')
W Jn‘\f\f\;’r\
sauared >
._1

£ (R IMP = (0 up)alp)y o (@) (@k) ek )o (k') vu(k))

Sum over spin. Irace

e

1 1 ‘ 4 . ' ! ! ' '
52 EZZZ MP = %‘Trﬁ’ﬁ')‘pﬁ-"’]Tl‘[ééh# L iy [(p- k)P - K)+(p-K) (P k)]

This works well for a few diagrams. however. for 2->n
process. there can be huge number of diagrams

0(n?)



Complexity: factorial growth in ete™ — qg + ng

n #diags - . ' '

0|1 :

12 £ 100k ]
2| 8 s |

3|48 -E m-— .
4 | 384 2

| |
1 L E

Number of gluons



[MURAYAMA, WATANABE,
HE LAS HAGIWARA, 1992]

Helicity Method. numerical way., sum over spin later:

O(n)

Basics: Helicity amplitudes

|dea: Evaluate 7% for fixed helicity of external particles

Numbers for given helicity and momenta

Calculate propagator wavefunctions
Finally evaluate amplitude (c-number)

CALL OXXZXA(P(0,1) ,ZERO,NHEL (1) ,-1*IC(1) ,W(1,1))
. . . CALL IXoA(P(0,2) ,ZERO,NHEL(2) ,+1*IC{2) W(l,2))
HE"':'t}' amPhtUdE calls CALL I¥AX(P(0,3),ZERO,NHEL(3),-1*I1C(3) ,W(l,3)})
written b}, MadGraph CALL O¥XZL (P (0,4) ,Z2ERO,NHEL (4) ,+1*1C(4) ,Ww(l,4))
CALL JIOXX(W(l,2),W(l,1),GAL,ZERO,ZERO,W(1l,5))
CATT. IOV (W(l,3) W(l,4) ,w(l,5) , GAL,AMP (1))



Automation of ME

—automatic Feynman Diagram generating and evaluating
* For 2->n processes, generating all possible topology

 Trying filling particles in the SM or new physics

* Writing down HELAS subroutine and codes

Wavefunctions

Run time

Process Amplitudes MG 1T MG 5 | MG 4 NG T

uu — e’ e 2 6 ¥ < bus < Gps
uii = ete"ete 48 62 32 0.22 ms | 0.14 ms
uii = ete"ete~ete 3474 3194 301 46.5 ms | 19.0 ms
wit — dd 1 5 5 < 4us < 4pus

uii — ddg 5 11 11 27 ps 27 ps
uu — ddgg 38 47 29 0.42 ms | 0.31 ms
utt — ddggg 393 355 122 10.8 ms | 6.75 ms
wier — wigq 76 84 40 1.24 ms | 0.80 ms
uiL = uugqgq 786 632 174 35.7Tms | 17.2 ms
utt — dddd 14 28 19 84 ps 83 us
utt — ddddg 132 178 65 1.88 ms | 1.15 ms
uu — ddddgg 1590 1782 286 141 ms | 344 ms
wit — dddddd 612 758 | 141 | 425 ms | 6.6 ms

Time for matrix element evaluation on a Sony Vaio TZ laptop

Alwall
2012



aNalaslalaNaNaNaNalel

[aNaNel

e+e-> mu+mu-/Z

e @
1

IF (XTOT.NE.GDO) THEN

ANS=ANS*AMP2 (SUBDIAG(1) ) /XTOT
ELSE
ANS=0D0O
ENDIF
ENDIF
ANS=ANS/DBLE (IDEN)
Print *, "------camanao.-
Print *, "ZQQQQ1", ANS*4.0
ql2= Zd@*(P(@ 3)*¥P(0,4)-P(1,3)*P(1,4)-P(2,3)*P(2,4)-P(3,3)*P(3,4))
pal=(P(®,1)*P(0,3)-P(1, 1)*P(1 3)-P(2,1)*P(2,3)-P(3,1)*P(3,3))
pa2=(P(0,1)*P(0,4)-P(1,1)*P(1,4)-P(2,1)*P(2,4)-P(3,1)*P(3,4))
pbl=(P(®,2)*P(0,3)-P(1,2)*P(1,3)-P(2,2)*P(2,3)-P(3,2)*P(3,3))
pb2=(P(0,2)*P(0,4)-P(1,2)*P(1,4)-P(2,2)*P(2,4)-P(3,2)*P(3,4))
m12=32.d0* (pal*pb2+pa2*pbl)/q12/q12*8.9937763771622652E -003
Print *, "ZQQQQ2", ml2, ql2
Print *, B T "
END

REAL*8 FUNCTION MATRIX1(P,NHEL,IC)

Generated by MadGraph5 aMC@NLO v. 2.4.2, 2016-06-10
By the MadGraph5 aMC@NLO Development Team
Visit launchpad.net/madgraph5 and amcatnlo.web.cern.ch

Returns amplitude squared summed/avg over colors
for the point with external lines W(0:6,NEXTERNAL)

Process: e+ e- > mu+ mu- WEIGHTED<=4 / z @l
IMPLICIT NONE

CONSTANTS
INTEGER
PARAMETER (NGRAPHS=1)

INCLUDE 'genps.inc'
INCLUDE ‘'nexternal.inc’

NGRAPHS

| Z0QQo1

gliphy@qliphy: ~/Desktop/MG5_aMC/MG5_aMC_v2Z_4 z/eemm

File Edit View Search Terminal Tabs Help

gili@lxplus754:~ % gliphy@qliphy: ~/Desktop/MG5_aMC/... = [‘gliphy@qliphy: ~/Desktop/2021Spring..-

Z0QoQ1l
Z0Q0Q2

.5792325502347950E -
.5792326204799318E -

£0Q0Q2

.9937267682229867E -
.9937268755063287E -

Z0Q001
Z0Q0Q2

. 7744210521205065E -
. 71744211100198870E -

ZQQQQ1

. 7068399004403285E -
. 7068399573030188E -

.1071722536203209E -
.1071723473039609E -

.4424862883308329E -
.4424863871581681E -

.1131742520158230E -
.1131743304515941E-

002
002

002
002

002
002

002
002

002
002

002
002

002
002

1000000.0000000000

1000000

.0000000000

1000000

.0000000000

1000000

.0000000000

1000000

.0000000000

1000000

.0000000000

1000000.0000000000




Hard Scattering: Phase Space

d(l)nfp:pla p'ﬂ‘,}

n J4 i N | .
H (2539(31?}‘5(}?12 —m7)(2m)*s? (P — Zpi)

i=1 i—1
T d .
N H(QW}SQE (2m)"5° ( Zpi)-

S3 ..

3n-4 .
= - 2 T 03
+2 =3n-2 dimension S, .

_____ ‘.

AN example of Phase space factorization

> PRecursive im numerical

|
dtb?l[:P!pla"'ﬁpH) — —dgzd@j(Q,pl,..-,}Jj)d{ﬁn—j+l(P:Q:}Jj+1,-..,Pn)-
2T



MC Technique

N
= . 1
I=] dz f(x) = (xa — 1) {f(x)) IELIE_IIJEZJF[I:']‘

1 - i=l1

N points randomly distributed in [x1,x2]

Weight: Wi = (x2 — x1) f(x:)

N
.
Average of Weight: ~Iv=5) Wi

1
2

- o 2 | X
Variance: Vy- Z“ L

‘Central Limit Theorem [ = [y + 1;



MC Technique

Good convergence for high dimension integrals
We also got events randomly distributed
Vy should be small: importance sampling

Breit-Wigner distribution

M2 ]
= / dm?
M2 {i".l"iLl — _I?L,IE}E + _'illlr'_fi]_—|E

m? = MT tan p + M?
. i

Moz ﬁmg
I = f dp
Pmin a'ﬂ

1 Pz d
N m ‘/.Pmin P . ME;SS m

1
(m? — M%)2 + M°T?




Unweighting

We often want events without weights as mother Nature produce

1. Monte Carlo integration and scanning are performed:
N points are picked randomly

2. The phase-space point which give the maximum weight,
Wmax is stored

3. ‘hit-or-miss’: go through randomly chosen phase-space
points and compare the probability of each, given by
Wi/Wmax to a random number R in (0, 1).

If Wi/Wmax > R, we ‘accept’ the event, otherwise wereject
it. This is done until we have collected the desired number
of events, Nevents.



Les Houches Event File hep-ph/0609017

<LesHouchesEvents version="1.0">
<header>
#iAdditional information
.<[header>
<init>
2212 2212 0.40000000000E+04 0.40000000000E+04 0 0 10042 10042 3 1
0.13448000000E+02 0.11328000000E+00 0.26896000000E+01 0

. </init>
Jet <event>
. 8 0 0.2689600E+01 1000000E+04 0.7957747E-01 0.9421117E-01

/ "n“ 2 -1 0 ] 0 0.00000000000E+00 0,00000000000E+00 0.12216473395E+04 0.12216473395E+04 0.30000000261E-02 0. 1.
""""""" v -2 -1 0 ] 0.00000000000E+00 0,00000000000E+00 -0.95840193959E+03 0.95840193960E+03 0.30000000261E-02 0. -1.
St 6100002 2 1 2 502 0.12085632485E+03 -0,21778312976E+03 0.82072277461E+03 0.11732307109E+04 0.80000000000E+03 0. 0.
? : -61@6@@2 2 1 2 0 502 -(N2085632485E403 0.21778312976E+03 -0.55747737471E+03 0.10068185682E+04 0,80000000000E+03 0. 0.
et 2 1 3 3 502 0 -0, 441025E+02 -0.27383300132E+03 0.36569663377E+03 0.46454822740E+03 0,30000000261E-02 0. 1.
o 5100022 1 3 3 0 0 0.20503 0.56049871558E+02 0.45502614084E+03 0.70868248348E+03 0,50000000000E+03 0. 1.
'-_-.::37,, ........... -2 1 4 4 0 502 0.10854022 +03 0.26478799687E+03 -0.18273879961E+03 0.33953958975E+03 0.30000000261E-02 0. -1,
<7 510002 1 4 4 0 0 -0.22939655164E+83 -0.47004867115E+02 -0.37473857510E+03 0.66727897847E+03 0.50000000000E+03 0. 1.

jet  </event>
<event>

ol Weight:

I 13.448 pb

/ Hevents
Mass Array:

N~ 1800 GeV, 500 GeV, [800 GeV, 500 GeV]



W polarization

the W moves strictly along the beam axis, with no transverse momentum, py = (). Suppose
the W is moving in the direction of the initial-state quark, as opposed to the anti-quark.
This is likely to be the case at the LHC, becanse the LHC is a pp machine and the quark
distributions g(x) have a larger average momentum fraction = than the antiquark distribu-
tions g(x). Because the electroweak charged current is purely-left-handed, the quark must
be left-handed and the anti-quark right-handed. (We assume massless quarks and leptons
throughout this paper.) By angular momentum conservation, the spin of the W is 100%
left-handed along its direction of motion, for either W or W, as shown in fig. &l This effect
is diluted some by anti-quarks that occasionally carry a larger x than the quarks with which
they collide. However, the dilution is small at large rapidities, because the ratio g(x)/q(z)
increases rapidly as x — 1.
- =
U—><«—d
e W
P
FIG. 2: When a W+ is produced at lowest order by u(zq)d(x2) — W with 2 > w9, it is 100% left-
handed polarized along its direction of motion, which is along the beam axis in the quark direction.
Thick (black) arrows represent spin vectors; the other arrows represent momentum vectors in the

pp center-of-mass frame.

[1103.5445] Left-Handed W Bosons at the

LHC (arxiv.org)

import model heft
generate p p > h>w+ w-,w+ > mu+vm, w- >JJ

import model sm

generate p p > W+ w-, W+ > mu+vm, w- > j |
Or

generate p p > W+ W-, W- > mu- vm~ , W+ > j j
output ppww

import model RSgeneratep p >y > w+ w-, w+ >
mu+vm, w- > jj


https://arxiv.org/abs/1103.5445

P p > W+ W-, W+ > mu+ vm, w- > ((
P p > W+ W-, W- > mu- vim~, W+ > Q

B L ey R
int firstdwp=1;
int firstdwm=1;

TLorentzVector w;
TLorentzVector lep;
TLorentzVector neu;

for(int j=3; j<=nne; j++){
TRootLHEFParticle *ppw=(TRootLHEFParticle*) branchParticle-
>At(j-1);

ifw=(fabs (ppw->PID)-13)*(fabs(ppw->PID)-11);
ifwb=(fabs(ppw->PID)-12)*(fabs(ppw->PID)-14);
}

lep.SetPtEtaPhiE(ptl,etal,phil,el);

neu.SetPtEtaPhiE(ptv,etav,phiv,ev);

w=lep+neu;

TVector3 vl = w.Vect();
TLorentzVector lep in w(lep);
TVector3 wboost = - (w.BoostVector());
lep_in w.Boost(wboost);

TVector3 v2 = lep in w.Vect();
double theta = v1.Angle(v2);

hl->Fill(cos(theta),nbin/(finx-inix)/float (number0OfEntries));
¥

TChain chain2("LHEF"

A7CCCCOCCOeeeceecedd g(((((((((((((((((((((((((((((((((((
chain2.Add(”sm2.r00t"i

’

/I f Frasta nhiart Af ~lace EvDAntTraaDasdar

C++ > TabWwidth:8 ~ Ln 59, Col1

if (ifwb==0) {ptv=ppw->PT; etav=ppw->Eta; phiv=ppw->Phi;ev=ppw->H

B e R

-

le Edit ch Terminal Tabs Help

1103.5445. pdf h sm2 y

1.jpg h.root sm2.root y.root
Lecture2.pdf sm.root

angular.pdf ppbar test2.cpp

goldschmidt_poster.pdf sm WeakWW-1.pdf

qliphy@qliphy:~/Desktop/2021Spring/refs/Tutorial/Tutorial-WW

ngular$ root -1 test2.cpp

root [0]

if (ifw==0) {ptl=ppw->PT; etal=ppw->Eta; phil=ppw->Phi; =Processinq test2.cpp...

test graph

File Edit View Options Tools Help

_ h1
- Entries 200000
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p p > higgs or Graviton > w+ w-, w+ > mu+ vm, w- > qq

R L T T

#* MadGraph5_aMC@NLO  #* MadGraph5_aMC@NLO bzisenng - dliphy@aliphy:~/Desktop/2021Spring. jen

# #* le angular.pdf has been creat

#* * Ak * *

#* * ¥ % gk * * % *

#* ¥ k k k § k k ok * P X kK ¥ ¥ § ¥ ¥ x %

ﬁ: L £ * *ﬁi o c T acing existing TH1: hl (Poten

ﬁ: ﬁ: test graph

#+ VERSION 2.4.2 26+ VERSION 2.4.2 2016-06-10 1£lo EdU View Oplons Took Hep
B il h1

#x The MadGraph5 aMC@NLO Development Tez#* The MadGraph5 aMC@NLO Development Team - Find us at RS Graviton — 100000
#* https://server@6.fynu.ucl.ac.be/proje#* https://server@6.fynu.ucl.ac.be/projects/madgraph nries

#* B+ 0.7 Mean 0.0005545
FEEEE R R R o o o oo ook ok ok ok ok ook Rl ok ok S S R R R R R Higgs (mH=250GeV) RMS 0.6182
i i+ : I

#* Command File for MadGraphi#* Command File for MadGraph5 aMC@NLO 0.65

#* #* r

#* run as ./bin/mg5 aMC filename #* run as ./bin/mg5 aMC filename L

#* #* r

FEE R R R o o o oo ook ok ok ok ok ook Rl ok ok S S R R R R R R AOS__

set group subprocesses Auto set group subprocesses Auto -‘-,’:’ C

set ignore six quark processes False set ignore six quark processes False 2 [

set loop optimized output True set loop optimized output True g.55—

set loop color flows False set loop color flows False o L

set gauge unitary set gauge unitary % F

set complex mass scheme False set complex mass scheme False 20 5;

set max_npoint_for channel 0 set max_npoint_for channel 0 g “r I

import model sm import model sm r

define p=gucd s u- c~ d~ s~ define p=gu cd s u~- c~ d~ s~ =

define j =g u cd s u- c—- d- s~ define j =gu cd s u- c- d- s~ 0-45f

define 1+ = e+ mu+ define 1+ = e+ mu+ -

define 1- = e- mu- define 1- = e- mu- C

define vl = ve vm vt define vl = ve vm vt 0.4

define vl~ = ve~ vm~ vt~ define vl~ = ve~ vm~ vt~ r

importmOdelRS importmodelheft _\\‘Illl\l\‘\Illll\‘\Illll\l\l\lllll\\\
generate p p > y > w+ w- , w+ > mu+ vm , w-generate p p > h > wt w- , Wk >mu+ vm , w- > j j 41 08 06 04 02 0 02 04 06 08 1
output ppyww output pphww . cos, : . : i

PlainText = 1 PloinText 7 Tabwidths - Ln37, Col - e




Example: MG_aMC@NLO

PP>Z LO &NLO

madgraph.phys.uclac.be U@ | Q 55k ﬁ B 4+ #

Center for Partu:le Ph' -
vk NS
The MadGraph5 aMC@NLO —
> < homepage
UCL UIUC Launchpad e
by the MG/ME Development team

Downloads
Generate My  Cluster (needs Bug
Process Register Tools Database Status  account)  Wiki Answers reports

Generate processes online using MadGraph5_aMC@NLO



Example: PP>Z LO & NLO

@ qliphy@giangqiang: ~/Desktop/MG5_aMC_v2_3_0

VERSION 2.3.0 2015-07-01

The MadGraph5 aMC@NLO Development Team - Find us at
https://server06.fynu.ucl.ac.be/projects/madgraph
and
http://amcatnlo.web.cern.ch/amcatnlo/

Type 'help' for in-line help.
Type 'tutorial' to learn how MG5 works
Type 'tutorial aMCatNLO' to learn how aMC@NLO works
Type 'tutorial MadLoop' to learn how MadLoop works

*
*
*
*
*
*
*
*
*
*
*

*

*
*
*
*
*
*
*
*
*
*
*
*
*

hkkdkhkhkhkhkkhkdkdkdhdhdhhhhhhhhhddhdhdhhhhhhhhhdhdhdhhhhhhhdkhhdhdhhhhhhhdkhd

load MG5 configuration from input/mg5 configuration.txt

set fastjet to fastjet-config

set lhapdf to lhapdf-config

Using default text editor "vi". Set another one in ./input/mBS_ponfiguration.txt

Using default eps viewer "evince". Set another one in ./input/mg5 configuration.txt
iR ifirefox". Set another one in ./input/mg5 configuration.txt

INFO: Restrict model sm with file models/sm/restrict_ﬁefault.dat .

INFO: Run "set stdout_level DEBUG" before import for more information.

INFO: Change particles name to pass to MG5 convention

Defined multiparticle p =gu c d s u~ ¢~ d- s~

Defined multiparticle j = g u c d s u~ c~ d~ s~

Defined multiparticle 1+ = e+ mu+

Defined multiparticle 1- = e- mu-

Defined multiparticle vl = ve vm vt

Defined multiparticle vl~- = ve~ vm~ vt~

i i i =gucds u~- c~ d~ s~ a ve vm vt e- mu- ve~ vm~ vt~ e+ mu+ t b t~ b~ z w+ h w- ta- ta+




Example: PP>Z LO & NLO

MG5 aMC:igenerate p p > mu+ mu-

INFO: Checking tor minimal oraders which gives processes.

INFO: Please specify coupling orders to bypass this step.

INFO: Trying process: g g > mu+ mu- WEIGHTED=4

INFO: Trying process: u u~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Trying process: u c~ > mu+ mu- WEIGHTED=4

INFO: Trying process: ¢ u~ > mu+ mu- WEIGHTED=4

INFO: Trying process: c¢ c~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Trying process: d d~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Trying process: d s~ > mu+ mu- WEIGHTED=4

INFO: Trying process: s d~ > mu+ mu- WEIGHTED=4

INFO: Trying process: s S~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Process u~ u > mu+ mu- added to mirror process u u~ > mu+ mu-
INFO: Process c~ c¢ > mu+ mu- added to mirror process c c~ > mu+ mu-
INFO: Process d- d > mu+ mu- added to mirror process d d- > mu+ mu-
INFO: Process s~ s > mu+ mu- added to mirror process s s~ > mu+ mu-
4 processes with 8 diagrams generated in 0.043 s

Total: 4 processes with 8 diagrams

MG5_aMC>] |



Example: PP>Z LO & NLO

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

You can choose QCD or QED vertex number



Example: PP>Z LO & NLO

* *
* * * *
* * * % * *
* * * * % 5 * % * * *
* * * % * *
* * * *
* *
K VERSION 2.3.0 2015-07-01 =
* *
B The MadGraph5 aMC@NLO Development Team - Find us at X
* https://server06.fynu.ucl.ac.be/projects/madgraph *
* *
k Type 'help' for in-line help. *
* *
kkkkkhkkhkhkkkhkhkkhkhkkhkkhkkkhkhkhkhhkhhhkkhkhkhkkhhkhhhkhhkhkhhkhhkhkhhkhkhhkhhkkkkkkkkkkk*x

INFO: load configuration from /home/qliphy/Desktop/MG5 aMC v2 3 0/LO-DY/Cards/me5 configuration.tx
INFO: load configuration from /home/qliphy/Desktop/MG5 aMC v2 3 0/input/mg5 configuration.txt
INFO: load configuration from /home/qliphy/Desktop/MG5 aMC v2 3 0/LO-DY/Cards/me5 configuration.tx
Using default text editor "vi". Set another one in ./input/mg5 configuration.txt

gjenerate_events run_ 01

The following switches determine which programs are run:

1l Run the pythia shower/hadronization: pythia=OFF
2 Run PGS as detector simulator: pPgs=0OFF
3 Run Delphes as detector simulator: delphes=NOT INSTALLED
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.
é%, 1, 2, 4, 5, auto, done, pythia=ON, pythia=OFF, ... ][60s to answer]
>



Example: PP>Z LO & NLO

(EEEEEEEEIEE LIS E LS LSS L L
## INFORMATION FOR MASS
(EEEEEEEEEIEEEIEIE SIS E LSS LS L L
Block mass

5 4.700000e+00 # MB
6 1.730000e+02 # MT
15 1.777000e+00 # MTA
23 9.118800e+01 # MzZ

25 1.250000e+02 # MH

## Dependent parameters, given by model restrictions.

## Those values should be edited following the

## analytical expression. MG5 ignores those values

k# but they are important for interfacing the output of MG5

k# to external program such as Pythia.
1 0.000000 # d : 0.0
2 0.000000 # u 0.
3 0.000000 # s : O.
4 0.000000 # c 0.
11 0.000000 2
12 0.000000
13 0.000000
14 0.000000
16 0.000000
21 0.000000
22 0.000000
24 80.419002 # w+ : cmath.sqrt(MZ_ _exp 2/2. + cmath.sqrt(MZ

<
0]

= 4k e W= o4 S
S
|
.

g e 0.0
a : 0.0



Example: PP>Z LO & NLO

AAAAAAAAANAAAARANAAARAAARAAAAANAARAANANARAAANNAARAANAAARANAANANARAANAANARAARANRM

100 = nevents ! Number of unweighted events requested
MadGraph5_aMC@NLO "0 = iseed ! rnd seed (0O=assigned automatically=default))

obkkkkkhhkkkhkkkkkkkkkkkhhhhhk ok kkkkhhhhh ko kkkk ok hhhkkhkkk k&

run card.dat MadEvent * Collider type and energy
* lpp: 0=No PDF, l=proton, -l=antiproton, 2=photon from proton
This file is used to set the parameters of the runm. * 3=photon from electr
n A EEEEEE LRSS EE LR LSRR EEEEEEEEE SR EEEEEEEEEESEEEEESEEEEEEE S LRSS
Some notation/conventions: % 1 = lppl ! beam 1 type
3 1 = lpp2 ! beam 2 type
Lines starting with a '# ' are info or comments 2o Biae s CocnpNelel onergy ingCell
g 6500.0 = ebeam2 | beam 2 total energy in GeV
mind the format: value = variable | comment |
kkkkkkkkhkkkkkhkkhk vk hhhh ko kkhhrkhhhkh ko kkhhxkkhhkh kv khhhhkhhokkhkx @23101 — Pdlabel , PDF set
kkkkkkkkkkkxkkkkkdk
Running parameterg BW C'utOff (M'I‘/-bwcutOff*Ga.m.ma)
B kkkkkkkkkkkhkkhhkhhhhhkhhkhhkhhrhk ks
kkkkkkkkkkkkkkhkhhhhkhhhhhhrkrohhhkrkhhhhkhhhhhhhhokhbhhhdrkbhhdhrkrkhdhs 50 — bwcutOff ! (M+/-bwcut0ff*cama)
Tag name for the run (one word) :
kkkkkrkkkhkkkkkhkhhknkhkhhhk ok khhxk kb hkh ko kkhhxkkhhk bk kv khhh vk kokkhkx
tagl = run tag ! name of the run 20 = ptj ! minimum pt for the jets
kkkkkrkkkhhkrkkhkkhk vk hhhhkkokkhkxkhhhkh ko kkhhxkkhhkh kv khhhhkhokkhk % 0 — ptb ! minimum pt for the b
Run to generate the grid pack " 10 = pta ! minimum pt for the photons
kkkkkrkkkhkkkkkhkhhknhhhhhkkhkkhhkrkhhhkh ko kkhhnkkhhhh kv khhhrkkokkhkx . .
0 = ptl ! minimum pt for the charged leptons

False = gridpack !True = setting up the grid pack
kkkkkkkhhhkkkkhkhhknhhhhhk ok hh kv hhhhhh ok hhhxhk ok h kv hhhhrkhhokhhkx

""""" o TTTT TT @TTTT @TvTTTT K TTT

50 =mmll ! min invariant mass of I+l- (same flavour) lepton pair

Number of events and rnd seed
Warning: Do not generate more than IM events in a single run
If you want to run Pythia, avoid more than 50k events in a run.




Example: PP>Z LO & NLO

=== Resalts Summary for run: run 03 tag: tag 1 ===

Cross-section : 1508 +- 1.32 pb

Nb of events : 10000

running syscalc on mode parton
store _events

INFO: Storing parton level results
INFO: End Parton

reweight -from cards

decay events -from cards

quit

INFO:

INFO:

more information in /home/qliphy/Desktop/MG5 aMC v2 1 2/LO-DY/index.html



Example: PP>Z LO & NLO

1 gqliphy qliphy 25298 Jul 25 15:57 run 03 tag 1 banner.txt

1 gqliphy qliphy 2423197 Jul 25 15:57 events.lhe.gz
1 qliphy qliphy 1223983 Jul 25 15:57 unweighted events.lhe.gz
1 gqliphy qliphy 2551366 Jul 25 15:57 unweighted events.root

_rl' [}
<init>

[

2212 2212 0.65000000000E+04 0.65000000000E+04 0 0 200400 200400 3 1
0.15075857952E+04 0.13200875619E+01 0.15076000000E+00 0

</init>
<event>

5 0 0.1507600E+00

-2 -1
0000000000E+00 0.
2 -1
0000000000E+00 0.
23 2
1503364508E+02 0.
-13 1
0499999672E+00 0.
13 1
0499999672E+00 0.
</event>

0

il

0

.

0.9150336E+02 0.7546771E-02 (0.1299251E+00
0 501 0.00000000000E+00 0.00000000000E+00 0.18656257017E+03

0

0

501

0

0

0

0 0.00000000000E+00 0.00000000000E+00 -0.11219916338E+02

0 0.00000000000E+00 0.00000000000E+00 0.17534265383E+03

0 0.11524939937E+02 0.32111804980E+00 -0.80281596142E+01

0 -0.11524939937E+02 -0.32111804980E+00 0.18337081345E+03

0.18656257017E+03

0.11219916338E+02

0.19778248651E+03

0.14049545513E+02

0.18373294100E+03

0.0

0.0

0.9

0.1

0.1



Example: PP>Z LO & NLO

0 0.1507600E+00 0.5358854E+02 0.7546771E-02 0.1426894E+00
-1 0 0 501 0 0.00000000000E+00 0.00000000000E+00 0.10676719678E+04 0.10676719678E+04
1.
0 0 501 0.00000000000E+00 0.00000000000E+00 -0.67242837278E+00 0.67242837278E+00
-1.

1 0 0.74865892338E+01 0.90736026926E+01 0.53565199808E+02 0.54841780967E+02
-1.

1 v 0 -0.74865892338E+01 -0.90736026926E+01 0.10134343396E+04 0.10135026152E+04
1.




Example: PP>Z LO & NLO

eV (#ggenerate p p > mu+ mu- [OCD]

# Collider type and energy

#‘#‘:':':':"#‘:':':':"J:':':':':"J:':':':':':':':':"#':':':':"#‘:':'***********************ﬂ

1 = 1lppl ! beam 1 type (0 = no PDF)
1 = lpp2 ! beam 2 type (0 = no PDF)
6500 = ebeaml ! beam 1 energy in GeV
6500 = ebeam2 ! beam 2 energy in GeV

#:':':':':':':':':':':':':t':':':':':t':':':':':t':':':':':t':':':':':t'***********************ﬂ

# PDF choice: this automatically fixes also
#:‘:‘:':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':'***********************ﬁ

= pdlabel ! PDF set

244600 = lhaid ! if pdlabel=lhapdf,

HERWIG6 = parton_shower ME + PS, to be mentioned later



Example: PP>Z LO & NLO

5 4 4

d~ mu

a
mu+
4d 3 3
. Real emission
d
/M e

;

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

One Loop virtual

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



Example: PP>Z LO & NLO

Intermediate results:

Random seed: 34
Total cross-section: 1.824e+03 +- 2.9e+00 pb

Total abs(cross-section): 2.056e+03 +- 2.6e+00 pb

Summary:

Process p p > mu+ mu- [OCD]

Run at p-p collider (6500 + 6500 GeV)

Total cross-section: 1.824e+03 +- 2.9e+00 pb
Number of events generated: 10000

Parton shower to be used: HERWIGé6

raction of negative weights: 0.0¢

Total running time : Im 19s

K Facor: 1824/1508 © 1.21
2.056%(0.94-0.06)=1.81



Example: PP>Z LO & NLO

NLO/LO 1824/1508 ~ 1.21
NNLO/NLO 2008.4/1 824 ~ 1.1 NLO EWK also included

arXiv.org > hep-ph > arXiv:1208.5967

High Energy Physics - Phenomenology

Combining QCD and electroweak corrections to dilepton production in FEWZ
Ye Li, Frank Petriello



Example: PP>Z LO & NLO

NLO events:

+0

t0

+0

+0

+0

+0

ent>
<::::)'—1 -1

t0

t0

t0

+0

+0

ent>

additional parton in the final state

66 0.20557722E+04 0.88575911E+02 0.75467716E-02 0.11800000E+00
0.00000000E+00 0.00000000E+00 0.32758644E+02

2 -1

0.0000E+00
21 -1

0 0.0000E+00
23 2

0 0.0000E+00
-13 1

0 0.0000E+00
13 1

0 0.0000E+00
2 1

0 0.0000E+00

</event>

0

0

0

0

501 0
502 501
0 0
0 0
0 0
502 0

0.00000000E+00 0.00000000E+00

0

.12823333E+02

.28120157E+02

0.40943489E+02

.12823333E+02

0

0.10814566E+02

N
.44733748E+01

.63411912E+01

.44733748E+01

0

.25056521E+03

.29224945E+02

.41280973E+02

.12056028E+02

.18858162E+03

66 0.20557722E+04 0.90465747E+02 0.75467716E-02 0.11800000E+00
0 501 0.00000000E+00 0.00000000E+00 0.21814416E+01

0 0.0000E+00
1 -1
0 0.0000E+00
23 2
0 0.0000E+00
-13 1
0 0.0000E+00
13 1
0 0.0000E+00
</event>

0

0

0

0

501

0 0 0.00000000E+00 0.00000000E+00

0 0 -.69025294E+01 0.30106640E+02

0 0 0.69025294E+01 -.30106640E+02

0 0.00000000E+00 0.00000000E+00

.93290233E+03

.93072089E+03

.12379180E+03

.80692909E+03

.32760207E+02

.25056633E+03

.94256237E+02

.51106046E+02

.43150191E+02

.18907030E+03

.22047874E+01

.93290239E+03

.93510717E+03

.12758713E+03

.80752005E+03

.32000000E+00

.75000000E+00

.88575911E+02

.10565837E+00

.10565837E+00

.32000000E+00

.32000000E+00

.32000000E+00

.90465747E+02

.10565837E+00

.10565837E+00

.0000E

.0000E

.0000E

.0000E

.0000E

.0000E

.0000E

.0000E

.0000E

.0000E

.0000E



Example: PP>Z LO & NLO

<event>
66 0.20557722E+04 0.90245145E+02 0.75467716E-02 0.11800000E+00

6

+00 0.

+00 0.

+00 0.

+00 0.

+00 0.

+00 0.

1 -1
0000E+00
21 -1
0000E+00
23 2
0000E+00

=13 1
0000E+00
13 1
0000E+00
1 1
0000E+00

</event>
<event>
(I W-.20557722E+04 0.905133£§E+02 0.75467716E-02 0.13309765E+00

6

+00 0.

+00 0.

+00 0.

+00 0.

+00 0.

+00 0.

1 -1
0000E+00
-1 -1
0000E+00
23 2
0000E+00

-13 1
0000E+00
13 1
0000E+00
21 1
0000E+00

EVevent>

0

0

0

0

0 501

0 502

2 0

3 0

3 0

2 502

0 502
0 0
2 0
3 0
3 0
2 502

0 0.00000000E+00 0.00000000E+00

501 0.00000000E+00

0

0 0.00000000E+00

501 0.00000000E+00

501

.14953236E+02

.22518246E+02

.37471482E+02

.14953236E+02

.11153127E+01

.22273578E+02

.23388890E+02

.11153127E+01

NLO events:

0.00000000E+00

0

0

0.00000000E+00

0.00000000E+00

0

0

.39115154E+01

.33607604E+02

.29696088E+02

.39115154E+01

.59566449E+01

.32858044E+02

.38814689E+02

.59566449E+01

0

0

0

0

0

0

0

0

0

0

.28116668E+03
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Example: PP>Z LO & NLO

=-I'W=rw=-r--
=-I'W=-rw=-r--
-IW=-Ir'w-r--
-I'W=-Ir'w-r--
-IW=-rw-r--
-IW=-rw-r--
-IW=-Ir'w-r'--
-I'W=rw=r--
-I'W=-rw=r--
=-I'W=rw=-r--

a a b b

qliphy
qliphy
qliphy
qliphy
qliphy
qliphy
qliphy
qliphy
qliphy
qliphy

qliphy
qliphy
qliphy
qliphy
qliphy
qliphy
qliphy
qliphy
qliphy

19704
158832
3426
165095
3426
121037
1161895
302
6810

qliphy 157955294

Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul

25
25
25
25
25
25
25
25
25
25

15:59
15:59
15:59
16:00
16:00
16:00
16:00
16:00
16:00
16:00

run 02 tag 1 banner.txt
alllogs 0.html

res 0.txt

alllogs 1.html

res 1.txt

alllogs 2.html
events.lhe.gz
summary.txt
RunMaterial.tar.gz
events_HERHIGGHE.hep.gz



Example: LO vs NLO vs Matching

pp — W' at 13TeV LHC

10°
- NLO
— Matching
10 —LO
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Example: LO vs NLO vs Matching

test gr.aph C @ O file:///home/qliphy/.cache/.fr-qkizlA/unweighted_events.lhe

11/

skok sk ok o sk sk skoke sk kR skoskok stk ok stk skok keskokkokok ok sk sokok skokskkokskkokskokok ok File Edit Miew  Options Tools Help | B8] Muon Collider Collabo... & My Drive - Google Drive ] PKU HEP - Indico ] The Science al
J15.SetPtEtaPhiE(0.,0.,0.,0.); define j =gucds u-c d~ s~
treeReader5->ReadEntry (i) ; ppz at 13TeV LHC ge]t;ne }" = &+ mut
TRootLHEFEvent *event5=(TRootLHEFEvent*) dofine vi = ve wm vt
ran;nivﬁgtz\;ﬁs‘e);jparticles 104 define vl~ = ve~ vm~ vt~
= == ; = - generate p p > 7
for(int j=2; j<np; j++) { —— LO+Pythia
TRootLHEFParticle F . #— MLM 012 Matching
articlel5=(TRootLHEFParticle*) branchParticle5- = R
part ‘ ( ) —_— ®  MLM 0123 Matching output ppzmlme123
At(3); ) r = </MG5ProcCard>
if(abs(particlel5->PID)==23 ) { - <MGProcCard>
J15.SetPtEtaPhiE(particlel5- r L B R SR S 3o 3o KK o
PT,particlel5->Eta,particlel5->Phi,particlel5- | L # MadGraph/MadEvent
E); [ M . # http://madgraph.hep.uiuc.edu
. ) #
} =] ==
© # proc card.dat
- 1 ok s kst ok o o sk s sk stk ok ok o s ok sk ok ks of sk 3k o o ok sk sk o ks o sk sk ks ook
cout<<J15.Pt()<<endl; ] ¥
h5->Fill(J15.Pt(), event5->Weight/10000.0); 3 1 # This Files is generated by MADGRAPH 5
/17 — #
B e e " # WARNING: This Files is generated for MADEVENT (compatibility :
10°— 1 1 # This files is NOT a valid MG4 proc_card.dat
r = # Running this in MG4 will NEVER reproduce the result
#
= ok K S ok sk ok o o sk sk sk sk ok ok ok o sk o ok sk ok ok sk of sk ok 3k o o ok sk sk ok sk ks o sk sk sk o k)
C1'>Set|—09y( )J L ok s kst ok o o sk s sk stk ok ok o s ok sk ok ks f sk 3k o o ok sk sk ok o ks o sk sk s ook
. L # Process(es) requested : mg2 input
h2->SetTitle("ppZ at 13TeV LHC"); T e T B R R e L EL L e s
h2->GetXaxis()->SetTitle("PT_{Z} [GeV] "); 0 5 10 15 20 25 30 # Begin PROCESS # This is TAG. Do not modify this line
h2->GetYaxis () ->SetTitle("a.u."); pp>z #Process ) )
h2->GetXaxis () ->CenterTitle( PT, [GeV] # Be carefull the coupling are here in MG5 convention

hA
M

h2->GetYaxis()->CenterTitle i = . .
h)_iqp+q+ﬁ+c5ipi| cE) - ( Llphyl / U‘.:Jr\l.\.d'J/ LULJ--J'Jl J-llH/ 1 S1I2/ TULVLI LAQLu/ endicoup # End the coupllngs lnput
C++ v Tabwidth:s v Ln161,Col1  ~ INS lopythia.root mlm mlm0l1l23.root nlo Note-PPZ test2.C Zlets

‘lo-pythia Ulo.root mlm@123 mlm.root nlo.root PTZ.png test2tree.C ZPT
qliphy@qliphy:~/Desktop/2021Spring/refs/Tutorial/Tutoriallb-ppz$ vi test2.C
qliphy@qliphy:~/Desktop/2021Spring/refs/Tutorial/Tutoriallb-ppz$ root -1 test2.C

root [0]
Processing test2.C...



1606.05864]1 Measurement of the transverse momentum spectra of weak vector bosons

roduced in proton-proton collisions at sgrt

CMsS 18.4 pb™ (8 TeV) CMS . 18.4 pb™' (8 TeV)
JS. o a | ResBos-CP Z - p'u - B
3 —— S 2 S
— = - >/
S ~_ =
E 10 - < o [®] ResBos scales Data stat+syst !
'8 . = R |:| ResBos PDF -
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L 10 - g 3 rowres ]
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_+_ Data - = B .|:] POWHEG PDF ‘ . _
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Figure 5: Comparison of the normalized dimuon differential transverse momentum distribu-
tion from data (solid symbols) with different theoretical predictions. The right panels show the
ratios of theory predictions to the data. The RESBOS-CP version with scale and PDF variation
is used for comparison.


https://arxiv.org/abs/1606.05864

Anatomy of a LHC Collision

LHC collision: QCD machine

Only hard scattering
DY NnoOw



Parton Shower

We will see a TeV quark/gluon splits all the way down
to low scale
However, we can not calculate 2->nj with n~>8-10



Multiple Interactions







A bit about PS

ete” =" /Z° —qq

7(2) 7(2) | |
0 g ; o g (3 r; = 2E;/E.y 1 the rest frame
; 55 9 (3) E, = zFE; and E; = (1 — 2)E;
(a) q (1) b) q (1)
doyp o 4 T3 + T3 e d
— — , dx{dxs
70 w3 (M—z)1—xzq)
Factorization
1| =y | 1,3 collinear Universal
Incoherent
0 Iy o]
| TM7s ) de)-
] — 19 = — —  dry =
’ E{?m E{?m ’ Ef?m de.,]li] (kg {1{:29 41+ .’;2 I
= az

I~z — I.'.l;l‘-l A dz -—» g Do {JE 21— =



A bit about PS

o, dQ?
o
P, 1lr= DGLAP function

ST 3,
(1—2z(1—2))?
z(1 — 2) ‘

(z24+ (1 —2)*) (n; = no. of quark favours)

dPa— e Fabe(z) dz

where

P.t;l—-_qsr =3

This splitting can be separated from previous
Probability way to handle QCD emission

Q is ordering parameter: can be virtuality, PT, or angle



A bit about PS

Probability that particle a does not emit between scales @* and t:

A(Q 1) = H {1 - Z il dzEEPHbc(z)] =
@ dt’ ,d% as p B @
EXp Z/ 21_ o e—bbc(z) = EXp _/[. P(f } .

» A(Q%.t) is the Sudakov form factor.
» Property: A(A, B)=A(A, C)A(C.B).

Sudakov Factor



1— wf‘T .
AW, (1) = exp { / {H ;,_ as(z2(1 — ”’jgffjpba(if)} ;

Cark Sudakov, Qo = To = 10 GeV

] e T Herwig —— 1
i e - NLL

A TeV | .. NLLﬂpprg o
quark has . | o
large 5]
probability

to split

0.1 e A e
100 1000 10000

Q (GeV)

s ! 1— \/T 1=
ANLL (#) = -;kp{ / H JE 2{ as(t ij(,,,}}

@ 20 as(q Q
Ag—pe(()) = exp {_/ dql o—pe(q. Q)} Lg—qg = H_F 5(9) (111— 1




A bit about PS

{i-EFj,.“q _ ke {1{92 414+ 72

R - 5 dz
Angular ordering ag 2m Q- 3 1—=z
(slide by M. Mangano)

Soft limit; E3->01i.e. z->1

Angular ordering Not like in collinear limit,
1312 There will be interference
6 2 N CICRY
. fi’f_’f x .+ !:ortunately, we can
w@z 0o implement the effects by
angular ordering

Radiation inside the cones is allowed, and described by the eikonal probability, radiation
outside the cones is suppressed and averages to 0 when integrated over the full azimuth



A bit about PS

ISR Involves PDF

Monte Carlo approach, based on conditional probability: recast

df,{r 1',]'"- ¥ 5
: _Z / {-’.J e )_F[e—fat{*)
with ¢t = In(Q2/A2) and = = =/x' to
. f!fce{j !L} rg
ap, = b — |ay /d P_s.(2)
v -'Ffi' Z / i'fb{i . T) 2 "

then solve for decreasing t, i.e. backwards in time,
starting at high Q< and moving towards lower,
with Sudakov form factor exp(— [dP})




PS in numerical

Implementation

» Extract the evolution variable t of the branching
by solving the equation A(Q*.t) = Ry, with Ry 1+
a flat random number between 0 and 1.
This correctly reproduces the probability Hy -
distribution since the probability of extracting a
splitting scale t between t; and t is

A(Q 1) — A(Q%. 1), i

Ry(=z)

Ra(z)

1

» Extract ¢ (flat).

» Reiterate (updating the maximum scale for the Sudakov) until all the 'external’
partons are characterized by a scale smaller than a threshold QF ~ 1 GeV.

I
I
I
I
;
t

» Extract the energy sharing z and the daughter
identities b and ¢ according to P.pe(2).
For two possible branchings Pi(z) and Pz(z) one
can call Ri(z) = Pi(z)/(Pi(z) + P2(z)), and
choose z and parton identities by extracting a
random point in the plane.

» Put partons on shell and hadronize.




ME+PS Matching: MLM, CKKW

e Parton shower describes the collinear and soft region quite
well, but breaks down for the production of hard and widely
separated jets.

e G+ 0j: LO, NLO done; NNLO easier; High accuracy on
Graviton inclusive production rates; No trustable jet
information:

e G+ 1j: LO, NLO done; NNLO hard; NLO information for
Graviton and the leading jet; LO information for the 2nd jet;
jet PT untrustable below or around PTG.

e G+ 2.3/: LO done; NLO hard; LO information for Graviton,
the leading jet and the 2nd/3rd jet; large scale uncertainty.

Can we give a trustable inclusive event sample, with all information
(~ NLO accuracy) can be extracted easily by experimentalists?



ME+PS Matching: MLM, CKKW

e Yes, combining PS and ME consistently without double
counting, by reweighting and veto

e the CKKW method, based on shower veto and therefore on
event re-weightning.
S. Catani, F. Krauss, R. Kuhn and B. R. Webber, JHEP 0111,
063 (2001); F. Krauss, JHEP 0208, 015 (2002)

e the MLM-based scheme, based on event rejection.

S. Hoche, F. Krauss, N. Lavesson, L. Lonnblad, M. Mangano,
A. Schalicke and S. Schumann, arXiv:hep-ph/0602031.



ME+PS Matching: MLM, CKKW

Mimic PS o

hiSTOr'y b,y IM|? (5, p3, pa, ...

® 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 &; in each clustering vertex with the clustering
scale 5 rg(ty) ag(ts)
M|* = |M -
M= 1M (fo)fr (to)
3. Use some algorithm to apply the equivalent Sudakov
suppression (Ag(teut,t0))*Ag(ta, t1)(Ag(cur, 12))°
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Example: PP > Z+0,1,2 Jets Matching

W@S_ﬂﬂcbgenerate p p > mu+ mu-

eV (sbgadd process p p > mu+ mu- Jj
V(i V(sgadd process p p > mu+ mu- j j

# Matching - Warning! ickkw > 1 is still beta

#‘k‘k'k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*‘k**‘k‘k*‘k‘k*‘k*‘k‘k‘k‘k*‘k‘k‘k‘k‘k‘k'k‘k*‘k‘k'k‘k*'k‘k*'k‘k*‘k‘k*‘k‘k‘-'r‘-'c‘.'f‘k‘-'c‘k‘k

1 = ickkw ! 0 no matching, 1 MLM, 2 CKKW matching

! minimum pt for the jets

! min distance between jets

! minimum kt jet measure between partons



Example: PP>Z+0,1,2 Jets Matching

l...Parton showering on or off
MSTP(61)=1
MSTP(71)=1

l...Fragmentation/hadronlization on or off
MSTJ(1)=0

l...Multiple Interactions on or off
MSTP(81)=20

l...Don't stop execution after 10 errors
MSTU(21)=1



Example: PP>Z+0,1,2 Jets Matching

I

| O All Included subprocesses | 4711 100001 1.790D-06 |

| 4 User process O I 3173 41751 1.206D-06 | N

| 6 User process 1 | 982 33261 3.732D-07 |

| 7 User process 2 I 556 2499 1 2.113D-07 |

I | | |

**xx*x*x** Total number of errors, excluding Junctions = O ¥ ok 3k ok ok 3 % % 3k ok %k *
**kxkkx*x%x%* Total number of errors, Including Junctions = O % % %k %k * * ok * * k %
**xkkkkkxx%* Total number of warn|ngs = O %% % % % % % %k ¥ % % ¥ %

*****k**k** Fractlon of events that fall fragmentation cuts = 0.52890 ** ***k** *x *

Cross sectlon (pb): 1790.4565567581010

Cross-section : 3799 +- 8.8 pb
Nb of events : 10000
Matched Cross-section : 1790 +- 19.41 pb

Nb of events after Matching : 4711



Example: LO vs NLO vs Matching
pp — Wi at 13TeV LHC

10° =—
- —— NLO
- — Matching
- —LO
192:—
= —
© B
: o L__—
| — [
1:]§ |
e de ety e
0 5 10 15 20 25 30 35 40 45 50

PT,[GeV]



NLO+PS Matching: MC@NLO, POWHEG (@)

NLO has one additional parton emission

NLO has higher accurate xsec

PS generate 1or more emissions

To avoid double counting, needs to be very careful

MC@NLO, POWHEG
MC@NLO + MG -> MG5_aMC@NLO

o 4

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




1. Matching NLO QCD computations with Parton Shower simulations: the POWHEG method

85

Stefano Friione (INFN, Genoa), Paolo Nason (INFN, Milan Bicocca), Carlo Qleari (INFN, Milan Bicocca & Milan Bicocca U.). Sep 2007. 91 pp.
Published in JHEP 0711 (2007) 070
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Experimental Usage

CMS 4.9 b (7 TeV) £ 15
:}; E T T T Dat;; T T ; % E
a 1:- —d— SherpaZi2 (0,1j NLO £4j LOj 5 S
= 1 - - - S4— Fowheg+Pythiss (1j NLO) ] s 05 Theory syst +stat. [ Theory stat
= S MadGraph+Fythiss (24j LO) _
© - - . 3
5 107 * R s o
: - E 2 =
107 é‘ %E&E _é <= 05 Theory syst +stat. [ Theory stat
E E f  MadGraph 5
SR . . . g 15p T +m!a
104 Liy*— |l selection o] N S aeher -
= antik; (R=05) jets ecucuce:, conce. =
B > 3[] GE"-.-" < 2 4 7 = 05
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% 15 E_ Powheg+Pythiat . — J "E 15 i_ Powheg+Pythiac
0 = 2 -
T e
- m -
E 0.5 :— E 0.5 - Theory syst +stat. [ Theory stat
= F MadGrﬂme:,flhlaﬁ I
@ 15f | & 1OF
5 - = ’ -
B 3
g 0.5 = 05 [ Theory stat
E \ : . . . . 40 &0 80 100 120 140 160 120
B0 100 150 200 250 300 Third jet p. [GeV]
3

Second jet p [Gev]



Experimental Usage

Measurement of the production cross section for W-bosons in association with jets
in pp collisions at /s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

— 10°E = — -
%. = | II'.Ir'i'I—}E"r' + jEtSl = %. E | | I"'rl"l_>-||"l"" +jets | .
— cEmms Sss -@<Data 2010,,5=7 TeV — e -@Data 2010,,5=7 TeV
% = v glr_pl}gen . % = v glﬁgen .
= erpa = = erpa =
= 0 pmhig e O Pythig
=10 - MCFM — =10 - MCFM =
Al - = Al - o =
+ - - + L _|
- — g - —
= if I T T i 1
2 = - 2 = -
10°E ) = 10°E _ , =
E JLat=13pb ;‘/ E E | Lat=13pb 4 E
[ ATLAS o C ATLAS O ’f -
10 E 10 E
C . C O .
@ - | | : - @ - | | : | -
g 1.5 g 1.5 p .
L ey
> o > . %
N N L g
— —
0.5 - . 0.5 . . , . /—
=0 =1 =2 = =0 =1 =2 =3 =4

Also shown in Figures 3, 4, ’111(1 are parmlw level ex-
pectations from PYTHIA, ALPGEN and SHERPA sim-
ulations as well as a caleulation using MCFM v5.8 [35].
PYTHIA is LO, while ALPGEN and SHERPA match higher
multiplicity matrix elements to a leading-logarithmic par- ar-Xiv; 101 2 . 5382
ton shower; these predictions have been normalised to the
NNLO inclugive W production cross section. The version

Inclusive Jet Multiplicity, N



BSM implementations

Moael Fila Lagrangian

e B

Fopnfuiescore | | FeynRules->

UFO/ALOHA->
MG

Faynman rules Tex

| inferfaces |

FaynAris CacHER MadGraph Sharma

A Mathematica package to calculate Feynman rules

FeynRules is a Mathematica® package that allows the calculation of Feynman rules in momentum
space for any QFT physics model. The user needs to provide FeynRules with the minimal
information required to describe the new model, contained in the so-called model-file. This
information is then used to calculate the set of Feynman rules associated with the Lagrangian.
The Feynman rules calculated by the code can then be used to implement the new physics model
into other existing tools, such as MC generators. This is done via a set of interfaces which are
developed together and maintained by the corresponding MC authors.



Detector Fast Simulations

* Delphes is a modular framework that simulates the response of a
multipurpose detector

* Includes:

- pile-up
- charged particle propagation in

A 2
magnetic field -‘*\ i

- electromagnetic and hadronic calorimeters el P4
- muon system 2 ﬁ
.

* Provides: u‘ﬁf:

leptons (electrons and muons)

photons

jets and missing transverse energy (particle-flow)
taus and b's

Running Delphes with STDHEP (XDR) input files:

. /DelphesSTDHEP cards/delphes_ecard CMS. tel delphes_output. root input. hep

arXiv:1307.6346




Delphes CMS Card

HHGH4HGEHEHH SRS HSHGHHEHEE
# Muon tracking efficiency
HHE4 4

module Efficiency MucnTrackingEfficiency |
get InputhArray ParticlePropagator/muons
set JutputArray TIons

# set EfficiencyFormula {[efficiency formula as a function of eta and pt}

# tracking efficiency formula for muons

set EfficiencyFormula | (et <= 0.1) * (0.00) +
{gbs{eta) <= 1.5) * (pt > 0.1 s pt <=1 * (0.75) +
{aba{eta) <= 1.5) * (pt > 1.0) * {0.99) +
{abz({eta) > 1.5 =& abs(eta) <= 2.5) * (pt > 0.1 s pt <= 1.0) * (0.70) +
{gbs(eta) > 1.5 && abs(eta) <= 2.53) * (pt > 1.0) * (0.98) + N
{absieta) > 2.3) * (0.00)}
}
module MomentumSmearing MuonMomentumSmearing |
et Inputhrray MuocnTrackingEfficiency/mucons
get Jutputirray muons
# =set ResclutionFormula {resclution formumla as a function of eta and pt}
# resclution formmla for mnons
get BesolutionFormila | {aba({eta) «= 0.5) * (pt > 0.1 && pt <= 5.0) * (0.02) +
{gbs(eta) <= 0.5) * (pt > 5.0 s pt <= 1.0e2) * (0.015) + %
{gbs(eta) <= 0.5) * (pt > l.0e2 &z pt <= 2.0e2) * (0.03) +
{gbs(eta) <= 0.5) * (pt > 2.0e2) * (0.05 + pt*l.e-4) + %
# radiug of the magnetic field coverage, in m {gba{eta) > 0.5 &s& aba(eta) <= 1.3) * (pt > 0.1 g8 pt <= 5.0 * (0.03) + %\
set Radius 1.29 {gba{eta) > 0.5 s& aba{eta) <= 1.5) * (pt > 5.0 s& pt <= 1.0e2) * [0.02) + %
# half-length of the magnetic field cowerage, {eba{eta) > 0.5 s& abs{eta) <= 1.5) * [pt > 1l.0e2 55 pt <= 2.0e2) * ([0.04) +
set Halflength 3.00 {gbs {eta) > 0.5 =& abs(eta) <= 1.5) #* [pt > 2.0=2) * (0.05 + pt*l.e-4) +
{aba{eta) > 1.5 £& aba({eta) <= 2.5) * (pt > 0.1 && pt <= 5.0) * (0.04) + 0
# magnetic field {gba{eta) > 1.5 s& abs{eta) <= 2.5) * (pt > 5.0 s& pt <= 1.0e2) * [0.035) + %
set Bz 3.8 {gba{eta) > 1.5 s& ab3{eta) <= 2.5) * (pt > 1.0e2 s& pt <= 2.0e2) * [0.05) + %
{abaf{eta) > 1.5 &z aba(eta) <= 2.3) * (pt > 2.0e2) * (0.05 + pt*l.e-4)}



MPI

Multi-Parton-Interaction

Double Parton Scattering
Underlying Event:

everything but the hard interaction including showers & hadronization

Minimum-bias: inclusive inelastic, non-diffractive events
Note in Exp, minimum-bias means more, including PileUp

Ttot (S) — JDI(S) -+ gincl{sj

Tinel(S) = 0sp(s) + opp(s) + ocp(s) + onp(s)

All are important for Tune!
Pythia6 Z2*, Herwig 4C ...



