QCD and Monte Carlo event generators
(Lecture | — Fixed-order calculations)

Marius Wiesemann

Max-Planck-Institut fur Physik

NNLO

' %/ vio NaLO o)
BND summer school 2024
Blankenberge (Belgium), September 2-12th, 2024



QUIZ: Getting to know the room

% Please raise your hands!

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

—> Who is working on collider/LHC physics!?

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

—> Who is working on collider/LHC physics!?

—> Who is working on cosmology/astroparticle physics!?

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

—> Who is working on collider/LHC physics!?

—> Who is working on cosmology/astroparticle physics!?

—> VWho is in a different field?

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

—> Who is currently a PhD student!?

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

—> Who is currently a PhD student!?

—> Who already has a PhD?

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

—> Who is currently a PhD student!?
—> Who already has a PhD?

—> Who has already finished a PostDoc!

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

% Please raise your hands!

—> Who is currently a PhD student!?
—> Who already has a PhD?
—> Who has already finished a PostDoc!

—> VWho is staff member!

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

Y Let’s divide the room...!

—> Who is a theorist?

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

Y Let’s divide the room...!

—> Who is a theorist?

—> Who is an experimentalist?

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



QUIZ: Getting to know the room

Y Let’s divide the room...!

—> Who is a theorist?

—> Who is an experimentalist?

— Who is non-binary? Did you justiassume...

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 ‘ |3



QUIZ: Getting to know the room

Y% Let’s divide the room...!

—> Who is a theorist?

—> Who is an experimentalist?

— Who is noh=birary? UL

phenomenologist

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024






Combined results: the excess

ATLAS Preliminary 2011 + 2012 Data

ATLAS Preliminary 2011 + 2012 Data
—— Obs. Vs=7TeV: [Ldt=4.6-4.81b"

—— Obs. fs=7TeV: |Ldt=4.6-48fb"
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Did we need Ek@.c}rv to observe the Higqs resonance?

CMS 35.9 fb' (13 TeV)
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Do we hneed %keorj teo measure Higgs ﬂauplivxgs?

ATLAS Run 2
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Do we hneed %keorj teo measure Higgs ﬂauplivxgs?

Yes, absoiuﬁetv!

35.9-137 fb ' (13 TeV)
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Do we need theory to find a New-Physics resonance?

direct searches




Do we need theory to find a New-Physics resonance?
NG

direct searches




Do we need theory to find NP as a small deviation?

indirect searches




Do we need theory to find NP as a small deviation?

Yes, absoiuﬁetv!

indirect searches




How do we get here!

Standard Model Production Cross Section Measurements
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3 pub~1-138fb~!(2.76,5.02,7,8,13,13.6 TeV)

inelastic 7 TevV. Phys. Lett. B 722 (2013) 5 o(inelastic) = 6e+13fb 1 3 ub'l
inelastic 13 TeV  JHEP 07 (2018) 161 ofinelastic) = 6.8e+13 fb | 41 ub~t
Jet 7TeV  PRD 90 (2014) 072006 oljet) = 4.2e+09 fo M 5 fb1

14 7TeV  PRD 84 052011 (2011) oly) = 4e+07 fo = 36 pb~!
w 2.76 TeV PLB 715 (2012) 66 o(W) = 3.5e+07 fb  uf 231nb~?
w 5.02 TeV SMP-20-004 o(W) = 6.8e+07 fb | 298 pb~!
w 7TeV  JHEP 10 (2011) 132 o(W) = 9.5e+07 fb 36 pb?!
w 8 TeV PRL 112 (2014) 191802 o(W) = 1.1e+08 fb I 18 pb~!
w 13TeV  SMP-20-004 o(W) = 1.9e+08 fb i 201 pb~?
z 2.76 TeV JHEP 03 (2015) 022 o(z) = 8.9e+06 fb |} 5 pb~!

z 5.02 eV SMP-20-004 0(2) = 2e+07 fb | 5 pbt

z 7TeV  JHEP 10 (2011) 132 0(Z) =2.9e+07 fbo ¢ 36 pb~t
z 8TeV  PRL112(2014) 191802 0(Z) = 3.4e+07 b 4§ 18 pb~?!
z 13TeV  SMP-20-004 0(z) = 6e+07 fb { 201 pb~?
z 13.6 TeV SMP-22-017 0(2) = 6e+07 fb | 5 fb1
wy 7TeV  PRD 89 (2014) 092005 o(Wy) = 3.4e+05 fb it 5fb~t
wy 13TeV  PRL 126 252002 (2021) o(Wy) = 1.4e+05 fb % 137 fb~*
zy 7TeV  PRD 89 (2014) 092005 0(Zy) = 1.6e+05 b & 5fbt
zy 8 TeV JHEP 04 (2015) 164 o(Zy) = 1.9e+05fb 20 fb~1
ww 5.02 TeV PRL 127 (2021) 191801 o(WW) = 37e+04 fo ] 302 pb?
ww 7 TeV EPJC 73 (2013) 2610 o(WW) = 52e+04 fb i 5fb~1
ww 8 TeV EPJC 76 (2016) 401 o(WW) = 6e+04 fb i 19 fb~t
ww 13TeV  PRD 102 092001 (2020) o(WW) = 1.2e+05 b § 36 fb!
wz 5.02 eV PRL 127 (2021) 191801 o(Wz) = 6.4e+03 fo (I + 302 pb~?t
wz 7TeV  EPJC 77 (2017) 236 o(WZ) = 2e+04fb i 5 fb~?
wz 8TeV  EPJC77(2017) 236 o(WZ) = 2.4e+04 fb I 20 fb!
wz 13TeV  JHEP 07 (2022) 032 o(WZ) = 5.1e+04 fb  § 137 fb~?!
zz 5.02 TeV PRL 127 (2021) 191801 0(2Z) = 5.3e+03 o (NN 302 pb~?
zz 7TeV  JHEP 01 (2013) 063 0(2z) = 62e+03 fo I} 5 fb~?
7z 8 TeV PLB 740 (2015) 250 0(zZ) = 7.7e+03 b | 20 fb~1
7z 13Tev  EPJC 81 (2021) 200 0(zZ) = 1.7e+04 fo  § 137 fo!
VW 13TeV  PRL 125 151802 (2020) o(VW) = 1e+03 fb il 137 fo!
Www 13TeV  PRL 125 151802 (2020) a(WWW) = 5.9e+02 fo  njilllllt 137 fb~!
wwz 13TeV  PRL 125 151802 (2020) a(Wwz) = 3e+02 fo (N 137 fb~!
wzz 13TeV  PRL 125 151802 (2020) o(Wzz) = 2e+02 o [N 137 fo!
777 13TeV  PRL 125 151802 (2020) 0(27Z) < 2e+02 fb 137 fb~!
wwy 13TeV  SMP-22-006 oWwy) = 6o sl 138 fo!
Wyy 8TeV  JHEP 10 (2017) 072 o(Wyy) = 4.9 o mjiels 19 fb~!
Wyy 13TeV  JHEP 10 (2021) 174 o(Wyy) =14 fb s 137 fot
Zyy 8TeV  JHEP 10 (2017) 072 o(zZyy) =13 fb i 19 fb~!
Zyy 13TeV  JHEP 10 (2021) 174 azyy) =541 i 137 fo!
VBF W 8 TeV JHEP 11 (2016) 147 O(VBF W) = 4.2e+02fb  mifl® 19 fb~t
VBF W 13TeV  EPJC 80 (2020) 43 o(VBF W) = 62e+03fb i 36 fb~!
VBF Z 7TeV  JHEP 10 (2013) 101 o(VBF Z) = 1.5e+02 b mijiim 5 fb~?
VBF Z 8 TeV EPJC 75 (2015) 66 o(VBF Z) = 1.7e+02 fb 20 fb~!
VBF Z 13TeV  EPJC 78 (2018) 589 O(VBF Z) = 5.3e+02fb 1 36 fb~!
EW WV 13TeV  PLB 834 (2022) 137438 O(EW WV) = 1.9e+03 fb  mijils 138 fb~!
ex.yy>WW 8TeV  JHEP 08 (2016) 119 oex. yy-ww) =22 fb N 20 fb!
EWqaqWy 8Tev  JHEP 06 (2017) 106 O(EW qaWy) = 11 fo  wesiR 20 fb~t
EWqgWy  13TeV  PRD 108 032017 o(EW qaWy) = 24 fo i 138 fb!
EWosWW 137TeV  PLB 841 (2023) 137495 o(EWosWw) =10 il 138 fo!
EWssWW 8TeV  PRL114 051801 (2015) O(EW ss WW) = 4 fb 19 fb~!
EWssWW 13TeV  PLB 809 (2020) 135710 O(EW ss WW) = 4 fb  meilj 137 fo!
EWqaZy 8TeV  PLB 770 (2017) 380 O(EW qaZy) = 1.9 fb 20 fo=t
EWqaZy  13TeV  PRD 104 072001 (2021) o(EW qazy) =52 b o 137 fb~!
EWqqWz 13TeV  PLB 809 (2020) 135710 o(EW qqWz) = 1.8 o meffil] 137 fb~!
EWqgZZ  13TeV  PLB812(2020) 135992 [0o(EW qqzz) = 0.33 fo [l 137 fo!
tt 5.02 TeV JHEP 04 (2022) 144 oftt) = 6.3e+04fb [ 302 pb~?
t 7TeV  JHEP 08 (2016) 029 oftt) = 1.7e+05fb & 5 fb~!

tt 8 TeV JHEP 08 (2016) 029 oftt) = 2.4e+05fb 20 fb~1
tt 13TeV  PRD 104 (2021) 092013 oftt) =7.9e+05fb I 137 fb~!
tt 13.6 TeV Submitted to JHEP oftt) = 8.8e+05fb 1fb~?t
te-cn 7TeV  JHEP12(2012) 035 olte—cn) = 6.7e+04 b |§ 2 bt
te—cn 8TeV  JHEP 06 (2014) 090 ofte—cn) = 8.4e+04 b 1 5 fb~?
teen 13TeV  PLB 72 (2017) 752 olte—cn) = 2.3e+05 b 8 2 bt
tw 7TeV  PRL110 (2013) 022003 otw) = 1.6e+04 fb [l 5 fb1
tw 8TeV  PRL112 (2014) 231802 o(tw) = 2.3e+04 b [l 20 fb~t
[ 13TeV  JHEP 10 (2018) 117 o(tW) = 6.3e+04 fb  Hjge 36 fb~!
toocn 8TeV  JHEP 09 (2016) 027 olts—cn) = 1.3e+04 b« miffiiill 20 fb~t
tty 8 TeV JHEP 10 (2017) 006 a(tty) = 3.5e+03fb [k 20 fb~1
tty 13TeV  JHEP 05 (2022) 091 oltty) = 1.2e+03 b muf 138 fb~!
tzq 8 Tev JHEP 07 (2017) 003 o(tzq) = 2.9e+02 fb 20 fb~1
tzq 13TeV  JHEP 02 (2022) 107 o(tZq) = 8.7e+02fb 138 fb~?!
ttz 7TeV  PRL110 (2013) 172002 o(ttz) = 2.8e+02 fo = N 5 fb~?
ttz 8 TeV JHEP 01 (2016) 096 o(ttZ) = 2.4e+02 fb 20 fb~1
tz 13TeV  JHEP 03 (2020) 056 o(ttZ) = 9.5e+02 fb = 78 fb!
ty 13TeV  PRL 121 221802 (2018) o(ty) =1.1e+03 fo wifiin 36 fb~!
tw 8TeV  JHEP 01 (2016) 096 o(ttw) = 3.8e+02fo = [l 20 fb~t
ttW 13TeV  JHEP 07 (2023) 219 O(ttW) = 8.7e+02 fb  mmm | 138 fb~?!
twz 13Tev  TOP-22-008 o(tWz) = 3.7e+02fb «  mifim 138 fb!
tttt 13TeV  Submitted to PLB otttt) = 18 o wiffl§ 138 fo!
ggH 7 Tev EPJC 75 (2015) 212 o(ggH) = 1.6e+04 b [l 5fb~!
ggH 8TeV  EPJC 75 (2015) 212 o(ggH) = 1.5e+04 fo [l 20 fb~t
ggH 13TeV  Nature 607 60-68 (2022) o(ggH) = 4.7e+04 fb 139 fb~?!
VBFqgH  7TeV  EPJC75(2015) 212 o(VBF qqH) = 2.2e+03 fb I 5fb~t
VBF qqH 8 TeV EPJC 75 (2015) 212 o(VBF qqH) = 1.6e+03 fo [N 20 fb~t
VBF qqH 13TeV  Nature 607 60-68 (2022) o(VBF qgH) = 3e+03 fb i« 138 fb~*
VH 8Tev  EPJC75(2015) 212 o(vH) = 1.1e+03 fo  [IEN 20 fb=t
WH 13TeV  Nature 607 60-68 (2022) o(WH) = 2e+03fb + ifl§ 138 fb!
ZH 13TeV  Nature 607 60-68 (2022) o(zH) = 1.1e+03 fo i} 138 fb!
ttH 8 TeV EPJC 75 (2015) 212 o(ttH) = 4.2e+02fb = 20 fb~1
ttH 13TeV  Nature 607 60-68 (2022) ottH) = 4.7e+02 o [l 138 fb~!
tH 13TeV  Nature 607 60-68 (2022) o(tH) = 5.3e+02 b+ 138 fb!
HH 13TeV  Nature 607 60-68 (2022) 0(HH) < 1.1e+02 fb 138 fb~!

L L L L L L L L
1.0e+00 1.0e+02 1.0e+04 1.0e+06 1.0e+08 1.0e+10 1.0e+12 1.0e+14
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb] August 2023

See here for all cross section summary plots

Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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Qutline

¥ Fixed-order calculations
» QCD basics (Lagrangian, Feynman rules, strong coupling)
- LHC Factorization/Master Formula (PDFs, partonic cross section)
- NLO QCD (methods, slicing vs. subtraction vs. analytic)
* NNLO QCD (methods, timeline)
- EWV corrections (NLO, Sudakov logarithms, mixed QCD-EW corrections?)
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Qutline

Y Fixed-order calculations

- QCD basics (Lagrangian, Feynman rules, strong coupling)

» LHC Factorization/Master Formula (PDFs, partonic cross section)

- NLO QCD (methods, slicing vs. subtraction vs. analytic)
- NNLO QCD (methods, timeline)

* EWV corrections (NLO, Sudakov logarithms, mixed QCD-EW corrections?)

Lecture 2: Hands-on session on MATRIX

Y Monte Carlo Event Generation & Resummation

« Resummation

* Parton Shower Generators (formalism, hadronization, MPI)
» NLO+PS Matching (MC@NLO, Powheg, merging)
- NINLO+PS Matching (MiNNLO, Geneva)



Qutline

Y Monte Carlo Event Generation & Resummation
« Resummation

* Parton Shower Generators (formalism, hadronization, MPI)

» NLO+PS Matching (MC@NLO, Powheg, merging)
* NINLO+PS Matching (MiNNLO, Geneva)
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Useful literature

% Introductory level (QCD lecture notes from CERN schools)
* Peter Skands, arXiv:1207.2389
»  Gavin Sakam, arXiv: 101 1.5131

Y Books on QCD
- "QCD and collider Physics", R.K. Ellis, W.. Stirling, B.R.Webber, Cambridge, 1996

* "The Black Book of Quantum Chromodynamics:A Primer for the LHC Era", |.
Campbell, J. Houston, F. Krauss, Oxford, 2018

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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...LHC records enough statistics...

prediction

Imagine...
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...LHC records enough statistics...

prediction

Imagine...

New Physics discovered!

—> point-like Higgs-gluon interaction
see e.g. [Grazzini, lInicka, Spira, MW "1 6]

— — ——— —— — — — o,
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prediction

Now Imagine...

32



make sure there are only two LHC scenarios:

|. establish SM for accessible energy scales at LHC
2. find deviation pattern that hints to BSM Physics

33



prediction prediction

—> more precise predictions translate into higher discovery reach almost "for free"

34



The QED Lagrangian

Zz QED — Zz Dirac +Z Maxwell +Z nt

. 1 §
=y (id —m)y — ZF””FW —eyyrA,p

¥  dirac fermion fields with mass m

A, electromagnetic photon gauge fields

F,, photon field strength tensor F,, = d, A, — 9 A,

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



The QED Lagrangian

Z QED — Zz Dirac +Z Maxwell +Z Int

Feynman rules:

P
Y —>—e = u(p)
in. W -—E—C = V(p)
A NNNe =g,
P _
—— V =i(p)
p _

out; —<—— Yy =v(p)

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)

September 6, 2024

36



The QCD Lagrangian

Z QCD — Z Dirac + 7 Yang—Mills + 7 int

1 _
_Wl(lﬂ m)l//z__FﬁvFgU_gstyﬂAa i Y

4
4!
quark fields with colour charge index i and mass m => quarks come in 3 colours y = | V2
V3

gluon gauge fieldsa = 1,...,8

gluon field strength tensor F;fv = 8ﬂA,fl — OUAS + g Jobe A/f A with SU(3) structure constants |, .

SU(3) colour matrices (genarators of the SU(3) gauge group; representation: Gell-Mann matrices)

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024



Feynman rules:

in: Aam =€,
out: € ¥ ¥ ¥ A, =€

- ’

The QCD Lagrangian

Z QCD — Z Dirac + 7 Yang—Mills + 7 int

1

) -

oo S D

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)

September 6, 2024
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The strong coupling constant

% The SMis a renormalizable gauge theory

—> couplings (and masses) need to be renormalized (because of UV divergences)
—> theory does not predict value of a, but the dependence on scale
Renormalization group equation (RGE):

da(pu”)

_ 2\ — 2 3 44 ...
Tney) = PO = foa’ + o + pra’ +

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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The strong coupling constant

% The SMis a renormalizable gauge theory

—> couplings (and masses) need to be renormalized (because of UV divergences)

—> theory does not predict value of a, but the dependence on scale

Renormalization group equation (RGE):

da(u?)
d In(p?)

= fla(u?) = fya’ + pya’ + fra® + - o ()

perturbative (@ < 1) solution at one-loop:
a(p;)
I — a(ug) fo In(u*/ps)

a(u®) =

A

uZ

Marius

Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1)

September 6, 2024



The strong coupling constant

% The SMis a renormalizable gauge theory

—> couplings (and masses) need to be renormalized (because of UV divergences)
—> theory does not predict value of a, but the dependence on scale

Renormalization group equation (RGE):

da(u?)
d In(p?)

increase with energy

A

= pla(u”)) = oo’ + o’ + pya* + - o (W)

perturbative (@ < 1) solution at one-loop:

CZ(IM2) — a(//t(%) _________________________________________ .
I = alug) o In(u?/us)

QED: S, >0

decrease with distance

ug u?
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The strong coupling constant

% The SMis a renormalizable gauge theory

—> couplings (and masses) need to be renormalized (because of UV divergences)

—> theory does not predict value of a, but the dependence on scale

Renormalization group equation (RGE):

da(u?)
d In(p?)

= pla(u”)) = oo’ + o’ + pya* + - o (W)

perturbative (@ < 1) solution at one-loop:
a(p;)

I — a(ug) PoIn(u=/p3)

QED: S, >0

QCD: f, < 0 (due to gluon self interaction)

a(u®) =

confinement (no free quarks)

A\

o> 0

Po <0

asymptotic freedom
: e

UG u?
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We can actually measure asymptotic freedom

0(Q?)

03+

0.2 +

0.1}

v T decays (N°LO)
DIS jets (NLO)
Heavy Quarkonia (NLO)

e.w. precision fits (N3LO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

April 2016

A
O
o e'e jets & shapes (res. NNLO)
®

| Nobel prize in 2004

| Gross, Pollitzer, Wilczek

‘ z’f», I
= QCD ay(M,)=0.1181 +0.0011
Q [GeV]
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We can actually measure asymptotic freedom

April 2016
2)\| VS (N3
(IS(Q ) VT dec. 1yS (N3LO)
a DIS jets (NLO)
| 0 Heavy Quarkonia (NLO) S
03 | o e'e jets & shapes (res. NNLO)
- ® ¢.w. precision fits (N3LO) " Ll oa
v pp—> jets (NLO) O =0 7
v pp —> tt (NNLO) |
02 | | Nobel prize in 2004
l | Gross, Pollitzer, Wilczek
0.1}
1 10 100 1000
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Parton model

. fread at large momentum-transfer hadrons behave as
asymptotic freedom . . .
collection of free (weakly interacting) partons

Parton model

(LO QCD)

) hadronization
quark-hadron duality: d t

due to large time separation between hard scattering and hadronization there is no quantum
interference and the hard momentum flow is not altered "significantly” = if we are not

interested in the hadron dynamics (sufficiently inclusive observables) the parton picture is valid
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Infrared singularities

two kinds of infrared (IR) singularities appear in k
theories with massless particles: ’gééég

_— p
@ soft => vanishing parton (gluon) momentum .K

2E1 — COoS «9)]

soft collinear

@ collinear => two partons become collinear

hard parton

hard parton + soft gluon

two collinear partons

—> physically indistinguishable (degenerate states), IR divergencies are a manifestation of
factorization of short-distance from long-distance effects (not existent in hadron picture)
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Does parton model survive with radiative corrections!
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Does parton model survive with radiative corrections!

consider O(a,) corrections to eTe™ — ¢g:

S R

virtual
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Does parton model survive with radiative corrections!

consider O(a,) corrections to eTe™ — ¢g:

virtual

—> degenerate states: soft/collinear real radiation cannot be distinguished from virtual correction
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Does parton model survive with radiative corrections!

consider O(a,) corrections to eTe™ — ¢g:

S R

virtual

—> degenerate states: soft/collinear real radiation cannot be distinguished from virtual correction

Kinoshita-Lee-Naumberg (KLN) theorem:

When summing over all degenerate states (inital & final-state + soft & collinear
configurations) in sufficiently inclusive observables IR singularities cancel out.
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Infrared safety

The cancellation of IR singularities is not a miracle, but a direct consequence from unitarity:
«M@ %

=> in the IR region real and virtual amplitudes are kinematically equivalent up to a different sign

—, ~ PS integration

Loop integration

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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Infrared safety

The cancellation of IR singularities is not a miracle, but a direct consequence from unitarity:

<
<

=> in the IR region real and virtual amplitudes are kinematically equivalent up to a different sign

—, .~ PS integration

Loop integration

This cancellation happens for sufficiently inclusive (i.e. IR-safe) observable, but was does this mean?
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Infrared safety

An observable O is infrared and collinear safe if

Ons1(P1s -5 Pis -5 Dis o+ os Puy1) = O(Prs o spi+pisospy) 1 pi || p; or p; =0

: : —_— D
—» N

D — I

P1 P1

i.e. the observable is not sensitive to soft or collinear emissions
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QCD measurements: spin of gluon

30
Thrust distribution at LEP

1 O 'V.C ct or g lu OI1l ,-"'- /
——— Scalar -
’//f
o

— /

§e, 3 o
g / L

o e

Fd /;',/”

© /,4/‘
} 1 //,/.’/

/,/’ ///'
/,/ //'
o R
/// ,.-’/
/ /
3 ,’/.//
/////
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QCD measurements

Event Fraction (%)

40

30

20

10

L3 -

/”
-

I
&
\
\
\
\\\
\ D

I)—A
\

\
\\ \

7
7 s
//////
B R
- /// // \ ® DATA
el Abelian

g
P
0° 20° 40° 60° 80°

XB7

non-abelian nature

Abelian
contribution

Non-Abelian
contribution
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QCD measurements: colour factors

25

7 L
15 [

o

@

05 &

SU(S)

Combined result

* SU) QCD

X4
X4
L4
L4
L4
L4
L4

ALEPH 4-jet ~_

’ OPAL Ngo -
/’ \ g8
DELPHI FF A

Fits of colour factors from 4-jet
rates and event shapes

-

Ca = 2894021
Cr = 1.30 + 0.09
\_ J

Well compatible with QCD:
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Questions?




How to make predictions
for proton-proton collisions




LHC event

59

September 6, 2024

QCD and Monte Carlo event generators (Lecture 1)
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LHC event

Hadrons

Charged Leptons(e, )/
/ Photons

60
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0
- 2000
e~ D000

FHard Process
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FHard Process
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Hadronization

LHC event

FHard Process
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Hadronization

FHard Process
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Ohad =

L HC Master Formula

Hard Process

Marius Wiesemann (MPP Munich)
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LHC Master Formula

Ohad = fi(iEl,MF)fj(ﬂizaﬂF)

N

Parton Distribution Functions (PDFs):

probability to find a certain a parton
(here: gluon) with momentum fraction

Xi inside the proton

long distance (non-perturbative)

proton

Hard Process
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Ohad =

L HC Master Formula

fz'(:vl,MF) fj(iUz,MF) X Uz’j(fﬁpl,fl?sz,lLF)

Hard Process

partonic cross section:

transition scattering amplitude
(brobability) for the partonic process
ij— X (to produce some final state X)

short distance (perturbative)

Marius Wiesemann (MPP Munich)
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L HC Master Formula

Ohad = E/dﬂh dzo f»z:(fb’l,MF) fj(372a/1'F) X Uz’j($1P1,£U2P2,MF)
]

Hard Process
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L HC Master Formula

Ohad = E/dﬂh dzs fi(l’la MF) fj(372a/1'F) X Uz’j($1P1,£U2P2,MF) + @(Az/Qz)
g

factorization holds up to
additional non-perturbative
corrections (higher "twist")

proton

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

DIS __ rbare
Ghad _f ® GP

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

DIS bare
Tt 2B 9,

bare PDF
(UV divergent)

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

DIS bare
G T

bare PDF partonic cross section
(UV divergent) (collinear divergent)
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

DIS bare
Ohad f X
bare PDF partonic cross section
(UV divergent) (collinear divergent)

collinear radiation can appear in either regime
and affects both the PDFs and the partonic
Cross section
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

"gds =" ® Op = P ® Ziyy(pp) @ Zlil (hp) @ Op Lyy = L

UV renormalization of
bare PDFs cancels
collinear singularities of
partonic cross section

multiply by one
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

Ugds =" ® o, =|f " @ Zyv(up)|® Zig (Hp) ® Op Zyy = 4R

UV renormalized PDFs UV renormalization of

(finite) bare PDFs cancels

collinear singularities of
partonic cross section
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

"gds =" ® Op = P ® Ziyy(Up)|& Zlil (hp) @ Op Zyv = LR

UV renormalized PDFs partonic cross section UV renormalization of
(finite) +collinear counterterm bare PDFs cancels
(finite) collinear singularities of

partonic cross section
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

6}21{18 — fbare X 0, = f bare R Zyv(r) & Zﬁql (up) @ O = f(up) ® 5p(/4F) Luy = 4R

UV renormalization of
bare PDFs cancels
collinear singularities of
partonic cross section
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:
Ugds =f Pare @ 0, = / P & Zyv(pp) @ Zﬁal(//tF) X O = f(up) ® 5p(/4F) Lyy = 4R

factorization introduces factorization scale 4. , consider the simple example:

dO dInF(uy) dInS(uy)

O=Fug - -Sup) = Ug =0 = up = y(Up) = — Uf
dup dup dur
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:
O}ﬂlds =f Pare @ 0, = / P & Zyv(pp) @ Zﬁal(//tF) X O = f(up) ® 6p(ﬂF) Lyy = 4R

factorization introduces factorization scale 4. , consider the simple example:

dO dInF(uy) dInS(uy)

O=Fug - -Sup) = Ug =0 = up = y(Up) = — Uf
dup dup dur

factorization => evolution
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:
O}ﬂlds =f Pare @ 0, = / P & Zyv(pp) @ Zﬁal(//tF) X O = f(up) ® 8p(//tF) Lyy = 4R

factorization introduces factorization scale 4. , consider the simple example:

dO dInF(uy) d InS(ur)
O=Fup) - -Sup) = ugp =0 = up — = Y(hp) = — Hp -

factorization => evolution

0 du
E(m, Q) ~ exp (J m 7’(/4))

back to DIS:
cflﬂﬁs(m, Q) = f(m, pp) & 6,(0, r)
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

6}21{18 — fbare X 0, = f bare R Zyv(r) & Zﬁql (up) @ O = f(up) ® 6p(//tF) Luyv = 4R

factorization introduces factorization scale 4. , consider the simple example:

dO dInF(u)
O=Fug)- -S(ug) = Ugp =0 = = y(Up) = — Up
dup dyp

factorization => evolution
back to DIS:

oIS, Q) = fim, ) ® 6,(0. )
— f(m, IMO) X E(//l(), //tF) X 6p(Q9 /’tF)

dInS(ur)

dpp

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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Factorization: a few comments

consider deep inelastic scattering (DIS, just one hadron) for simplicity:

oy =P @ 0, =[P @ Zyy(up) @ Zig (up) ® 6, = flup) ® 6,(up)  Zyy = Zr

factorization introduces factorization scale 4. , consider the simple example:

dO dInF(uy) d InS(ur)
O=Fup) - -Sup) = ugp =0 = up — = Y(hp) = — Hp -

factorization => evolution = resummation
back to DIS:
oy (m, Q) = fm, up) @ 6 (O, 1p)

—f(m Ho) ® E(ug, i) ® 6,0, pir) Fom. ) ~ exo ( JQ du W))
= fm, m) ® E(m, Q)®0(Q 0) | m M

Ho = M, Up =
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Evolution of PDFs: DGLAP equation

in practice much more complicated:

4 convolution (use Mellin space for exponentiation/resummation) COnV0|Utl0fl13
dx’

4 scale dependence through strong coupling (a®b)(x) = | —a(x)b(x/x')

Jy X

4 coupled differential equation mixing all PDF sets

+ ..

fed = 3 B2 (542 @ Py )@

- )T
j

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi (DGLAP)

0 Inp?

O0)
Increase @O ©

Increase @
« TQ
o

physical meaning:

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 83



Evolution of PDFs: Example #1

xq(x,Qz), xg(x,QZ)

3 T 2
xg(x,Q")
o5 | Xq + Xqbar -
Take example evolution starting with
_ just ks:
° Q?=120Gev? | ~JUshauare
|5 ) On @29 = Pgq® q
. aInQ?g:'Dgecﬂgq
1 - .
» quark Is depleted at large x
0.5 » gluon grows at small x
O | T R S . .
0.01 0.1 1

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 ‘ 84



Evolution of PDFs: Example #1

xq(x,Qz), xg(x,QZ)

3 — ;
xg(x,Q")
25 | Xq + xqbar -
Take example evolution starting with
i just ks:
° Q?=150GeV? | st auare
|5 ) On @29 = Pg—q®q
- 6)InQ?g:'Dg<—q®q
1 - .
» quark Is depleted at large x
0.5 » gluon grows at small x
O . . P —_—
0.01 0.1 1

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #1

xq(x,Qz), xg(x,Qz)

] M
xg(x,Q")
25 | Xq + xqbar -
Take example evolution starting with
just ks:
2 Q? = 27.0 GeV? JEST QAT
15 On @29 = Pgeq®q
. 8InQ2g:Pg%q®q
1 .
» quark Is depleted at large x
0.5 » gluon grows at small x
0
0.01 0.1 1

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #1

xq(x,Qz), xg(x,QZ)

] AP
xg(x,Q")
o5 | Xq + Xxqbar -
Take example evolution starting with
just ks:
2 Q? = 35.0 GeV? JESE AR

On02q = Pgeqg ®q
O Q28 — Pg<—q X q

» quark Is depleted at large x

» gluon grows at small x

0.01 0.1 1

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #1

xq(x,Qz), xg(x,QZ)

3 — ;
xg(x,Q")
25 L Xq + xqbar -
Take example evolution starting with
just ks:
e Q? = 60.0 GeV? JES AHaT
1.5 On @29 = Pgeq®q
- 6)InQQg:'Dg<—q®q
1 .
» quark Is depleted at large x
0.5 » gluon grows at small x
O : . SRR A ! i : :
0.01 0.1 1

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #1

xq(x,Qz), xg(x,QZ)

3 T ;
xg(x,Q")
25 L Xq + xqbar -
Take example evolution starting with
just ks:
2 Q? = 90.0 GeV? JESE GHATES

On 029 = Pg—qg ® q
O Q28 — 'Dg<—q X q

» quark Is depleted at large x

» gluon grows at small x

0.01 0.1 1

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #1

xq(x,Qz), xg(x,QZ)

3 — ;
xg(x,Q")
25 L Xq + xqbar -
Take example evolution starting with
i just ks:
e Q?=150.0 Gev?] 1T
1.5 On @29 = Pgeq®q
- 6)InQQg:'Dg<—q®q
1 .
» quark Is depleted at large x
0.5 » gluon grows at small x
0
0.01 0.1 1

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 ‘ 90



Evolution of PDFs: Example #2

xq(x,Qz), xg(x,Qz)

xg(x,Q°) - = N
5 xq + xabar - nd example: start with just gluons.
4l ) On @29 = Pgeg® g

Q° = 12.0 GeV? On @28 = Pgg @8
31 ) » gluon is depleted at large x.

» high-x gluon feeds growth of

2T ] small x gluon & quark.
1 o —
O . . ey
0.01 0.1

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #2

xq(x,Qz), xg(x,Qz)

xg(x,Q°) - = N
5 xq + xgbar - nd example: start with just gluons.
4l ) On @29 = Pgeg® g

Q2 = 15.0 GeV? Onq28 = Perg @8
31 » gluon is depleted at large x.

» high-x gluon feeds growth of

2 r small x gluon & quark.
1 -
0 .
0.01

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #2

xq(x,Qz), xg(x,Qz)

xg(x,Q°) o
D Xq + Xgbar - 2nd example: start with just gluons.
4l ) On @29 = Pgeg® g

Q2 - 27.0 GeV? On 28 = Pge g ® g

» gluon Is depleted at large x.

» high-x gluon feeds growth of
small x gluon & quark.

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #2

xq(x,Qz), xg(x,Qz)

xg(x,Q°) o
D Xq + Xgbar - 2nd example: start with just gluons.
4l ) On @29 = Pgeg® g

Q® = 35.0 GeV? On@?8 = Pgeg®g

» gluon Is depleted at large x.

» high-x gluon feeds growth of
small x gluon & quark.

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #2

xq(x,Qz), xg(x,Qz)

xg(x,Q°) o
D Xq + Xgbar - 2nd example: start with just gluons.
4l ) On @29 = Pgeg® g

Q® = 60.0 GeV? On@?8 = Pgeg®g

» gluon Is depleted at large x.

» high-x gluon feeds growth of
small x gluon & quark.

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #2

xq(x,Qz), xg(x,Qz)

xg(x,Q°) o
D Xq + Xgbar - 2nd example: start with just gluons.
4l ) On @29 = Pgeg® g

Q® = 90.0 GeV? On@?8 = Pgeg®g

» gluon Is depleted at large x.

» high-x gluon feeds growth of
small x gluon & quark.

...slide borrowed from Gavin Salam
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Evolution of PDFs: Example #2

xq(x,Q%), xg(x,Q°)

xg(x,Q°%)
XQ + Xqgbar

Q% = 150.0 GeV?

2nd example: start with just gluons.

Ono2q = Pogeg® g
aIn Q28 — Pg%g X g

» gluon Is depleted at large x.

» high-x gluon feeds growth of
small x gluon & quark.

DGLAP evolution:
» partons lose momentum and shift

towards smaller x
» high-x partons drive growth of

low-x gluon

Marius Wiesemann (MPP Munich)
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Parton Distribution Functions (PDFs)
Ohad = Z/diﬁ dzo| /;

* universal distributions containing long-distance structure of hadrons
* scale dependence via DGLAP evolution (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi):

o 2
2 Ot = DS [F g 2P/ as(2))
J

1__ LI | lllllll LI lllllll L LU 1

X 04j(T1 Py, 2o Ps, ur) + O(A*/ Q%)

Y LI lll | llllllll LI

* fi(x, u3) determined from: o.g;-NNPDF3'1 O aieto coy] 09 7 et eV
- lattice QCD (in principle) 08¢ 1 °% ‘
- fits to data (in practice) z; : Z;
e.g. MSTW, MMHT, -
CTEQ, HERA,ABM, 0.4f 0af
NNPDEF, ...
- photon PDF calculated Z?; :
[Manohar, Nason, Salam, Zanderighi, '17] : |
100‘3 100'3 11:)‘2 107 1
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Sum rules & indirect (gluon) PDF determination

conservation of incoming total momentum

1 Uy 0,267
/O dzy_fP (x) =1 do | Ol
Z Us 0,066

ds 0,053

Ss 0,033

Cc 0,016

total 0,546

=+ half of the longitudinal
momentum carried by gluons

...slide borrowed from Giulia Zanderighi
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Sum rules & indirect (gluon) PDF determination

Momentum sum rule: conservation of incoming total momentum N 0.267
dy 0,111
Us 0,066
Conservation of flavour: e.g. for a proton
ds 0,053
Ss 0,033
Cc 0,016
total 0,546

=+ half of the longitudinal
momentum carried by gluons

In the proton: u, d valence quarks, all other quarks are called sea-quarks

...slide borrowed from Giulia Zanderighi
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Sum rules & indirect (gluon) PDF determination

Fb (x,.Q%)
DGLAP: g(x,Qy°) = 0
1.6 ZEUS - Fit quark distributions to Fa(x, QF),
NMG at /nitial scale Qg — 12 GeV?.
| NB: o often chosen lower
. 2 o
1.2 Q" =12.0 GeV Assume there is no gluon at Q¢:
N\ x. Q%) =0
08 | \ | g( ) O)
Use DGLAP equations to evolve to
higher Q2 compare with data.
0.4
O T Y
0.001

...slide borrowed from Gavin Salam
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Sum rules & indirect (gluon) PDF determination

Fb (x,Q°)
DGLAP: g(x,Qy?) = 0
16 F ZEUS - Fit quark distributions to F»(x, QS),
\RAC: | at initial scale Q5 = 12 GeV?.
| NB: o often chosen lower
i 2 2 -
1.2 Q" =15.0 GeV Assume there iIs no gluon at Qgi

08 g(X, Qg):()

Use DGLAP equations to evolve to

higher Q2 compare with data.
0.4

O L L L
0.001 0.01 0.1 1

...slide borrowed from Gavin Salam
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Sum rules & indirect (gluon) PDF determination

Fb (x,Q°)
DGLAP: g(x,Qy?) = 0
16 F ZEUS - Fit quark distributions to F»(x, QS),
\RAC: | at initial scale Q5 = 12 GeV?.
| NB: g often chosen lower
i 2 2 -
1.2 Q" =27.0 GeV Assume there iIs no gluon at Qgi

08 g(X, Qg):()

Use DGLAP equations to evolve to

higher Q2 compare with data.
0.4

O L L Ly
0.001 0.01 0.1 1

...slide borrowed from Gavin Salam
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Sum rules & indirect (gluon) PDF determination

Fb (x,Q°)
DGLAP: g(x,Qy?) = 0
16 F ZEUS - Fit quark distributions to F»(x, QS),
\RAC: | at initial scale Q5 = 12 GeV?.
| NB: o often chosen lower
i 2 2 -
1.2 Q" = 35.0 GeV Assume there is no gluon at Qgi

08 g(X, Qg):()

Use DGLAP equations to evolve to

higher Q2 compare with data.
0.4

O L L Ly
0.001 0.01 0.1 1

...slide borrowed from Gavin Salam
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Sum rules & indirect (gluon) PDF determination

F5 (x.Q)
DGLAP: g(x,Qy°) = 0
1.6 ZEUS - Fit quark distributions to Fa(x, Qf),
NMC at initial scale Q3 = 12 GeV~.
| NB: Qg often chosen lower
. 2 2
12 Q" =60.0 GeV Assume there is no gluon at Q3:

08 g(X, Qg)zo

Use DGLAP equations to evolve to

higher Q2; compare with data.
0.4

O L L L
0.001 0.01 0.1 1

...slide borrowed from Gavin Salam
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Sum rules & indirect (gluon) PDF determination

FS (x.Q")
DGLAP: g(x,Qy°) = 0

1.6 - Fit quark distributions to Fa(x, Qf),

ZEUS C 2 2

at initial scale Qy = 12 GeV~.
NB: Qg often chosen lower

B 2 o _
12 Q" =90.0 GeV Assume there is no gluon at Q3:

08 g(X, Qg)zo

Use DGLAP equations to evolve to

higher @2: compare with data.
0.4

O L L L
0.001 0.01 0.1 1

...slide borrowed from Gavin Salam
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Sum rules & indirect (gluon) PDF determination

F§ (x,Q°)
DGLAP: g(x,Qy°) = 0
1.6 ZEUS -~ Fit quark distributions to Fa(x, Qf),
at /nitial scale Qg — 12 GeV?.
: NB: (y often chosen lower
1.2 2 2.
Q" =150.0 GeV Assume there is no gluon at Q3:

08 g(X, Qg):O

Use DGLAP equations to evolve to

higher @2: compare with data.
0.4

0 COMPLETE FAILURE

0.001 0.01 0.1 1

to reproduce data evolution
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Sum rules & indirect (gluon) PDF determination

F (x,Q°)
DGLAP: g(x,Qy°) = 0
1.6 1 ZEUS "
NMC —
1.2 r Q% =12.0 GeV? -
+\'
0.8 F .
0.4 -
O .
0.001

If gluon # O, splitting
g — qq

generates extra quarks at large

Q2 = faster rise of F2

Global PDF fits (CT, MMHT,

NNPDE etc.) choose gluon

distribution that leads to the

correct Q2 evolution.

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)
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Sum rules & indirect (gluon) PDF determination

Fb (x,Q°)
DGLAP (CTEQ8D)
1.6 1 ZEUS "
NMC —x
12t Q%= 15.0 GeV? -
\\
0.8 | :
0.4 |
0.001 0.01 0.1
X

If gluon # O, splitting
g — qq

generates extra quarks at large

Q2 = faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the

correct Q2 evolution.

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)
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Sum rules & indirect (gluon) PDF determination

If gluon # O, splitting
g — qq

generates extra quarks at large

Q2 = faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the

correct Q2 evolution.

Fb (x,Q°)
DGLAP (CTEQ6D)
1.6 1 ZEUS "
NMC —x

1.2 \\ Q2 = 27.0 GeV?
08
0.4 |

O . L1 . TR . L

0.001 0.01 0.1 1

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)
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Sum rules & indirect (gluon) PDF determination

F5 (x,Q°)
DGLAP (CTEQSD)
16T ZEUS ——
\ NMC —

12 X Q? = 60.0 GeV?
0.8 | \\ —
.

\
0.4 |
0.001  0.01 0.1
X

If gluon # O, splitting
g — qq

generates extra quarks at large

Q2 = faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the

correct Q2 evolution.

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)

September 6, 2024

110



Sum rules & indirect (gluon) PDF determination

Fb (x,Q°)
DGLAP (CTEQ6D)
1-6\ ZEUS
1.2 Q2 = 90.0 GeV? -
0.8 | .
N
0.4 | Ny i
0.001 0.01 0.1 1

If gluon # O, splitting

g — qq

generates extra quarks at large
Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)
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Sum rules & indirect (gluon) PDF determination

FD (x,Q°)

1.6

0.4

0

DGLAP (CTEQSD)

ZEUS

Q% = 150.0 GeV?

0.001

If gluon # O, splitting

g — qq

SUCCESS

generates extra quarks at large
Q2 m faster rise of F2

Global PDF fits (CT, MMHT,
NNPDE etc.) choose gluon
distribution that leads to the
correct Q2 evolution.

Marius

Wiese

mann

(MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)

September 6, 2024
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Sum rules & indirect (gluon) PDF determination

Xq(x), xXg(x)

02-10Gev2 1 Resulting gluon distribution is
HUGE!

CTEQGD fit
Carries 47% of proton’s

4 gluon momentum
(at scale of 100 GeV)

3
Crucial in order to satisty

2 momentum sum rule.

. Large value of gluon has big
impact on phenomenology

0.01 0.1 1
X ...slide borrowed from Gavin Salam
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NNPDF3.1 dataset

Kinematic coverage

PDF fits today

® Fixed target DIS
Vv Collider DIS P 5 5 5 5
4 Fixed target Drell-Yan | < NNLO, Q° =100 GeV NNLO, Q° =100 GeV
< Collider Inclusive Jet Production PR
Co”iderDre”_Yan << 1.3 ! ! L 1T T 1111 ! ! L1 1 ||| | | | |||||| | | | |||||| | | [ 1.3 ! ! | I N N ! ! L1 1 ||| | | ||||||| | | LU | | LI
Z transverse momentum :44 << - NNPDFSO - NNPDFSO
10° - Top-quark pair production i;:‘ . 1.25 1.25
Lo mack o v in wpors.. fig 5 CT14 up quark 556 CT14 down quark
fod g 1.2 1 < 12| -
&3 dad = 2l MMHT14
Rt T : T
< < 4 - § -
A 2R X 11 X X 1.1
105 - 4 < a=v4 g ‘:'; XX : 5 ;
] 44 «« < S X \Vavav, NN e ]
::‘ bbbl — 1.05 SRR ED L ‘32020’"?z.?:‘;zzg%z%a:- £ — 1.05
— KX AP EIRN KR L AR v
P obabebsbnl 5 O R RS RS R AT 4 S
o Dooodao ‘ﬁ‘;‘n«n««‘ v - 1 - 1
o000 o o<< 2 :‘:«:@f f << X X
< b 7«17 < ~—— ~—"
o o o o ocg%sqg‘g $4%4 W = w 5 0.95 o 0.95
©O 0 0 0 0p0qO © Y,V
104 4 e ; g’ & 4 0.9 0.9
] > DIBIOBOEIEIEIODD > > B DO DO DO DO DTS B >S5z REDSIOIOIDE IS - -
fn D> Db DOOOOIOOM> [ D> > > B SIS0 0 SOSEORPODHGIDG > D>
> O @] @] @] O 0000« a§<q'<'<'« 085 | ||||||| | | ||||||| | | ||||||| | | ||||||| | | I | 085 | ||||||| | | ||||||| | | ||||||| | | |||||||
) : _ _ : _ _
G, » 9000 0R4 4 4 ; 10° 107 107 1072 10™ 107 107 107 1072 10~
~ goorpeorporbpsropiorpimepptlogpitys Yaa V Y Y 1 X X
o N YVVY V VY VYV V V 5 5 5 5
00 O
:é:f et AR DAL NNLO, Q" = 100 GeV NNLO, Q° = 100 GeV
(e]e] O 00
103_— OOOO%OOOv v v ver v v 13 I T T TTTTT I 1111||| T |||||||| T T T T T 111 T 14 I T T TTTTT I 1111||| T |||||||| T |||||||| T T
] VIWWVY Y V V VVVY VvV V
oo Ry < Y Ul VY = NNPDF3.0 = NNPDF3.0
VVWWYV V V V VVYVY V V 1.95 ,
> V WWWYVY _ V V V VVV V
BAMMMMMMAM _Isxcmia luon — i3]l 8% CT14
VWIWWYY V V VYV VYV VY oo S 10 )
PYVWWYY VvV V V VY VY VYV v O ' =,
vwiwwy ¥ v ¥ v v v v M : <
WWWWWYWW WWY WYV V ¥V < 1.15 1.2
2
10 ] WYWY V V V @] O_ B
- A5
L MITA IS B : <14 X s
WWYWWYWYVWW YW W VYV V VY, :“ ~ + 11 e atigeiae’ ‘4“"‘3?‘1*‘2‘3é\»9:<§« S
i a4 A48 AR " 2 105 o R X AR
vy vy vy w0 Y VW P — Py
WY Y vV w v afe T >
vy VW V v I @ @]
VYVWYWWWY WYVWWWYV V V¥ v 1 1
VVWWYWWVVWWY WY V W V v 4 4
107 - vV VYV V VYV v v
] WWYWWW YW WYW V V V A ~ 0.95 ~
WYWWWYWYYY V V V VvV V v :v (@) +(D 0.9 ‘;":‘?‘v'"
[ . X M X IR A
vWwwWw Y vVY VY VVYYy ".. 0.9 XAOELEETR SN
WWYWYYW V¥V V V V V V v ©e® '
0.85 0.8
fD A A A A A P L R AN 107 107 107 1072 10~ 107 107 107 1072 107"
10 10 10 10 10 X X
X
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Questions?




Partonic Cross Section

Ohad = E/dﬂ?l dzo fz’(zla MF) fj(l'z, MF) XM+ @(Az/Qz)
©J

oii~opo - (L+a+a”+ ) LO ~ O(100%)

Uncertainties: NLO ~ 6/(10%
NLO (a~0.118) ( )

NNLO ~ O(1%)
NNLO

Hard Process
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Partonic Cross Section

s a3 | " ' :
Oi5 = 2_8 H 27'(' 32E (27‘-)454 (Z qq{JJ o (pl _|_p2),u) |MZ](p17p27QZ)|
N z:1 i =1 _ 1
[flux factor] [phase-space integral - @, ] [squared matrix element]

Marius Wiesemann

(MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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Partonic Cross Section

S Y CEYRTSRPTSPRN ey 0P
]

1 - d*q 2
Oij = 9% H 32E (2 454 (Z q; — (p1+ p2) ) ‘Mij(pllpzy%)‘

N z:1

[flux factor] [phase-space integral - @, ] [squared matrix element]

to illustrate the
concepts, we don’t

2
care what the
LO . | T >_< T particles are — just

draw lines

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 118



Importance of QCD corrections

o)
L
5= 50
©
40
30
20
10
0
O 14
z.
9 1.2
e 1
©
oC

(example WZ)

[Grazzini, Kallweit, Rathlev, MWV '| 6]

|

Illll|Illl|llll|llll|llll|lll

—

¢ 4 ® > 0

I L LA
ATLAS

WZ- vl

ATLAS (s=13 TeV (m, 66-116 GeV), 3.2 fb™
ATLAS (s=8 TeV (m, 66-116 GeV), 20.3 fb"
ATLAS Vs=7 TeV (m, 66-116 GeV), 4.6 fb”

DO Vs=1.96 TeV (m, 60-120 GeV), 8.6 fb™

CDF Vs=1.96 TeV (corr. tom, 60-120 GeV), 7.1 fb”

L l 1 L 1 l 1 1 L l 1 L 1 l

1

1

== MATRIX NNLO, pp>WZ (m, 66-116 GeV) _]
NNPDF3.0, i_=yi_=(m_ +m,)/2

— MCFM NLO, pp—WZ (m, _66-116 GeV)

) CT14nlo, “,fl‘;:mwz/z

o * = = MCFM NLO, pp—WZ (mz_m 60-120 GeV)

CT14nlo, |J.R=|.1F:mwz/2

3. — NNLO

~——NLO

|llll||ll|||l|

L1110

1 L L l L 1

-

[l

|lll|lll|l

— -

-4
#
—
4
—
—
—
—
=
—
—
—
—
—

—

1

L

R

1 L L l L 1

| |III|I

1 L 1 l A

-

b
— III

s [TeV

NNLO crucial for accurate description of data
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Righer-order corrections

do = do'¥ +adoP) +a? do® +O(a?)
——
LO
—_——
NLO
N ——  ——
NNLO

Two (complicated) main problems to solve:

(0. phase-space integration -- easy if finite, using numerical MC methods)

I. evaluate (loop) amplitudes
(ingredients of calculation, difficulty ~ eloops; understood at |-loop,

various 2-loop results, very few 3-loop results)

2. combination of different (singular) ingredients

(final cross section prediction, difficulty ~ e°rder, understood up to NNLO,
very few N3LO results)
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INGREDIENTS FOR A CALCULATION (generic 2—2 process)

to illustrate the
Tree concepts, we don’t

LO 2 — 2 care what the

particles are — just

draw lines

...slide borrowed from Gavin Salam



INGREDIENTS FOR A CALCULATION (generic 2—2 process)

to illustrate the
concepts, we don’t
care what the
particles are — just
draw lines

| | | + complex conj.

...slide borrowed from Gavin Salam



INGREDIENTS FOR A CALCULATION (generic 2—2 process)

=
24

1 lOOP :IE I + complex conyj.
2-loop | | | '
2 . 2 X + complex conj.

1-loop
22

NNLO

...slide borrowed from Gavin Salam



How to do a
NLO calculation



NLO Calculation: The Issue

o LO:/ do®
bp
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NLO Calculation: The Issue

LO
(Pp—WZ)

NLO

ONLO :/ dO‘B—I—/ dO‘R—I—/ doV
dp P11 ig=

d A — do®
W+ vy
) /v/c\/\/\o< .
i Z |~ I+ d Z /v I+
[~ [~
d 4 5 dott A 3 doV
+ 2% Wt 2%

(PP—2WZ) , u

Marius Wiesemann (MPP Munich)
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NLO Calculation: The Issue

ONLO :/ dO‘B—I—/ dO‘R—I—/ doV
dp P11 Lig=

| -loop virtual amplitude:

A B
ch~< 2 5 O:QJ

€2 €

v
LO "o, Z — do®
(Pp—W2) u/‘\/\/\’<l,+

d Z/v It
NLO o 2-%d&{

(PP—2WZ) ,
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NLO Calculation: The Issue

UNLOZ/ do® +
g

real-emission amplitude finite, but

integrand (propagators) become singular | -loop virtual amplitude:
during phase-space integration. '
After phase-space integration: PR Ag | by, L C
o 62 | ; | 0
A B
- C

doV ~ |
Jo €2 €

B

LO
(Pp—WZ)

NLO
(Pp—WZ)
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NLO Calculation: The Issue

UNLO:/ do® +
bp

real-emission amplitude finite, but — C 4 D
integrand (propagators) become singular

| -loop virtual amplitude:

during phase-space integration. sum finite
After phase-space integration: EPRY Ay | B, C
~ | | 0
. A B €2 €
do™ ~ D
62 € " A B
Qg do"V ~ F—+C
€2 €
4 \‘\C\f<j\o< ) -
- B
LO a4 — do
W+ Vl/
(Ppp—WZ) . P o
d Z /v 1+ d Z [y [t
I~ R . V
NLO d A — do A — do
W—"_ Vl, W_|_ l/l/
(pp—}WZ) ) /W\/\o< . ) o
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f(2) is some function with finite limit for z — 0

LOCAL SUBTRACTION NNLO approaches

Sector decomposition

Anastasiou, Melnikov, Petriello; Binoth, Heinrich

1 - 7 .
f (Z) f (O) Antenna subtraction
O- J— C o f(()) —|— dZ Kosower; Gehrmann, Gehrmann-de Ridder, Glover
0 < < Stripper
- B Czakon
Sector-improved residue
virtual & counterterm: real part: Boughezal, Melnikov,Petricllo
. . e e e ColorFul subtraction
may need (tough) MC integration is finite e Duea. Sormogyi Troscany

analytic calc” even without cut Projection-to-Born

Cacciari, Dreyer, Karlberg, Salam, Zanderighi
“S LI C I N G”

1 qT subtraction
1 f (Z) Catani, Grazzini
oc=|c—In ' f(()) T dz N-jettiness subtraction
CUt CU.t Z Boughezal, Focke, Liu, Petriello;
Gaunt Stahlhofen, Tackmann,Walsh
virtual & counterterm: real part:
get from soft-collinear use MC integration
resummation (cut has to be small)

...slide borrowed from Gavin Salam



NLO through subtraction

LO

sum finite
d\‘\d\ij\< "
-

d A 3 do®
+ vy

(Pp—WZ) , .

NLO

i Z |~ I+ d Z /v I+
[~ [

d — dot A — do
+ 2% Wt 2%

(PP—2WZ) , u

Marius Wiesemann (MPP Munich)
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NLO through subtraction

ONLO :/ dO‘B—I—/ dO‘R—I—/ do¥
bp b1 bp
:/ daB—l—/ (dO‘R— dO'S) +/ (dav—l—/das>
Pp Pp1 Nigz 1 e=0

S :
do”: subtraction term
— DIPOle [Catani, Seymour '96]
— FKS [Frixione, Kunszt, Signer '96]

d Z [/~ ]+
\N\/\< . — Antenna [Gehrmann et al. '05]
LO d A — do® —
W 127,
(Ppp—WZ) . /‘\’W<l,+
d Z [y R d Z[v 1+
NLO d A " 5 do® A Y 5 doV
+ vy Wt 27

(PP—2WZ) , u
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Subtraction terms/?

ONLO :/ dO‘B—I—/ dO’R—I—/ do¥
by P41 by
:/ daB—l—/ (daR— das) —I—/ (dav+/das>
Pp Pp1 Nigz 1 e=0

4 use factorization properties of squared amplitudes
4 singularities appear when final-state parton soft or colliner

4 singularity structure of amplitudes universal and known

schematically:
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Subtraction terms/?

ONLO :/ dO‘B—I—/ dO’R—I—/ do¥
by P41 by
:/ daB—l—/ (daR— dO‘S) —I—/ (dav+/das>
Pp Pp1 Nigz 1 e=0

4 use factorization properties of squared amplitudes
4 singularities appear when final-state parton soft or colliner

4 singularity structure of amplitudes universal and known

splitting parton
2

schematically:
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Subtraction terms/?

ONLO :/ dO‘B—I—/ dO’R—I—/ do¥
by P41 g
:/ daB—l—/ (dO‘R— dO‘S) —I—/ (dav+/das>
dp b1 bp 1 c=0

4 use factorization properties of squared amplitudes
4 singularities appear when final-state parton soft or colliner

4 singularity structure of amplitudes universal and known

splitting parton getting soft or colliner

schematically: 2_> F({) 0%
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Subtraction terms/?

ONLO :/ dO‘B—I—/ dO’R—I—/ do¥
by P41 g
:/ daB—l—/ (daR— dO‘S) —I—/ (dav+/das>
Pp Pp1 Nigz 1 e=0

4 use factorization properties of squared amplitudes
4 singularities appear when final-state parton soft or colliner

4 singularity structure of amplitudes universal and known

eikonal factor Ja (soft limit) or splitting function Pj; (collinear limit)

schematically: 2_> Ii({) X

2
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Subtraction terms!?

ONLO :/ dO’B—I—/ dO’R—I—/ do¥
by CI)B—|—1 op

eikonal factor Ja (soft limit) or splitting function Pj; (collinear limit)

|
schematically: E 2—> F({) ® |

2
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Subtraction terms!’ R

€2 €

UNLO:/ dO’B—l—/ dO'R—|—/ dO'V / N( €2 € ID())
by CI)B—|—1 op

eikonal factor Ja (soft limit) or splitting function Pj; (collinear limit)

|
schematically: E 2—> F({) ® |

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 138



Subtraction terms/?

ONLO :/ dO‘B—I—/ dO’R—I—/ do¥
g P41 g
:/ daB—l—/ (daR— dO‘S) —I—/ (dav+/das>
Pp Pp1 Nigz 1 e=0

S :
do”: subtraction term
— Dipole [Catani, Seymour '96] = combines soft & collinear limit in dipole function

— FKS [Frixione, Kunszt, Signer '96] = partitions phase space into soft, coll. & soft+coll.
— Antenna [Gehrmann etal.'05] = like dipole, but | Antenna ~ |/2 Dipole

eikonal factor Ja (soft limit) or splitting function Pij;j (collinear limit)

schematically: 2_> Ii({) X

2
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Automation

% Automation at LO (tree-level amplitudes & phase space) understood for very long time
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Automation

% Automation at LO (tree-level amplitudes & phase space) understood for very long time

Y Automation at NLO
» Automation of |-loop amplitudes (OPP, OpenLoops,...)

MadlLoop OpenLoops Gosam Recola Helac-NLO BlackHat NJet NLOX

» Automation of subtraction methods (Dipole, FKS, ...) & NLO(+PS) calculations

MadGraph5 aMC@NLO Munich/Matrix Powheg Sherpa Herwig++ WHIZARD
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Automation

Process Syntax Cross section (pb) .
* Aut € Single Higgs production LO 13 TeV NLO 13 TeV n g time

gl  pp— H (HEFT) pp>h 1.593 £ 0.003 - 10* jgg;ggg f}ﬁ%‘; 3.261 +0.010 - 10* ff‘;;g%g j};%;

. : +39.4% +1.2% +18.5% +1.1%

* A to g2  pp— Hj (HEFT) pp>hj 8.367£0.003 - 10° T2 Tiae  1.42240.006 - 101 Tioe Tiue
U g3  pp— Hjj (HEFT) pp>hjj 3.020£0.002 - 10° *F39-1% +1.2% 51244 0.020 - 100 2076 +1.8%
. A g4  pp— Hjj (VBF) pp>hjj$$wrw-2z 198740002 -10° F17% TL9% 1,900+ 0.006 -100 FO-8% +2.0%
g5  pp— Hjjj (VBF) pp>hijjj$swtw-z 2824+£0.005 1071 FI5T% 5% 308540010 - 1071 F2.0% 5%

g6 pp— HW* pp>h wpn 1.195 +0.002 - 10°  +33% ;;g;; 14190003 +10° jﬁ;;é;};iéy

+ . —1 +10.7% +1.2% —1 +3.6% +1.2%

M: g7  pp— HW=j pp>h wpm j 4.018£0.003 - 10~1 T107% T12% 4842+ 0.017 - 101 F3E% +12% LOX

g.8* pp— HW=jj pp>hupm j j 1.198 £0.016 - 101  F26-1% +08% 1 5744 0.014 - 1071 +3-0% +0-9%

g9 pp—HZ pp>hz 6.468 £0.008 - 10~ F35% +1.9% 76744 0.027 - 1071 2008 +1.9%

g10 pp—HZj pp>hzj 2.225+£0.001 - 1071 F306% +L1% 9667+ 0.010 - 1071 F3-5% +L-1%

- A g11* pp— HZjj PP>hzjj 726240012 .10 F0908 FOES  8.753+£0.037 1072 F38 UG S

g.12* pp— HWHW— (4f) pp>h wtw- 8.325+£0.139 - 10~3 10.9% +2.0% 1 0654 0.003 - 10-2 256 +2.0%

g.13* pp— HW*y pp>h wpn a 2.518 £0.006 - 1073 t07% +1.9% 3309+ 0.011 -1073 F27E 17

g14* pp— HZW* pp>hz wpnm 3.763 £ 0.007 - 103 i};%‘; f?;‘g‘g 5.292 + 0.015 - 1073 tg;*;g; f}jig

* -3 +40.1% +1.9% -3 +1.9% +2.0%

g15* pp—oHZZ pp>hzz 2.093£0.003 - 1073 FO-1% TL9% 9538+ 0.007 - 1073 F19% +2.0%

g16 pp— Htt pp>ht t~ 3.579+0.003 - 1071 F30.0% T17% 4,608+ 0.016 - 1071 +5-7% +2.0%

gl7  pp— Htj pp>htt ] 4.994+£0.005 - 1072 2% +1.2% 63984 0.022 - 1072 29 T1-5%

g.18  pp— Hbb (4f) pp>hb b~ 4.983+0.002 - 1071 F21% +15% 6085+ 0.026 - 1071 FT3% +1.6%

g19  pp— Hiij PP>ht te ] 2.6744+0.041 - 1071 F25-6% +2.6% 39444 0.025 1071 F35% +2.5%

g.20*  pp— Hbbj (4f) pp>hbb~ j 7.367+£0.002 - 1072 1256% +1.8% 90344+ 0.032 -10°2 7% F18%

MadGraphs_aMC@NLO: sample from 172 processes

...slide borrowed from Massimiliano Grazzini
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Automation

% Automation at LO (tree-level amplitudes & phase space) understood for very long time

Y Automation at NLO
» Automation of |-loop amplitudes (OPP, OpenLoops,...)

MadlLoop OpenLoops Gosam Recola Helac-NLO BlackHat Njet NLOX

» Automation of subtraction methods (Dipole, FKS, ...) & NLO(+PS) calculations

MadGraph5 aMC@NLO Munich/Matrix Powheg Sherpa Herwig++ WHIZARD

—> NLO has become the minimal standard now in (most) LHC analyses

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 143



Automation

% Automation at LO (tree-level amplitudes & phase space) understood for very long time

Y Automation at NLO
» Automation of |-loop amplitudes (OPP, OpenLoops,...)

MadlLoop OpenLoops Gosam Recola Helac-NLO BlackHat Njet NLOX

» Automation of subtraction methods (Dipole, FKS, ...) & NLO(+PS) calculations

MadGraph5 aMC@NLO Munich/Matrix Powheg Sherpa Herwig++ WHIZARD

—> NLO has become the minimal standard now in (most) LHC analyses

% NNLO(+PS) only as process libraries in (public) codes

Matrix MCFM MiNNLORs Geneva NNLOjet Stripper

(not public) (not public)
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How to do a
NNLO calculation



NNLO local subtraction

LO
(Pp—WZ)

NLO
(Pp—WZ)

NNLO .
(Pp—WZ) e

RR
S doVV 5 dotV — do
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NNLO local subtraction

ONNLO = [ do® + [ do® + J do" + [ do"R + J' do?Y + J doVV
Oy Dp i1 Op Dp o Dp i Op
LO
(Pp—WZ)
NLO — do™
(Pp—WZ) Agfgﬁ
/7 I+

NNLO D i
(Pp—W2) e

—do¥" — do™tY — dot
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NNLO local subtraction

do" + I do>

O NLO = J daB+[ (daR—das) +J
0 0 ]

B B+1 (DB
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NNLO local subtraction

daB+I

(I)B+1

(do® — do®) + J

do" + J do>
Oy

ONNLO — J
1

D

+ [ (daRR — do>2 — d0522) + [ do®Y — do®1 + J do>2 | + J' doV" + [ do>1 + J do>2
@ @ @ 1 2

B+2 B+1 1 B
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NNLO local subtraction

ONNLO = [ (do'R — das) + J do" + J do®
D @, 1
+ J (dGR + J do®Y — do>1 + J do>2 | + J' do"" + J do> + J' do>2
Dpyr Dpy 1 DOp 1 2
| unresolved (soft/colliner) 2 unresolved

& | resolved emission (NLO-like)  (soft/colliner) emissions
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NNLO local subtraction

ONNLO = [
D
Do g1
| unresolved (soft/colliner) 2 unresolved cancels 1/¢" poles of RV

& | resolved emission (NLO-like)  (soft/colliner) emissions
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NNLO local subtraction

ONNLO — [
OF;
+
Dp o
| unresolved (soft/colliner) 2 unresolved subtracts one cancels 1/€” poles of RV
& | resolved emission (NLO-like) (soft/colliner) emissions unresolved
emission
(NLO-like)
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NNLO local subtraction

ONNLO — [
DOp
+
Op,»
| unresolved (soft/colliner) 2 unresolved subtracts one cancels 1/€" poles of RV sum has to cancel all
& | resolved emission (NLO-like)  (soft/colliner) emissions unresolved 1/¢" poles of VV
emission
(NLO-like)
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NNLO local subtraction
onnLo = | do® 4+ (do® — do®) + do" + | do°

do>2 || +

| unresolved (soft/colliner) 2 unresolved subtracts one cancels 1/€" poles of RV sum has to cancel all
& | resolved emission (NLO-like)  (soft/colliner) emissions unresolved 1/¢" poles of VV
emission

(NLO-like) Antenna subtraction

2 Kosower; Gehrmann, Gehrmann-de Ridder, Glover
Stripper
Czakon
Sector-improved residue subtraction

Boughezal, Melnikov, Petriello

ColorFul subtraction

Del Duca, Somogyi, Troscanyi

Local analytic sector subtraction

Bertolotti, Magnea, Maina, Pelliccioli, Ratti, Signorile-Signorile, Torrielli, Uccirati

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 | 54



NNLO through X+jet at NLO + Slicing

d Z /v s
LO \‘Z\J;\<; — doP
(pp—W2) R S
d Z /v s b Z |~ I+
NLO b o do™
(Pp—WZ) . /
d Z/ fggfﬁgggf Al

NNLO - ST
(PP W2Z) 5 ornei e

— doVV — do"H

iesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024
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NNLO through X+jet at NLO + Slicing
ot = L R do® + L) o (do®B— do®) + [D N (daRV+ /1 ng>

S :
do”: subtraction term
— DIPO'G [Catani, Seymour '96]
— FKS [Frixione, Kunszt, Signer '96]

— Antenna [Gehrmann et al.'05]
_>

MLO
(Pp— WZ+jet)

NNLO
(Pp— WZ+jet)

— dottV - dohR
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NNLO through X+jet at NLO + Slicing
ot = | L R do® + L) o (do®B— do®) + [D N (daRV+ /1 das>_ .

- 4G5 =T > Teut

T'cut <<1

> [A . log4 (rewt) + B - log3 (reut) + C - log2 (reut) + D - log(frcut)] 2 do®

it e
-
A _
P 4 /4 et WZ ¢ o I
I qr # 0 - R
A : d A — do
W vy
= RN
recoil (662?;666
I ! \C\/‘<j\< "
T -

d A
(Pp—WZ+jet) BT e T
— dotV s dotR
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NNLO through X+jet at NLO + Slicing

Jf\?ffg)et — [b do ™ —I—L (dO‘RR— das) —I—[D (dURV+/1dOS>
R RV+1 RV

qr _
- 4G5 =T > Teut

> [A . log4 (rewt) + B - log3 (reut) + C - log2 (reut) + D - log(frcut)] 2 do®

_ / o] = Snro(ren) © do”
T>Tcut

=

[Collins, Soper, Sterman '85]

[Bozzi, Catani, de Florian, Grazzini '06]

MLO
(Pp— WZ+jet)

NNLO
(Pp— WZ+jet)

— dottV - dohR
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NNLO through X+jet at NLO + Slicing

gf\?;fg)et — / do R —I—/ (daRR— dO’S) —I—/ (dO'RV—I—/dO'S>
| J PR PRV 1 PRrv 1

~ 6:7”>7" ut

5 [A log4(frcut) + B logg(rcut) +C - logQ(Tcut) + D - log(rcut)] 2 do®

Teut K1

ﬁ§§>wma

r>fr ut

X
do +Jet

NH d(71>\I<NLO —
(P '

ONLO

dO_(res)

@—M

— ENNLO (Tcut) X dO-

r > Tcut

= YaNLO (Teut) ® do®

/l"_

aT _

NNLO
(Pp— WZ+jet)

— dottV

- dohR

Marius Wiesemann (MPP Munich)
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NNLO through X+jet at NLO + Slicing

don ! — ENNLO (Teut) ® Ao | +

X _
do NNLO — |YONLO

T > Tcut

qr subtraction

B [Catani, Grazzini '07]
LO d A — do
W-|— V1
(PP—WZ) . """
d Z [y [T d Z /[~ ]+
NLO A " s doV dA 5 do?
Wt Vyr W

(PP W2Z) . 2

d Z [/~ s
NNLO 1 a a4
W Vs Wt vy
(Pp—WZ) | /-W\-<
—~ doVV — do®V — do"®
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NNLO through X+jet at NLO + Slicing

— 2NNLO (Tcut) X dUB -+ HNNLO X dJB
qr subtraction

4 \‘\d\f<j\ﬁ< o
- [Catani, Grazzini '07]
LO d A . —> dJP

(Pp—=WZ) . "=,

X L X+jet
dO'NNLO = |do ONLO

T > Tcut

NLO A — dO‘V dA b — do
(Pp—2WZ) . "

d Z [/~ i
NNLO L ; iy,
174 ;/ W Vs
(Pp—WZ) | . /-W\-<
=do — do? — do™
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rce—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW ' 7]

automatically computed in every single MATRIX NNLO run

10.30 7/??@3?9 i ) PP.?..Z...@.}??.T?Y
1020 ] Drell-Yan |
10.10 | :
: ’ IHE
0 m{}HH{HHH{{}HHHIH{HﬁﬁHIHIHHIHHHHHfHHH{HHH{HHH} HH
~0.10 | : '
—0.20 |
oxNLo(7)
030 b b
0 01 02 03 04 05 06 07 08 09 1.0
T'eut | /0]
d0-1>\T<NLO — |do f\I(L'_é)et N — 2NNLO (Tcut) X dO’B + HnNLOo R dO’B
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rce— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW ' 7]

simple quadratic fit (A % rfut + B * rcut + C) to extrapolate to rcut=0

vog0 Yoo “ WM pp > 2 Q15 1eV
10.20 | Drell-Yan
10.10 |
T A T R —— R S e
ol il
_010L
le\lefIxﬁgolated ( Font Z 0.1 5)
—0.20
! oxnro(7)
0,30 Lot
0 01 02 03 04 05 06 07 08 09 1.0
Teut| /0]
X X t B B
doynro = |do Nﬂ%e T YNNLO (Teut) ® do™ | + Hnnro @ do
r T'cut

Marius Wiesemann (MPP Munich)
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rce—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW ' 7]

+0.30 7/oxno ~ 117) pp — Z @ 13 TeV

wo20f Drell-Yan

+0.10 |

Hisrppp iy
{H—{HHF gﬁﬁgﬁﬁ HHEHW{____..IHH i _

—0.10 (I

extrapolated
ONNLO ( Feut > 015)

—0.20

—0.30 L TR T TR S TP TOUT TN PP T U SO TU TN VOO
0 0.1 0.2 03 04 05 06 07 08 09 1.0
T'eut | /0]
X X t B B
dUNNLO — d Nﬂ_é)e N — ZNNLO (Tcut) X dO’ —+ HNNLO X dO‘
r T'cut
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rce—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW ' 7]

10.30 7/ INNLO

pp%Z@lSTeV

+0.20 F

10.10 |

—0.10 fif]

Drell-Yan

---------------------------------------------------------------------------------------------------------------

extrapolated
ONNLO ( Feut > 015)

In Neerven, Matsuura '91]

—0.20 _ L O_le\IXSit(()ZWPROD) [Hamberg, VE
oNNLo(T)
—0.30 o ST TS ST T SO ST TN
0 0.1 02 03 04 05 06 0.7 08 09 1.0
T'eut | /0]
X X t B B
doynto = |do foé)e T YNNLO (Teut) ® do™ | + Hnro @ do
r T'cut
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+0.40 ,
+0.30 ;
1020},
+0.10 ;

—0.10 fil
—0.20 "
030}
—0.40

rce—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW ' 7]

pp — WTW~— @D13’Ie\f

.

extrapolated
ONNLO ( Teut = 015)

UNNLO( )

02 03 04 05 06 07 08 009
Teut [ /0]

+0.30 pn
? 10.20 |

+0103"

1 —0a0 4
| —020¢

I 030!
1.0

pp — e e+yuyu<@>13’1e\f

o il

extrapolated
ONNLO ( Teut = 015)

UNNLO( )

0.2 03 04 0.5

reut| /0]

0.6 0.7 08 0.9



Questions?




Explosion of NNLO results

VBF total, Bolzoni, Maltoni, Moch, Zaro
W/Z total, H total, Harlander, Kilgore

WH diff., Ferrera, Grazzini, Tramontano
H total, Anastasiou, Melnikov

Y-y, Catani et al.
H total, Ravindran, Smith, van Neerven

Hj (partial), Boughezal et al.
WH total, Brein, Djouadi, Harlander ttbar total, Czakon, Fiedler, Mitov
H diff., Anastasiou, Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
H diff., Anastasiou, Melnikov, Petriello jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires
W diff., Melnikov, Petriello ZZ, Cascioliitet al.
W/Z diff.. Melnikov, Petriello ZH diff., Ferrera, Grazzini, Tramontano
H diff., Catani, Grazzin WW, Gehrmann et al.
4) ’ T _ ttbar diff., Czakon, Fiedler, Mitov
/// /W/Z 4 / Z-y, W-y, Grazzini, Kallweit, Rathlev
Wj, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.

Hj, Boughezal et al.
VBF diff., Cacciari et al.

ZZ, Grazzini, Kallweit, Rathlev
::; Zj, Gehrmann-De Ridder et al.
B Hj, Caola, Melnikov, Schulze
°h Zj, Boughezal et al.
*—g WH diff., ZH diff., Campbell, Ellis, Williams
":'2‘, Y-y, Campbell, Ellis, Li, Williams
""o\s WZ, Grazzini, Kallweit, Rathlev, Wiesemann

| | | | | | | | | | ' ' ' | ' | | WW , Grazzini et al.
2002 2004 2006 2008 2010 2012 2014 2016

NN piz, Gehrmann-De Ridder et al.
\ MCFM at NNLO, Boughezal et al.

single top, Berger, Gao, C.-Yuan, Zhu
HH, de Florian et al.

pi4, Chen et al.
piz, Gehrmann-De Ridder et al.
jj, Currie, Glover, Pires
yX, Campbell, Ellis, Williams
Yj, Campbell, Ellis, Williams
single top, Berger, Gao, Zhu
HH, Li, Li, Wang
HH, Zlebgik et al.

...slide borrowed from Gavin Salam
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NINLO QCD timeline

Antenna i H+jet :

| : . : : Z+)et :
. . | ep—>2)ets Z+b-]§t Yy

IN-jettiness W+J et yiX WH+iet§

Colourfll ZW WH X W H?H & B wece Wb

: : : : Woaiet _ (masswe b)
N /7 i L +)e o é
W/Z aff) t ti‘ 77 ) 216}8 rry W‘"]et “Whb :

| masslessb
VR Z”Et Y Z@0@, ) 3]ets(§ )
: ' y+2ﬂ]et

P2B

nested soft-coll. ;
| | H;+)et P—’Jet WH(mb#O)

W i Hjj (V BF) _
W e W W W

Wt

1991 2002 2005 2007 2009 2011 9013 2015 9017 9019 2020 2021 2022 2023 2024

H (fullg m;)
HH}J (VBF) | 5

[based on slide by M. Grazzini at QCD@LHC 2019 and an update by Alexander Huss LH@2021]
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Example #1: R-ratio

o(eTe~ — hadrons)

O'(6‘|‘6_ — ,U_I_,u_) ~ s = As(VSere )]

= Ry (1 + 0.32a5 + 0.14a2 — 0.47a% — 0.59316a; + - - )

Baikov et al., 1206.1288
(numbers for y-exchange only)

This is one of the few quantities calculated to N4LO

Good convergence of the series at every order
(at least for as(Mz) = 0.118)

...slide borrowed from Gavin Salam
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Example #2: Higgs production

o(pp — H) = (961 pb)x (o + 10.4a> + 38 + 48a° + - - -)

S S

g = ag(Mp/2)

o } _____ VSpp = 13 TeV
Anastasiou et al., 1602.00695 (ggE, hEFT)

pp—H (via gluon fusion) is one of only few
hadron-collider processes known at N3LO

The series does not converge well

(explanations for why are only moderately convincing)

...slide borrowed from Gavin Salam

Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 171



Example #2: Higgs production

60 —Higgs cross section (EFT)

50

measurement
[ATLAS-CONF-2020-027]

Ol ‘S LOHTP4ad ‘A@L €1 dd ‘143y ‘466

o(pp — H) [pb]

Or=dr ‘z/Hw
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Example #2: Higgs production

o(pp — H) [pb]

60

50

40

30

20

Higgs cross section (EFT)

measurement
[ATLAS-CONF-2020-027]

LO prediction

Ol ‘S LOHTP4ad ‘A@L €1 dd ‘143y ‘466

Or=dr ‘z/Hw

Marius Wiesemann (MPP Munich)
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Example #2: Higgs production

60

50

Higgs cross section (EFT)

NLO

Q
Q
L
>
[Tl
I
=
©
©
w
| p— | c;l
O <
O T
[ I— O
=
AN >
=
1 a
<
T o
=
o
Q i
O T
~- N
O =
M
T
o
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Example #2: Higgs production

60

Higgs cross section (EFT)

Q
Q
L
>
L
Tl
=
ke
1o
w
| p—| CEI
O <
O T
[ I— O
=
AN >
=
1 a
e
T o
=
o
Q I
o T
~ N
O =
Al
~
o
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Example #2: Higgs production

60 —Higgs cross section (EFT)

[Anastasiou et al. "15],
[Mistlberger "18]

—> see Bernhards's lecture

o(pp — H) [pb]

Ori=3r1 ‘z/Hw=0r1 ‘5L OHT¥4ad ‘A8l €1 dd ‘143y ‘466
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Scale dependence as the “THEORY UNCERTAINTY”

30 Here, only the renorm. scale
1 has been varied. In real life

Conventional scale you need to change renorm.
o and factorisation scales.
variation range

)

20 |
“theory” (scale)

15 uncertainty

o(pp — H) [pb]

Convention: “theory uncertainty” (i.e. from missing higher
orders) is estimated by change of cross section when
varying U in range 1/2 — 2 around central value

...slide borrowed from Gavin Salam
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Precision at NNLO

2 5 8 33 38 g3 g8 823
- T :iNz:zNz 5=
ol BTEIIZNEEFEEST
5%
2%
-2%
-5%
10% 0 e e -
15% -l N ™ B B B B -
NNLO [
NLO I
20% L N N A EEN BN BN A R NN —— -

...slide borrowed from Gavin Salam
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NNLO frontier 2 => 3 processes

- massless/one mass (full 2-loop): - massive (with approximated 2-loop):
* PPYYY ;E:IT:VV:;’"SY’OS;?(I;?,’”;,K,i\;?;’oqo"Ce'Et"9]’ . pp—ttH (soft approx.)  [Catani, Devoto, Grazzini et al. 2]
° PpYYtjet ‘Chawdhry, Czakon, Mitov, Poncelet "21] * pp—bbW (small mp) [Buonocore, Devoto, Grazzini et al. '23]
* pp—3-jet [Czakon, Mitov, Poncelet '21] . pp—ttW (both) [Buonocore, Devoto, Kallweit et al. '22]

* pp—bbW (my=0) [Hartano, Poncelet, Popescu, Zoia 22]

y pp—'Y+2-jet [Badger, Czakon, Hartano et al. 23]
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* ppYYtjet

* pp—?3-jet

'Chawdhry, Czakon, Mitov, Poncelet 2]

[Czakon, Mitov, Poncelet 21]

Example #3

* pp—ttW (both)

pp—YYY@LHC (ATLAS data)

* pp—bbW (small my)

* pp—ttH (soft approx.)

0 do/dm

10"

- massive (with approximated 2-loop):

[Catani, Devoto, Grazzini et al. '22]

[Buonocore, Devoto, Grazzini et al. '23]

[Buonocore, Devoto, Kallweit et al. 22]

[fb/GeV]

XYY

pp—YYY@LHC 8 TeV (ATLAS data)

! — l l I LI L B L L
First 2— 3 process at NNLO QCD wfl _wo : J A0 A A R S
20 -NLO : FE T Y
- T LO m - 1 . TJ; FE:EEEE,?E:E;I‘EE:EEEE:EEE H
q > ,)/ 100 - i data e e _— e iE O b D B B —— data - ‘fg‘
8+ . o — . S o . — b ] ]
! | — _f b =
60 | o e mm e AT I S B -H
/_,,,,_,»——~—*‘5_"_’_“_’_"_:’-——4;11',111'«1_7:::::“”” 5 o g ;...,....._..,......ﬁ““““l“““jz
40 B i T T T e SRR SRR SERREEEEEEE SEREREEEEREE R -1 9 10
/y 20 _- F8 - §
0 i i i i i S_,lo-3d../d..l....l....|....i....l....l....l....Q.u
' O/dONLO
Y 2 5 fatio to NLO . - . - 35— T — ! ! ;
: S — — ioser e —;
q < Y e 28R e
] — — — — P = T e
I _____‘__.___‘____"__-__ - _____;__"_7_7:_7.:_7;_.7_"_7_7 D 7_7:_7,7_7_7.:__:__:__:__:__ :_7 —————— :_"_7_;:_7:_7:_7.:_7:_"_"_' 1 5 e ;é """""""""""""""""""" :’ """"""""" I """""""" _;
1 7777777777777777777 - - 1 -----;---------f----------r---------}--------}------—---g-—-------i-------—i
: . O S S S o R o 1 o5fF R i S A
* two- I OO P ﬁve- POI nt fu n Ctl O n O _""’"'""'"'"""'""’""""""""'"‘:"'”"’"’"""""""""'"’-'-’-'-’-'-’-'-;""-'—’-'—’-':1'1'?3'353'353'33'3'33'3'3?'??1'3:3'33'3'33'3'35'33'3Z'Z'ZZ'I'I?I'Iii-iii-ZI-I-iéi-Z:I-:ii-ii-:-i:-:-:i:-:é:-::-:-::-:-:é:-:a:-:9:-::-i-iij-:-:9:-;9:-::-:-::-j-j;;-;g:-;;-:-;;.;.;;;.;;;.;g_: . :li-iii-ii-i-ii-i-iii-iéi-ii-i-ij-j-jif:ﬁ:ﬁ:’:i:'j:':i:':i:':i:':ijj:.:j:ﬁjjjjij:ﬁjjjjjjjj:.:'i:.jjj:ﬁjjj!:‘- e x-li E
. ' 7 8 9 10 11 12 13 50 100 150 250 350 600
[Abreu, Page, Pascual, Sotnikov 20] Js [TeV] m,,. [GeV]
Marius Wiesemann (MPP Munich) QCD and Monte Carlo event generators (Lecture 1) September 6, 2024 180



Example #4

- massless/one mass (full 2-loop):

enables as fits through 3-jet/2-jet!
‘Chawdhry, Czakon, Mitov, Poncelet '19], S gn o-J i)

" PPTYYY Kallweit, Sotnikov, MW '20]
. pp—YYtjet ‘Chawdhry, Czakon, Mitov, Poncelet 2] T =1 3-jet, Scale: g — Hp. LHC 13 ToV
y
"~ "Tourde force in Quantum Chromodynamics” "
g g g?j i — 9 [0 = NLO = NNLO |

g
q <
LH ‘17 wishlist
pp — 3jets NLOgeDp @QLOQCDi q > Q000 ( 0 00 600 300 1000 1200 1400 1600 1800 2000

pr(Ji) |GeV]
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Example #5

- massless/one mass (full 2-loop): - massive (with approximated 2-loop):
* PPYYY ;E:lell:vv:i?rg;f;ﬂ;inf\,ni\;?\zlbl]aoncelet 191 * pp—ttH (soft approx.)  [Catani, Devoto, Grazzini et al. 22]

* ppYYtjet ‘Chawdhry, Czakon, Mitov, Poncelet '21] * pp—bbW (small my) [Buonocore, Devoto, Grazzini et al. 23]

* pp—3-jet [Czakon, Mitov, Poncelet 21] * pp—ttW (both) [Buonocore, Devoto, Kallweit et al. '22]

* pp—bbW (my=0) [Hartano, Poncelet, Popescu, Zoia 22]

° pp—>Y+2-jet [Badger, Czakon, Hartano et al. 23] excact
1.05 i soft

massification -

+ two approximations for two-loop

N - validation at |-loo
|. W assumed to be soft and factorizing v £2 005l P
Q =
2. tops assumed to have small mass — S |
small-mass expansion [Mitov, Moch ’06] 4 — 0.90
4 a - pp — tHW ™~
' XC N N N
2Re(RO | RP) = Z & logi(m,lug)+2Re(R\V [ RP) + O, /1) oo™ oG e oV
I g
— pT pr il PT-
massive amplitude =1 massless amplitude [Badger, Hartano, Krys, Zoia 21]
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- massless/one mass (full 2-loop):

Example #5

'Chawdhry, Czakon, Mitov, Poncelet '19],

- massive (with approximated 2-loop):

PPYYY Kallweit, Sotnikov, MW '20] ° pp—ttH (soft approx.)  [Catani, Devoto, Grazzini et al. 22]
pPpYYtjet ‘Chawdhry, Czakon, Mitov, Poncelet 21] * pp—bbW (small my) [Buonocore, Devoto, Grazzini et al. '23]
pp—3-jet [Czakon, Mitov, Poncelet 21] * pp—ttW (both) [Buonocore, Devoto, Kallweit et al. '22]

pp—bbW (my=0) [Hartano, Poncelet, Popescu, Zoia 22]

pp—'Y+2-jet [Badger, Czakon, Hartano et al. 23]

W
v

A0

250j

200C

450j

400j

N
a 300
Q

oew+[1b]
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N3LO QCD frontier 2 => | processes

- inclusive N3LO calculations:

. pp—H [Anastasiou et al.'l 5], [Mistlberger '18]
* Pp—Z/W [Duhr, Dulat, Mistlberger 20 "20]

- pp—Hijj (VBF)  [Dreyer,Karlberg '16]

+ pp—HHjj (VBF) [Dreyer,Karlberg '18]

- differential N3LO calculations:
Cieri, Chen, Gehrmann, Glover, Huss '18], [Dulat, Mistlberger, Pelloni "1 8],

o —
PP H ‘Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni ’211], [Billis, Dehnadi, Ebert, Michel, Tackmann "21]
° pp—>20 'Chen, Gehrmann, Glover, Huss,Yang, Zhu 21], [Camarda, Cieri, Ferrera 21], [Neumann, Campbell '22]
* pp— LV [Chen, Gehrmann, Glover, Huss, Yang, Zhu '22], [Neumann, Campbell 23]
* H—-bb [Mondini, Schiavi, Willams 'l 9]
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Example #6

- Inclusive N3LO calculations: SCET+NNLOJET  pptoy" e arey
. N 0 ‘ — —
pp H 107,5-: E— I|;|OLO — :glll__Co)
o pp—}Z/w _ 105_0_; | . = — e
e 10254 II .................... N . T M S— ]1 ............ |
* PP~ Hjj (VBF) = e i e
PN -
o T S . Lo
PP~ H Hu (VBF) % PDF4LHC15 nnlo ——
95.0 7-point scale variation | L
UF = Ur = 100 GeV B
92.5 - ' I |
- differential N3LO calculations: . ———————— ——————————
1.02 ~ —— q¥t=0.75GeV —— ¥t =1.0GeV —— g%t =1.5GeV
20
* pp—H o2 B .
=
 pp—00 [Chen, Gehrmann, Glover, Huss,Yang, Zhu 211 | &
-~ mmua A Nus
7 7Z+ijet B B + NNLO for Z+jet via Antenna subtraction

+ NS3LO via gr slicing
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Example #/7

- inclusive N3LO calculations:

* Pp—H
* pp—2Z/W = 9.0%
vaon. W*5.02 TeV S
* pp—Hijj (VBF) 27
) rooy D I ................. X } ...... 1 { ...... - 0%
°* pp—HHIjj (VBF) Q ATLAS data } I - —2.5%
2 NNLO N3LO )
© 2100 - NLO - -5.0%
-l-; '—7.50/0
- differential N3LO calculations: 2000-  Uncertainties - -10%
. pp—H —e— Scale + 0.5% num. - MSHT20 PDF ~~12.5%
1900 -
* pp—02L ATLAS O:; ag ag
* pp—2&v [Neumann, Campbell '23]
+ NINLO for W+jet via |-jettiness slicing
- H—bb

+ NSLO via gr slicing
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% EW corrections just like (abelian version of) QCD corrections, and yet different...

NLO QCD

EVV corrections

NLO EW

Wiz

Marius

Wiese

mann

(MPP Munich)
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% EW corrections just like (abelian version of) QCD corrections, and yet different...

NLO QCD

EVV corrections

NLO EW

Wiz

"

cancellation of IR singularities

Marius Wiesemann (MPP Munich)

QCD and Monte Carlo event generators (Lecture 1)

September 6, 2024

188



% EW corrections just like (abelian version of) QCD corrections, and yet different...

NLO QCD

EVV corrections

NLO EW

Wiz

"

cancellation of IR singularities

N/

IR singularities regulated by m

—> separately finite

—> real Z’s/VW’s can be measured
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EVV corrections

% EW corrections just like (abelian version of) QCD corrections, and yet different...

NLO QCD NLO EW

N AN

cancellation of IR singularities IR singularities regulated by m, .y,

—> separately finite
—> real Z’s/VW’s can be measured

—> large EWV Sudakov logs:
a" logk (S/m%W), k <2n
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dO’/de7V2 [fb/GeV]

do /doxnLo oep — 1[%)]

Example #8

[Grazzini, Kallweit, Lindert, Pozzorini, MW '19]
pp = L0V vpiyy LHC /s = 13 TeV

1
101 |
1072 |
1073 |
1074 |
1075 |

—6
10 -
10~ NLO EW
_¢ | 23 NLO QCD
10 —= NNLO QCD
0 [ ]
e -:
—20 ¢ L f NLO EW
—40 | o -I effect
—60 | === NNLO QCD -
- — NNLO QCD+EW T
—80 [ == NNLO QCDxEW -
00 L NNLO QCDXEW (v-ind. fact.) -
100 200 500 1000 2000

prv, |GeV]
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[Grazzini, Kallweit, Lindert, Pozzorini, MW '19]

pp — €_€/+Vg/ﬂg LHC \/g — 13 TeV

Example #8

W*W-@LHC 13 TeV (ATLAS data)

do/dp; ,, [pb/GeV]
1

[Grazzini, Kallweit, MW, Yook 20], [Grazzini, Kallweit, Linder, Pozzorini 'l 9]

W*W-@LHC 13 TeV (ATLAS data)

do/dmy, [pb/GeV]

- 10 J0L SN U U AT N _ :
| WW ! e 0 o3
: : e NLO ;
— 101 L ' 100 e e -- NNLO ¥ Els
% — ANNLO 3% E
5 102 _1 —— ANNLOgy 1% NE
~— 10_3 . 10 3 ;ﬁ
= E E
o 107 [ EE
E‘.\ 1 O P 5 : "és injighipidainbiniainsieiaisakigisaid ;‘;:f;; "(:O;
M - 4
¥ o 3o
O 10—6
5 LO = =
= 1077 NLO EW E :
Y S S— NLO QCD E E
10 —= NNLO QCD ; '
§ I | I | : E
= | - :
| ::_ b
A —20 - | -
O } = _ N ! ! 1 1 . : .
& _aolf = _ gboooo  99l0 - ggNLOg  goNLO : oot ; :
o i i = T 5 : o . :
> 60 [ === NNLO QCD : o S S S =t i W S S 3 T NS W = e S S S E
bZ - = NNLO QCD+EW T - S . - e —
— —30 r 3 NNLO QCDxEW - 0.5 = 0.5 o o =
~ - e NNLO QCDxEW (~v-ind. fact.) . - ] : -
© 100 | . R 0 | | | | | | 0 | | | | | |
g 100 200 500 1000 2000 27 4050 70 100130 220 300 999 55 75 125 185 280 380 600 1500
PT.V, [GGV] Pry, [GEV] m, [GeV]
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Summary so far

* High energy colliders allow us to probe fundamental interactions among
elementary particle in a controlled environment at very short distances,
but it requires that SM Physics has to be described with:

% physical observables that can be reliably calculated and measured at
the same time

% accurate+precise predictions (and measurements)
-- very difficult & highly advanced technology
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Summary so far

Theory predictions reached an accuracy considered impossible some years ago:

fully automated

Edge: 10-12 particles in the final state

fully automated
Edge: 4-6 particles in the final state

dedicated calculations, few public codes

essentially all 2 => 2 reactions, several 2 => 3 recenly

first few calculations

only 2 => | reactions so far, but differential recently
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Many Theory Aspects NOT Talked About

Y Resummation and Event Generation

(highly sophisticated methods to describe soft physics in collider
processes; high-accuracy analytic resummation; improving shower
accuracy; matching to NNLO; ...)

% How to do loop calculations in detail

(five-point functions for 2— 3 processes currently being solved;
four-point functions with internal masses for 2—2 processes;...)

% Extraction of SM parameters (couplings, masses, ...)

x ..
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Many Theory Aspects NOT Talked About

Y Resummation and Event Generation

(highly sophisticated methods to describe soft physics in collider
processes; high-accuracy analytic resummation; improving shower
accuracy; matching to NNLO; ...)

% How to do loop calculations in detail = in Ben’s lectures

(five-point functions for 2— 3 processes currently being solved;
four-point functions with internal masses for 2—2 processes;...)

% Extraction of SM parameters (couplings, masses, ...)

x ..
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Many Theory Aspects NOT Talked About

Y Resummation and Event Generation — tomorrow in lecture 3

(highly sophisticated methods to describe soft physics in collider
processes; high-accuracy analytic resummation; improving shower
accuracy; matching to NNLO; ...)

% How to do loop calculations in detail

(five-point functions for 2— 3 processes currently being solved;
four-point functions with internal masses for 2—2 processes;...)

% Extraction of SM parameters (couplings, masses, ...)

Thank you very much for your attention!
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Questions?




Hands on !

download PDF of this talk!
two options:
|. use your own laptop locally

—> need to install LHAPDF from https://lhapdf.hepforge.org/ (including the needed PDF set)

2. use your remote ssh login (for Mac/Windoof users highly recommended)
S ssh bndXXX@bndO0l.iihe.ac.be => enter password

(S source /cvmfs/sft.cern.ch/lcg/views/setupViews.sh LCG 102
x86 64-centos7-gccll-opt = should not be needed, check:gcc --version = [1.2.0)

@ mars — bnd005@bnd01:~ — ssh bnd005@bndO01.iihe.ac.be — 107x44

[mars:~] ssh bnd@o50@bnddl.1iihe.ac.be
'bnd@@50@bndB®1.11he.ac.be's password:

Last login: Fri Aug 23 08:01:24 2024 from 1p-088-152-010-164.um26.pools.vodafone-1ip.de
[[bnd@050@bndO1 ~1% source /cvmfs/sft.cern.ch/lcg/views/setupViews.sh LCG_102 x86_64—-centos7—gccll-opt
[bnde@5@bndel ~1$ |
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Hands on !

download & setup MATRIX from https://matrix.hepforge.org/

S mkdir Matrix tutorial
$ cd Matrix tutorial

$ wget https://matrix.hepforge.org/download/MATRIX v2.1.0.tar.gz
$ tar xf MATRIX v2.1.0.tar.gz
$ cd MATRIX v2.1.0/

ol W ) mars — bnd005@bnd01:/var/bnd/users/bnd005/Matrix_Tutorial MATRIX_v2.1.0 — ssh bnd005@bnd01.iihe.ac.be — 107x44

[[mars:~] ssh bnd@e@5@bnd@1.iihe.ac.be

'lbnd905@bndB1.1i1he.ac.be's password:

Last login: Fri Aug 23 09:27:38 2024 from 1p-088-152-010-164.um26.pools.vodafone-1ip.de
[[bnd@B50@bNndO1 ~1$% source /cvmfs/sft.cern.ch/lcg/views/setupViews.sh LCG_102 x86_64—centos7—-gccll-opt
[bnd@O50bnd@1 ~]1$% mkdir Matrix_ Tutorial

[[bnd@050bndO1 ~]1% cd Matrix Tutorial

[[bnd@O50bndO1 Matrix_Tutoriall$ wget https://matrix.hepforge.org/download/MATRIX_v2.1.0.tar.gz
——2024-08-23 09:28:51-—- https://matrix.hepforge.org/download/MATRIX_v2.1.0.tar.gz

I <=> ] 64,598,385 18.8MB/s in 3.3s

2024-08-23 09:28:55 (18.8 MB/s) - »MATRIX_ v2.1.0.tar.gz« gespeichert [64598385]
[[bnd@@50@bndO1 Matrix_Tutoriall$ tar xf MATRIX v2.1.0.tar.gz

[[bnd@0O50@bnd@1 Matrix Tutoriall$ cd MATRIX v2.1.0/

[bnd@@50@bnd01 MATRIX_v2.1.01$ B
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Hands on !

O . Q . mars — bnd005@bnd01:/var/bnd/users/bnd005/Matrix_Tutorial MATRIX_v2.1.0 — ssh bnd005@bnd01.iihe.ac.be — 107x44
[[bnd@@5@bnd@1 MATRIX v2.1.01% ./matrix

start compilation script

S ./matrix

\/ |

| /

\/| | /7 /\\
|/

|

\ /
|\/]
|
I N

Version: 2.1.0 Mar 2023
Reference: arXiv:1711.06631

Munich —- the MUlti-chaNnel Integrator at swiss (CH) precision —-
Automates gT-subtraction and Resummation to Integrate X-sections

\ \

\ \ \

\
I
==== 4+ | ====
|
/

/ / /

/

. Grazzini
. Kallweit
. Wiesemann

\
\

\

\
|
==== 4+ | ====
|
/

/ /

/

(grazzini@physik.uzh.ch)
(stefan.kallweit@cern.ch)
(marius.wiesemann@cern.ch)

MATRIX is based on a number of different computations and tools
from various people and groups. Please acknowledge their efforts
by citing the references in CITATIONS.bib created with every run.

<<MATRIX-READ>> Type process_id to be compiled and created. Type "list" to show
available processes. Try pressing TAB for auto-completion. Type

or "quit" to stop.
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rce—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW ' 7]

o/onnLo — 1[7] pp — vy @Q 13 TeV 400 o/oxnro — 17 pp — Velpy @ 13 TeV
+5.00 | . ’

+4.00 |

Y ?+w&é é ZY .......................................... 3

+3.00 - ' +2.00 — le\TXIfIIE(%Olated(rcut > 015)

z extrapolated
- ;:*!!! ONNLO (TCHt > 015) S E extrapolated
+2.00 L !!!ﬂ’ %lellﬁ()pdated (7“ >0 05) ] [ _.é I;TNLOP (Tcut > 005)
[ = ] +1.00}F | = oo
ol —— ofhr(r) R Al
B ——————— S
N 0 B—
O __fil I .. .................................................................................................................
I
—1.00 o e e T I T T 100 e '
0 0.1 02 03 04 05 06 07 08 09 1.0 0 0.1 02 03 04 05 06 07 08 09 1.0
Feut | /0) reut| /0]
o0 Wm0 VR 2 WW_QBTY g0 oo DA pp > e ey, @ 13 TeV

+0.20 .
+0.10 |

+0.10 f|

—t—
——
[
-]
—
e
=
——
——
=
==
[uran
==
——
——
[
==
——
==
=+
——
=
==
. o

3 1 I
~0.10 fl PR e ;
_0'20;" . trapolated - trapolated -
030 & — oo (Tews > 0.15) 1 —0.20 —— oS (1 > 0.15)
oxnto(r) ] oxnLo(T) ]
0,40 e D 0.30 et
0 01 02 03 04 05 06 07 0.8 09 10 0 01 02 03 04 05 06 0.7 08 09 10

Teut [%] Tcut [%]



rce—0 extrapolation in MATRIX

[Grazzini, Kallweit, MW ' 7]

pp — H @ 13 TeV 10.30

+0.30

+020fl +0.20 [
-+010§-Hllhhf | +010f| ;.
e T it Z:t:;ll"iiiHﬂllﬁihl}{:l{lﬁlﬂﬁl il l L o 2y s i sy sasasatatatatc
y B *lll{,%lfllll.} ----- e 0 "'j_‘ll___ ] l A R
_0.10 ! ! —oofft+ ]
| 2019 | [ R elres > 01
: exac UuSHI 1 exacC
—0.20 4 1;INLo 1 —0.20 1(;TNLO
—— oxnro(7) , onnLo(7) _
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