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what are we trying to
learn at the LHC?




what Is the underlying
Lagrangian of particle
physics?




LHC is first machine to directly
access Higgs sector

|s it the minimal version
hypothesised in the SM?

origin of mass for W/Z

origin of mass for fermions via
Yukawa couplings

a potential V() that is theorists
favourite toy (¢p*), but yet to be
confirmed in nature




|s there anything else at the
~TeV scale?

If not, then many people
worry about fine tuning




what are the values of the
parameters of the SM?

couplings
(esp. strong coupling)

masses
(e.g. top & W masses)
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what are the values of the
parameters of the SM?

couplings
(esp. strong coupling)

masses
(e.g. top & W masses)

arXiv:1505.04825


http://arxiv.org/abs/arXiv:1505.04825

A proton-proton collision: INITIAL STATE

proton proton



A proton-proton collision: FINAL STATE
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(actual final-state multiplicity ~ several hundred hadrons)



UNDERLYING EXPERIMENTAL
THEORY DAIA

how do you make
quantitative

connection?
B D EC D D EC

through a chain
of experimental
and theoretical links
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this lecture: 7 small parts

1. structure of QCD Lagrangian
2.a master formula

3. the strong coupling

4. parton distribution functions
5. fixed order calculations

6. Monte Carlo event generators

7.]ets

13



the QCD lagranglan



gquantum chromodynamics (QCD) A u

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

V1
Quarks — 3 colours: ¥, = | u»

V3 b a
Quark part of Lagrangian: %Db(—lgsté\ﬂ“)wa

Lq = Va(i7"0ubab — g7 tsp AT — m)ihp

SU(3) local gauge symmetry <> 8 (= 3% — 1) generators t, ... t5,
corresponding to 8 gluons A}L . Ai.

A representation is: t* = %)\A,

0 1 0 0 —i O 1 0 O 0 0 1
Al(lOO),)\z(i 0 0|, MN=]l0 -1 0],X=(0 0 0],
0 0 O 0 0 O 0 0 O 1 0 0
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guantum chromodynamics (QCD)

Field tensor: F/, = 0, A — 0, A} — gs fapc A, AS [tA, tB] = ifagct®

fagc are structure constants of SU(3) (antisymmetric in all indices —
SU(2) equivalent was ¢*B¢). Needed for gauge invariance of gluon part of

Lagrangian:

1
£G — _ZF/IZ\“/FA'L“/

D, o A, u
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guantum chromodynamics (QCD)

The only complete solution uses lattice QCD Lot

» put all quark & gluon fields on a 4d lattice
(NB: imaginary time)

» Figure out most likely configurations
(Monte Carlo sampling)
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http://www.flickr.com/photos/fdecomite/2615572026/

guantum chromodynamics (QCD)

The only complete solution uses lattice QCD hadron spectrum from lattice QCD

2000 - -
4| Budapest-Marseille-Wuppertal collaboration
» put all quark & gluon fields on a 4d lattice I 0
_ ~4-=
(NB: imaginary time) 15907 |
=~ i T B —T—A
. . o o) ! A
» Figure out most likely configurations 2 1000- | N
. 3 p
(Monte Carlo sampling) | —
500_ ——K — e>'(penmen
_ —= width
] o input
el & QCD
0

Durr et al, arXiv:0906.3599

For LHC reactions, lattice would have to
» Resolve smallest length scales (2 TeV ~ 104 fm)

» Contain whole reaction (pion formed on timescale ~ 1fm, with boost of 104 —i.e. 104 fm)
That implies 108 nodes in each dimension, i.e. 1032 hodes —




it feeds into everything else in collider QCD

for more info see arXiv:1712.05165, arXiv:1902.08191



https://arxiv.org/abs/1712.05165
https://arxiv.org/abs/1902.08191

All couplings run: the ACD coupling runs fastest

doy as(Q3 1
Solve de ; =~ _bOC@ — as(Qz) = 8( (;) Q2 — Q2
Q 1 _|_b0as(Q()) IHQ—(Q) b() IHF
A = 0.2 GeV (aka AQCD) iS the | April 2016 |
fundamental scale of QCD, at which ocs(QZ): . fﬁjﬁfﬁﬁigﬁ”
1 1 | 0 Heavy Quarkonia (NLO)
perturbative coupling blows up. oal o ¢ fets & shapes (res. NNLO)

® ¢.w. precision fits (NNLO)

> it sets the mass scale for most ¢ PP —> jets (NLO)

hadrons v pp —> tt (NNLO)
| | 0.2 A
» perturbation theory only valid for A
M | ‘\‘S\A
Q » A, where a5 is small | T~ T

| vAv,',v'g'v_vg"
0.1 I T LAV RARINET T o

PDG World Average: = QCD 0g(M,)=0.1181 £ 0.0011

as(Mz) = 0.1181 = 0.0011 (0.9%) 1 0 1Gev] 1000
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MP charmonium correlators
ALPHA step scaling

QCD static energy

Abbate et al thrust

1

ETM ghost-gluon coupling
Maltman-HPQCD Wilson loop
NNPDF21

* PACS-CS step scaling

Davier et al 2013

Pich a:nd Rodriguez-Sanchez 2016
Hoang et al C-parameter

JR14

PDG16 tau fit

Boito et al 2014
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Baikov et al 2008

MMHT2014

BBGO6 non-singlet

ABMP16

Dissertori et al 3-jet rate
JLQCD charmonium correlators
Davison-Webber thrust
Gehrmann et al thrust

v bbG16 EW fit

Giitter 2014 EW fit
CT14

ttbar 2017
_ H1 jets 2017

Dissertori et al event shapes

()

£
7

OPAL event shapes

"JADE event shapes
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JADE 3-jet rate

0.112

0.114

0.116  0.118

Qs

0.120

0.122 0.124

strong-coupling determinations

Bethke, Dissertort & GPS in PDG ‘16

Most consistent set of independent determinations is

from lattice

same group (HPQCD, 1004.4285, 1408.4169)
as(Mz) = 0.1183 = 0.0007 (0.6%) [heavy-quark

correlators]
as(Mz) = 0.1183 = 0.0007 (0.6%) [Wilson loops]

Many determinations quote small uncertainties (s1%).

Most are disputed!

Most robust is perhaps ALPHA lattice result

as(Mz) = 0.1185 = 0.00084 (0.7%)

Some determinations quote anoma

ously small

values (~0.113 v. world avg. of 0.1
disputed

Two determinations with smallest errors are from

' central

81+0.001]

). Also
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factorisation

and perturbative expansions



a proton-proton collision: FILLING IN THE PICTURE
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Why is simplification “allowed ™ key idea #1 FACTORISATION

» Proton’s dynamics occurs on timescale O(1-104 fm/c)
Final-state hadron dynamics occurs on timescale O(1-104 fm/ c:)

» Production of Higgs, Z (and other

“hard processes”) occurs on timescale
1/My ~ 1/125 GeV ~ 0.002 fm/c

proton proton

That means we can separate — “factorise” — the hard process, i.e. treat it as independent from
all the hadronic dynamics
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Why is simplification “allowed™? key idea #2 USE PERTURBATION THEORY

» On timescales 1/My ~ 1/125 GeV ~ 0.002 fm you can take advantage of
asymptotic freedom

> i.e. you can write results in terms of an expansion in the (not so) strong coupling
constant as(125 GeV) ~ 0.11

31



Why is simplification “allowed™? key idea #2 short-distance QCD corrections are perturbative

» On timescales 1/My ~ 1/125 GeV ~ 0.002 fm you can take advantage of
asymptotic freedom

> i.e. you can write results in terms of an expansion in the (not so) strong coupling
constant as(125 GeV) ~ 0.11
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the master equation

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

o0
O'(hth —/ZH + X) — Z CV? (M%{) Z/dﬁldiBQ fz/hl (I17M%> f]/hz (mzmu%’)
n=0 1,9

2
~ (1) 2 2 A
X 9ij— ZH+X (iCliCQS,MR,/LF) +0 (M4 ) ;
%4

34



the master equation

- (1)

X045 s ZH+X

Parton distribution function

. (PDF): e.g. number of up anti-

quarks carrying fraction xz of
proton’s momentum

proton proton
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the master equation

00
o(hithy =ZH+ X) = Z Oé? (H%{) Z/dxldl? fz/hl (mlaﬂ%‘)
n=>0 1,) e,

~(n) 2 9 A ‘
X055 ZH+X (xl@svﬂRvﬂF) +0 <M4 ) o
W

Parton distribution function
, (PDF): e.g. number of up

o / quarks carrying fraction x; of
u u proton’s momentum

proton proton
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the master equation

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

_ Perturbative sum over powers of the
strong coupling: typically we use first 2-4

orders

0
o (hihy »ZH+X) =) af (M%{) Z/d$1d$2 Ji/hy (5171,#%) T5/hs ($2»M%’)
n=0 1,9

2
~ (1) 2 9 /A
X045 s ZH+X ($1$28,MR,MF) +0 (M4 ) )
%4
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the master equation

o0
o (hihy »ZH+X) =) af (u%) Z/dxldl‘z Ji/hy (3717#%’> T5/hs ($2»M%’)
n=0 1,9

2
~ (1) 2 2 /A
X045 ZH+X (x1$237“R7“F> +0 <M4 ) )
4%

. At each perturbative order n
we have a specific “hard

matrix element” (sometimes
several for different subprocesses)

proton proton
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the master equation

Additional corrections from non-
perturbative effects: higher “twist”,
suppressed by powers of QCD scale

(A) / hard scale




parton distribution functions

(PDFs)

For visualisations of PDFs and related quantities,
a good place to start Is

http://apfel.mi.infn.it/ (ApfelWeb)
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.e. proton structure

knowing what goes Into a collision
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Deep Inelastic Scattering — the simpler context to determine PDFs

Q? = 25030 GeV?, vy =0.56; x=0.50

two major
kinematic variables:

x = longitudinal

momentum fraction
of struct quark

Q2 = photon
virtuality —
transverse
resolution at which
1S probes proton

H1 Run 122145 Event 69506
Date 19/09/1995 structure

42



Parton distribution and DGLAP

» Write up-quark distribution in proton as

fu/p($7 :u%’)

> ur is the factorisation scale — a bit like the renormalisation scale (ur) for the
running coupling.

» As you vary the factorisation scale, the parton distributions evolve with a
renormalisation-group type equation

% Increase

Increase
2 B @ 2
Q % Q

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations
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Kinematic coverage
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Today's PDF fits quark & gluon distributions inside proton
(number per unit log x)

» LHC EW physics probes x
~ my/Vs ~ 0.01

» gluon distribution is ~
10X larger than (up)
quark distribution

NNPDF31, u= 2 GeV

0.001 0.01 0.1 1

X = fraction of proton momentum

carried by quark/gluon



Today's PDF fits quark & gluon distributions inside proton
(number per unit log x)

» LHC EW physics probes x
~ my/Vs ~ 0.01

» gluon distribution is ~
10X larger than (up)
quark distribution

» viewing proton at scales
from 2 GeV to 100 GeV,
DGLAP evolution modifies
PDFs by ~ x2-10

(fU/p )

NNPDF31f = 100 GeV]

it msber ik nid el hoid T dmahntabeni e S

X = fraction of proton momentum

carried by quark/gluon



fixed-order calculations

LO NLO NNLO N3LO



AN
LO
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fixed order calculations
(only modestly represented In plot,

but arguably the core of the field)
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Ingredients for a calculation (generic 2—2 process)

to illustrate the
concepts, we don’t
care what the
particles are — just
draw lines
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Ingredients for a calculation (generic 2—2 process)

m L E
; 103()p E > I + complex conj.
21020[) —|| o I + complex conj.

2
1-loop
22 ‘_\_\7
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doing better than Feynman diagrams to calculate individual terms

amp =

+ F(CiE1,Ci2,CiE4)*F(CiE2,Ci2, CiXX)*F(CiE3,CiE5,CiXX) * (

O

- el.e3xe2.e5%ed,.plxsla™-1

—+ L+ 1+ + 1+ + 11

+ F(CiEl,Ci2,CiE4)*F(CiE2,Ci2,Ci4)*F(CiE3,C1iE5,Ci4) * (

+++ L F+F+ 0 F 0+ 00+

1/24el.e3xe2.e5«ed.pdxsl14"-1
1/2%el.edxe2.e3xe5.plxs14"-1
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.+« + 22 similar terms

Massive simplification!

AU(1% 2T 3T 4T 51T) =0
(12)4
"(12)(23)(34)(45)(51)
(13)4
"(12)(23)(34)(45)(51)

AUee(17, 27 3T 4T 5T)

AUe(17 2T 37 4T 57T)

mathematically equivalent
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arXiv:1904.00945v1 [hep-ph] 1 Apr 2019

Higher precision needs more legs & more loops

Analytic Form of the Planar Two-Loop Five-Parton
Scattering Amplitudes in QCD

S. Abreu,® J. Dormans,’ F. Febres Cordero,’¢ H. Ita,’ B. Page,? and V. Sotnikov’
no-loop 4'legs 1-LOOP 4-legs

ABSTRACT: We present the analytic form of all leading-color two-loop five-parton helicity
amplitudes in QCD. The results are analytically reconstructed from exact numerical evalua-

tions over finite fields. Combining a judicious choice of variables with a new approach to the
treatment of particle states in D dimensions for the numerical evaluation of amplitudes, we
obtain the analytic expressions with a modest computational effort. Their systematic sim-
plification using multivariate partial-fraction decomposition leads to a particularly compact
form. Our results provide all two-loop amplitudes required for the calculation of next-to-

next-to-leading order QCD corrections to the production of three jets at hadron colliders

in the leading-color approximation. 2-loop  4-legs |-loop 5-legs

' ‘ Nlegs T M1 —2
Order in perturbation theory: Qg =~

Image: adapted from Kaori Kurokawa 57



perturbative series for Higgs production (gg — H)

o(pp — H) [pb]

60
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0

Higgs cross section (EFT)
and uncertainty estimate

NNLO

NLO. -

LO

Ho = mH/2

results from arXiv:1503.06056

174ad ‘Ael €1 dd ‘143y ‘466

Orl::lrl ‘Z/szorl ‘9 !

even though as(my) = 0.11,

perturturbative series requires a
number of orders in order to start
converging

a similar phenomenon holds for
almost all hadron collider cross

sections (though not usually quite
this bad)

NB: here, only the renorm. scale p(=pr) has been varied to
estimate uncertainty. In real life you need to change renorm.

and factorisation (pg) scales. -


http://arxiv.org/abs/arXiv:1503.06056

see e.g. arX1v:1202.1251, PDG review



https://arxiv.org/abs/1202.1251
http://pdg.lbl.gov/2018/reviews/rpp2018-rev-mc-event-gen.pdf
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IN DETAIL

predicting what
collider events look like
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QCD PartOn Shawer [parton = quark or gluon]
b
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QCD PartOn Shawer [parton = quark or gluon]

Higgs
hoson

energy
scale 100 IGeVI | 10 ?eV | | 1 (?eV

| I I | I
distance (0.001 fm/c

| I | | I
0.1 fm/c 10 fm/c 65



QCD PartOn Shawer [parton = quark or gluon]

b
Pattern of branching usually simulated

Higgs with a Monte Carlo Parton Shower
hoson — algorithm

Experiments always compare data to

Monte Carlo simulations to establish
fundamental hypotheses

Robustness & accuracy of multi-scale
properties of these simulations is one

ggaelregy 100 GeV 10 GeV 1 GeV of the open questions of the field
I | | I | | I

| I I | I
distance (0.001 fm/c

| I | | I
0.1 fm/c 10 fm/c 67



At its simplest: the perturbative part of event generators

iteration of 2—3 (or 1—2) splitting kernel

In what sense does it give the right answer when you ask arbitrary questions about the final state?
cf. arXiv:1805.09327

68


https://arxiv.org/abs/1805.09327

parton—hadron transition (“hadronisation’) can, today, only be modelled

reorganise
coloured

partons
into
colour-
singlet
hadrons

String Fragmentation Cluster Fragmentation
(Pythia and friends) (Herwig) (& Sherpa)

Pictures from ESW book 4



jets

NN LB
1.e. how we make
- - sense of the hadronic
= - part of events
proton
see e.g.
arXiv:0906.1833
arXi1v:1901.10342 > <



http://arxiv.org/abs/arXiv:0906.1833
http://arxiv.org/abs/arXiv:1901.10342

| CMS Experiment at LHC, CERN
~ % | Run 133450 Event 16358963 S
| Lumi section: 285
| Sat Apr 17 2010, 12:25:05 CEST | /

jets

1.e. how we make

sense of the hadronic
: l l ' part of events
~ s CATLAS| o

JLEXPERIMENT 'z g «-'

/f\l

y n‘ ll Illu
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what should a jet definition achieve? A projection to a simple picture of energy flow

VAR Y.

LO partons NLO partons parton shower hadron level
Jet Def " Jet Def" Jet Def" Jet Def"
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VOV

projection to jets should be resilient to QCD effects

73



p/GeV anti-k; Jet algorithm

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

50 » successive recombination of closest
pair of particles (with some distance
measure

40 )

» parameter for reach in angle (R)

30 » parameter for minimum energy of jet
(pt,min)

20

10

0



p/GeV anti-k; Jet algorithm

Good Jet ...........................................................................................

50 (b1 > pTmin) » successive recombination of closest
pair of particles (with some distance
measure

40 )

» parameter for reach in angle (R)

30 o » parameter for minimum energy of jet
(pt,min)

20 Too soft for

a jet
(pT < p]jmin)
10 l
0
0 1 2 3 4



using full event information: jet substructure for W tagging

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

QCD rejection v. W efficiency

5000 -~
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taken from Dreyer, GPS & Soyez ‘18
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Cold
Spring
Harbor

Laboratory

New Results
B A =93 nm
qSR: A software for quantitative analysis of single molecule and " C i
super-resolution data % o
+
+
). Owen Andrews, Arjun Narayanan, Jan-Hendrik Spille, YWon-Ki Cho, Jesse D. Thaler, e
Ibrahim |. Cisse —_—
doi: https://doi.org/10.1101/14624| cC @ 1 - l‘“’ "
e
Abstract Info/History Metrics Data Supplements iz Preview PDF - &
+
ﬁ%ﬁ ? ¢
Abstract S

We present a software for gquantitative analysis of single maolecule
based super-resolution data. The software serves as an open-
source platform integrating multiple algorithms for rigorous spatial

and temporal characterizations of protein clusters in super- o N R R T

For identifying spatial clusters, we have implemented both centroid-

b i 0 RX iV linkage hierarchical clustering using Fast]et [...]

beta Via the qSR software, FastJet can analyze a typical super-resolution
THE PREPRINT SERVER FOR BIOLOGY . . .
dataset within a few seconds. By storing the full tree structure, the user

can quickly re-cluster data and compare the resulting clusters at varying
characteristic sizes.

<
. .o -t e E . o '
-
4 . ' . Y . - . . " ®
3., v s -
e P . - - . . s - . . . 0
. SO s e o'
L4 e 4 l."*' . « 2 'F " = ®
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d -
‘L f-t' .. L .
L 'O

Figure S6: FastJet hierarchical clustering. (A) FastJet clusters found with a length scale of

resolution data of Iiving, or fixed cells. 140nm. (B-D) Zoomed in view of the region in the blue box from A. The clusters were generated

by cutting the tree with a length scale of 93 nm, 140 nm, and 210 nm respectively. The black +
signs mark the centroids of each cluster. Scale Bars — A: 5 ym B - D: 500 nm
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closing

does it work?
does it work sufficiently well?



vast array of
LHC data
agrees with
(CD predictions

Standard Model Total Production Cross Section Measurements

PP

tt-chan

WW

Wit

WZ

ZZ

ts—chan
ttWw
ttZ
tZj

WWW

WWwWZ

Status:

March 2019
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W  Z Wy Zy

WWZ 77 EW "EW "YWy~ EW EW 'EW

w IEw
gqW qaZ WW qqWyssWWaaZy qqwzqazz W WWWVr Zyy Wy Tt

EW,Zyy,Wyy: fiducial with W—tv, Z—II, I=e,u

CMS Preliminar

@ 7 TeV CMS measurement (L < 5.0 fb™)

M 8 TeV CMS measurement (L < 19.6 fb™)

m 13 TeV CMS measurement (L < 137 fb™)
Theory prediction

Z L % CMS 95%CL limits at 7, 8 and 13 TeV

ty tZq tZ  ty Wttt gquc'ﬁ_'T VH WH'ZH 'ttH ' tH ' HH

Th. Ao, in exp. Ao

tW 't

t-ch s-ch
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Higgs precision (H — yy) : optimistic estimate v. luminosity & time

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

extrapolated precision [%]
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Today, Higgs coupling
precisions are in the
10-20% range.

The LHC has the
statistical potential to
take Higgs physics from
“observation” to
1-2% precision

1 fb-1 = 104 collisions
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HL-LHC official Higgs coupling projections (by ~2036)
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HL-LHC official Higgs coupling projections (by ~2036)

Total

— Statistical
—— Experimental

—— Theory

p—

0 002 004

Expected uncertainty

We wouldn’t consider electromagnetism
established (textbook level) if we only
knew it to 10%

HL-LHC can deliver 1-2% for a range of
couplings
if theoretical interpretations can be
made sufhiciently accurate

theory (QCD) uncertainty dominates,
even with an assumption of X2
improvement by 2030s

can we ensure that QCD

is up to the task?
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