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Event display
Experimentalist’s point of view

CMS Experiment at the LHC, CERN
Dala recorded: 2012-May-13 20:08:14 621490 GAMT

RunvEvent: 194108 / 564224000




Event display:
Theorist’s point of view
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Figure taken from Bierlich et al., 2022 (Pythia8.3 manual)
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The hard interaction
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The hard interaction

) » Process dependent
- First principles description
.+ Largest energy transfers

* New physics most-likely will appear :'
here |

Can use perturbation theory:
LO, NLO, NNLO, etc.



The Parton Shower

Known QCD: first principles
description

Universal/process independent

Can systematically be improved
using perturbation theory
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Hadronisation & Underlying event

Low Q2 physics
Process and energy independent

Based on models (motivated by
physics)
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[Lecture 1: the hard interaction

1+ Process dependent
- First principles description
.+ Largest energy transfers

* New physics most-likely will appear '
here |

Can use perturbation theory:
LO, NLO, NNLO, etc.

Lecture 2: Parton Showers & Hadronisation
Lecture 3: Matching & Merging
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Master equation for the hard ="
Interaction

Z /d$1dﬂ?2d¢Fs oz, pr) fo(xo, ur) Gap—x (S, UF, UR)

a,b :
Phase-space Parton density Parton-level cross
integral functions section
1. Parton distribution functions 2. Parton-level cross section
Universal/process independent - Short distance coefficients as an

. expansion in ds
Extracted from experiment P

Evolution from theory From theory
Can be extract in one process,
and applied to others



Perturbative expansion

Gab—x (S, tp, tR) Parton-level cross section
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Perturbative expansion

Gab—x (S, tp, tR) Parton-level cross section

LO

predictions
G
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Perturbative expansion

Gab—x (S, tp, tR) Parton-level cross section

27T 27T 27
A A
- D\ s D\
1.LO NLO

predictions corrections
G J & /
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Perturbative expansion

Gab—x (S, tp, tR) Parton-level cross section

2T 2T 2T
A A A
4 ) 4 ) 4 )
LO NLO NNLO
predictions corrections corrections
2 J " J & J
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Perturbative expansion

Gab—x (S, tp, tR) Parton-level cross section

&:O_Born 14 0580_(1)_|_(a3) (2)_|_< ) (3)_|_
27

A A A A
4 ) 4 ) 4 ) 4 )
LO NLO NNLO NNNLO
predictions corrections corrections corrections
J (& J & J (& J
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Perturbative expansion

&ab_gg (§, HUE, /LR) Parton-level cross section

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

~ __ _Born (1) ( ) (2) ( ) (3)
oO=0 I + -+ + ...
( | 27T 2T 2T
A A A A
4 ) 4 ) 4 ) 4 )
LO NLO NNLO NNNLO
predictions corrections corrections corrections
J & J & J & J
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Higher-order computations

* Why?

* They improve the accuracy of our predictions
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Discoveries at hadron colliders

H-vyy
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Background directly measured
from data.
Theory needed only for
parameter extraction

Events

Data / MC
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Discoveries at hadron colliders

Peak Shape

X weights / 2 GeV

X weights - Bkg

- .
H=yy Z H - [+]- + inv.
100~ 4 ;)ata SIB\;Veighted ' E % AR
e ~—— Sig+Bkg Fit (m =126.5GeV) ] 3 _ _ -+ I zboson
80; ........ Bkg (4th order polynomial) : . \@;I Ei_)Tef\; ;f |Ir-1\(/1t =203 - $;r;e; uBa(r;k
60:‘_ o _: [ ] x;/—r ¢vet (incl.t)
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4F ¢ >
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100 110 120 130 140 150 160 "0 50 100 150 200 250 300 350 400 450 500
m,, [GeV] ET' [GeV]
Background directly measured Background SHAPE needed
from data. Flexible MC for both signal and
Theory needed only for background validated and tuned
parameter extraction to data
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Discoveries at hadron colliders

Peak
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Events
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Shape

Z H- I+ + inv.

108 [} Data
107 (S=8TeV, [Lot=20.3f" M Zooson
106 ZH—) ff+inv. -Topquark

s ww
10 B wz- rvee (inclt)
104 P zz- ¢ w, 4¢ (incl.r)

I sM Higgs (my = 125.5 GeV)

100 = et 0 - ZH = ££ +inv,BR(H - inv.)=1

050 00 150 200 250 800 350 400 450 500

HARD

Background SHARPE needed.
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background validated and tuned

to data

Rate
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Complicated interplay of best
simulations and data
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New Physics?

 No NP has been discovered yet

m(z) [GeV]

 Either thereis no NP, or it is

hiding very well

e Ifitis there, it will be a ‘Hard

H

or ‘'very Hard’ discovery

* Need for accurate predictions
for signal and background

Vs =8,13TeV, 20.3-140 fo August 2023

900

ATLAS Preliminary
tt; production, limits at 95% CL—]
— Observed
- - Expected
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1 I L
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2015-2018, Vs =13 TeV, 140 fb™
L , ~0

== monojet, t, - bff' y_
[2102.10874]

E= 0Lt~ /1, — bWR, /1, - bif &,
[2004.14060]

=Lt S )/ > bW /T, > bif
[2012.03799]

E= 1L NNt > 7]/ T, - bWE,
[2401.13430]

— 2Lt/ t > bW /T, bif R

[2102.01444]

2015-2016, Vs = 13 TeV, 36.1 fb™!

E o 0/t > bW/ > bif i
[1709.04183, 1711.11520,
1708.03247, 1711.03301]

— 1, i — tf(?
[1908.07570]

2012, {s =8 TeV, 20.3fb "’
Bt S 0/t > bWE /- bif i
[1506.08616]

SUSY RPC

Higgs+Other

CMS Preliminary March 2024

UDD, §-+tbs, mg = 2500 GeV' § 2104.13474 (Jets with displaced vertices) [N00006=0:09/|
UDD, g-tbs, mj = 2500 GeV § 2012.01581 (Displaced jets) [ Om003 =1
UDD, {+dd, m; = 1600 GeV' t 2104.13474 (Jets with displaced vertices) [IIN0/00035=0/081
UDD, £-dd, m; = 1600 GeV. 3 2012.01581 (Displaced jets) [ 0002=182i
LQD, E=bl, m = 600 GeV 3
LQD, Ebl, m; = 460 GeV 3
LQD, £-»bl, mi=1600 GeV 3 2012.01581 (Displaced jets) [ 0:005=0:24 |
GMSB, §-gG, mg = 2450 GeV § 2012.01581 (Displaced jets) 0.006-0.55 m
GMSB, §-gG, mg =2100 GeV § 1906.06441 (Delayed jet + MET) 032-34m

§ 2012.01581 (Displaced jets) 0.007-0.36 m

§ | 1802.02110 (Jets + MET) <im
Split SUSY (HSCP), f5 = 0.1, mg = 1600 GeV' § CMS-PAS-EX0-16-036 (dE/dx) >07m
MGMSB (HSCP) tan B =10, >0, m; = 247 GeV £ CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m

i 1801.00359 (Delayed jet) 60-1.5e+13m

§ 1801.00359 (Delayed jet) 50-3e+13m

qAX2(xD), f55=0.1, m; =940 GeV/ § 1801.00359 (Delayed pp) 600-33e+12m
AMSB, x =) *, my- =700 GeV Xt 2004.05153 (Disappearing track) 07-30m
§-qax} or q,,4., Sxin*, ms =1600GeV,mye = 1575GeV y 1909.03460 (Disappearing tracks + jets with Mr2) 0.11-10m
G-qxf or g/, xi* =xin*, mg=2000 GeV, my=1000 GeV  y 1909.03460 (Disappearing tracks + jets with M) 0.26-2m
Eoty? or byt xif =X, mi=1100 GeV, myy =1000 GeV  y 1909.03460 (Disappearing tracks + jets with Mr2) 025-9m
GMSB, x§-HG(50%)/ZG(50%), myp = 600 GeV x 2212.06695 (Trackless jets + MET) 0.04-12m
GMSB, x-HG(50%)/Z6(50%), s = 300 GeV X 2212.06695 (Trackless jets + MET) 0.05-24m
GMSB SPS8, x-YG, my; =400 GeV © 1909.06166 (Delayed y(y)) 02-6m
GMSB, co-NLSP, /-G, mj =270 GeV T 2110.04809 (Displaced leptons) 5e:05-2.65m
HoZoZ5(0.1%), Zo—pit, my =125 GeV, my =20 GeV X 2205.08582 (Displaced dimuon) 5e-05-5m
HoZpZp(0.1%), Zo-pi(15.7%), my =125 GeV, my=5GeV X 2112.13769 (Displaced dimuon scouting) 0.0001-0.25 m
H-=XX(10%), X~ee, my =125 GeV, my =20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25 m
H=XX(0.03%), X~Il, my =125 GeV, my =30 GeV' X 2110.04809 (Displaced leptons) 0.001-0.12m
H-XX(10%), X-bb, my =125 GeV, my = 40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m
HoXX(10%), X-bb, my = 125 GeV, my = 40 GeV. X 211013218 (Displaced jets +2) 0.004-0248 m
HoXX(10%), X-bb, my =125 GeV, my =40 GeV. X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m
H-XX(10%), X=TT, my = 125 GeV, my =7 GeV X 2107.04838 (LLP decays in CSCs) 0.02-23m
dark QCD, My, =1500 GeV, my,,, = 10 GeV, agonstic Xetr 2403.01556 (Emerging jet + jet) 0.003-0.3m
dark QCD, My, =1500 GeV, my,,, =10 GeV, GNN Xgufy  2403.01556 (Emerging jet + jet) <04m
HoXX(10%), X-bb, my =125 GeV, my = 40 GeV. X CMS-PAS-EX0-23-013 (Displaced Jets Run3) 0.0005-2.5 m
HoXX(10%), X-dd, my =125 GeV, my =40 GeV. X CMS-PAS-EX0-23-013 (Displaced Jets Run3) 0.0005-2.5m
HoXX(10%), X-TF, my = 125 GeV, my =40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) 0.001-0.5m
L s L L s
1077 107 1073 107t 10! 10°
ct[m]

Overview of CMS long-lived particle searches

UNIVERSITET

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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Vs =13 TeV, 3.6-140 fo
June 2024

1
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1
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24.3 & 139 fb'
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arXiv:2403.08547

3.6&29.31b"
PRL 121 (2018) 081801

PRD 98 (2018) 032016
JHEP 03 (2020) 145

Dijet angular
37.0fb"

—— Dijet + lepton
139 1o

95% CL upper limits
— Observed
--- Expected

—— Resolved dijet + ISR
140 fb”'

—— Boosted dijet + ISR
36.1fb"
PLB 788 (2019) 316
—— Boosted di-b-jet + ISR
80.5fb
ATLAS-CONF-2018-052

JHEP 03 (2020) 145

PRD 96 (2017) 052004
— tf resopance (1L)

36.1fb

EPJC 78 (2018) 565
— tl resonance (0L

136 1 oL

JHEP 10 (2020) 61

JHEP 06 (2020) 151

140 fot
13271
140 fo!
132!
36!
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13271

13271
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132!
36!
13fb7?
13 b
39t
39 bt
391
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137 fb~2
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138 fb~*
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7707t
118 fb!

98 fbt
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20 fb* (8 TeV)

118 fo!
13270
117 fot
137!
137 fb~?
138 bt
138 fb~?

35fb~! (13.6 TeV)
35 b1 (13.6 TeV)
357" (13.6 TeV)
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Standard Model measurements

ATLAS oo | sw mmem | s

Vs=13TeV, 24.5-79.8fb"

my =125.09 GeV, Iy, | <2.5
« The measurement of the Higgs e o et
. . . ggF FH==H 1.04  +0.09(£0.07, _yop)
couplings is an emblematic I — R
example of the need for o — 1 1g0 720 (03 02
precision 2 —— 105 *3% (xozs, "01)
fiH+tH : . | 121 1028 (1017, 10%0)

» Large perturbative N N N PP

08 08 1 T2 14 16 18 2 52 54 96

corrections for the dominant Cross section normalized to SM value
channel (gluon fusion) | tracted
] ] Cross section S|gnal stren%vlh

* Without higher-order (assuming S
corrections, measured signal 2002 .NNLO 299 ooy
strength ~ 3 x SM 5= ] ;

N 1991 =g § 2

* Very competitive X . e

experimental measurements! 50 103 1
k] O E l

Anastasiou et al, arXiv:1602.00695 14
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Perturbative expansion

O ab—s X (§, WE, /LR) Parton-level cross section

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

~ _ _Born | Qs (1) (CMS ) (2) ( ) (3)
— 14
=9 ( 2T o 27T * 27T T

A A A A
4 ) 4 ) 4 ) 4 )
LO NLO NNLO NNNLO
predictions corrections corrections corrections
J & J (& J & J

* Including higher corrections improves predictions and reduces

theoretical uncertainties

15
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The parton-level cross

parameter, schematically:

_ O_Born (1

A

-

predictions

~
LO

J

* Including higher corrections improves predictions and reduces

corrections

(&

NLO

J

theoretical uncertainties

Bction can be computed as a series in
perturbation theory, using the coupling constant as an expansion

) (32) 70 )

A

-

&

NNLO

\

corrections

J

A

(

NNNLO

~

corrections

(&

J
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Renormalisation scale

O ab—s X (§, 5 @ Parton-level cross section

* Introduced in perturbation theory and "is an unphysical
parameter"

* Consequences:
* The coupling constant depends on this parameter
* Beyond LO, the matrix elements depend on this parameter

* Only if on includes all orders in perturbation theory, this
parameter drops out

» Which value should you give it?

16
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Running of the strong coupling

Review of particle physics, 2021

0.35 1 ————rrrr——
I T decay (N°LO) +=- ]
_ low Q2 c.ont. (N3LO) +e- : .
03 | ey ooty 1 * The value of the strong coupling
! e shbnpes (Lo - depends (logarithmically) on the
05 p EW precision fit (\VLO) - - renormalisation scale
: pp (top, NNLO) = 1
02 f | | -1 < The larger the scale, the smaller the
' ) | ] coupling
0.15 [ . C
[ * Naively: choose large renormalisation
o1 | scales, and perturbation theory will
L =0, (Mz?) = 0.1179 £ 0.0009 work well...?
0.05 el
1 10 100 1000
August 2021 Q [GGV]
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Running of the strong coupling

Review of particle physics, 2021

0.35 1 ————rrrr——
I T decay (N°LO) +=- ]
_ low Q2 c.ont. (N3LO) +e- : .
03 | ey ooty 1 * The value of the strong coupling
! e shbnpes (Lo - depends (logarithmically) on the
05 p EW precision fit (\VLO) - - renormalisation scale
: pp (top, NNLO) = 1
02 f | | -1 < The larger the scale, the smaller the
' ) | ] coupling
0.15 [ _ L
[ * Naively: choose large renormalisation
o1 | scales, and perturbation theory will
L =0, (Mz?) = 0.1179 £ 0.0009 work well...”?
0.05 el
1 10 100 1000 Not SO Slmple
August 2021 Q [GGV]
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Renormalisation scale I

Which value should you give it?
A Born s\ (k)
oO=0 1+ Z (—) o
2T

For the theory to converge, both o and ¥ should be small, and both
depend on the renormalisation scale

Just like a, also o) depends logarithmically on the renormalisation scale:
it contains (powers of) log(,ul%/Qz), with Q2 any (relevant) invariant, such

as particle masses, 2-body invariant masses, \/§ etc.

For the best convergence, the renormalisation scale should be chosen such
that it matches the typical Q2 relevant to the process and or observable

18



What about the factorisation scale?

O ab— X (§, 9! Parton-level cross section

19



What about the factorisation scale?

O ab— X ( R) Parton-level cross section

19



What about the factorisation scale?

O 0b—s X( ’ R) Parton-level cross section

* Has a clearer physical interpretation:

« Separation scale between physics included in parton density
functions and hard matrix elements

« Just like renormalisation scale, should take a numerical value
close to the relevant scale to the process

* Including higher-orders reduces the dependence on the
factorisation scale

zb: /d$1d$2d@Fs folx1, pr) fo(xo, br) Gav—x (8, F, UR)

Phase—space Parton density Parton-level
integral functions Ccross section

LUNDS

UNIVERSITET
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Inclusiveness

factorisation scale

« All additional radiation, softer
than the factorisation scale, is
iIncluded in the computed cross

proton section through the evolution of
the parton density functions
leptons, * Only exact in the collinear
bosons, limit
efc. .« At NKLO accuracy, up to k of
proton these emissions are included

exactly also outside the collinear
limit
* This reduces the dependence

Gabox (8, bF, fiR) on the factorisation scale

Parton-level

fa(x1, pr) fo(x2, pr)

Parton density

kS

functions Cross section

20
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Perturbation theory at work

Cross section for Higgs production in gluon fusion

* The inclusion of hlgher orders as a function of the collider energy

improves the reliability of a given N N — S S S S

COmpUtatiOn | e = LO ® NLO ® NNLO = NNNLO

* More reliable description of S

total rates and shapes 5

* Residual uncertainties related fffffffff ffffff §

to the arbitrary scales in the oo P e L

process decrease = ‘ ‘ ‘ |

== 1 ‘ : ‘ : ‘ : ‘ : : ]

* The computational complexity E—— §

grows exponentially . ‘ ‘ :

* NLO is mandatory for LHC R o e

h SiCS! Anastasiou, et al, arXiv:1503.06056 13 TeV
pny

21
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AR5

NS

Master equation for the hard ="
Interaction

Z /d$1dﬂ?2d¢Fs oz, pr) fo(xo, ur) Gap—x (S, UF, UR)

a.b .
’ Phase-space Parton dens1ty Parton-level cross
integral functions section
Parton distribution functions 2. Parton-level cross section

Short distance coefficients as an
expansion in ds

Universal/process independent
Extracted from experiment
Evolution from theory From theory

Can be extract in one process,
and applied to others

22



In practice: predictions at LO

How to calculate e.g. 3-jet production at the LHC?

* |dentify all subprocesses (gg—ggg, qg—qgg....) in

pp — 3] Z/fz L1 fJ ZIZ’Q (Z] — klekB) easy

17k
* For each one, calculate the amplitude

A({p}, {h}.{c}) =) D difficult

* Square the amplitude, sum over spin & colour, and integrate over
the phase-space

A 1
0 = 95 dépZ\AF quite hard
h,c

23



In practice: predictions at LO

How to calculate e.g. 3-jet production at the LHC?

* Identify all subprocesses (gg—g9gg, qg—qgg....) in
pp — 3] Z/fz L1 fj 332 Z] — k1k2k3) easy
?." - For each one, Cllculate the amplltude -

A({p}, {h}.{c}) =) D difficult

the phase-space

. 1
“ 7 9; A%, ) | Al quite hard
h,c
24



LUNDS

UNIVERSITET

Feynman Rules

Based on Feynman Rules:
universal building blocks to create
Feynman diagrams

Feynman Q|agrams cqrrespond to A
mathematical expressions e p

» Tedious to do by hand, but no problem for a computer

Using helicity amplitudes with explicit representations for the
spinors/polarisation vectors can reduce the complexity in the
numerical evaluation of the expressions

Recycling identical sub-structures in multiple diagrams and/or
using recursion relations, can further reduce the computation time

25



In practice: predictions at LO

How to calculate e.g. 3-jet production at the LHC?

* |dentify all subprocesses (gg—ggg, qg—qgg....) in

(pp — 39) Z/f 1) fj(22)0(ij — kikaks) S

17k
* For each one, calculate the amplitude
A({p}, {h},{c}) ZD difficult

/ . Square the amplltude sum over spln & colour and mtegrate over
- the phase-space |

A 1
0 = 95 dépZ\AF quite hard
h,c



Phase-space integral

Dim|®(n)| = 3n — 2
1 2

» Calculations of cross section or decay widths involve
integrations over the phase space of rather peaked, multi-
variate functions

27



Phase-space integral

Dim|®(n)| = 3n — 2
1 2 A
o= 2_3/|M| dP(n)

» Calculations of cross section or decay widths involve
integrations over the phase space of rather peaked, multi-
variate functions

General and ﬂelele meth()d iS needed:
Numerical (Monte Carlo) integration

27



Monte-Carlo integration:
Integrals as averages

* Integral as a sum: !o i

b N
I:/ f(z)dx ::> IN:(b_a)%Zf(xi)

b

V:(b—a)/ (@) de -1 —> VN:(b—aV%fj[ﬂxi)r—I}%
[=1In++/VN/N

« Convergence is slow but it can be estimated easily

Scaling of the error does not depend on # of dimensions!

Improvement by minimising V),

Optimal/ldeal case: f(x) = constant = V,, = 0

28



Event generation

Every phase-space point computed in this way, can be seen as
an event (=collision) in a detector

However, they still carry the “weight” of the matrix elements:
> events with large weights where the diff. cross section is large

> events with small weights where the diff. cross section is small

In nature, the events don’t carry a weight:
> more events where the diff. cross section is large

> |ess events where the diff. cross section is small

How to go from weighted events to unweighted events?

29



* Integral is area under a graph

 Instead of picking a random x and compute
J(x),

« pick a random x and y and check if
f(x) < y. If so, keep event

 Integral: 'total area' multiplied by fraction of
events kept

+ "Unweighted" events contain the maximum amount of statistical information
in the least amount of events

 |deal if post-processing (slow detector simulation!) or storage is at a
premium

. It requires knowledge on f . to determine the 'total area'.

max

30
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Unweighting in multiple dimensions

* Procedure works the same in multiple dimensions

- In practice, f, .

encountered

Is determined dynamically: event with largest weight

do 4

do

largest weight =f_ ..

MC integrator

QY
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* Procedure works the same in multiple dimensions

» In practice, [ ..

encountered

Is determined dynamically: event with largest weight

do 4

do

largest weight = f_ ..,

e
HN=
O

>

O
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Unweighting in multiple dimensions

* Procedure works the same in multiple dimensions

. In practice, f.,., is determined dynamically: event with largest weight

max
encountered
d_U A largest weight = f, ..
dO
MC integrator
>
@,
Acceptance-Rejection
keep events with probability wgt/f, ..
do 4
dO
Event generator
>
@,

. This is possible only if f(x) is bounded (and has definite sign)!
31



Curse of dimensionality

* Error in Monte-Carlo integration scales
like 1/4/N, with N the number of sampling

points, independently of the number of
dimensions. However...

* the variance among the points is
(typically) much larger for high
dimensions: more complicated
iIntegrands

* Increasing the dimensions makes the
available space much larger

« This makes phase-space integration for
multi-particle processes a very hard
problem

Number of
Dimensions

]
2
3
4
5
/

10

25

(average) nearest-neighbour
distance among 10000

Nearest Nghbr.

Distance

5.0x 10°
5.0x 103
2.6 x 1072
6.3 x 10-2
0.11
0.23
0.39

1.1

LUNDS
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randomly generated points in a
unit hypercube
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« Optimising phase-space integration and
event unweighting can easily reduce the
computation time by orders of magnitude

 Typically much more than optimising
the evaluation time of the matrix elements

Optimisation

LUNDS
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Expectation: computation needs HL-LHC

Run 3 (=55)

Run 4 1=88-140)
T 1

Run 5 (u=165-200)

40

* Conservative R&D
v Aggressive R&D

— Sustained budget model

50~ ATLAS Preliminary
— 2022 Computing Model - CPU

| I T I |

L1 1

»

|l||l|l

(at least for tree-level contributions)

« Avery active area of research!

« Some recent progress:

* Optimised phase-space parametrisation

[E. Bothmann et al. 2023]

» Massively parallel setups
[E. Bothmann et al. 2022, 2023]

Annual CPU Consumption [MHSO06years]

30

20

10

0

(+10% +20% capacity/year)

I |

2 |

Illlllllll

| | 1 I | | I 11 1 | | 11 | I 11 1 I 1 | I I

2020 2022 2024 2026 2028 2030 2032 2034 2036

Year

« Normalising flows and Machine Learning for efficient phase-space point generation

[T. Heimel et al. 2022, 2023, 2024]

* Reweighting low-accuracy events to high-accuracy

[RF & T. Vitos, in preparation]
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SM

ME generators:
general structure

Includes all possible subprocess

leading to a given multi-jet final

state automatically or manually
(done once for all)

“Automatically” generates a code
to calculate IMI? for arbitrary processes
with many partons in the final state.

Use Feynman diagrams with tricks to
reduce the factorial growth, others
have recursive relations to reduce the
complexity to exponential.

N

—

LUNDS
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d~d->add~uu~g
d~d->add~cc~g
s~s->add~uu~g
s~s->add~cc~g

\d~\ .
0_2;&‘_‘ §~

g9 *

SrvvTSTTTSTIISSS

39

(o cl 3

/\d 5
)/W U~

6

diagram 949 QCD=5, QED=1
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ME generators:
general structure

Integrate the matrix element over
the phase space using importance

X section

sampling and a multi-channel
technique and using parton-level

cuts.
parton-level Events are obtained by
events unweighting.

These are at the parton-level.
Information on particle 1d,
momenta, spin, color is given 1n

the Les Houches Event (LHE)

File format.
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What about higher orders?

 All three steps change when including higher orders

 Let’s focus on NLO.

(NNLO and beyond imposes similar technical challenges, but orders of magnitude
more complex)

llllllllllll

In practice: predictions at LO

How to calculate e.g. 3-jet production at the LHC?

+ |dentify all subprocesses (gg—ggg, qg—qgg....) in:

o(pp — 3j) = Z/fi(xl)fj($2)5(ij — k1kaks) 2=
ijk
» For each one, calculate the amplitude

A({p} {n}, {c}) => D difficult

(2

« Square the amplitude, sum over spin & colour, and integrate over
the phase-space

R 1
0=75; /d@pZMP quite hard
h,c

23
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What about higher orders?

 All three steps change when including higher orders

 Let’s focus on NLO.

(NNLO and beyond imposes similar technical challenges, but orders of magnitude
more complex)

The same subprocesses contribute, and

UNIVERSITET

In practice: predictions at LO * need also subprocesses with one
more parton

How to calculate e.g. 3-jet production at the LHC?

* |dentify all subprocesses (gg—ggg, qg—qgg....) ig;

o(pp — 3j) = Z/fi(%)fj(@)&(ij — kikaks) easy
ijk
» For each one, calculate the amplitude

A({p} {n}, {c}) => D difficult

(2

« Square the amplitude, sum over spin & colour, and integrate over
the phase-space

R 1
0=75; /d@pZMP quite hard
h,c

23
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What about higher orders?

 All three steps change when including higher orders

 Let’s focus on NLO.

(NNLO and beyond imposes similar technical challenges, but orders of magnitude

more complex)

UNIVERSITET

In practice: predictions at LO

How to calculate e.g. 3-jet production at the LHC?

* |dentify all subprocesses (gg—ggg, qg—qgg....) ig;

o = 3) = Y [ o) fi(w2)oti] — lakaks) | €8Sy

ijk

» For each one, calculate the amplitude

A({p}, {h},{c}) = ZDi <+ difficult

(2

« Square the amplitude, sum over spin & colour, and integrate over
the phase-space

R 1
0=75; /01‘1)102|«4|2 quite hard
h,c

23

T —— T

The same subprocesses contribute, and

* need also subprocesses with one
more parton

The same amplitudes need to be
included, and

* need also generate amplitudes with
particles going in a loop
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What about higher orders?

 All three steps change when including higher orders

 Let’s focus on NLO.

(NNLO and beyond imposes similar technical challenges, but orders of magnitude

more complex)

UNIVERSITET

In practice: predictions at LO

How to calculate e.g. 3-jet production at the LHC?

* |dentify all subprocesses (gg—ggg, qg—qgg....) ig;
o(pp = 3) = 3 [ filan) laz)o(is — kakoks) | ©3SY

ijk

» For each one, calculate the amplitude

A({p}, {h},{c}) = ZDi <+ difficult

(2

« Square the amplitude, sum over spin & colour, and integrate over
the phase-space

.1 )
6= /dq>phZ|A| < Guiite-baid

23

T — =

The same subprocesses contribute, and

* need also subprocesses with one
more parton

The same amplitudes need to be
included, and

* need also generate amplitudes with
particles going in a loop

Still need to integrate over the phase-
space,

* need also to cancel divergencies
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NLO: how to?

* Three ingredients need to be computed at NLO

O'NLO:/Oéng'O—I—/OJg_l_ldJV—F/ angUR
n ? n T n-+1 T

Born Virtual Real-emission
Cross section corrections corrections

 Remember: virtual and reals are not separately finite, but their
sum is (KLN theorem). Divergences have to be subtracted
before numerical integration

LUNDS
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IR-singularities 1n the real emission

Dq T Pg

b+1
/ Y g dO’R
n+1

* When the integral over the phase- space
of the gluon is performed, one can have

(py+p,)" =0

. Since (p, +pg)2 = 2E E (1 —cos0), it
can happen when E, = 0 (soft) or

cos 8 = 1 (collinear)

* In both cases, the propagator diverges
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IR-singularities in the virtual =
corrections

 The same IR singularities as in the real-emission corrections also appear in the
(renormalised) virtual corrections, but with opposite sign. (Follows from KLN
theorem!)

« Virtual corrections: integration over the loop momenta gives poles in 1/¢, with
€ the dimensional regulator

- Real corrections: integration over the phase-space gives poles in 1/¢, with €
the dimensional regulator

Problematic! Integration over the phase-space is performed numerically. Cannot
be done in a non-integer number of dimensions!

Note: observables must not be sensitive to collinear/soft real emission branching
(i.e., for KLN to be applicable). Hence, must use "infrared-safe" observables, and
cannot use infinite resolution

No problem in the virtual corrections: integration over the loop momentum is typically done (semi-)analytically, so poles in
€ and the finite remainder can be computed explicitly
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Example

Suppose we want to compute the integral

-1
£(x) dx, with f(x) = 8(x)
J O ¥

and g(x) a regular function

Let’s introduce a regulator, which renders the integral finite

-1 -1 1
f(x)dx — | xf(x)dx = J §W)

x1—€
J0 J0 0
and in the end we take the limite — 0

dx

The divergence turns into a pole in €. How can we extract the
pole analytically, while doing the integral numerically?

40



Extraction of poles

|

1
x¢f(x)dx = [ 800 dx

1—€
OX

1
[ £ dx — J

0 0

Phase-space slicing

 Introduce a small parameter o:

1 o) 1
. J g(x) 4 — [ g(x) i+ J g(x) ix

1—e 1—e 1—e
oX o X s

0 1
EJ 8O +J 8

0 xl—e 5 xl—e

1 Lo(x
— (— + 1og5>g(0) + [ 89

€ s X
where we have taken the limit ¢ = 0O in the
2nd term

z z

S\ IR )

AR/
o
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Extraction of poles

1
dx

1
x¢f(x)dx = [ 500

1—€
0 X

1
[ £ dx — J

0 0

Phase-space slicing

 Introduce a small parameter o:

1 o) 1
. J g(x) 4 — [ g(x) i+ J g(x) ix

1—e 1—e 1—e
oX o X s

0 1
EJ 8O +J 8

1—e€ 1—€
0 +* s X

1 Lo(x
— (— + 1og5>g(0) + [ 89

€ s X
where we have taken the limit ¢ = 0 in the
2nd term

Subtraction method

« Add and subtract g(0)/x:
1 1
. I g(x) dx:J x€<g(0)+g(X) _&0)) i

l1—€
0 X 0 X X X

1 1
_ [ g(0) i+ [ g(x) — g(0) "

O x1—€ O x1—€
1
g(0) N [ g(x) —g0) ix

€

0 X
where we have taken the limit € = 0 in the
2nd term

A1
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Extraction of poles

|

! . [ s
fx)dx — | xff(x)dx = 1 dx
0 0 0 X ¢
Phase-space slicing Subtraction method
* Introduce a small parameter 6:  Add and subtract g(0)/x:
1 5 1 1 1
. J g(x) dx:[ 8w +[ 8w . J g(x) dx:J x€<g(0) L 8W _g(0)> i
0 xl—e€ 0 xl—e€ xl—e€ 0 xl-e€ 0 X X X
5 1 1 1
0 0 — 2(0
2Jg()(ijrJg(ac)olx z[g()dx+[g(X) g()dx
0 yl—e 5 yl—e 0 xl—e€ 0 xl-€
1 : 0 be(x) —g(0
= <—+log5>g(0)+[ —g(X) dx — s©) +[ 500 ~ 80) dx
€ s X € 0 X
where we have taken the limit ¢ — 0O in the where we have taken the limit € — 0 in the
2nd term 2nd term

Both methods have a simple universal integral to be done analytically (that yields the
pole to be canceled against the pole in the virtual corrections);
and a complicated finite integral to be performed numerically

Since no approximation in the subtraction method, this is the preferred method at NLO

Since simpler structures in phase-space slicing, this is the preferred method at NNLO
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Extraction of poles

|

! . [ s
fx)dx — | xff(x)dx = 1 dx
0 0 0 X ¢
Phase-space slicing Subtraction method
* Introduce a small parameter 6:  Add and subtract g(0)/x:
1 5 1 1 1
. J g(x) dx:[ 8w +[ 8w . J g(x) dx:J x€<g(0) L 8W _g(0)> i
0 xl—e 0 xl—e xl—e 0 xl=€ 0 X X X
5 1 1 1
0 0 — 2(0
2Jg()dwrjg(x)dx z[g()dx+[g(X) g()dx
0 yl—e 5 yl—e 0 xl—e€ 0 xl-€
1 : 0 be(x) —g(0
— <—+log5>g(0)+[ 89 iy 30 +[ s ~ 80
€ S X € 0 X
where we have taken the limit e.— 0 in the where we have taken the limit ¢ — 0O in the
2nd term 2nd term

Both methods have a simple universal integral'to be done analytically (that yields the
pole to be canceled against the pole in the virtual corrections);
and a complicated finite integral to be performed numerically

Since no approximation in the subtraction method, this is the preferred method at NLO

Since simpler structures in phase-space slicing, this is the preferred method at NNLO
41
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Extraction of poles

|

! . e
fx)dx — | xff(x)dx = 1 dx
0 0 0 X ¢
Phase-space slicing Subtraction method
* Introduce a small parameter 6:  Add and subtract g(0)/x:
1 5 1 1 1
0 0
. J g(x) dx:[ g(x) dx+[ 8w . J g(x) dx:J x€<g( ), 80 &l ))dx
0 xl—e 0 xl—e xl—e 0 xl-e€ 0 X X X
5 1 1 1
0) 0) x)—2(0
2Jg()(ijrJg(ac)olx z[gf)der[g()lg()dx
0 yl—e€ 5 xl—e€ 0 X —€ 5 y1l—e€
1 L o(x 0 be(x) —g(0
=<—+10g5>g(0)+[ 8 o =g()+[ s~ 80
€ S X € 0 X
where we have taken the iimit-c= 0 in the where we haetakern-theiimit e — 0 in the
2nd term 2nd term

Both methods have a simple universal intearzi-io be done analytically (that yields the
pole to be canceled agairist the pole-iiithe virtual corrections);
and a complicated finite integral 1o be performed numerically

Since no approximation in the subtraction method, this is the preferred method at NLO

Since simpler structures in phase-space slicing, this is the preferred method at NNLO
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NLO: kinematics of subtraction ..
terms

I

J g0 -8 Ly
0

X

/

Real emission Subtraction term

« Real emission and subtraction term cannot be separated (individually, they are
divergent!)

. 1 andj are on-shell in the real emission, but i + j is not: x ~ ml%rj

I + J must be on-shell in the subtraction term

* This is not possible without reshuffling the momenta of other particles in the
process: hence each "event" has two sets of kinematics

 If can happen, real-emission and the subtraction terms end-up in different
histogram bins

» Use IR-safe observables and don't ask for infinite resolution! (KLN theorem)
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NLO: kinematics of subtraction

terms

Rekal emission

UNIVERSITET

bin [fb] at

/bin [fb] at|

___,..-:-’F-"""“"-\_
- ﬁ

 Real emission and subtraction term
divergent!) -

. iand j are on-shell in the real emissiof e =

-

i +j must be on-shell in the subtractiq

. This is not possible without reshuff|

process: hence each "event" has t

* If can happen, real-emission and th 3uration ters endup In differnt

histogram bins

» Use IR-safe observables and don't ask for infinite resolution! (KLN theorem)
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NLO event unweighting?

* Another consequence of the kinematic mismatch is that we cannot
generate unweighted events at NLO

« n + 1-body contribution and n-body contribution are not bounded
from above — unweighting not possible

* Further ambiguity on which kinematics to use for the unweighted
events

43



NLO event unweighting?

* Another consequence of the kinematic mismatch is that we cannot
generate unweighted events at NLO

« n + 1-body contribution and n-body contribution are not bounded
from above — unweighting not possible

* Further ambiguity on which kinematics to use for the unweighted

events
do 4 doy
dO / dO
>

o  Not possible O
at NLO
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NLO event unweighting?

* Another consequence of the kinematic mismatch is that we cannot
generate unweighted events at NLO

« n + 1-body contribution and n-body contribution are not bounded

from above — unweighting not possible

* Further ambiguity on which kinematics to use for the unweighted

events

do 4

do

>

O

Not possible
at NLO

do 4

do

>

O

For NLO event generation (and parton-shower matching) we need additional work

more on this in the next lecture(s)
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Example: W+j production

@ NNLOJET > e v, Js= 8 TeV
11;1 E ) LO' III NL|0 | I NNLO l'—0—'IcMsl | 3
N i« Both NLO and NNLO agree with
3 .t the CMS data (8 TeV collisions),
5wt « NNLO has significantly
= s smaller uncertainties

LO uncertainties underestimated

—
®I
o
] __I_I'l'l'I'I'ITl T 11T
o

107
. » In general: NLO accuracy
S b required to describe LHC
3 07 data

0.6

0.5 | | | ) | | |
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o per bin [pb]

10°

-
o
\e}

—
o—L

-
o
o

Instabilities at fixed order

Besides the mis-binning problem, the
kinematics mismatch can lead to odd
behaviours of certain observables, in
particular when some constraint

coming from the n-body kinematics
is relaxed in the n + 1-body one

S 4
. W7 prod. at the 13 TeV LHC 10"

fNLO —
NLO+HW6 —

0 50 100 150

pr(W)

20

MadGraph5 aMC@NLO

o

o per bin [pb]

©
&l“f; j;("(;‘q \'\
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-2
10°°
ttH production at the 13 TeV LHC
boosted cuts: p1(t), pr(t), pt(H) > 200 GeV

LOQCD ---

3 LO+NLOQCD ——
10 : LO+NLO QCD+EW —
LLL LO+NLO QCD+EW, noy
13
z
-4 3}
107 | 18
- 1@
1.
1<
o,
4 o
4
(O]
1%
| =
1 5L . . . l . . . l . . . l . |
‘?.8 E._sutio over LO QCD; scale unc. =
1.6 E SRS ~o iy = nta--
1.4 rakd * L * * &
.2 e
1 -—--—-—-——-—-—--—-— ———————————————————————————————————————————
0.8 . . . e . | . |
1.8 ratio over LO QCD; PDF unc.
1 6 -] --HHH-
1 g !!-. Z
'1 ___________________:‘__-E’ _________________________________________
0.8 . . . el . . | . . . |
0.8 relative contributions
0.6 NLOQCD — LO+NLOEW, noy «
0'4 LO+NLOEW — HBR —-—
0.2
0 _______________ T ='—_—‘—_—'—_—'=;='—_—'—_—'—_—'—_—':'—_—:._—:_—':’_':;:'_‘:'___'___'___":'___'___'__
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Summary: the hard interaction

* Event generators are there to bridge the gap between theory
concepts and experimental concepts

* At the heart, we have a matrix-element generator

» Most-difficult part: Phase-space integration by using Monte-
Carlo techniques

» scales very good with number of dimensions
 also works with involved integration boundaries (cuts!)

e allows for event simulation

* For the generation of “unweighted” events, an acceptance/
rejection step needs to be performed
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Summary: the hard interaction

* Only discussed the central part of the
collision.

* Sometimes this is enough!
* No matching to parton shower
« Easy to go beyond LO

* Analytic resummation (instead of
resummation with PS also a way
forward, and possibly higher
accuracy)

b /dxld@dcl)ps fal1, pr) fo(22, pF) Gab—x (S, F, UR)

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