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Statistical Precision

How many Z - bosons did the LHC produce so far?

Cross section at 13 TeV

o(pp - Z+ X) =~ 60nb

Integrated luminosity

L~ 300fb!
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Branching ratioto £ = e, u

Br(Z — £+¢7) = 3.36 %



Statistical Precision

How many Z - bosons did the LHC produce so far?

Cross section at 13 TeV

o(pp > Z+ X) = 60nb

Integrated luminosity

L~ 300fb~!

i
Branching ratioto £ = e, u
Br(Z - ¢7¢7)=3.36%
Amounts to
~ 10 lepton pairs from Z decays!
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fcc-ee

When the fcc-ee will run at the Z-resonance, it
should produce

6 X 10'% z-bosons

one LEP sample every few minutes!

Incredible statistical accuracy (factor 500 smaller
stat. uncertainties than LEP!) in a very clean
environment!

Huge opportunity and enormous challenge to
theoretical predictions!



The LHC collides very energetic hadrons, complicated relativistic
bound states of quarks and gluons, which scatter into a huge
number of hadrons + EW particles.
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QED
M weak showers

M hard onium
(O multiparton interactions

O beam remnants

[ strings

M primary hadrons

M secondary hadrons
M hadronic rescattering

@ meson
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from Pythia 8.3 manual
MLHad

W antibaryon

Theoretical predictions are obviously very challenging, mainly due to
QCD (strong interaction) effects!



Standard Model Production Cross Section Measurements
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Standard Model Production Cross Section Measurements °"
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Despite these challenges, some observables at the
| HC can be precisely predicted (and measured!).
Key Ingredients

e Factorization and asymptotic freedom.
Short-distance QCD effects can be
computed in perturbation theory

e |nfrared safety: sufficiently inclusive
observables are insensitive to long-distance
hadronization effects.

e Modeling: parton shower Monte Carlo event
generators do a great job at simulating
realistic events, including hadronization.
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Outline of the lectures

1. (Non-)perturbative QCD

e Feynman rules and perturbation theory

e Asymptotic freedom

* R-ratio and hadronization effects

e Higher-order corrections and IR divergences
2. - 4. Hadronic collisions (Maria Ubiali)

e [actorization of hadron-collider cross sections

e Parton Distribution functions

e DIS and Drell Yan process

12



Qutline (...)

5. IR safe observables
e |R safety
e Event shapes, jets, EECs
e Soft and collinear factorization, SCET
e Resummation
©. Fixed-order results and parton showers
e Monte Carlo technigques
e [ixed-order results up to N3SLO
e Parton showers

e Modeling (Recoil, UE, hadronization, ...)
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[t IS better to uncover a little

than to cover a lot.
Victor Weisskopf

Please stop me at any point during
the lectures it you have questions!



QFT textbooks

An Introduction to Quantum Field Theory, G.
Sterman ‘93

An Introduction to Quantum Field Theory, M.
Peskin and D. Schroeder '95

Quantum Field Theory and Standard Model,
M. Schwartz '13
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https://www.cambridge.org/core/books/an-introduction-to-quantum-field-theory/C0D8A5C583C7F46F141842707BD547BE#
https://en.wikipedia.org/wiki/An_Introduction_to_Quantum_Field_Theory
https://schwartzqft.fas.harvard.edu/

Collider QCD

e QGCD and Collider Physics, R. K. Ellis, W. J.
Stirling, B. R. Webber ‘96

e The Black Book of Quantum Chromodynamics, J.
Campbell, J. Huston, F. Krauss ‘17

e Quantum Chromodynamics, Huston, Rabbertz,
/Zanderighi, review by the Particle Data Group 25
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https://doi.org/10.1017/CBO9780511628788
https://library.oapen.org/handle/20.500.12657/59105
https://pdg.lbl.gov/2025/reviews/rpp2024-rev-qcd.pdf
https://pdg.lbl.gov/

Special topics

Pythia 6.4 Physics and Manual, Sjostrand,
Mrenna, Skands '06 + manuals for later versions

Towards Jetography, G. Salam ‘09

Introduction to Soft-Collinear Effective Theory, T.
Becher , A. Broggio , A. Ferroglia "15

Jet Substructure at the | HC: A Review of Becent

Advances in Theory and Machine [ earning, A.
Larkoski, |. Moult, B. Nachman ‘17

Energy Correlators: A Journey From Theory to
Experiment, |. Moult and H.X. Zhu 25
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https://inspirehep.net/literature/712925
https://arxiv.org/abs/0906.1833
https://doi.org/10.1007/978-3-319-14848-9
https://inspirehep.net/literature/1623553
https://inspirehep.net/literature/1623553
https://arxiv.org/abs/2506.09119
https://arxiv.org/abs/2506.09119
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Lagrangian and Feynman rules

Feynman rules and perturbation theory
Asymptotic freedom

R-ratio and hadronization effects



Gauge invariance

Quark fields in QCD are invariant under

v, (x) N, = 3 “colors” of quarks

w(x) = |y(X) | = p'(x) = V(x) w(x)
Ws (x)

| | repeated indices summed!
with local transformation / sumovera=1, ...,8

V(x) ='W e SU@3)

/

group generators, 3 X 3 matrices

19



QCD Lagrangian

1 a auv — WU
A =_ZFWF +2Wq<}/lDﬂ—mq1>l/fq
q

with
a __ a a abc A b A c
Fo = 0,A%—0,A%g [ ADA
iD, =id,1+gTA"

8 gluon fields A/fj witha=1...8.

Structure constants [T4, T?] = i f“bc f

20



Side-remarks: 8-term

Lagrangian on previous slide contains all terms up to
operator dimension d = 4, with one exception

g5 g
S uupora ra _ § a puva
oam2’  wloe =05 bl

where €#7° is the totally antisymmetric tensor and 6
IS a free parameter. This term

gezig

e |s a total derivative, not visible in PT
e violates P, T, CP

In QCD, term would induce e.g. an electric dipole
moment neutron. Experimentally 8 < 10710 .

21



Side-remarks: d > 4

terms

Can write down gauge invariant terms with higher

dimension, for example | F/w = F/j‘y t¢]

ASZ—Lt F'F'F' ) d=6

A\

Higher-dimensional operators are suppressed by powers of

scale A

e New heavy particles with masses M

~ /A induce

such operators at low energies through virtual

effects

Precision measurements probe suc

e Systematic framework: SMEFT (see

22

N operators!

Jlrich’s lecture)



Side-remarks: Gauge fixing

Due to the gauge symmetry many field configurations are
equivalent. Drop out when computing expectation values, but
cause problems in path integral

Z=|2A, exp (iSIA, 1)

J

Solution by Faddeev-Popov '67 is to factor out integration over
gauge-related configurations, leaving behind a gauge-fixed
action.

Gauge fixing introduces extra terms into the action and
auxiliary "ghost” fields. Depending on gauge fixing, ghost fields
enter higher-order computations.

Ghost fields will not be needed for this lecture,
see QFT textbooks for more information.
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e ——

-

Gauge interactions

Yukawa Iinteractions

Note: no mass terms! Masses are generated through
vacuum expectation value of Higgs field ¢.




Gauge Charged Gauge Coupling Low-E

group fermions bosons

quarks

Strong | >
E 5 da 5 O ta b 02 — 1= g .
interaction SUB) & 6a i = 1 = ~ a;,=-— | Confinement
(QCD) - ~ Qluons 4
- INN:=3 ’
~ colors
: : 82
all fermions | o= —
5 r
Slgie)eLe SU(2) x U(1) different charges. W%, Z,y ~ Higgs
5 for G mechanism,
v el g 5 ' screening

25



Feynman rules for QCD

By expanding 1
transforming, o

a b b
1 "00000 »

\ =

ne action in the

ne obtains Feyn

momentum space.

flelds and Fourier

man rules In

Silinear terms In action give propagators

Gluon: —id4p gup/p?  ab=12 ... N> -1

Feynman gauge. Different form for other gauge fixing

Fermion: i d;;(y*p, +m)/(p? — m?)

ii=1,..

20
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INteraction vertices

Lagrangian: —g f**(0,A/ A} AS

gs f%° (guv (p1 = p2), + Gvp (P2 — P3), + Gpu (P3 — pl)y)

3! = 6 terms from symmetrization in gluon fields

—1 gs feabfGCd (g,upgva gpagyp)
gSZfabCfadeAbAcAdAe

—1 Js feaCfebd (g,uugpa g,anVp) V.Ut

— g3 feadfebc (g,uugpa g,upgya)

4! =24 terms, 4 identical

1gs 7 (1), gV VMA/?(Ta)ij Vi

27



| 0O0p corrections

Compute
gluon cou

glfe

oling

ner-order corrections to the quark-

AN A

gluon loops quark loop  ghost loop

28



Renormalization

Loop corrections suffer from UV divergences

e Regularize integrals (UV cutoff,
dimensional regularization, ...) to make
divergences explicit

e Renormalization: Subtract divergent
pleces and absorb them into parameters

of theory, e.q.
subtraction scale aka
0 renormalization scale
a;, —  a(u)
bare coupling, renormalized coupling,

absorbs divergences finite

29



Running coupling

Sehavior of the coupling when the scale u Is
changed Is governed by renormalization group
eguation

day(p)  doay(p)
o u 0lnu

U = fla,w))

driven by the p-function

ﬁ(as) — = 2as [ﬂOaS + ﬁl asz_l_ @(asg)]

from one-loop diagrams from two-loop diagrams

30



Solution at one loop

value at reference scale uo
as(//tO)

og(p) =
S L+, () fo In(u2/ )
In QCD one obtains 018 _
| B Do >0 :
fo=——(11N.=21)) >0 0.16- \" :
1271' A~ y i i
5 0.14 - :
weak coupling at very high 5  12© ]
energies: 0.10. \
asymptotic freedom! 01.1 . 05 . 1 - 5 | 10
1/ 1o

for Gross, Politzer, Wilczek
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0.35 T T T LA | T T
[ tdecay (N3LO) +— ]
[ low Q2 cont. (N3LO)
0.3 Heavy Quarkonia (NNLO) e+
: ; HERA jets (NNLO) +—+— 1
oosL N\ = e'ejets/shapes (NNLO+NLLA) v 1
T e*te” Z0 pole fit (N3LO) +e— |
& : pp/pp jets (NLO) +—&— 1
g 02 F D pp top (NNLO) —o— —
5 ! ; pp TEEC (NNLO)
- == 0g(mz?) =0.1180 + 0.0009 | b
0.05 e e :
1 10 100 1000
August 2023

Q [GeV]

Running of coupling confirmed by experimental
measurements at different energies with u = Q

Coupling a(¢) — oo atlow p = Agep ~ 200 MeV

Note: 5-function has been computed to 5 loops!

Implemented in code RunDec.
32



https://www.ttp.kit.edu/preprints/2017/ttp17-011
https://pdg.lbl.gov

2000

1500

M[MeV]

1000 —

500

—e—K

|——m

E=K*

—— experiment
—= width
o input

¢ prediction

Low energy: non-perturbative QCD

Durr et al. '08
BMW Collaboration

0

Numerical solution of QCD path integral with lattice QCD successfully
determines simple (“Euclidean”) low-energy quantities

e hadron masses, hadron form factors, ...

Side remark: Proton and neutron masses almost entirely due to non-
perturbative QCD dynamics, quark mass contribution (due to Higgs
VEV) very small.
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Let us now compute the inclusive cross section
o(ete” — hadrons)

INn perturbation theory, by boldly replacing the
final state with quarks and gluons.

34



R-ratio
Lowest order diagram

e p q

+ >pzww< g

nas the same form as eTe™ — u*u~. Define
the ratio [s = (p, +p,)?]

€

o(ete” — qq)

o(ete™ = utu~)



Theoretical prediction

f we neglec
numerator a

L quar

nd de

charge factors.

N. = 3 quarks per flavor

< and mMuon Masses,

nominator are identical up to

R(s) =N, ) O

R

Qf= 2/3 foru, c, t
Qf: — 1/3f0rd,S,b

sum over all quark flavors f
accessible at center-of-mass energy s
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ete — hadrons: Cross section

-2
10 = 1 T T 1]

10 Lblue and red dots: measurements

10 *\\\\\\‘ | | \\\\\\‘ | | \\\\\\‘
1 10 10

Vs [GeV]

compiled by the Particle Data Group
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https://pdg.lbl.gov
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10

10

10

R-ratio

T/

Y(25)

CC resonances

m.~ 1.3GeV

38

2
\ 10

bb resonances
my, ~ 4.2GeV



an T .
10 ° i
10 °
10
=ttt BT /_ measurement
| PDG B o(ete” — Z/v* — hadrons)
. o 2 olete™ = ~4* = utu~)
10 Vs [GeV] 10° L theoretical expression

Slue: experime
(Green and red

w/0 Z-boson exchange

Ntal measurements

ines theoretical predictions



= ‘ 1 1 1 1 =
B ; -
B i -
3 i i
10 " | A _
- Z -
2 [ —
10 " | A ~
B f, \ -
0 /f \\L%
Em ' 1Ly mp bt E
| PDG
_'l B ‘ ‘ B
10 ‘ IR
2

10 \/g [GGV] 10

Dashed green: LO perturbation theory

sum over colors and flavors of quarks

Rpert —

Solid red: NSLO perturlbation theory

olete™ — Z/v* — qq)

olete” =" = ptu)

Remarkable agreement with data: asymptotic freedom



Intuitive explanation:

e 0 =1/s
Hadronisation

Large scale separation Q > Aqep.

e [wo step process: 1.) gg production 2.)
rearrangment into hadrons

e [or oy, sSmall sensitivity to step 2.)

41



Formal explanation: the Operator Product
Expansion (OPE) factorizes low and high energy
contributions

R(s) = C1(s) (0] 110) + Cqq(s) (0] mqdq|0) + Caa(s) (0] G*[0) + ...

N—— —— —
— 3 ~
1 ~ Mg AQCD ~ AQCD
EH
2
~ 1/s
- y Wilson coefficients: Matrix elements:
>MA< _ high-energy physics non-perturbative,
’ ! independent of states hadronisation effects

42
* see e.g. Peskin & Schréder p.615



The successful prediction of the R-ratio In
perturbation theory leads to the following questions

1. Can one improve the prediction by going to
higher orders In perturbation theory”?

2. Are there other, less inclusive cross sections,
which are insensitive to hadronisation
effects?

Interestingly, answer to 1.) informs 2.). Will first
study the structure of perturbative corrections, then
iINntroduce classes of observables which are
iInsensitive to hadronisation.
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Perturbative corrections

Before, we computed the leading order (LO) R-
ratio

o \ ( \
Al U

The loop corrections are
( \ [ \
B e
\ )\ /

44




_00op Integrals suffer from divergences.
Regularize them by computing ind =4 — 2¢
(dimensional regularization).

o, (2 [ 4 6 7,
Ao, =o07—| = > 16+§7z + O(¢)

. " = 4me™ p*]
diverges for e — 0!

These are not ultraviolet divergences!

45



and gluons.

—21n2<

U

O-LOg

Q2

m2> +6ln<

q

Q2

)

q

Aaq

1 m

2

Q 5 ) + constants

g

Repeat the computation with massive quarks

Result for small masses is finite (source: ChatGPT)

but depends on small quark masses and

unphysical gluon mass.

Here masses act as infrared regulator:

divergences come back as we switch off the

masses!
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Divergences arose because we computed the

unphysical exclusive cross section Oy

In theories with massless particles (QED, QCD,
...) fully exclusive cross sections do not make
sense! For massless particles cannot distinguish

E
S 0

M > from

if emission is soft (E — 0) or collinear (€ — 0) !
Bloch and Nordsieck ‘37 Kinoshita ‘62 Lee, Nauenberg ‘64
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Need to Include real emission corrections!

P1
k

Aoggg = +

P>

16z L (p -k +(p,- k) + Q°p; - p

1
— M, . |*=0 C
42' aig | LOQZ F 85 pi -k p,-k

spins

diverges for k — O and for k || p, or k || p, .

Phase space integral does not exist, regularize
Nnd =4 —2e.
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Aside: phase-space In d-dimensions

Massless toy example, k = E, = \E\

dd—lk 1 0
I = J 0(Q —E,) = J dkkd‘ZJde_l

2Ek E]g 0 2E/:€5
setd =4 — ¢ spherical coordinates
1 0 —2¢
= _J dk k=7 )1 = —Q $23_»,
2 e

0 / /
surface of d-1 dimensional R divergence

unit sphere, see QFT books!
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Rewrite kinematics in terms of variables y:

2P| Py = )3 Q2
2D D =) Q2
2D, - D= Q2

In CMS system
qﬂ :pf+p§l+kﬂ — (Qa()aoao)

and

OF, |
y, =1 0 >0 with y +y,+y;=1
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In terms of new variables (with y; =1 —y; —

167 ) Vi3 + 2y

Y2 )

1
_ M |* =6 o—C g:
4Z st MO g2 TF Vi Y2

spins

Phase-space integral /
i Y2

Y1
PS; [ dylj dy, V1y2y3)
0 0

k|l p,
regularized if € < ()

k— 0 k|| py

51
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With the regularization in place, we can compute
the total cross section

6oy = 0(eTe” > X)=0,,+0,; +0(a?)

q48
and obtain | |
virtual corrections
N RPN
O...=0 _— | —— - — —
ot = 7LO 37 | €2 e 3
a, | 4 6 Tn?
+— | —=+—+19 -
3x | €2 € 3

real emission
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With the regularization in place, we can compute
the total cross section

o, =o0(eTe” > X) = Opqt 0,5t @(asz)

and obtain o ©
ew %
o (1)

T

Ot = 010 | 1+

Finite! Small correction, insensitive to low-energy
scales such as quark masses.

And excellent agreement with data far away
from resonance regions!
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Scale (In-)dependence

Perturbative result for the R-ratio

a
Oiot = OLO (1"' S(ﬂ))

T

seems to depends on renormalization scale !

Sut o, IS a physical cross section, cannot

depend on unphysical scale u!

e change in i Is higher-order effect,
compensated by perturbative corrections!
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NNLO result for the R-ratio

o) a(w)\° 2 365 20, 11
6t0t=6LO<1+ : +< ,,ﬂ > <nﬁoln%—llc3+ﬂ>+< = 12>nf>

e [y-terms compensate scale dependence of
NLO coefficient

¢ Residual scale dependence is N3LO effect

e Must choose u ~ O to avoid large logarithm
IN perturbative corrections

Since scale dependence is a higher-order effect, variation
0/2 < u <20 Is used to estimate perturbative uncertainty
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| ecture 2; Part V

Infrared Safe Observables
Factorization and Resummation

o |[R safety

e Event shapes, jets, EECs
e Soft-collinear factorization

e SCET and resummation



IR finiteness

What other observables O, defined in terms of the

particle momenta {p;, p,, ..., p,} can be computed in
perturbation theory”? Observable must be

A. Insensitive to soft radiation
iln(l) @n+1(p1,p2, co o5 Py k) — @n(pl’pz’ ’pn)

B. collinear safe for p, || p,
@n+1(p19p29 ---apn+1) — @n(pl +p29 9pn)

If A.) and B.) hold, then IR divergent parts are always

treated inclusively, so that cancellation of divergences
Ooccurs.
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IR safe or not”

Total cross section O, = 1

Number of particles O, = n

Maximum energy of particle

—nergy flow into particular angular
area A of the detector

Jet cross sections
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IR safe or not”

Total cross section 0O, = 1
Number of particles O, = n

¥ soft & collinear unsafe
Maximum energy of particle
X collinear unsafe

—nergy flow into particular angular
area A of the detector

Jet cross sections 4 if properly defined!
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Observables

Collider observables should

A. not be sensitive to non-perturbative low-
energy QCD

5. Provic

distar

e detalled information about short-
ce physics

Wil now discuss several classes of observables
iIntroduced to fulfill these requirements

e Jets, event shapes, energy correlators
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cvent shapes: e.q. thrust T

=

\\\\\‘\ll I

thust axis 1 -

A

t=1-T=0.002 7 = 0.35

Event shape variables parameterize geometric properties
of energy and momentum flow.

1
T = — max E n-D
QO i “~ | pll Farhi ‘77
l

Generalization to multiple directions and hadronic
collisions: N-jettiness Stewart, Tackmann, \Waalewijn ‘10
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The thrust distribution at LO has the form

1 do
oo dT

| In

(67‘2—67'—|—4) 1—27'_

2a. | 3
— - -0+ 97
37 T
204 [—4lnT -3 |
37 T |

R(T) =

At smal
Fixed-o

(1—7)7 T

dregular (7_)

_singular terms _
Sudakov double logarithm

/ o1 do 2o
dt =
0 oo dr’ 3T

[—21n27'—31n7'—|—...}

T the perturbative corrections are enhanced!

rder expansion in a, breaks down.
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2.0 [T |

o ALEPH
: s Q =91.2

o

15-

~ - L
% o L 05F

00" — |
010 015 020 025 030 035 040 045

e Precise measurements of thrust and other event shapes ate "e
colliders; comparison to theoretical prediction used to extract «,

e [0 describe peak region, one needs resummation of logarithmically
enhanced terms and include non-perturbative effects

e Sensitivity to soft radiation is problematic at hadron colliders.
Solution: Shapes defined with jets, grooming, or soft-insensitive
observables such as EEC.
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Jet cross sections

ldea: define a cross section which re
underlying hard partonic process, bu

lects
' Includes

soft and collinear radiation to be infra

64
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Sterman-Weinberg 77 jets

2E 5 < BQ : )

4 2
7l o(f, ) =1+&(—16lnﬂln6—121n5+10—i>+@(ﬂ,6)
010 RY1 3
o=tan(a/2)

Original definition of a two-jet cross section in e*e™ collisions.
Two parameters

e (Cone angle o, energy fraction £ outside cone

Infrared safe, but perturbative corrections are enhanced by In 6
and In /. Also, careful analysis shows that lowest scale is
A =60, mustensure A > Agep -



Cone jets

To define multijet cone-jet cross sections, one
needs IR safe prescriptions to

e choose cone directions
e tO treat overlapping cones (split/merge)

Cone algorithms used at the Tevatron relied on
seeds and were IR unsafe!

SISCone Salam, Soyez ‘08 is modern, seedless
cone algorithm suited for hadron colliders.
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Sequential recombination jets

Alternative definition of a jet is to sequentially combine
particles into jets.

Simplest prescription for eTe™ is JADE algorithm

. For all pairs of particles ij, compute
_ 2
2. Find pair ¢ with minimum value y;, = d;; .

3. Iy i, < Y. COMDINE pair ij into new particle,
go to step 1.)

4. Otherwise declare all remaining particles jets.
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1.0

-1.0

|

Sequential clustering”

|

—3.1

—1.6

0.0

1.6

3.1

Animation by Jurg Haag

1. Find minimum d;;

2. Combine ¢ and j into a new jet

3. Stop if min(d;;) is larger than ycys

) clustering is for k algorithm (see next slides), not JADE



For massless particles d;; = (p; + pj)z/ 0%

e [he JADE algorithms is infrared safe, since
soft and collinear particles are immediately
combined.

However, jets are quite irregular

e Soft particles moving in opposite directions
can end up In same et

e perturbation theory: In(y,,) terms with very
complicated higher-order structure
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kr algorithm in eTe™
Catani et al. ‘91

Improved version of the JADE algorithm with
distance measure

d; = 2min(E7, E7) (1 — cos 0,)/Q*

Modification

e cnsures that soft partons are clustered with
nearby partons

e if i is softer parton then d;; ~ E76; ,

transverse momentum of i relative to particle j
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Hadron collider kinematics
AY

¢
Proton > Z > X

beam

transverse plane

Partons (quarks and gluons) of the protons collide with different
energies. Lab frame # partonic center of mass frame. Use variables
iInvariant under boosts along beam axis:

e Momentum transverse to the beam k;, azimuthal angle ¢ and
rapidity differences Ay

Rapidity Pseudo-rapidity

1 E+ massless particles:
y=—ln< pz) ;7:11 (1+cos«9) o

2 E—p, En 1 —cos@ y=n

[a



k-, algorithm for hadron colliders

| Catani et al. '93; Ellis and Soper ‘93
Distance measure

AR2

d;; = m1n(k2p kzl’)

dp= k2p distance to beam

with angular distance
2 2 2
AR; = (y; = y)" + (¢ — ¢))
e Parameter R is the “jet radius”
e kralgorithm: p=1; C/A algorithm: p=0

cluster soft into nearby Cambridge/Aachen” cluster solely based on angle

(2



Clustering sequence for hadron collider algorithms

1. Compute beam distance d;z and distance d; for all
pairs

2. If mininum is d;; then recombine, go to step 1
3. If mininum is d;5 then i declare i a jet and remove it
from list
Inclusive algorithm: all particles are clustered into jets

and many jets have very low k

e Hard jets selected by imposing minimum kjrflin on
jets

e [Xxclusive n-jet samples by vetoing additional jets

above kITmn
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anti-k; algorithm
Cacciari, Salam, Soyez '08; > 11’000 citations

Experimentally, k» and C/A jets were unpopular, because
the jets had irregular shapes.

Problem is solved by setting p = — 1 (anti-k; algorithm)

AR§

l

Reverses clustering sequence:

e start with hardest parton, cluster nearby softer
particles into it

and leads to very cone-like |ets! Default LHC algorithm.
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CamlAachen, R=1 |
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Inclusive jet cross section pp — jet + X

108 CMS 27.4 pb" (5.02 TeV)
% , = Data
o 10°g N —~— |y| < 0.5 (x 1000)
a 106'§—' . . 4 0.5 < |y| < 1.0 (x 100)
S 105 — L, 4 1.0<y| <15 (x 10)
= — ¥
g 10— — —— 4 {5<|y|<20
) — = ¥ A
%% 10°s — LT .
102 é_ - . ¥ ) -
10F aniik, R=0.4 — L= |
15" 2 NNLOXNP, NNPDF3.INNLO, | —y—
10—1%_ uR=pF=HT, OCS=0.118 —¥]
10—2 - Lo ! ! ! ! ! T
70 100 200 300 400 1000

Jet P, (GeV)

e Plot shows pand rapidity y of leading jet.

e NNLO theory prediction needs PDFs (see next lecture),
nonperturbative (NP) effects estimated by parton shower
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High Energy Collider

Cosmology

illustration from Kyle Lee

nergy-Energy Correlators
EECs



Matrix elements
Energy-flow operator

(UIE(R) ---EM) ) WITh &) = /OOO dt lim r°n"Ty;(t,r7)

T—00

Sveshnikov, Tkachov ‘95
characterize energy flow into the detector

A lot of new interesting developments in using these energy-energy
correlators to study jet subtructure, determine as, and my, ...

Correlators have many good properties
e weighted by energy: insensitive to soft radiation:
e factorization, light-ray OPE, CFT techniques Hofman, Maldacena ‘08
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2_point EEC

Simplest correlator is two-point function

Eqo By
EEC(x) = Z/dae+e__>a+b+x ;2 0(cos Xab — COS X)
a,b

Basham, Brown, Ellis, Love 78

e Record intermediate angle y between pairs of
particles a and b, and put product E_E, of
their energies into y histogram.

e |n contrast to event-shapes and jets, each
event has multiple entries into histogram!
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EEC

0 Angle 180

Credit: Hua Xing Zhu



FEC measurements at LHC

1.6 ot -
5 p% : 846-1101 GeV
:\)C;/N\ =1 « Data ++';
[ = NNLLypproxtNP g(m )=0.118 _
WM~ 1.3 —— 1]
~ CMS, !
1.2 + 17
1.1+ o -
0 10”7

Normalized EEC

_\
2

L By L L B L B ) L L B N BB

————y_
. ’-

s
r»w-—-—«o
= =

JetR=0.6, thet| <04
30 < Jet P, < 50 GeV/c

Lee et al.

| Free Hadron
[ Quark/Gluon

2
=
=
I
-
=

'STAR Preliminary 3

1 0—1.6 1 0—1 4 10—1 2 1 —1 1 0—0.8 1 0—0.6 1 0—0.4 1 0—0.2 1

NEE | ee, Mecaj, Moult ‘22

o

— 07— T
5 pp \E=5. v
S [ Anti-k; charged-particle jets, R I ! |
[ — |
3 0.6 Py o> 10 GeV/e
= oot
Q Transition re gion . (20, 40) GeV/c
I 0.5 Peak ~2.42 GeV/c u (40, 60) GeV/c —
x L 0.17 Ge + (60, 80) GeV/c
.‘i/\ 0_43—! dron region Pertubative region —|
EQ»— r — . pQC
= L
X C 1]
5 o oy, 3
5+ THFY e
a F R
k< F : =, b
L N
L -3
[ *
3 -
Oi Wl aul
1 ch jet 10
(pT )RL (GeV/c)

e Now many measurements of transverse EECs within jets at hadron
colliders (ALICE, ATLAS, CMS, STAR).

e | arge angles: perturbative. Very small angles: hadronisation

e CMS asdetermination based prediction with resummation Chen, Gao, L,

Xu, Zhang, Zhu ‘23

a(M,) =0.1229

—1—888%421 (stat) +0.0030 (theo) —L—0.0023

—0.0033
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Jet substructure from EECsS

Top quark jets have substructure from top decay
t—> Wr+b and W~ - ud

Proposals to extract ratio m,/my, from 3-point correlator in

top decays Holguin, Moult, Pathak, Procura, Schofbeck,
Schwarz ’23, '24; Xiao, Ye, Zhu 24
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QCD made simple(r)

The perturbative expressions for the scattering of
quarks and gluons simplify considerably in the

* Collinear limit, where multiple particles move in a
similar direction.

e Soft limit, in which particles with small energy and
momentum are emitted.

Cross sections are enhanced

* |R singularities cancel for IR safe observables,
but

* Induce large logarithms (see e.g. thrust, SW-jets)
which should be resummed to all orders.



Collinear lImit

In the limit & — 0, where the partons become
collinear, the n-parton amplitude factorizes into a
oroduct of an (n — 1)-parton amplitude times a

splitting amplitude Sp.
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Collinear lImit

Factorization is particularly simple, if we square the

amplitude and sum over spins
0 splitting functions

g
- @P_)1+2(Z) ‘ ﬂn—l(Pv . 9pn) ‘2
P1° P2

‘%n(plapza 9pn) ‘2 —

Collinear kinematics: p; ® zP andp, = (1 —2) P
with momentum fraction 0 < z < 1
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The splitting functions

Pgigrg@ = Tp |1 = 22(1 - 2)|

Z | I_Z |
P g = 264 |-+ 21 =2)

play an important role in QCD, e.qg. in PDF evolution and
N parton showers (next lecture). Short-hand notation

Paspl@) for  Pypi(2)
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The splitting amplitude diverges as 6—0 and the
factorization holds up to regular terms

For the cross section, one finds

d0 dFE
do,, ~ do,, _ J d
o o 19 E, 0

Logarithmic enhancements at small angle, and
also at small gluon energy. No interference!




Soft limit

Also when particles with small energy and momentum
are emitted, the amplitudes simplity:

@
p P — k - Pu
~ ... u(p) -

Soft emission factors from the rest of the amplitude.

p-k=Fw(l—-cosf) indenominator leads to
logarithmic enhancements at small energy and small
angle.



The cross section for the emission of one gluon is

a. dw df) - W2 D D
dO‘fﬁlftl — 28 2 On Cij ZZ p]]{i
T W 2T =1 A\ Pi - KPj-

color factor ~ T T;

SO for massless particles soft emission is a pure
interference effect, in marked contrast to collinear
emissions!



Soft-collinear factorization

soft emissions

virtual corrections

collinear emissions

Collins, Soper, Sterman, ...

Basis for higher-log resummation. More complicated than
structure than what's implemented in a parton shower:

e Interference, color structure, spin, loop corrections.



Soft-Collinear Effective Theory (SCET)

Bauer, Pirjol, Stewart et al. 2001, 2002; Beneke, Diehl et al. 2002; ...

Implements interplay between soft and energetic collinear
particles into effective field theory

ard } high-energy
Collinear fields

Soft fields

} low-energy part

Allows one to analyze factorization of cross sections and
perform resummations of large Sudakov logarithms.



Diagrammatic Factorization

The simple structure of soft and collinear
emissions forms the basis of the classic
factorization proofs, which were obtained by
analyzing Feynman diagrams.

Collins, Soper, Sterman 80’s ...

Advantages of the the SCET approach:

Simpler to exploit gauge invariance on the
Lagrangian level

Operator definitions for the soft and
collinear contributions

Collins and Soper ‘81

Resummation with renormalization group —_— —_—

Can include power corrections



Lecture Notes in Physics 896

Thomas Becher
Alessandro Broggio
Andrea Ferroglia

Introduction to
Soft-Collinear

Effective Theory

arxiv:1410.1892



Example: factorization for Thrust

1 = , — M 2 M. 2

Z \pz! Q)

e [he perturbative result for the thrust distribution contains
logarithms a? In**(7) , where t = 1 — T.

e Near the end-point r — 0 the logarithmic terms
dominate.

e Using SCET one can derive a factorization theorem

1 do

— = = H(Q /dM1 /dMQ (MF, 1) J (M3, 1) ST(TQ —
oo dT

M12+M22,u)
Q)

Scales: 07 > M? ~ 0% > 10
hard collinear SOft
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Resummation by RG evolution

Evaluate each part at its characteristic scale, evolve to
common reference scale u

A
Q" TH(Q% uif)
A? T S(Ag,/jg)
#2 R A Y - -- i---

Each contribution is evaluated at its natural scale. No
large perturbative logarithms.

RG-improved perturbation theory
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Aside: counting of logarithms

The integrated cross section

1 [* do
2(7) = —J dr'—
c ), dr

has for low 7 an expansion of the form (L = In7)

2(0) =1+a, <02L2+6‘1L+C0) +a?’ (C4L4+C3L3+ ) +a? (c6L6+ ) + ...

leading logarithms

next-to-leading logarithms



EXponentiation

The resummed cross section has the form
%(7) = exp (L g (a,L) + g,(a,L) + ags(a,L) + ajgi(a,L) + ...)
Nontrivial, crucial feature: only one L per order
Accuracy:

e LL: g1 NLL: g1, go. NNLL: g1 g2, g3

Systematics: expand in as but count as L as O(1)
Matching:

N3LL + NNLO
logarithms at small 7 + fixed order at larger T



Comparison against exp. Z-pole data in fit region

o l o ]
. A —— Resummed N°LL' + Q; 4+ gap
. theory uncertainty :
4F i ‘
: Benitez et. al ‘25
2L
,8 |’C5 o
— o b 1 ALEPH
t  oPAL
1F b3 p
DELPHI as(mZ) = 0.1136 &= 0.0012¢0¢ 1
oF I SLD E
P —t L. .
0.08 0.10 0.12 0.14

T

State of the art theoretical predictions for thrust include

e NNLO fixed order + resummation up to NSLL + fit for
hadronisation effects (parameter Q)

e Fit to data gives low a, in strong tension with world average

Ongoing discussions (see e.qg. talks by Benitez, Ferrera and Nason at
PSR2025 conference) how this can be resolved.
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https://indico.cern.ch/event/1487647/timetable/

Transverse momentum spectrum in DY

S 1 ATLAS = (s=8TeV,203f" =
@ 1L 66 GeV =m <116 GeV, ly | <24 _
G 10 1E —0—0—-.-...‘. Yy E
= H O‘2 = ?:
a = =
S10° \ =
S, 4F ee-channel % B
§ 10_5 = % uu-channel ." E
10 = —4— Combined % =
107° = Statistical uncertainty .0. E
107 - I Totel uncertinty "1 ATLAS 2309.12986 has
100 T |
<[ 1.01—T— m ey extracted a, from a fit to the
E_g Ex \ ""“'- b |
i 1E_=§=:J" I‘x,H; m ﬁ 1 spectrum. Use
©0.99™ . 2/NDF=43/43 -+ _— :
T of ' - e NSLO fixed order +
= O [ ™ T T Rapaata™ i il i g P LT R T Vg TR -
i -2-.1 - - - e aN*LL resummation
_— p;[GeV] e fit for NP effects

transverse momentum of the lepton pair

a(M,) = 0.1183 % 0.0009

Most precise experimental determination of a,. Agrees well with world average.
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E; 0.122
0.120
0.118
0.116
0.114
0.112
0.110

0.108

| |
ATLAS Preliminary pp — Z

8 TeV, 20.2 fb

¢

¢

» MSHT20 PDF -
— -/ pT =
B Scale variations ]
- | 5
NLL NNLL N°LL N*LLa
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Collinear Factorization Violation

Catani, de Florian, Rodrigo ’11; Forshaw, Seymour, Siodmok '12
New results for Sp

Henn, Ma,Xu, Yan, Zhang, Zhu '24

./\/l Guan, Herzog, Ma, Mistlberger,
m Suresh 24

2

For space-like collinear limit 1 || j the splitting amplitude Sp
depends on the colors and directions of the partons not
involved in the splitting!

e Related to non-cancellation due to soft phases

Implications for PDF factorization?
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Super-Leading Logs (SLLs)

Factorization breaking leads to an interesting effect in
gap between jet cross sections

Large logarithms a; L™ with L = In(Q / Qo)
o c¢te—: m<n,leadinglogsm=n
o pp:asL, o2L?, oL, aiL° ... a2t LT

Resummation can be achieved by solving double-
logarithmic evolution equation, see Romy’s talk!
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SLLs vs DGLAP

* Double-logarithmic SLLs
directly related to collinear
factorization breaking

 SlLLs generated from double
logarithmic running

e |f PDF factorization holds,
something interesting must
happen at scale Qo which
converts between the two
evolutions

0
1

SLL evolution

!
U

AQCD ]

A

phase factors
soft+collinear contributions

double-log evolution

(7

PDFs?

Detailed analysis of SCET low-energy matrix elements at three-loop
level reveals soft-collinear interactions due to Glauber modes
(described by Glauber-SCET Lagrangian Rothstein, Stewart '16).
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1B, Hager, Jaskiewicz, Neubert, Schwienbacher '24; 2509.07082

Resolves tension between collinear factorization breaking and
PDF factorization. Strong argument that PDF factorization also
nolds for jet processes, not only for the DY process as
established in the original proof Collins, Soper and Sterman ‘85.
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Lecture 3 / Part VI

Fixed-Order Results and
Parton Showers

e Monte Carlo techniques
e [ixed-order MCs

e Parton showers




Monte-Carlo integration

Basic principle is to evaluate integrals by random sampling
1 1 &
= | dxf(x) > I,=— ) f(z)
J'() N N lzzl l

where z; € [0,1] are random numbers with flat distribution.
Uncertainty estimate from variance

o
[=1, £ — with GZNGN Zf(z)2 12

e Scales as 1/4/ N ; independent of dimension of integral

e Minimize variance (variable change) for accurate results
(Exercise: try MC integration for f(x) = 1/\/)_c)
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Event generator

MC method is used for phase-space integration.
Dimension of integrals is 3n-4 for n particles

MC sample point f(z;) can be viewed a (collider)
event with “weight” w, = f(z;)

In nature, events have w; = 1. Instead of a large

function value f(z;), we get more events when the
Cross section is large, fewer when it is small

Convenient to have a w; = 1 event sample, then
event generator behaves like a virtual collider
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0.20

0.15 -

Ao on

0.05 -

Unweighting

For a bounded function 0 < f(x) < J,.. we
can obtain w;, = 1 events as follows

IIIIIIIIIIIIIIIIIII

llllllllllllllll
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1. choose random
x; €10, 1]
2. choose random

fi = [O’ fmax]

3. if f; < f(x;) accept
event



Fixed-order MC codes

e \Vith appropriate cuts, differential tree-level cross
sections are positive and bounded

e Jree level w = 1 event generators
e w =1 parton showers

e Higher-order partonic cross sections are unbounded
and do not have definite sign (negative virtual
corrections)

e Higher-order fixed-order MC codes can not
provide w = 1 events

e Only suitable integrals are IR finite and meaningful
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Real emission IR singularities

Result for the ggg real emission phase space in
d = 4 — 2¢ has the form

1 Y1
Oqasg J dyl[ d)’zy_l_g _1_8f(Y1 Y2, €) Oy, ¥,)
0 0

where f(y,, y,) is regular. For IR safe O(y,, y,), poles in &

N Oy cancel against those in loop corrections to o gy

Result in d = 4 — 2¢ is unsuitable for MC integration!
Solution:

e Extract IR singularities, combine with virtual.
e MC integral for finite reminder.
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loy Integral

Virtual and real correction
]

1 1
V = ( | z)f(()) and R = J dx — f(x)
£ X e

0

IR safety: Iim f(x) = f(0)

x—0

Methods to isolate divergences:
e subtraction

e slicing
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Subtraction method

Subtract singular limit in integrand in
1

R=R-5= J — [ &) - f0)]
0 X
Subtraction term is evaluated analytically
1
§ = f(O)J = =f0)-
0 X €

and added to virtual correction

afNLO=R+V=(R—S)+(V+S)=F+V

e Both R and V are finite for € = 0.

¢ Real emission R can be evaluated with MC integration.
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Slicing method

Isolate singular piece by spilitting integration

Integrand is regular, bounded, positive, can set € = 0 and
use MC. In remainder, approximate f(x) = f(0) + O(x)

o ]
S :f(O)J —+0(5) =f(0)<; +1In 5)+@(5)

oX

and add to virtual correction

o0 = R+ (S;+ V)+0(8) = o(x > §) + o(x < 5)

The two parts are physical cross sections!
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In contrast to subtraction, slicing involves an expansion in

slicing parameter o .

e |mportant that is 6 small enough that power
corrections in 6 are negligible!

e Small 6 is numerically difficult. Large cancellations
between R5and o(x < 0)

Advantage of slicing is that it is done on the level of cross
sections, which can be computed independently

oc=o0(x>0)+o(x <0)

For NLO: tree-level cross section; expanded in 6 and observable independent;
compute with tree-level generator ~ compute using factorization theorem at small 6
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NLO subtraction methods

Realistic NLO computation for n-jet cross section involves
e p-parton phase space for virtual corrections
e (n+1)-parton real emissions corrections

e Singularities when 2 partons become collinear, or 1
parton becomes soft

There are general algorithms for the subtraction terms, based
on universal soft and collinear factorization

e FKS subtraction Frixione, Kunszt, Signer ‘95

e Dipole subtraction Catani Seymour '98

Both schemes have been automated and implemented into
numerical codes.
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One-loop amplitudes

Passarino and Veltman 79 showed that all loop integrals
can be decomposed in a small set of known scalar
iINntegrals

1-1
M = Z dioi1i2i3BOXioi1i2i3 D = (I+pi)* —m;
10<11 <12<13 g, 1
. Tadpole, = / d”l
=+ Z Cigiyio Trla“ngleioil 12 i D,
ey 1
io<i1 <iz Bubbleiyi, = [ d'l5—-
-+ Z bioilBU—bbleioil - | ) 1
10<11 HANE i, = D;,D;, Dy,
| 1
" ; Qig Tadp()le’io BOXigiriziy = ddlDz'O D; D;,D;,
0
+R + O(e)

However, original integral reduction method leads to
numerical instabllities and is unsuitable for complicated

processes.
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Integral reduction

This problem has been solved. \We now have
automated methods to reliably compute also fairly
complicated loop amplitudes

e Unitarity and on-shell methods Ossola,
Papadopoulos, Pittau '07; Ellis, Giele, Kunszt
‘07 with fully numerical evaluation based on
reduction at the integrand level

e |mprovements on traditional” reduction
technigue Denner, Dittmailer "06, ‘11
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NLO: one-loop amplitudes

Main one-loop amplitude providers:
» BlackHat(https://blackhat.hepforge.org/)

» Collier (https://collier.hepforge.org)

» GoSam (https://gosam.hepforge.org)

» Golem95 (https://golem.hepforge.org/)

» Helac-NLO/Helac-1Loop (https://helac-phegas.web.cern.ch)

» Ninja (https://ninja.hepforge.org/)

» Njet (https://www.physik.hu-berlin.de/de/pep/tools/njet)

» NLOX (http://www.hep.fsu.edu/~nlox/)

» OpenLoops (https://openloops.hepforge.org)

» Recola/Recola2 ( https://recola.hepforge.org)

v Fast, automated generation and numerical evaluation of one-loop amplitudes

v Easy interface with Sherpa, Herwig, POWHEG, and others

v QCD only, or full SM (QCD+EW) from Giulia Zanderighi’s talk at Planck2025
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NLO: general purpose tools

1. MadGraph5_aMC@NLO (https://launchpad.net/mg5amcnlo)
e Full automation of NLO QCD and EW
® Process generation via FeynRules/UFO. Supports parton showers via aMC@NLO

2. Sherpa+OpenLoops (https://sherpa.hepforge.org, https://openloops.hepforge.org)

e SHERPA handles phase space, subtraction, matching, and showering

e QOpenlLoops provides fast NLO matrix elements. Efficient for multi-leg processes

3. Herwig+Matchbox (https://herwig.hepforge.org)

e Herwig’s Matchbox module enables automated NLO QCD corrections and matching
e Works with external amplitude providers (OpenLoops, MadGraph, etc.)

4. POWHEG-BOX (http://powhegbox.mib.infn.it)
e NLO with matching to parton showers (POWHEG method)

e Semi-automated; requires user input for new processes

5. MCFM (https://mcfm.fnal.gov)

e Parton-level code for NLO calculations (less automated)

e Mostly SM processes. Mostly based on analytic calculations, very stable and fast

from Giulia Zanderighi’s talk at Planck2025
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Process Syntax Cross section (pb)
Single Higgs production LO 13 TeV NLO 13 TeV
gl  pp— H (HEFT) pp>h 1.593£0.003 - 10t F348% -2 3961 +£0.010 - 100 F22% H1LE
g2  pp— Hj (HEFT) pp>hj 8.367+£0.003 - 100 T399% 128 1.4224£0.006 - 101 T]B0L 1
g3  pp— Hjj (HEFT) pp>hjj 3.020+0.002 - 100 F291% 2% 5124 4£0.020 - 100 T 7 5%
g4  pp— Hjj (VBF) pp>hjj$$wrw-2z  1.9874£0.002 -10° FL7E 9% 1,900+ 0.006 - 100 FO-8% F20%
g5  pp— Hjjj (VBF) pp>hjjj$swtw-z 2824+£0.005 1071 5T 1% 3.0854£0.010 - 107 F20% +1.5%
+ 0 +3.5% +1.9% 0 +2.1% +1.9%
g6  pp— HW pp>h wpn 1.195 £ 0.002 - 10 Tt T 1.419 4 0.005 - 10 “aen
+ : -1 +4+10.7% +1.2% -1 +3.6% +1.2%
g7  pp— HW?E pp>h upn j 4.018 +0.003 - 10 St o 4.842+0.017 - 10 " o
* + - P -1 +4+26.1% 4+0.8% -1 +5.0% +0.9%
g8 pp— HWZ jj pp>hupm j j 1.198 £ 0.016 - 10~1  F20% +0-8% 1 574+ 0.014 - 1071 F3O% +0.9%
-1 +3.5% +1.9% -1 +2.0% +1.9%
g9  pp—HZ pp>hz 6.468 + 0.008 - 10~ S T 7.674+0.027 - 107! “ag 1
. . -1 +10.6% +1.1% —1 +3.5% +1.1%
g10 pp—HZj pp>hzj 2.225 +0.001 - 10 S o 2.667 +0.010 - 10 "o oo
* .. . -2 +26.2% +40.77% —2 +4.87% +0.7%
g11*  pp— HZjj pp>hzj] 7.2624+0.012 - 1072 12020 H0T% g 753 £0.037 - 1072 a5k HO-TF
g.12*  pp— HWTW~ (4f) pp>hwtw- 8.325+0.139 - 1073 *0-0% 288 1.065+0.003 - 1072 F35% +20%
g.13* pp— HW*y pp>hupnma 2.51840.006 - 1073 FOTE 9% 330940.011 - 1073 F2TE LT
* + -3 +1.1% +2.0% -3 +3.9% +1.8%
gl4* pp—>HZW pp>hz wpm 3.763 £ 0.007 - 10 _é'?g) _}'SE? 5.292 4+ 0.015 - 10 _:136:;0 _%.gg)
* -3 +0.1% +1.9% -3 +1.9% +2.0%
g15* pp—HZZ pp>hzz 2.093 +0.003 - 1073 FOLE TL9% 2538 £0.007 - 1073 9% +20%
n -1 +30.0% +1.7% -1 +5.7% +2.0%
g.16  pp— Hil pp>ht t~ 3.579 + 0.003 - 10 “avs oo 4.608 £ 0.016 - 10 e
. . —2 +2.4% +1.2% —2 +2.9% +1.5%
17 pp— Hij pp>htt ] 4.994 £ 0.005 - 1072 F22% T12% 6328 +0.022 - 1072 2% H16%
g.18  pp— Hbb (4f) pp>hb b~ 4.983£0.002 - 1071 +2-1% 4158 6,085 £ 0.026 - 1071 HT-5% +1.6%
T : —1 +45.6% +2.6% -1 +3.5% +2.5%
g19  pp— Htij pp>htt~ j 2.674£0.041 - 1071 2500 +26% 3944 4 0.025 - 1071 3L 5%
g.20*  pp— Hbbj (4f) pp>hbb~ j 7.36740.002 - 1072 300K 1% 9.03440.032 - 1072 1L 158

sample results from MadGraph5_aMC@NLO Alwall et al. "14
(paper now has >9700 citations)
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NNLO ingredients

e [wo-loop virtual

%_ _®§i + 148 terms;

e Real-virtual

% ﬁ + 635 terms

e Double-real

Eﬁ E 501 terms

(NNLO Higgs production Anastasiou and Melnikov '02)
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NNLO subtraction

Challenging structure of IR singularities at NNLO
e Double-soft, triple-collinear, soft-collinear, ...

e Difficult to find have subtraction terms covering all
limits that can be integrated analytically.

Many methods, all used in particular NNLO computations

e Antenna subtraction, sector improved residue
subtraction, nested soft—collinear subtraction, local

analytic subtraction, Colourfull subtraction,
projection to Born, ...

Still a very active area of research.
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NNLO slicing

Catani, Grazzini ‘07, Boughezal, Liu, Petreillo 15, Gaunt, Stahlhofen, Tackmann Walsh 15

X=grOrx=1n G()C>5)

Two-loop graphs
Soft and collinear
emissions: factorization

Use transverse momentum gr or event shape v (N-jettiness) to separate
out most singular region of NNLO computation

e [Factorization theorems to compute o(x < o) in singular region

o Existing NLO codes away from end-point for o(x > 0)

Used widely, especially for electroweak boson production processes (also
at N3LO!) and for boson + jet processes.
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Iwo loop amplitudes

Big challenge at NNLO is the computation of two-loop
integrals. Main strategy is

e reduction of loop integrals for a given process to a
small set of master integrals using IBP identities

e analytic evaluation of the master integrals using
differential equations, difference equations, Mellin—
Barnes representations, Method of Regions
expansions, iterated integrals...

¢ Or numerical methods such as sector
decomposition or auxiliary mass flow

Many new developments. Current frontier is 2 — 2 with
masses/off-shell legs, massless 2 — 3.
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NNLO results

. 4oy
tbar total, Czakon, Fiedler, Mito

¢ , Z-y, Grazzini, Kallweit, Rathlev, Torre
' ’ jj (partial), Gehrmann-De Ridder, et al.
ZZ, Cascioli it et al.
, -ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
1990 ~10 vrs 2010 -ttbar diff., Czakon, Fiedler, Mitov
y N/ -Z-y, W-y, Grazzini, Kallweit, Rathlev
N Hj, Boughezal et al.
' . 2012
from Leandro Cieri
— Hj, Boughezal et al.
VBF diff., Cacciari et al.
. 2014 ¢
) \ ]
(79
' —— ~10 yrs
2022 2016

2021 2018

_Zj, Gehrmann-De Ridder et al

ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

7], Boughezal et al.

WH diff, zH diff, Campbel| etal.

vy, Campbell etal,

wz Grazzin; etal.,

ww Grazzin; etal.,
Mcrp atNNLo

OUghezaj of al

; PT.

iy Singlg top, Be;;éGehrman"'D
r G,

tal

© Ridder e
3 . s et g,
de lorian
Ch o e

40, C..y, an, zp,

~D, .
e Rldder, et g

10 years / additional leg. No full automation yet!
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Status at N3LO

Drell-Yan like 2—1
e :g“:!lsszl\?::irA Dreyer and A. Karlberg (n O CO I O r i n fi n al Stat e)

Higgs (Diff in TH app.) F. Dulat, B. Mistlberger and A. Pelloni

Higgs, B. Mistlberger
Higgs (Diff. gT-subt) L. C, X. Chen, T. Gehrmann, E. W. N. Glover and A. Huss

Higgs (Diff in TH app.) F. Dulat, B. Mistlberger and A. Pelloni
HH (VBF) F. A. Dreyer and A. Karlberg

bb->H, Duhr, Dulat, Mistlberger

HH (Diff. qT-subt) Chen,Tao Li,Shao, Wangd
DY (off-shell photon) Duhr, Dulat, Mistlberger
DY (W) Duhr, Dulat, Mistlberger
H->yy (diff) X. Chen, Gehrmann, E.W.N. Glover,
A. Huss, B. Mistlberger, A. Pelloni
H->yy (diff) Billis, Dehnadi, Ebert,
Michel,Tackmann

DY (diff) Camarda, L. C, Ferrera

W (diff) X. Chen, T. Gehrmann,

N. Glover, A. Huss,
T.-Z. Yang and H.X. Zhu

VH (Incl) J. Baglio,
B. Mistlberger, C. Duhr,

R. Szafron
° |
W R W S W L I W B K S o W RS W R W L A W S W S
2016 2017 2018 2019 2020 2021 2022 2023

from Leandro Cieri
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Parton shower MCs

A crucial tool that can
produce realistic collider
events. Two main elements

O=1 TeV

100 GeV e cascade of quark and
gluon emissions down to
low scale, approximate
Cross sections, based on
collinear and soft

factorization

10 GeV:

A AL . ¢ hadronisation model at
A=1 GeV: the low scale

¢ + many additional
from Silvia Ferrario Ravasio ingredients. Hadron
decays, MPI, QED, ...
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Two basic types

A. 1 — 2 branchings. Independent emissions from

each leg
/A

(repeat on each leg)

based on collinear factorization. Use angular
ordering Marchesini, Weblber '88 to get correct
soft radiation pattern for simple observables.

Implemented in Herwig parton shower.
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https://herwig.hepforge.org/

Two basic types

B. Dipole showers based on 2 — 3 branchings.

z
3:@ —
J

LO soft emission is sum of dipoles!

Dipoles/antennas capture both soft and collinear
limit at LO and produce both types of enhancements:
NLL accuracy is possible!

Well suited for matching to fixed order. Basis of most

modern showers.
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Recoll scheme

Soft and collinear factorization is based on expansions in these
imits, e.g.

pi1+...+tpo, kR pt+ ... +p,

Parton showers instead distribute recoll to have exact
momentum conservation in each emission.

Two classes of prescriptions

e | ocal recoil: distribute recoll inside dipole. Modity
p; = p;and p; = p;to ensure

pi+pi=pi+p+k

e Global recoil: absorb k7 into all partons, also those not
iInvolved in the splitting.
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Recoll and logarithmic accuracy

The recoll prescription can violate the scale separation
underlying soft-collinear factorization.

For this reason parton showers such as Pythia,
Herwig and Sherpa do not achieve full NLL accuracy.

A new generation of parton showers is currently being
developed which correctly resum NLL logarithms

e ALARIC, Deductor, PanScales, Herwig’, ...

The PanScales collaboration has even presented
results for some observables at NNLL accuracy.

Exciting and important new development!
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1/odo/dv

ratio to data

NINLL results for e e~ collisions

Thrust Y23 (Durham)

10 F Ie*e‘—>Z—l>hadrons I I _-.‘."'- W‘. I ] P&HSC&].GS
Vs =Mz =91.2 GeV - s ., 0.1
1L oMz =0.118 o -, 2406.020061
2-jet@NLO s 70.01
0.1k o { ALEPH B ]
i- * PGEal —— as 41073
001l =° | 0 +Pythia8.311 oo ]
- = PG, ™ ¢ hadronisation - o 1o
v *_ T3 -
10-3 | NNLL | S e e =
1.4F = = :z‘.-k
Laf - 112 different recoll
0.8} 40.8
0.8 p 108 schemes
1.4F 11.4
1.2F 11.2
10E 11.0
0.8} 410.8
0.6 F 4 0.6
0

v=T v=Iln1l/yys

e Detailed numerical checks against “analytical”
resummations to verify NNLL accuracy.

e NNLL achieves marked improvement over NLL!
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Traditionally, parton showers work in the large-Nc limit

e huge simplification of color structure, everything is
described in terms of color dipoles

® NO Interference, shower can be formulated on the level
level of cross section
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Amplitude-level evolution

ra

D)
from Simon Platzer
< >

amplitude conjugate amplitude

Ongoing work on full color parton shower
e Needs separate evolution for amplitude and its conjugate!

e Must efficiently sample the huge color space of the partons!

e |nterference: Nno probabilistic event interpretation

Approximate treatment in Deductor, full color sampling in CVolver
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CVolver results for gg — qg

25056.13183

e (ross section with central jet
veto p = E .,/ O

e Partonic result only, fixed
Kinematics

e Plot compares full color (solid
line) to strict large-N¢ (short
dashed) and various other
approximations

e Black is full result, colors
individual emissions (1 to 5)

e Agreement with results of
Hatta and Ueda using
Langevin method

2x1072

0.1
0.08
0.06
0.04

-0.02
-0.04
-0.06
-0.08

-0.1

(o5 - o1%) / (0L5)

135

- -
= ==
e . = -
10° 5 g
o
&= s z
-

0.02 .+ e

IIIIIII\II
SN
/
\




Matching to fixed order

Shower generates emissions using approximate
amplitudes (soft and collinear limits)

Important to combine shower and fixed-order
computations, so that at least the first emissions are
exact

Important to avoid double counting emissions!
Different schemes available

e | O (+merging): CKKW, MLM, ...

e NLO: MC@NLO, POWHEG, ...

e NNLO: MiNNLOpg, UNNLOPS, Geneva, NNLOPS,
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Parton shower matching

Different methods developed. NNLOPS with leading logarithmic
accuracy in the shower well understood

lv'ih‘h‘L‘)pgé é g g é % é ;?' é - 2%?&/»»7 7@/ : : E

e i
ZZ

UNNLOPS: | H Z

ZH H-bb  py
WH Hogg

5 E 5 : 5 : : },7/ 27 Wy
NNLOPS = H | W WH ZH H-bb |

_______ : : : : 5 : : : : i E E E»
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Geneva Z

IN
PROGRESS

G

from Giulia Zanderighi’s talk at Planck2025

Not yet clear how to preserve accuracy of

more accurate showers in the matching
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The final frontier: hadronisation

o®

o
0.... :
A

hadronizatic
°

@

% % @

[ ‘. o

from Pythia 8.3 manual
MLHad

time/energy

scale //

(O hard interaction
@ resonance decays
M matching/merging
M FSR
W ISR
QED
M weak showers
M hard onium
(O multiparton interactions
O beam remnants
[ strings
W primary hadrons
M secondary hadrons
M hadronic rescattering

@ meson
A baryon
W antibaryon



Hadronization models
A. Lund string model (Pythia)

Each dipole has a
connecting string, hadrons e

through string breaking. @\ ()

O(20) model parameters

3. Cluster fragmentation (Herwig)

ldea: fragmentation involves partons which are nearby in phase

space.
o After shower stops, form color singlet clusters of particles
(“pre-confinement”). [Gluons are split into quarks.]

e Decay clusters into hadrons according to certain weights.

O(10) model parameters
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Hadronisation: new developments

HadML and MLHad: machine learning techniques to

parameterize and learn hadronisation from data, estimate
hadronization uncertainties

Consistency studies with NLL showers, varying shower
cutoff scale; effect on top mass”? Hoang, Jin, Platzer,
Samitz

New studies within Dokshitzer, WWebber '95 model of
hadronisation. Dasgupta, Hounat '24; Bafi and Farren-
Colloty, Helliwell, Patel, Salam within PanScales

Effects of color on hadronisation, within the context of
amplitude showers? Platzer, Forshaw, ...

Quantum information and hadronisation von Kuk, Lee,
Michel, Sun ‘25
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Multi-parton interactions (MPI)

’. ‘ ! from Massimiliano Grazzini

Showering and hadronizing the hard partons does not
give a satisfactory description of hadron collider data.

e Shower MCs model additional collisions induced
from proton remnants: MPI. “Underlying event”

e Also include color reconnections” with partons
from hard shower.
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Conclusion

QCD is the essence of collider physics!

Understanding of QCD effects is essential
for LHC precision physics program...

e ... but also fascinating QFT!

QCD recently celebrated its 50th anniversary

e Mature and well developed...

... but also many new Ic

eas,

breakthroughs (and ope

N problems)!



One last example to close...

CMS 2503.22382

Measurement of
spin correlations

in ¢t production

? =

events/GeV

ratioto F

CMS

138 fb* (13 TeV)

1
e /3 < Chel < 1
% 0.

N ., ¢ data

103 -

1/3< Chan < 1

tt
B X
W other

unc.

_._—._

postfit (FO pQCD + BG + 1))

!
1000
M [GeV]

I
700

[
400
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https://arxiv.org/abs/2503.22382

STRONG INTERACTIONS | NEWS

CMS observes top—antitop excess

2 April 2025
OMS 138 b (13 TeV) CERN'’s Large Hadron Collider continues to
167 + %< G <1 G deliver surprises. While searching for
oI { data . additional Higgs bosons, the CMS
> X
§ mmm other collaboration may have instead uncovered
2 unc. ) . .
3 . evidence for the smallest composite particle
) . b
yet observed in nature — a “quasi-bound”
hadron made up of the most massive and
1.1 : . :
2 T UUAD L S Ll shortest-lived fundamental particle known
+
§ to science and its antimatter counterpart.
1.0 : : :
§ The findings, which do not yet constitute a
o
o : discovery claim and could also be
S oo M0t =88 pb vy
) ; : r susceptible to other explanations, were
400 700 1000 1300
mg [GeV] reported this week at the Rencontres de

Threshold excess The invariant mass spectrum Moriond conference in the Italian Alps.

of top quark—antiquark pairs observed by the
CMS experiment in certain domains of the

Almost all of the Standard Model’s

shortcomings motivate the search for

han (top panel) and the signal-to-
ackground ratio (bottom panel). Excess event
at threshold can be modelled by including a new
top—antitop bound state in the background
model (red line). Credit: CMS Collab. 2025
1V:2503.22382.

additional Higgs bosons. Their properties
are usually assumed to be simple.

the 125 GeV Higgs boson discovere

https://cerncourier.com/a/cms-observes-top-antitop-excess-2/



