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Precision measurements at the LHC
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A huge challenge for theory!



Standard Model Production Cross Section Measurements

Status: July 2018
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HIgQgs Interactions: the fifth force

Standard Model Production Cross Section Measurementg
B‘ O total (20)
a 10! EBpD o ATLAS Preliminary
S a_ Run 12 vs=78,13 Tev
Ko
o
dddddd
5
10 o,
> 25 Ge
104 O >0
w0
103 21 nso O
g, ®o a0 w |g
pr>100GeV"4“)‘2 n>1 O . VIVJW
102 P R N
nz3 p>2 . -
A Bl o2 e 2
p O
101 n=4 23 B nﬂ%—gﬁ inl
‘zknvD %3 njéz A‘
nz5 M4 ”fé s-chan
B 0. > e
1 ’éein,as b‘ ‘65“' zj
_ | JInjze [e] Q
10 1 - =} n=8
Ai 5 0
102 e 2
nz7 n
1073
22| Y w z VW 7 H WV Vyttwtiz

A rich program of Higgs-boson physics, probing its
interactions and searching for deviations from the SM.



e.g. Higgs coupling to b-quarks
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List of LHC measurements observing
direct signals of New Physics



... and there were a lot of searches!
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N the albsence of direct signals, the focus shifts
more and more on indirect searches, looking for
small deviations from SM predictions.

Motivates work on precision predictions.

Effective field theory provides a systematic
framework to study deviations from the SM.

1
Lsar =Ly + 7> O + % ZO Qi +0(A3>
k

\\ / additional operators

iInduced by new heavy physics

standard, renormalizable Wilson coefficients at scale \
textbook SM Lagrangian
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Effective theory tor LHC processes

Many scale hierarchies!

\/g > p?et > MJet > Eout > Mproton ™~ AQCD

— Soft-Collinear Effective Theory (SCET)

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






pp scattering

The challenge are QCD (strong interaction) effects
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What can be computed |

perturbation theory in QC
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What can be computed In
perturbation theory in QCD?

Nothing.

PhD student (working on lattice QCD) at
Bern University during his thesis defense

13



What can be computed |

perturbation theory in QC
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What can be computed In
perturbation theory in QCD?

April 2016

o (0O? v T decays (N3LO)
S(Q ) PDG a DIS jets (NLO)
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o e'¢ jets & shapes (res. NNLO)
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More educated answer: High-energy processes.
QCD coupling becomes weak at high energy because of
asymptotic freedom.
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The Operator Product Expansion (OPE)*eprains
why the computation using quarks and gluons
works. Factorizes low and high energy contributions

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

16
* see e.g. Peskin & Schréder p.615



The Operator Product Expansion (OPE)*eprains
why the computation using quarks and gluons
works. Factorizes low and high energy contributions

R(s) = C1(s) (0] 110) + Cqq(s) (0] mqdq|0) + Caa(s) (0] G*10) + ...

- q Wilson coefficients:

>MA< high-energy physics

Independent of states

16
* see e.g. Peskin & Schréder p.615



The Operator Product Expansion (OPE)*eprains
why the computation using quarks and gluons
works. Factorizes low and high energy contributions

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

- q Wilson coefficients: Matrix elements:
>MA< _ high-energy physics non-perturbative,
' ! independent of states hadronisation effects

16
* see e.g. Peskin & Schréder p.615



The Operator Product Expansion (OPE)*eprains
why the computation using quarks and gluons
works. Factorizes low and high energy contributions

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

N—— N—— N——
- 3 4
1 ~ Mg AQCD ~ AQCD
- q Wilson coefficients: Matrix elements:
>MA< _ high-energy physics non-perturbative,
' ! independent of states hadronisation effects

16
* see e.g. Peskin & Schréder p.615



The Operator Product Expansion (OPE)*eprains
why the computation using quarks and gluons
works. Factorizes low and high energy contributions

R(s) = C1(s) (0] 110) + Cqq(s) (0] mqdq|0) + Caa(s) (0] G*[0) + ...
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_ 3 4
1 ~ Mg AQCD ~ AQCD
EH
2
~ 1/s
- q Wilson coefficients: Matrix elements:
>MA< _ high-energy physics non-perturbative,
' ! independent of states hadronisation effects
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* see e.g. Peskin & Schréder p.615



The computation of the R-ratio Is based on an
expansion in the scale ratio Aqcp?/Q4.

A systematic method to separate physics at different

scales and perform expansions In scale ratios is
Effective Field Theory (EFT)

e (Construct general effective Lagrangian describing
OW energy physics.

e High energy physics enters the Wilson
coefficients (" couplings”) of the effective
Lagrangian.

Soft-Collinear Effective Theory (SCET) is the EFT for
collider processes

o A family of EFTs for different kinematic situations

17



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.



Lecture Notes in Physics 896

Thomas Becher
Alessandro Broggio
Andrea Ferroglia

Introduction to
Soft-Collinear

Effective Theory

@ Springer

arxXiv:1410.1892

19

arXiv:1803.04310v1 [hep-ph] 12 Mar 2018

Les Houches Lectures on
Soft-Collinear Effective Theory

Thomas Becher
mental Physics, Instit: i

arxiv:1803.04310



https://arxiv.org/abs/1410.1892
http://arxiv.org/abs/arXiv:1803.04310

Sketch of a hadron collider process

Hard scattering at
§ |44 short distances:

perturbation theory




Sketch of a hadron collider process

Hard scattering at
short distances:
perturbation theory
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Sketch of a hadron collider process
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Sketch of a hadron collider process
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Hard scattering at
short distances:
perturbation theory

Soft and collinear
emIssions:
parton shower,
resummation, SCET
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Sketch of a hadron collider process

Hard scattering at
short distances:
perturbation theory

Soft and collinear
emissions:
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This picture can be misleading: it depends on the

observable to which aspect of QCD one is
sensitive!

For inclusive observables, sensitive only to a
single high-energy scale Q, we have”

1
o= Z/o dridxe 0ap(Q, 1, 22, fif) falT1, pf) fo(ze, y) + O(Aqep/Q)
a,b

*
01 for Z-production: Collins, Soper and Sterman ‘84



This picture can be misleading: it depends on the

observable to which aspect of QCD one is
sensitive!

For inclusive observables, sensitive only to a
single high-energy scale Q, we have”

1
o= Z/o dxidxe 0ap(Q, 1, 22, tif) fal®1, pf) folze, pp) + O(Aqep/Q)
a,b

partonic cross parton distribution
sections: functions (PDFs):
perturbation theory nonperturbative

*
01 for Z-production: Collins, Soper and Sterman ‘84



The right way to look at this formula is (soft-
collinear) effective field theory

o =3 [ durdes Cup(Quo1, 2 1) (P(p1)|Oular) P(p1)) (Plp2)| O (22) P (p2) +O(Arcn /@)
a,b VY

22



The right way to look at this formula is (soft-
collinear) effective field theory

o= Z/ dxydry Cap(Q, 1, 22, ) (P(p1)|Oa(1)|P(p1)) (P(p2)|Op(22)| P(p2)) +O(Aqen/Q)
a,b VY

Wilson coefficient:
matching at u = QO
perturbation theory
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The right way to look at this formula is (soft-
collinear) effective field theory

o= Z/ dxydry Cap(Q, 1, T2, ) (P(P1)|Oa(1)| P(p1)) (P(p2)|Os(22)| P(p2)) +O(Aqen/Q)
a,b VY

Wilson coefficient:
matching at u = QO
perturbation theory

low-energy proton
matrix elements
nonperturbative

RG-evolution

22



The right way to look at this formula is (soft-
collinear) effective field theory

7 =3 [ derdes Cup(Qu o1, 1) (P(p2)|Oulen) P(p1)) (Plp2)|O(a2) P (p2) +O(Arcn /@)
a,b VY

Wilson coefficient:
matching at u = QO

C
perturbation theory 9
D)
[e)
=
P
%ID low-energy proton power
matrix elements suppressed

nonperturbative operators

22
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G. Zanderighi, 2017

order calculations to ensure that theory
keeps up with the increasing precision of LHC
measurements.

Studying matter at the highest energies possible has transformed
our understanding of the microscopic world. CERN’s Large
Hadron Collider (LHC), which generates proton collisions at the
highest energy ever produced in a laboratory (13 TeV), provides a
controlled environment in which to search for new phenomena and
to address fundamental questions about the nature of the interac-
tions between elementary particles. Specifically, the LHC’s main
detectors — ATLAS, CMS, LHCb and ALICE — allow us to meas-
ure the cross-sections of elementary processes with remarkable
precision. A great challenge for theorists is to match the experi-
mental precision with accurate theoretical predictions. This is
necessary to establish the Higgs sector of the Standard Model of
particle physics and to look for deviations that could signal the
existence of new particles or forces. Pushing our current capabili-
ties further is key to the success of the LHC physics programme.

Underpinning the prediction of LHC observables at the highest
levels of precision are perturbative computations of cross-sections.
Perturbative calculations have been carried out since the early days
of quantum electrodynamics (QED) in the 1940s. Here, the small-
ness of the QED coupling constant is exploited to allow the expres-
sions for physical quantities to be expanded in terms of the coupling
constant— giving rise to a series of terms with decreasing magnitude.
The first example of such a calculation was the one-loop QED cor-
rection to the magnetic moment of the electron, which was carried
out by Schwinger in 1948. It demonstrated for the first time that QED
was in agreement with the experimental discovery of the anomalous
magnetic moment of the electron, g.-2 (the latter quantity was dubbed
“anomalous” precisely because, prior to Schwinger’s calculation, it
did not agree with predictions from Dirac’s theory). In 1957, Som-
merfeld and Petermann computed the two-loop correction, and it

N~

Next-to-next-to-leading order (NNLO) Feynman diagrams
relevant to the LHC physics programme. (Image credit: Daniel
Dominguez, CERN.)
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During the past two years there has been a
burst of activity in next-to-next-to-leading
order calculations to ensure that theory
keeps up with the increasing precision of LHC
measurements.
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to address fundamental questions about the nature of the interac-
tions between elementary particles. Specifically, the LHC’s main
detectors — ATLAS, CMS, LHCb and ALICE — allow us to meas-
ure the cross-sections of elementary processes with remarkable
precision. A great challenge for theorists is to match the experi-
mental precision with accurate theoretical predictions. This is
necessary to establish the Higgs sector of the Standard Model of
particle physics and to look for deviations that could signal the
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: B ‘ > e v levels of precision are perturbative computations of cross-sections.
: ' nce the early days
5. Here, the small-

» allow the expres-

2 Note: Many computations based on effective field i

-
o .' ne-loop QED cor-
which was carried
irsttime that QED

- theory (gt and N-jettiness subtractions): e

% s M
e
I
~A
o

a rer’s calculation, it
G ry).In 1957, Som-

NNLO (QCD) ~ NNLO (SCET) + NLO (QCD) .

)
4
ol ' 19

CERN G. Zanderighi, 2017 &
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If disparate hard scales are present, one
encounters large logarithms in the matching
coefficient.

e (Can spoil convergence of perturbation
theory

Solution: use a tower of effective theories.
Integrate out the contributions at the different
scales, one after another.

¢ Resummation by RG evolution
Challenges

e Need the EFT relevant for the given
Kinematics. By now, we know how to
handle many kinematic situations.

e Need to compute and match the results

in different hierarchies, e.g. for Q;—0>
24




—xample: Two-step factorization in SCET for EW-

00son production at small transverse momentum qgr
in SCET: TB, Neubert '10; diagrammatically: CSS ‘85

Hard function

M
beam function qr
collinear fields

Aocp

standard PDF Wilson coefficient

perturbative

25



Resummation

Using RG evolution between the different scales resums
large logarithms in the cross section of the form

;2 LL: m=2n
ol In"" (#) NLL: m=2n-1
NNLL: m=2n-2

which spoil the perturbative expansion.

NSLL resummation: four-loop cusp anomalous dimension
Moch et al. 18, Henn et al. 19, Lee et al. ‘19 three-loop
regular anomalous dimensions Li, Zhu "16; Vladimirov, 16
and two-loop results for beam functions Catani, Grazzini et
al. ‘12; Gehrmann, Llbbert, Yang '12 14,
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Z production gr< Mz g

0.06; PP — Z+X @8TeV |
0.05+ + ATLAS (arXiV:1512.02192)
— CuTe 2.0 (¢° + N°LL + N2LO)
S HERA15 Anp = 0.2 GeV
720.03
N=
~ 5
0.02y
0.01
T
0 10 20 30 40 50 60
§ 5t |— ANp = 0GeV
=] L
= T -....f.IT'TIﬁrTTTTTT
= 0‘_ £ F R AT TR JRLAr SR ST T 3 T T T
g Hp TR
s L . . . e B
0 10 20 30 40 50 60
qr[GeV]

Cule 2.0 TB, Lubbert, Neubert, Wilhelm

(1/0)d /dpt

Ratio to data

0.10 . ;
RadISH4+NNLOJET
/ 8 TeV, pp — Z(— £+67) + X
0.08 0.0 < |Ya| < 2.4, 66 < My < 116 GeV ]
/s NNPDF3.0 (NNLO)
uncertainties with , , @ variations

0.06 R REEIREA MR, LF i
0.04 —

B4 NNLO
0.02 | g N3LL+NNLO I

B2 NNLL+NLO

T Data
0.00 - -
1.20
1.15 _
1.10 _
1.05 —
1.00 B
0.95
0.90
0.85
0.80 -

Bizon et al. ‘18

Bizon, Monni, Re, Rottoli and Torriell, ‘17

10!

State of the art result from RadlSH generator on the right includes

e resummation to NSLL accuracy,

* matching to O(as3) fixed order result at higher gr,

e and takes into account all experimental cuts.
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per-cent theoretical precision

mmation Is crucial

e and takes into account all experimental cuts.
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Event-based gr resummation

1B, Hager, in preparation

While fixed-order computations have been automated

up to NLO, resu
observable by o

mmations are typically done analytically,
pservable.

Have automated grresummation

e (Generate

hard function as event file using

Madgraph tree-level event generator.

e Reweight

to obtain a sample of resummed

events with different gr values.

e Analyze s

ample, putting cuts on vector bosons

and their decay products.
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pp—Z+X-I1"I" +X with ATLAS lepton cuts pp—Z+X-1"I" +X with ATLAS lepton cuts

0.0’ 7 — T 12
0.06 - 10
: NNLL+NLO ; NNLL+NLO
Z " 0.05} . -
1 sl
s ATLAS ; ,
O 0.04 ] L | % i ATLAS
i Q\ F
O, ST 6l
k| & 003 =l |
o | o 4l
— | & 002 :
0.01 2r
0.00 O;|<<<<| , , R S S| , , .. J
0.005 0.010 0.050  0.100 0.500 1
< 1.2 <
S 11: §
O 10¢ o
2 09 =
o 08 8
= 0.7¢ : = i ]
= 06" ) ) ) [ . . . [ . . . [ . . . ] S E ) . . N S R . . PR —
0 20 40 60 80 0.005  0.010 0.050  0.100 0.500 1
qr [GeV] ¢*

e [nclude ATLAS cuts on the final state leptons
e Obtain also related observables such as ¢ (right plot)
e Same code also computes W, ZW, WW, 22, ...

1B, Hager, in preparation
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Automation

There are several more examples for automated resummations,
both based on SCET and other methods

e Hadronic event-shapes, CAESAR Banfi, Salam,
Zanderighi '04; ARES Banfi, McAslan, Monni, Zanderighi
'15; CAESAR+SCET Bauer, Monni ‘18

o Jet-veto cross sections, 1B, Frederix, Neubert, Rothen ‘15

e [hreshold resummations for top production Broggio,
Ferroglia, Ossola, Pecjak, Signer, Yang, ... '16-’19

e Automated computation of soft functions SOFTSERVE
Bell, Rahn, Talbert ‘18
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Jet Effective Theory



Hao
nad

ronically incl
ronisation ef

WItH

usive observables are insensitive to
‘ects. More exclusive observables

the same p

roperty”?

Jet cross sections —vent shapes

T<1
—_ 7

e.q. thrust T — mayx 2=i/Pi 1

n Zz Pl

scales: Q, Qo, OR, OQoR scales: Q, O(I-1), ...

/

collision energy
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Higher-logarithmic resummations up to NSLL for event
shapes, but jet observables exhibit a much more
complicated pattern of

non-global logarithms

discovered by Dasgupta and Salam '01. A lot of recent
progress towards higher logarithmic resummation

e (Color density matrix, Caron-Huot, JHEP 1803, 036 (2018)

1501.03754], ...

e Dressed gluon exponentiation, Larkoski, Moult and Nelll,

JH

EP 1509, 1

43 (20"

5), ...

® JE
116,192001 (2016), ...

- Effective |

‘heory, |

B, Neubert, Rothen and Shao, PRL
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),}/

/
—/

&

1.) 2.) cone jets,
gaps between jets

W% 1.) 2.) TB, Neubert,
% s = hen, Shao '15'16

5.) isolation cones 1.) narrow jets

% ﬁ%\jﬁ% :()) tE% Pecjak, Shao '16

4.) TB, Rahn, Shao '17
5.) Balsiger, TB, Shao, ‘18

3.) light-jet mass 3.) hemisphere
4.) narrow broadening soft function

Effective field theory for (hon-global) jet observables!
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Soft radiation In jet processes has in general a very
complicated structure.

velo:
Eout < Qo ‘
RS
. /

unrestricted Ein ~ Q

o

— large logs as" In"(Qo/ Q)
’? <

Hard partons (quarks and gluons) inside jets act
as sources: soft radiation pattern depends on
color-charages and directions of all hard partons!
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Factorization for interjet energy flow
1B, Neubert, Rothen, Shao '15 '16, see also Caron-Huot ‘15

Hard function Soft function
- m hard partons along squared amplitude with
fixed directions {n1, ..., Nm) with m Wilson lines

Hp < | M) (M, ]

N /

O‘(Q, QO) — Z <%m({ﬂ}a Qa :u) & Sm({ﬁ}v Q07 U)>

" |

color trace iIntegration over directions

Achieves scale separation! Can resum logs by solving RG.
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Resummation by RG evolution

Wilson coetticients fulfill renormalization group

(RG) equations
d Hm__ Q
s Z”Hz (Q, 1) Tiyn (Q, 1) -
G)
1. Compute Hm at a characterlstlc high scale @
Uh~ Q %
2. Evolve Hm to the scale of low energy g-v
hysics us ~ Qo
PNy Ms Sm__ QO
3. Evaluate Sm at low scale us~ Qo

Avoids large logarithms as” In?(Q/C) of scale ratios
which spoil convergence of perturbation theory.
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RG = Parton Shower

e Ingredients for LL (VaRy 00 ...
0 Vs Rz 0 ...
Holp = Q) = o r_| o 0 wviR..
H (= Q) =0 for m > 2 0 0 0 Vi ...
Snp= Qo) =1 \ o )
e RG shower evolution time

d as(pn) dov o
L (1) = Hon (Vi + Honos (O Ron1 . £ = (i 115) = /
dt ( ) as(ps) 5(0&) 47

e cquivalent to parton shower equation

t
Hon (1) = Hon (1)) / A Hoy 1 () Ry 1V

t1
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7‘12 (to) 7‘[3 (tl) — 7‘[4(t2)

(HY @ Us @ S)

e |

ULL(Q) QO) —

2

= (HY (1) + / LTy / o2 / Bhiggin )

LL shower equivalent to Dasgupta Salam '01. Have
flexible implementation for general k-jet processes

3
L

e uses LHE event files from Madgraph for LO Hx

e used different forms of collinear cutoff

e studied gap fractions and photon isolation cones,

both In ete- and pp collisions
Balsiger, TB. Shao. JHEP 1808 (2018) 104
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https://arxiv.org/abs/1803.07045

O(as) corrections at LL'

Balsiger, TB, Shao 1901.09038

<...... % %x .'.... > N %él) ® U3m®8?(72)
<x§ >> ~ Hgo)®U2m®87(7}L)

e |mplemented these: a systematically improved parton shower!

e Need to add two-loop evolution for full NLL accuracy.
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https://arxiv.org/abs/1901.09038

Gap fraction R( Qo) at O=M;

1.0

0.8 0.8

LL

0.6 0.6

LL'4+LO

R(Qo)
R(Qo)

PYTHIA (hadronic) -

0.4 0.4

_____ PYTHIA (partonic)

0.2 0.2

00 11111111111111111111111111111111

Qo (GGV)

Bands from variation of hard and soft scales by factor 2.

By construction R(Qp) = 1 at end-point Qp=0/2. we match to
fixed order and use a profile function function to switch off

resummation. Qo 1 d
| R(Qo) = / dEs 2
Unfortunately there is no exp. data. 0 Otot A5

Es= energy in gap
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NLL" results for jet invariant mass

50— T T T _ 50— T :
f f : PYTHIA (hadronic) |
40 [ A ] 407 N\ _ ]
: e ALEPH : : VU PYTHIA (partonic) :
30F I I—{— — 1O ] ol 4
ldo | , | ldo = | / ]
il i ; — NLL'4+LO -3 L] — NLL'+LO |
20 [ — NIL 200 F — NLL
10 ] 10 ﬁ
N T v N S S U SN S
0.00 0.0l 0.02 0.03 004 0.05 0.06 0.00 0.01 0.02 0.03 0.04 005 0.06

Jet mass is double logarithmic variable. Double logs can be
subtracted and resummed analytically.

Exp. result from combining ALEPH light- and heavy-jet mass data.

Peak at p = 0.006 corresponds to us= 0.5 GeV. Non-perturbative
effects are important and shift the peak, see PYTHIA.

Partonic PYTHIA is close to NLL'.
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Hadronisation, MPI, pile-up, ...




Additional soft radiation from different sources

 Pile-up. AdcC
the same bL

up 1o
o Multi-

~200 at HL-LHC).

Parton Interaction (M

=1

tional soft scatterings during
nch crossing (~50 at run |l,

Parton

showers generate additional radiation
from the proton remnants.

e Power suppressed? Glauber gluons”

Due to these ef
energy dumpec

44

‘ects, there Is a lot of additional
INto jets, isolation cones, ...



Pile-up and MPI mitigation

e ethods to correct for pile-up
see review by Soyez 1801.09721

e Area—median technique, SoftKiller, Jet
Cleansing, PUPPI, ...

e (Observables which are insensitive 1o soft
radiation

e Jet substructure technigues to remove
soft radiation: Grooming, soft-drop, mass-
drop, ...

see introduction by Marzani, Soyez and Spannowsky 1901.10342
review by Larkoski, Moult and Nachman 1709.04464
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Transverse energy Er = »  |pr.
/)

S e T T e L
Ry | < 1.0, V5 =13 TeV, 5 = 2.5, M = 150 GeV -
= O[f . I
= —— Pythia (w/o MPI) -
=4 w0000 B . NLL' + NLO _‘
Lﬂ . { i
< | : _ _
= | & pp — £47 + Xhad -
= 9H . |
| 3 7 —\2 -
0 ||||||||||||||||||||||||||||| -

0 20 40 60 80 100 120 140

Kang, Makris, Mehen ‘18 Er |GeV]

® £71s very sensitive to soft radiation.

e NLL" resummation using SCET agrees with
PYTHIA w/o MPI
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MP| effects In Er

Kang, Makris, Mehen ‘18

3
5 |y, < 1.0, Vs=13TeV, n®™ = 2.5, M = 150 GeV |
= 61} . 1
= —— Pythia (w/o MPI)
=l . NLL' 4+ NLO
= .
“% | Pythia (w/ MPI) _
= 2 ————— (NLL, -+ NLO) ® fMPI ]
|
0 100 200 300 400
ET [GGV]

e Dramatic change after MPI is switched on!

e Can reproduce Pythia with model function fuer
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MPI = Glauber gluons®

— >——@ —>-
N n
(AN :
- BN < Glauber
-~ L
o ~——o——<-

Proton collisions include forward component (proton remnants).
EFT for pp collisions must describe forward scattering.

e Absence of factorization-violation due to Glauber gluons
IS Important element of factorization proof for Drell-Yan
process. E7 will likely involve Glauber contributions.

e SCET with Glauber-gluons now available Rothstein and
Stewart ‘16
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Summary

A lot of progress In first-principles computations of
collider processes using effective theory methods

e High-precision computations for simple
observables

o Automated resummations

e [actorization and resummation for more exclusive
observables such as jet processes

® |nteresting connection to MC parton showers
At the same time open issues and challenges

e MPI, hadronisation, factorization violation, Glauber
gluons ...
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